
Process chain simulation of forming, 
welding and heat treatment of Alloy 718
Manufacturing of aero engine components requires attention to residual stress and final shape of 
the product in order to meet high quality product standards. This sets very high demands on in-
volved manufacturing steps to meet design requirements. Simulation of manufacturing processes 
can therefore be an important tool to assure quality. 

The focus in this work is on simulation of a manufacturing process chain comprising of sheet metal 
forming, welding and a stress relief heat treatment. Simulation of sheet metal forming can be used 
to design a forming tool design that accounts for the material behaviour e.g. spring back and avoid 
problems such as wrinkling, thinning and cracking. Moreover, the simulation can also show how 
the material is stretched and work hardened. The residual stresses after forming may be of local 
character or global depending on the shape that is formed. However, the heat affected zone due 
to welding is located near the weld. The weld also causes large residual stresses with the major 
component along the weld. It is found that the magnitude of the residual stresses after welding 
is affected by remaining stresses from the previous sheet metal forming. The final solution treat-
ment will relax these residual stresses caused by e.g. forming and welding. However, this causes 
additional deformations.   

The main focus of this study is on how a manufacturing process step affects the subsequent step 
when manufacturing a component of the nickel-based super alloy 718. The chosen route and ge-
ometry is a simplified leading edge of an exhaust case guide vane. The simulations were validated 
versus experiments. The computed deformations were compared with measurements after each 
manufacturing step. The overall agreement between experiments and measurement was good. 
However, not sufficiently accurate considering the required tolerance of the component. It was 
found from simulations that the residual stresses after a complete chain were not negligible. 

Special experiments were performed for studying the stress relief in order to understand how the 
stresses evolve through the heat treatment cycle during relaxation. It was found that the stresses 
were reduced already during the beginning of the heating up sequence due to decreasing Young´s 
modulus and yield stress with increasing temperature. Relaxation due to creep starts when a cer-
tain temperature was reached which gave a permanent stress relief.
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Populärvetenskaplig Sammanfattning  

Nyckelord: Formning, Svetsning, Värmebehandling, Finit Element Simulering, 
Tillverkningskedja, Superlegering Alloy 718 

Tillverkning av komponenter till flyg- och rymd-industrin ställer speciella krav på 
restspänningar och slutlig form av detaljen för att möta de högkvalitativa produkt-
standarder som råder. Detta ställer höga krav på alla innefattande produktionssteg 
för att klara de designkrav som ställs. Simulering av tillverkningsprocesser är 
därför ett viktigt verktyg för att bidra till att säkerställa kvaliteten. 

I detta arbete ligger fokus på simulering av en tillverkningskedja som innefattar 
plåtformning, kantfräsning, svetsning och spänningsrelaxerande värmebehand-
ling. Plåtformning simuleras för att dels bestämma designen på formnings-
verktygen som kompenserar för återfjädring och dels för att undvika problem 
med t.ex. veckning, plåtförtunning och sprickor. Vidare så kommer simulering att 
visa hur mycket materialet är töjt samt hur mycket det har deformationshårdnat. 
Det kommer att finnas restspänningar efter formningsoperationen, som kan 
behöva speciella åtgärder, som beror på stora icke-elastiska töjningar i materialet. 
Restspänningarna kan vara dels av lokal karaktär eller globala beroende på 
geometri och formningsprocess. De påverkade zonerna efter svets är koncen-
trerade till svetsens närhet. Svets orsakar också stora restspänningar med 
huvudriktningar längs svetsriktningen och vinkelrätt mot svetsriktningen. 
Storleken på restspänningarna påverkas av kvarvarande spänningar från tidigare 
processteg, t.ex. plåtformning. Avsikten med avspänningsglödgning är att relaxera 
spänningar från tidigare processteg.  

Fokus i detta arbete har varit att påvisa hur ett tillverkningssteg påverkar 
nästkommande steg i en tillverkningskedja av en komponent gjord av den 
nickelbaserade superlegeringen 718. Simuleringar har validerats genom uppmätta 
deformationer för motsvarande experiment. Efter varje steg i processkedjan 
jämfördes simuleringsresultat med mätning av motsvarande experimentella steg.  

Den övergripande noggrannheten med avseende på geometri när simulering och 
mätning jämfördes var bra. Emellertid, den var inte tillräckligt bra med avseende 
på de tillverkningskrav som ställs på en komponent.  

Det har visats sig i simulering att restspänningarna efter varje process påverkar 
efterföljande processteg. Efter en hel tillverkningskedja som avslutas med en 
avspänningsglödgning så är inte restspänningarna negligerbara.  



 

VI 
 

För ökad förståelse av den sista och viktiga värmebehandlingen gjordes en studie 
i hur de kvarvarande spänningarna från ett tidigare tillverkningssteg utvecklades 
under en avspänningsglödgning. Det visades sig att stora delar av spänningarna 
minskade redan under början av uppvärmningen på grund av att elasticitets-
modulen och sträckgränsen minskade med ökande temperatur. Relaxation på 
grund av kryp börjar när en viss temperatur är uppnådd som ger en permanent 
avspänning.  
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Abstract 

Title: Process chain simulation of forming, welding and heat treatment 
of Alloy 718 

Keywords: Forming, Welding, Stress relieve annealing, Heat treatment, Finite 
Element Simulation, Manufacturing process chain, Alloy 718  

ISBN: Printed: 978-91-87531-54-5 Electronic: 978-91-87531-53-8  

Manufacturing of aero engine components requires attention to residual stress 
and final shape of the product in order to meet high quality product standards. 
This sets very high demands on involved manufacturing steps to meet design 
requirements. Simulation of manufacturing processes can therefore be an 
important tool to contribute to quality assurance.  

The focus in this work is on simulation of a manufacturing process chain 
comprising of sheet metal forming, welding and a stress relief heat treatment. 
Simulation of sheet metal forming can be used to design a forming tool design 
that accounts for the material behaviour, e.g. spring back, and avoid problems 
such as wrinkling, thinning and cracking. Moreover, the simulation can also show 
how the material is stretched and work hardened. The residual stresses after 
forming may be of local character or global depending on the shape that is 
formed. However, the heat affected zone due to welding is located near the weld. 
The weld also causes large residual stresses with the major component along the 
weld. It is found that the magnitude of the residual stresses after welding is 
affected by remaining stresses from the previous sheet metal forming. The final 
stress relieve treatment will relax these residual stresses caused by e.g. forming 
and welding. However, this causes additional deformations.    

The main focus of this study is on how a manufacturing process step affects the 
subsequent step when manufacturing a component of the nickel-based super alloy 
718. The chosen route and geometry is a simplified leading edge of an exhaust 
case guide vane. The simulations were validated versus experiments. The 
computed deformations were compared with measurements after each 
manufacturing step. The overall agreement between experiments and 
measurement was good. However, not sufficiently accurate considering the 
required tolerance of the component. It was found from simulations that the 
residual stresses after each process affects the subsequent step. After a complete 
manufacturing process chain which ends with a stress relief heat treatment the 
residual stresses were not negligible.  
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Special experiments were performed for studying the stress relief in order to 
understand how the stresses evolve through the heat treatment cycle during 
relaxation. It was found that the stresses were reduced already during the 
beginning of the heating up sequence due to decreasing Young´s modulus and 
yield stress with increasing temperature. Relaxation due to creep starts when a 
certain temperature was reached which gave a permanent stress relief.  
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1 Introduction 

In this work the effect of a series of operations in the manufacturing of a 
simplified leading edge of a turbine exhaust guide vane is investigated, with the 
help of simulation of the various processes. In the description first a background 
to the work is presented, followed by aim and research questions. 

1.1 Background 

Many components in the aerospace engine industry have complex shapes and are 
manufactured in high strength material. The requirements on the tolerances of 
the component dimension are often rigorous. One important choice is whether 
the components should be one large casting or a fabrication from sub parts. The 
latter has advantages with respect to weight reduction and this is an increasing 
important issue in aerospace in order to meet global challenges of CO2 emissions 
by lowering the fuel consumption. A structure which is fabricated from sub parts 
can have individual casted parts but the main structure is created by assembling 
different parts to a larger structure.  Fabrication from sub parts has also other 
advantages in comparison with large castings. It is possible to choose different 
material and the minimum thickness is not restricted, as it is e.g. for casting. 
Furthermore, the number of potential subcontractors increases and not limited 
to only a few casting companies and the design will allow more flexibility 
regarding material choices (cast, wrought, sheet metal etc. or the use of dual 
materials). The disadvantage is that there will be a large number of operations 
involved, and that joining operations, e.g. welding, generate unwanted stresses 
and deformations.  
 
These stresses and deformations affect the subsequent operations. For example, 
stresses caused by welding interact with remaining stresses after previous sheet 
metal forming. Moreover, the welding fixture can also affect the level of stress 
and deformation after welding.  
The use of computer aided engineering (CAE) tools can assist in designing the 
component as well as its manufacturing in order to minimise manufacturing trials 
and physical testing [1]. Simulation of manufacturing processes is a vital 
complementary tool in this approach to aid component and manufacturing 
design.  

Historically, FE simulation of manufacturing processes has focused mostly on 
one and sometimes two steps. There is an increasing use of FE simulations in 
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product development to predict the geometrical shape and mechanical properties 
of the components. The resulting mechanical state of a component after a process 
step affects the next step in the process chain. It has been found that residual 
stresses have a significant effect on the manufacturing process as well as the 
performance of the final component. Kose and Rietman [2] have shown that 
forming residual stresses from a deep drawn automotive component affects the 
product performance with respect to strength, fatigue life and crash. Further, the 
residual stresses from forming affect the distortion due to welding [3]. 
Tikhomirov et al. [4] and Kreis et al.. [5] stated that simulation of manufacturing 
processes is focused on individual steps but should be considered as elements of 
a wider system by preserving quality as far as possible.  

Berglund et al. [6] presented a method to simulate welding and stress relief heat 
treatment of an Inconel 718 component. The model was validated with quite good 
agreement by Lundbäck et al. [7]. Merklein et al. [8] studied experimental hot 
tensile tests how the thermo-mechanical material flow characteristics are 
influenced by rolling direction and according to the hot stamping time-
temperature-characteristics of the ultra-high strength steel. Moreover, Fisk et al. 
[9] made a comparison between local heat treatment of TIG welded alloy 718 
plates, by using induction heating and global heat treatment in a radiation furnace 
and showed fairly good agreement with experimental data. A three step simulation 
of a fictive case consisting of forging, heat treatment and machining of steel 
SS316L was performed [10]. All steps in this case were analysed by thermo-
mechanical simulation by employing adaptive meshing. A simulation of the 
manufacturing chain of a M14 bolt comprising heat treatment, drawing, multi-
step forging, machining and rolling is presented in [11]. Simulation of a chain 
comprising forming, welding and stress relief heat treatment of a Ti-6Al-4V 
component with the emphasis on material modelling is described in [12]. More 
recently there have been three step simulations with forming, clamping and a very 
simplified welding procedure of an automotive steel component [13, 14]. Afazov 
et al. [15] made simulations of a simplified manufacturing process chain involving 
multi-scale data transfer. This work was followed up by simulations of 
manufacturing chains of an Inconel 718 aero engine disc. The simulations were 
carried out with two different FE software programs. The data transfer between 
the different models was done by the “finite element data exchange system”, 
FEDES, presented by Afazov [16]. The simulation of manufacturing of a multi-
step process chain of an aerospace Ti-6Al-4V component was simulated as 
described in [17]. The simulations of the different steps were carried out with 
different FE software and models. The data between the simulations was 
transferred by using a mapping tool and FEDES software was used to translate 
the information from different software specific formats [17]. However, the 
authors concluded that the consistency in material modelling is crucial to achieve 
an accurate result.  
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A simulation model of different processes sets generally different requirements in 
terms of material models and FE discretisation. Two options exist: constant or 
adaptive mesh. The constant modelling is based on the choice of appropriate 
model that can be used consistently throughout the simulation chain. The 
adaptive modelling is based on choosing the appropriate mesh for each process 
to be simulated, and transferring the results to the subsequent simulation step. 
Both approaches have their advantages and disadvantages. Constant mesh does 
not require any data transfer between different FE software programs and/or 
different material models but may be computational costly. On the other hand, 
adaptive meshing has an appropriate detail level for each simulation step but 
information may be lost due to data transfer between models with different 
meshes where the element sizes or type differ and history may become 
inconsistent if different material models are used and therefore computational 
time will be optimised.  

In this work simulation of a manufacturing chain comprising sheet metal forming, 
weld preparation milling, welding and stress relieve annealing is investigated for 
an alloy 718 aerospace component. Hereafter, stress relieve annealing will be 
referred to as stress relief heat treatment. Moreover, in each step above also 
underlying steps are considered e.g. springback, clamping etc. Consistent 
modelling has been utilised to reduce errors. 

1.2 Aim and research questions 

The objective of the work presented in this thesis is to determine a finite element 
based simulation approach for a combined manufacturing process chain 
comprising forming, weld preparation milling, welding and stress relief heat 
treatment. The heat treatment plays an important role and special effort has been 
placed on this process. 

The model needs to be sufficiently accurate in order to be useful to assist the 
design of fabrication of an aero-engine turbine rear case of alloy 718. Different 
manufacturers produce individual parts for the engine and even make several 
manufacturing steps for a given component. Finally the different parts are 
assembled to a complete component. Fulfilment of tolerance requirements is of 
utmost importance in the whole manufacturing chain. Simulations of 
manufacturing processes can be used to assure the requirements. The research 
questions (RQ) of the research are: 
 
RQ1. How to predict the accumulated deformations of a manufacturing 

process chain of an alloy 718 component with sufficient accuracy?  
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RQ2. How to predict and validate the stress relief in heat treatment 
simulations?  

1.3 Scope and limitations 

The work done in this study can be derived from the strong industrial need to be 
able to simulate the manufacturing processes rather than to use costly prototypes.  
The work will consider: 

1. Material testing and calibration of a material model that will predict the 
stress relaxation behaviour. 

2. Experiment for a manufacturing process that comprises sheet metal 
forming, weld preparation milling, welding and stress relaxation heat 
treatment. 

3. Validation of the process simulation model(s) with respect to the 
geometric shape. 

4. Evaluation of accuracy with respect to adequate tolerances. 
A commercial finite element tool is used [18] together with in-house developed 
subroutines at GKN Aerospace. The work is limited to the study of a geometry 
which is a simplified leading edge of a turbine exhaust guide vane. Further, any 
change in constitutive parameters during the simulations is not considered, e.g. 
the degradation of elastic stiffness due to plastic straining. The material is 
considered to be isotropic. 
The work has been limited to manufacturing steps that are typical within GKN 
Aerospace and alloy 718 and does not include manufacturing of raw materials or 
castings. 
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2 Manufacturing processes 

Manufacturing of aero engine components requires a chain of processes. One 
common chain is metal forming followed by welding and stress relief heat 
treatment. Moreover, the type of welding fixture affects the level of stress and 
deformation after welding. If the fixture is very rigid the stresses will be high and 
the deformation small during welding. Some of these stresses can be released 
when removing the part from the fixture and others are released during heat 
treatment. The distortion caused hereby can be so large that the part will be out 
of the tolerance requirements. On the other hand, if the fixture is too loose the 
deformation caused by welding may already be unacceptably large. Thus, this 
example shows that the whole manufacturing process chain has to be considered 
when designing for fabrication. 
Brief descriptions of these processes follow below. Experimental setup is 
described in section 3 and simulation of the processes is described in section 4.  

2.1 Metal forming 

Sheet metal forming is a major manufacturing process within industry today. 
There are a wide variety of different types of sheet metal forming processes e.g. 
bending, drawing, flanging, stretching etc. Metal forming can be defined as metal 
being formed into desired shape by plastic deformation. Already some decades 
ago the automotive industry used FE simulations of sheet metal forming 
processes at tool and process design stages in order to predict forming defects 
such as wrinkling and tearing [19, 20] . Since then, successful efforts in improving 
material models and improved computational resources have increased the 
accuracy of springback prediction [21, 22]. The metal will after forming be work 
hardened and have changed properties, e.g. higher yield strength. The sheet metal 
bending operation is shown Figure 1, being the process used in this work. 
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Figure 1: The bending operation of a V-shaped sheet is shown with the blank (sheet) 
and the forming tools (punch and die) just before the closing of the tools. In the 
background to the right, already bent sheets can be seen. 

2.2 Milling 

The milling used in the present work is edge milling to achieve straight edges. It 
is done in the purpose to prepare the weld joint without gap and/or misalignment 
between the two parts to be welded.  

2.3 Welding 

Welding is to permanently join two or more parts together by normally melting a 
common zone of the parts. In this work TIG (Tungsten Inert Gas, also called 
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GTAW - Gas Tungsten Arc Weld) weld is simulated in Paper A and LASER 
(Light Amplification by Stimulated Emission of Radiation) is used in Paper C. In 
the TIG-process the heat is produced by an electric arc between a non-
consumable tungsten electrode and the workpiece.  Laser is a power beam welding 
method. Laser is monochromatic, coherent, one directional and has strong 
intensity. It was first designed by Theodore Maiman (US) 1960. There are 
different Laser systems: e.g. CO2, Fiber, and YAG lasers that operates with 
different wave lengths. A lot of different types of joints can be welded with Laser. 
The fiber laser used in this work was an IPG 6kW fiber laser, YLR-6000-S with a 
wave length of 1070nm. In the melt pool the temperature is much higher than the 
melting temperature of the metal which can be above the vaporisation 
temperature. The temperature gradient can also be steep which sets high 
requirements on high temperature material data. This data is very difficult to get 
and most often has to be extrapolated from data for a lower temperature. 

2.4 Heat treatment 

There are a number of phenomena that occur in metals at elevated temperature, 
e.g. recrystallisation. Annealing refers to a heat treatment where a material is 
exposed to a high temperature (~960°C, for nickel based super alloys) for a 
considerable time and slowly cooled. According to Callister et al. [23] the purpose 
with annealing is to: 

• relieve stress  
• increase softness, ductility and toughness 
• influence and/or control microstructure by e.g. precipitates and grain size 

The aim with stress relief heat treatment for super-alloys is to relax stresses that 
remain from previous manufacturing processes. The material in this work is alloy 
718 with annealing temperatures at 955-980°C. The components of alloy 718 (see 
section 3.1) are processed (forming, welding etc.) in the stress relieved state. One 
of the last operations is an ageing heat treatment where the strength of the 
material is set through precipitation hardening, with mainly γ´´ particles as the 
precipitates, at intermediate temperatures within ~600 - 925°C, see Figure 2. 
During cooling at the end of stress relief heat treatment it will pass the 
temperature range where the material starts to harden [24]. Moreover, in alloy 718 
there is a risk that too many or too long heat treatment cycles (~5-8) can degrade 
the material properties by growth of δ-phase [25].   
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3 Experimental setup 

3.1 Material 

The material used in this work is alloy 718 (AMS5596K) which is a commonly 
used material in aircraft engines, power plant and gas turbines. Alloy 718 is used 
in the solution annealed and aged condition. Alloy 718 is a double prime (γ´´, a 
metastable intermetallic compound, Ni3Nb) precipitation hardened nickel base 
super alloy. Alloy 718 has good corrosion and mechanical properties with 
excellent weldability. Furthermore, alloy 718 has good creep resistance due to 
mainly the γ´´ phase. The delta phase (δ, is the stable phase of the orthorhombic 
precipitate Ni3Nb) forms first along grain boundaries of the γ-matrix and affects 
the grain size and thereafter within the grains. The precipitate, γ´´ phase could 
transform to δ phase (which is a brittle intermetallic phase) at temperatures above 
~700°C. However, to extensive formation of δ phase leads to degradation of the 
material properties and has to be avoided. A typical precipitation time temperature 
(PTT) diagram for alloy 718 is shown in Figure 2. The main chemical composition 
in weight percent is shown in Table 1. In this work the material is in solution 
annealed heat treated state. The rolling direction affects the material properties so 
that it is different in different directions. Therefore, the sheets were water cut to 
the size of 100×50mm with the length of the sheets oriented in the rolling 
direction. This was done to avoid random anisotropy effects in the experiment. 
However, Odenberger et al. [26] concluded from tests that alloy 718 is fairly 
isotropic in stress but anisotropic in strain. 

Table 1: The nominal composition of alloy 718 in weight percent [27]. 

Ni Cr Mo Nb Ti Al Fe Co 

50.00-55.00 17.00-21.00 2.80-3.30 4.75-5.50 0.65-1.15 0.20-0.80 Balance Max 1.00 

C Mn Si P S B Cu  

Max 0.08 Max 0.35 Max 0.35 Max 0.015 Max 0.015 Max 0.006 Max 0.30  
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Figure 2: PTT diagram of different phases in alloy 718. Published with permission [24]. 

3.2 The experimental setup in Paper B 

The experiment to evaluate how stresses evolve during a stress relief heat 
treatment was done in an induction heated thermo-mechanical fatigue (TMF) test 
rig at Swerea KIMAB. The TMF rig is a MTS 500kN frame with load cell at 
100kN. Both load cell and extensometer fulfils the requirements of class 1 
(standards met or exceeded according to SS-EN-ISO 7500-1 or other equivalent). 
The TMF rig has the facility to control force, temperature and strain and was thus 
considered suitable for the experiment in Paper B. 

The test scheme was to give the test specimen a start stress by loading it into the 
plastic regime at room temperature. Thereafter, starting the stress relief heat 
treatment temperature cycle while compensating for the thermal strain in purpose 
to only have mechanical strains in the specimen. This continued during the 
heating up, hold time and at the cooling down to room temperature, see the 
principal sketch in Figure 3. The material was water jet cut test specimens of alloy 
718. The geometry of the specimens was flat with thickness of 3.24mm and the 
gauge length was 6.5mm wide and 60mm in length. 

Initially a thermal cycle was done to obtain parameters for the thermal strain. Due 
to limitations in the TMF test rig the peak temperature was set to 925°C instead 
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of 950°C (which is the normal stress relief temperature for alloy 718). The 
precipitation of the grain boundary -phase will be the same for both 

-phase becomes 
close at 925°C after about 30 minutes heat treatment but the influence is estimated 
to be small, see Figure 2. The rig used a hydraulic force to apply the initial force, 
an induction heating coil to heat up the control area and extensometers for 
measuring the change in length. The temperature was measured by three 
thermocouples of type S of certified metal which has the accuracy within ±3°C. 
New metal was used at every welding of the thermocouples to avoid 
contamination. One of the thermocouples was located in the middle of the 
extensometer pins position and the other two at the extensometer pins position. 
The setup during a running operation is shown in Figure 4. Three specimens were 
evaluated. 

 
Figure 3: A principal sketch of a stress relief heat treatment of a real component. The 
residual stress evolution (continuous line), the temperature (dash-dotted line) and the 
load (dashed line) that represents the residual stress from a previous manufacturing 
step. Published with permission [28]. 
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Figure 4: The experimental setup running at 925°C. Published with permission [28] 

3.3  The experimental setup in Paper C 

3.3.1 The manufacturing of the examined parts 

The experiments of the manufacturing process chain were a bending operation, 
as shown in Figure 1, weld preparation by edge milling, laser welding, and stress 
relief heat treatment in a vacuum furnace. As shown in Figure 5, there are several 
underlying operations during each process step. The operations at forming are 
closing and opening the tools where the sheet automatically springback. The edge 
milling uses the fixture shown in Figure 6 for clamping of the V-shaped sheet. 
The welding step comprises of several steps where the first clamping by manual 
tools to provide a weld joint without gap between the pieces and thereafter five 
manual tack welds was done with TIG welding. Then the part (now consisting of 
two V-shaped pieces joint by tack welding) is clamped in the fixture shown in 
Figure 6. The robot laser welding was done with parameters that were in between 
keyhole and melting by convection. After welding the part was released and 
allowed to springback. At the stress relief heat treatment the part was simply 
positioned on a grid in the vacuum furnace. The vacuum furnace has an accuracy 
within ±14°C of steady state temperature. 
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Figure 5: A flow chart of the four process steps with the underlying operations described 
below each step.  

 

 
Figure 6: The clamping fixture used in both the edge milling and the welding operations. 

After every step (with exception for the edge milling) the same set of parts were 
measured with the GOM (Gesellschaft für Optische Messtechnik) system, de-
scribed in section 3.3.2.  
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3.3.2 GOM 

The measurements (difference in geometry between experiment and simulation) 
in Paper C was done with the GOM system [29] where the object is covered with 
an airbrushed wash-away layer of white paint. Thereafter, the object is scanned by 
a camera system called (at GKN Aerospace) ATOS III Triple Scan, which has a 
resolution of up to 16 megapixels. This scanning produces a data input file (a 
point cloud or a polygon mesh) for the GOM Inspect software. Then a similar 
mesh can be imported from CAD, FE-analysis or another measured object, where 
one of them is chosen as reference e.g. the CAD file. These two meshes are 
thereafter positioned on top of each other through a best fit or fixed fit. The 
software can then calculate the deviation between the meshes with respect to the 
chosen reference mesh. Furthermore, this software can be used for evaluation of 
the distorted mesh from a FE-analysis in comparison with the geometry of a 
CAD-model. For example, in manufacturing process simulations when 
deformation results is partly a rigid body motion and therefore difficult to 
interpret. In order to ensure precise measurement accuracy, GOM Inspect 
software packages have been tested and certified by PTB (Physikalisch-Technische 
Bundesanstalt) and NIST (National Institute of Standards and Technology) institutions 
[30, 31]. The accuracy of the evaluation software is tested by comparing the results 
from the software with reference results. The GOM software has been placed in 
the so called Category 1, i.e. the category with the smallest measurement 
deviations. According to GOM the evaluation of benchmark tests, provided by 
PTB, shows that the deviation in measured length is within ±1μm and angle 
deviation was within ±0.00001° [29].  
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4 Simulation of manufacturing processes 

The aim with this research has been to apply existing FE-methods based on the 
work of  Berglund and Alberg [32, 33] for welding and heat treatment. Forming 
is done with basis from the models described by Berglund and Alberg.  

The purpose of this section is to describe the prerequisites for FE-simulation of 
manufacturing processes. In this work an implicit solver was used for the FE-
simulations of all processes. Normally an explicit solver is used for forming 
simulations, or other fast processes such as crash forming, ballistic etc., but in this 
case implicit solver could be used due to moderate velocity in the forming 
operation. Convergence studies regarding the FE-discretisation have been done 
so that convergence in time and space and temperature is achieved. 

4.1 Sheet metal forming simulation 

Simulation of forming is today common within the product development process. 
Firstly the simulations are used to evaluate the feasibility of forming with respect 
to e.g. wrinkling, tearing and distortion due to springback. In later stages process 
parameters can be studied and tool geometry can be compensated for springback 
[34]. Forming simulations are often done with explicit time integration, but in this 
work the tool speed is moderate and therefore implicit time integration could be 
used. The finite element (FE) spatial discretisation of the blank needs 
consideration. A sufficient number of elements are needed to resolve the stress 
gradient during the forming operation. Another important factor is the 
formulation of the contact between tools and blank. The contact should prevent 
penetration of the surfaces to achieve a correct stress state and pressure 
distribution. In deformable-rigid contact, a target node on the deformable body 
is unconstrained while contact does not occur. Springback is an obstacle that 
needs special attention, numerous papers have been published in this topic, see 
e.g. [34-37]. Odenberger et al. developed a methodology for compensation and 
manufacturing of deep drawing tools for cold forming of double-curved alloy 718 
sheets [26]. Further, Panthi et al. concluded that springback depends on the 
material properties (yield stress, Young´s modulus, and strain hardening) and 
geometry at minimal load [38]. Moreover, Panthi et al. suggest that any material 
and geometry combination become irrelevant at a certain load or compression 
depth. Other studies of springback suggest that the most significant constitutive 
ingredient is the degradation of elastic stiffness due to plastic straining [39-42]. 
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Another important factor when predicting springback is the material description 
of the plastic behaviour [43, 44]. Further, the friction model and the finite element 
mesh factors needs consideration [44, 45]. 

A simulation of a bending operation done in MSC.Marc [18] where the sheet is 
modelled with solid elements and the tools, die and punch, are modelled as rigid 
surfaces is shown in Figure 7.  

 

Figure 7: A bending operation of a V-shaped sheet is shown with the initial setup to the 
left and to the right the end of the stroke, figure 3 in Paper A. 

4.2 Edge milling simulation 

The simulation of the edge milling process is done by using element deactivation 
technique. This is done as a separate load case as a last step in the forming 
simulation where a new state of stress equilibrium is calculated. 

4.3 Weld simulation 

The FE-method has been used almost since early 1970´s to predict deformation 
caused by welding [46]. The method has become more commonly used in the last 
decades and is described by e.g. Lindgren, [47-49]. The model for weld simulation 
which is described below, has been proved by the work done by Berglund [32] 
and Alberg [33]. Due to the high temperature in the weld pool and its nearby 
surroundings high temperature material data is needed which is difficult to 
achieve.  

4.3.1 Heat input 

To predict residual stresses, distortion and strength of welded structures there is 
a need of accurate analysis of the thermal cycle. Lindgren [50] has categorised and 
named the different accuracy levels. The different levels depend on the scope of 
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the analysis to be done. According to his definitions, a simulation where transient 
strains and stresses are wanted is called an accurate simulation. The basic theory 
of heat flow was developed by Fourier and applied by Rosenthal in the late 1930s 
to welding by use of point heat sources. Pavelic et al. suggested that the heat 
source should be distributed [51]. He proposed a Gaussian or a normal 
distribution of heat flux deposited on the surface of the work piece. Others have 
applied Pavelic´ model in Finite Element simulations [52, 53]. Goldak et al. [54] 
suggested a three-dimensional heat source model with different energy 
distributions in front and behind the arc. The interaction of a heat source from 
arc, electron beam or laser with a weld pool is a complex physical phenomenon 
that is difficult to model. The model discussed here is a double ellipsoidal 
configuration presented by Goldak et al. and is used in the Finite Element 
simulations using the code MSC.Marc [18]. Goldak et al. state that double 
ellipsoid model is suitable both for shallow and deep penetrating weld. This model 
is illustrated in Figure 8 and is also used in other Finite Element codes such as 
e.g. LS-Dyna. Pavelic´ model discussed above is a special case of the double 
ellipsoid model. Goldak´s double ellipsoidal weld heat source is set up to specify 
the volume flux. How the flux is distributed over the front half of the double 
ellipsoidal is described in Eq. 1 and for the rear half in Eq. 2 where qf and qr is the 
heat flux rate per unit volume in front and rear of the weld pool respectively. The 
applied power, Q= ηVI where η is the arc efficiency V is the applied voltage and 
I is the applied current. The weld pool width is described by the constant a, and 
the weld penetration depth by constant b. The constants cf and cr are the forward 
and rear weld pool length. The factors ff and fr are dimensionless and given by Eq. 
3 - Eq. 4 and so that the condition in Eq. 5 is fulfilled. 

 
Figure 8: An illustration of Goldak´s double ellipsoid heat source. 
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The Goldak heat source model is widely used when simulating welding e.g. by [6, 
17, 55-57]. The temperature field in a welding simulation due to Goldak´s heat 
source model is shown in Figure 9. However, this is a mathematical model and 
needs to be calibrated from tests e.g. weld coupons where melt pool width, on 
both top and root side, are measured and the weld travel speed is recorded. 
Thereafter a thermal simulation needs to be carried out to check that the melt 
pool width corresponds to the test. 

 
Figure 9: The temperature field when using Goldak´s double ellipsoid in welding 
simulation, where the grey area represents the weld pool. Figure 4 in Paper A. 
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4.3.2 Heat losses due to convection and radiation 

The natural convection is governed by two parameters, Eq. 6. The first parameter 
is the temperature difference between the component and the surrounding 
environment, ΔT = T – T∞, and the second is the heat transfer coefficient, h. The 
heat transfer coefficient is dependent on conditions in the boundary layer, which 
is influenced by surface geometry, the nature of the fluid motion and an 
assortment of fluid thermodynamic and transport properties, [58]. In welding 
simulations 10-20 W/(m×K) are commonly used. Here, the natural convection is 
set to 12 W/(m×K) and the emissivity to 0.3 and is based on the work of Alberg 
[33]. The radiative heat transfer is modelled by Eq. 7, where qrad is the radiative 
heat flux, εrad is the emissivity, σSB is Stefan-Boltzmann´s constant, F is the view-
factor defined in Eq.8 and Figure 10, and T1 and T2 are the temperatures of the 
bodies´ surfaces experiencing the heat transfer respectively. The view-factor 
describes the fraction of the radiation leaving the surface of body 1 that strikes 
the surface of body 2. 
 
 ( )∞−=∆= TThThqconv  Eq. 6 

 ( )4
2

4
1 TTFq SBradrad −= σε  Eq. 7 
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Figure 10: View-factor calculation between two arbitrary bodies. 
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4.4 Stress relief heat treatment simulation 

4.4.1 Heat treatment simulation 

Simulation of heat treatment has been done by [59] where the residual stress and 
microstructure in a solid rail wheel was predicted. Thuvander [60] obtained good 
agreement between simulated and measured deformation when quenching a tool 
steel. Welding and subsequent heat treatment simulations were done where the 
residual stresses after post weld heat treatment of thin walled pipe was calculated 
[61]. Another example of a two-step simulation (welding and heat treatment) was 
done of an aero-space component with the emphasis on material modelling [6]. 
The heat treatment cycle can be divided in different sequences, see Figure 11. The 
heating sequence is the time when the temperature increases at a specific rate in 
the furnace. Thereafter, during the holding sequence the temperature is kept 
constant at a specified time. Then the component is cooled down to room 
temperature by gas or liquid. The thermal boundary condition in the model is an 
important issue, especially if the component has varying thickness where a 
temperature gradient could be expected. Simulation of stress relief heat treatment 
is quite straightforward when it comes to the mechanical boundary conditions 
since the component most often is simply positioned on a grid or a metal plate 
during the process. In this work the thermal boundary condition is simplified to 
a prescribed temperature at the nodes due to that component has uniform 
thickness which is thin in comparison to the other dimensions.  

 
Figure 11: Temperature cycle in heat treatment processes. 

4.4.2 Stress relaxation material model 

Creep is defined by MSC.Marc [18] as: 
• Strains increasing with time under constant load. 
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• Stresses decreasing with time under constant deformations. 
Deformation due to creep is permanent for a component subjected to static load 
for a period of time. This phenomenon happens in metals (and some non-metallic 
materials) and starts for super alloys at elevated temperature, approximately 40% 
of the material melting temperature [23]. An example of creep curve for a material 
submitted to constant load and temperature is shown in Figure 12. The creep 
curve´s three phases are: 

• The primary phase where the strain rate is decreasing until it reaches 
some minimum rate. 

• The secondary phase whit this minimum rate is maintained until the 
strain rate starts to increase. 

• In the last phase, the tertiary phase, the strain rates increases until rupture 
of the material. 

A review of creep strain equations was carried out by Holdsworth and Merklein, 
[62], for the European Creep Collaborative Committee where a number of creep-
time equations were listed. Four of those equations were considered as suitable 
for nickel base alloys. Those equations were evaluated by Swindeman et al., [63], 
with the findings that Norton secondary creep equation, Eq. 9, was suitable when 
primary creep was not negligible.  
At primary phase the dislocations can move easily within the grains. When the 
dislocations meet obstacles such as carbides, γ´ and γ´´ precipitates, grain 
boundaries, dislocation tangles etc. which balances the dislocation at secondary 
creep.  
Precipitation treatments (ageing) strengthen age-hardenable alloys causing the 
precipitation of one or more phases, γ´ and γ´´, from the supersaturated matrix 
that is developed by solution treating and retained by rapid cooling. Over-ageing 
may degrade the material properties by the growth of δ-phase particles [25]. 
Temperature dependent tabulated stress-strain data were used to describe the von 
Mises plasticity model. It is combined with a temperature dependent creep model 
to calculate the creep strain with respect to time, Eq. 10. The creep model is used 
to simulate the stress relaxation during the temperature cycle in the heat treatment 
furnace. The creep model described in Eq. 10 was chosen due to it is an 
established model at GKN Aerospace. 
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Figure 12: A typical creep curve which comprises three different phases: primary, 
secondary and tertiary creep. 

 

 RT
Q

m
creep eA  Eq. 9 

 nm
creep TA  Eq. 10 

Where  is the stress in MPa, Q is the activation energy, R is gas constant and T 
is the absolute temperature in Kelvin (K). The constants A, A´, m, m´ and n in 
Eq. 9 and Eq. 10 has to be determined from experiments which were done for 
Eq. 10 in Paper B. Alternatively the parameters can be obtained from creep tests 
done for varying stresses and temperatures and thereafter validated by a 
simulation of a relaxation test. This model was chosen since it is commonly used 
creep model in MSC Marc [18]. The first part in Eq. 9 and Eq. 10 is the Norton´s 
creep law but the latter part has an ad hoc representation of the temperature 
dependency. Assuming that the constants m and n are dimensionless then A will 
have the dimension 1/MPamKn. The source of this formulation cannot 
unfortunately be found, neither by the author nor by MSC.Marc.   
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5 Results  

Simulation of a manufacturing chain was done by using the same finite element 
discretisation, one material model to describe the material behaviour and the same 
FE software throughout the different steps. The main focus has been on the 
fulfilment of specifications concerning geometric tolerance. However, also the 
residual stress state is of importance when considering e.g. the service life of the 
component.  

In Paper C a four step process chain was simulated comprising sheet metal 
forming, edge milling, welding and stress relief heat treatment. The results showed 
will follow the simulated process chain with results for stresses first and followed 
by results of the difference between the measured part and the simulated 
geometry. 

The forming as shown in Figure 1 was a bending operation where the tools coin 
the radii at the end of the stroke. Thus, the remaining stresses after the forming 
are located along the radii. The forming was followed by edge milling operation 
where the simulation was simplified to an element removal procedure. The 
change in stresses due to the milling simulation was minimal. The remaining 
stresses after forming and milling is showed in Figure 13. The forming major 
stress direction coincides with the welding major stress direction and therefore it 
can be seen that theses stresses are superposed as seen in Figure 14. 

After the stress relief heat treatment the remaining stresses are relaxed with 
approximately 70%, see Figure 15.  

The simulated shape of the part was compared with optical measurements of 
experiments which was done with ATOS optical 3D scanner [29]. The computed 
and measured deformations after each step were compared, with exception for 
the milling operation. To enable comparison, the shape of the geometry at the 
final step (last increment) after each simulation was exported in a neutral file 
format and thereafter imported into GOM Inspect along with the optical 
measurement from corresponding manufacturing step. 

Initially, a best fit positioning is done using GOM Inspect to map the measured 
shape on to the simulated shape so that the two match as closely as possible. 
Thereafter, GOM Inspect scans the corresponding points and determines the 
distance between them. This is repeated after each simulation step when 
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comparing measured and computed shapes. In Figure 16, Figure 17 and Figure 
18 the positive difference should be interpreted as the measured (experiment) 
shape is outside the simulated shape and vice versa. It shall be noted that are 
punch marks at the measured part with the purpose to keep track of direction. 

Figure 13: The von Mises residual stress [MPa] after the bending operation and the 
machining of the preparation for the weld. 

 
Figure 14: The residual von Mises stress [MPa] after welding and release from fixture. 
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Figure 15: The von Mises stress [MPa] after stress relief heat treatment. 

 

The forming spring back when releasing the tools in a bending operation is 
opposite the bending direction. Thus, in Figure 16 (where the difference between 
measured and simulated shape is shown) it can be seen that after forming the 
spring back is not fully captured by the simulation and therefore the differences 
at the end of the flanks are positive. Further, at the radii the measured shape is 
inside the simulated. If the parts had been lined up in at the radii the difference 
due to springback would have been slightly larger.  

After welding the difference between the measured and the simulated shape is 
quite small, see Figure 17. Although no weld filler material was used it can be seen 
along the weld that there are undercut (blue coloured at the radii at the middle of 
the ridge) and weld reinforcement (dark red at the down middle of the part). 
Moreover, it can be seen in Figure 17 that difference is unequal when looking at 
the left and right part. The fixture during welding was located at the right part and 
may have caused this inequality. 
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Figure 16: The difference between measured and simulated geometry after forming. 

 

 
Figure 17: The difference between measured and simulated geometry after welding. 

The final difference between the measured and simulated geometry after the stress 
relief heat treatment is showed in Figure 18. A slight change in the difference can 
be seen in Figure 18 in comparison with Figure 17. However, the difference is 
more or less the same as after welding.   
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Figure 18: The difference between measured and simulated geometry after heat 
treatment. 

In Paper A it was investigated whether the forming residual stresses affected the 
subsequent steps or not. The result was that remaining stresses after forming 
affected the result in the next steps, welding and stress relief heat treatment. 
Especially if the weld path coincides with an area with large residual stresses from 
a previous step. This was also concluded in Paper C.  

The stress is relaxed in the stress relief step but there are relatively high stresses 
still remaining.  

Simulation of stress relief heat treatment includes the need of a material model 
for describing the stress relaxation. Thus, a test that resembles the conditions in 
real stress relief treatments was evaluated where the stresses could be monitored 
throughout the heat treatment cycle was done in Paper B. A result from this 
paper can be seen in Figure 19 that shows the temperature cycle, the measured 
stress and the simulated stress. Another purpose of Paper B was to calibrate the 
material model vs. the test for handling the creep, see Eq. 10. 

The simulated stress relieve test shows that the simulated creep starts at ~500°C 
as suggested by Callister [23], see Figure 20. Below 500°C the stress decreases due 
to decreasing Young´s modulus and yield strength. Above 500°C the stress 
relaxation due to creep starts to contribute to the stress reduction during 
temperature ramp up. Thus, the stress when the temperature reaches steady state 
is well below 100 MPa. 
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Figure 19: The prescribed temperature (dashed line), the measured stress (line) and 
the simulated stress (dotted line). The time is in logarithmic scale. Adapted from [28]. 

 
Figure 20: The simulated temperature (left hand axis), equivalent plastic strain and 
equivalent creep strain (right hand axis) at temperature ramp up. The creep starts at a 
temperature of ~500°C. Note, the equivalent plastic strain curve is scaled 1/30 for 
better clarity.  
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6 Discussion 

6.1 Requirements on simulation capacity 

Simulation of manufacturing processes normally requires a specific constitutive 
model to describe the material behaviour and also a specific FE-discretisation. 
Different software, FE-discretisation and constitutive models can lead to 
approximation errors when mapping results from one simulation to the next step. 
The mapping technique used by Tersing et al. [17] was limited to geometrical 
shape, stress and plastic strains and where the mapping itself may introduce some 
approximations. Furthermore, there could also have been a mismatch between 
the different models especially if the models use different constitutive equations, 
which was the case in Tersing´s et al. work.  Therefore, a consistency between the 
material modelling must be assured between each step. Tersing et al. state that a 
material model is needed that is capable over a large temperature range as well as 
it should be able to handle variations in strain rate together with microstructure 
changes. In the current work (Paper A & C) the same FE-software, FE-
discretisation and constitutive model was used to avoid the errors described 
above. However, when the simulation models becomes large consistent FE-
discretisation will be computational costly. Therefore, process specific FE-
discretisation may be needed in the future. Moreover, different software may also 
be required. 

6.2 Influence of residual stress 

In this section research question 1 will be discussed. 

The results in Paper C imply that the residual stresses affect the next step in the 
process chain. The residual stresses in this work after forming are more or less 
uniaxial and are perpendicular to the ridge of the bent sheet metal, except for the 
ridge edges where it is a multi-axial stress state. These stresses change from tensile 
to compressive over the thickness at the radii. When thereafter welding from the 
flanks of the sheet over the ridge where the weld itself causes a multi-axial stress 
field, after cooling to room temperature, which will interact with the residual 
stress field from forming. This course of events in terms of stresses is concluded 
in Paper A. Thus, the results in Paper A conclude that all steps in a 
manufacturing process chain should be considered, which is supported by Zaeh 
et al. [3]. However, using the same FE-discretisation will be impractical when the 
models become larger and therefore computational expensive. Mapping of the 



 

30 
 

simulation results from one step to another will therefore be important in future 
work. The springback is very sensitive material behaviour to predict. There are a 
number of factors that influences the springback, such as elastic degradation of 
the elastic stiffness due to plastic straining, description of the material behaviour, 
FE-mesh density, friction and anisotropy due to rolling direction. The 
degradation of elastic stiffness due to plastic straining is probably the single 
constitutive ingredient that has the greatest impact on the predicted springback 
[42]. The degradation of elastic modulus was not considered in the material 
description used in this work. Neither was anisotropy, on the other hand 
Odenberger et al. [26] suggest that alloy 718 is fairly isotropic. The springback is 
not sufficiently accurate captured in the present work. But, most of the 
accumulated plastic strain is located around the radii while the largest difference 
between experiment and simulation is at both ends of the sheet flanks. Thus, a 
small alteration in important factors described above will have a large impact at 
the flanks of the sheet. 

For the experimental setup it was believed that the welding would give large 
deformation but unfortunately the deformation became quite small. A reason for 
this may be due to that the stiffness of the welded part geometry was under-
estimated and was able to handle the stress caused by welding without major 
distortion. The results shown in Figure 14 - Figure 16 are the difference between 
the experimental and simulated geometry after each process step. The difference 
calculated by the software GOM Inspect [29] is sensitive to the best fit procedure 
where the distance between all corresponding points in the two meshes is 
minimised.  

During a normal manufacturing route for alloy 718 components the material is in 
the stress relief state and may be subjected to several stress relief heat treatments. 
As one of the last steps an ageing heat treatment is carried out where the material 
properties (here, precipitation hardening) wanted for service life is set. The 
material model discussed earlier for the heat treatment simulations only considers 
stress relaxation. Thus, the material model wanted should also have the ability to 
predict precipitation hardening for nickel based super alloys. It was found from 
the simulations that the remaining stresses after stress relief heat treatment were 
not negligible, which was the result in Paper B and also reported in [64, 65]. 

Thus, by utilizing the constant mesh approach and by validation of the geometry 
after each process step, RQ1 is addressed. However, due to uncertainty in the 
springback simulation and the small deformations after welding RQ1 is not 
considered fully fulfilled. 

 



DISCUSSION 

31 
 

6.3 Stress relieve testing procedure 

In this section research question 2 will be discussed. 

The test used by Ritter et al. and Leymonie [64, 65] was done by using one test 
specimen for the stress measurement and another unloaded specimen used for 
compensating  for the thermal strain. In Paper B this test was modified to only 
use one specimen and the compensation was done by pre-test of the thermal 
behaviour where the thermal elongation was determined. The test shows that 
residual stresses, at a stress relief heat treatment, starts to decrease during heating 
up. This is due to, firstly by the decrease in Young´s modulus and the decrease of 
yield stress in the material and thereafter together with stress relaxation. Then at 
holding temperature the stresses relax asymptotically towards zero stress. 
However, the final cooling to room temperature resulted in an increase in stress 
because of the recovery of Young´s modulus. There were just a few number of 
specimens tested and therefore the material model parameters and the result not 
statistically secured. 

For a metal the material starts to creep at temperature around 40% (T40%) of the 
metals melting temperature  according to Callister [23]. The melting range for 
alloy 718 is 1260 - 1336°C, thus creep starts just over 500°C as in the simulated 
test shown in Figure 20. Creep is the accumulation of strain with time, as under 
constant stress, while relaxation is the decrease in stress when a material is held at 
constant strain. When the relaxation begins around T40%, together with decreasing 
Young´s modulus and yield stress, the residual stresses decreases rapidly with 
increasing temperature. Thereafter, the relaxation speed decreases and after a 
short duration the relaxation becomes more linear (secondary creep in Figure 12).  

While it can be argued that components should be stress relieved after each 
operation, this increases the cost and can also lead to undesirable micro-structural 
changes depending upon chemistry of the structural material. For example, in the 
case of alloy 718, growth of δ-phase after too long or too many heat treatment 
cycles (~5-8) can degrade the material properties [25]. Therefore, the number of 
heat treatments should be kept to a minimum. 

However, from a PTT diagram of alloy 718 it can be seen that, at stress relief heat 
treatment temperature (950°C) when cooling down after ~1 hour stress relief the 
precipitation hardening, γ´´ particles, forms between ~925°C – 650°C with 
decreasing speed [24]. These precipitations increase the yield strength and the 
matrix shrinks which can lead to plastic strain and which may increase the stress 
level. A forced cooling over the temperature range above may decrease the degree 
of precipitation hardening.  
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Moreover, simulations of the processes may be helpful to minimize the number 
of heat treatments during the manufacturing route.   

Thus, the test discussed in Paper B offers the possibility to follow how a residual 
stress evolves through a stress relief heat treatment. This answers RQ2. 
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7 Conclusions 

Multi-step simulations of a manufacturing process chain was carried out and   
validated with optical measurements of experiments. It is shown that the 
predicted residual stresses from a manufacturing step are affected by the results 
from previous step(s). Thus, to have a complete picture of the residual stress after 
a multi-step manufacturing process, the whole chain needs to be simulated. This 
is the most important result of the work and has not been shown to this extent 
previously. The stress-relieve annealing is an important process both for stress 
relaxation and setting the material properties for the ageing treatment.  

The following main conclusions can be drawn based on the results presented in 
the appended papers. 

• The predicted residual stresses are affected by previous manufacturing 
steps. 

• The residual stresses from a previous step are redistributed by the new 
manufacturing process. 

• There are relatively high remaining stresses after stress-relieve annealing. 

The findings concerning the research questions in section 1.2 are as follows: 

A model for prediction of accumulated deformation through a manufacturing 
process chain has been developed. Validation of the results was made by 
comparing calculated deformation with optical measurements of the component.  

• The developed model takes care of many steps in the process but is not 
sufficiently accurate to predict final deformation. Thus research question 
1 is not fully resolved yet. 

• The experiment for evaluating stress-relieve annealing triggers the 
expected behaviour and is useful for material model calibration or 
validation. 
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8 Future work 

When the simulations models become large then process specific FE-
discretisation will be needed and most probably with local refinement. Therefore, 
a method for handling different meshes with mapping of results from one 
simulation to another will be required. 

The material model will be improved to describe springback better. This will also 
be extended to be able to handle several types of manufacturing processes and in 
particular both stress relief and ageing (precipitation hardening). 
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10 Summaries of appended papers 

This thesis includes three appended papers which together with the presented 
framework give an overview of the research performed and the succeeding 
results.  

10.1 Paper A: 

Simulation of the influence of forming on residual 
stresses and deformations after welding and heat 
treatment in alloy 718 
Author contribution: The author defined and performed the study. Mats 
Larsson contributed with advising and supervision at an initial phase of the paper. 

Connection to the research questions: The paper shows that early 
manufacturing steps are important to consider when predicting the final outcome 
in a manufacturing process chain? 

Abstract: Manufacturing of components in aero engines requires attention to 
residual stress and final shape of the product in order to meet high quality product 
standards. This sets very high demands on involved manufacturing steps. The 
manufacturing of a V-shaped leading edge of a vane is simulated. It is made of 
Alloy718, which is a nickel based heat resistant material commonly used in 
aerospace components. The manufacturing process chain consists of forming, 
welding and heat treatment. The results show that the remaining residual stresses 
after a manufacturing process chain are affected when the residual history from 
the forming process is considered. The residual stress decrease after heat 
treatment is about 55-65%. Moreover, the von Mises stress profile through 
thickness at the centre of the radius at the weld joint is about 25% higher when 
full forming history is considered.  

10.2 Paper B:  

The Evolution of Residual Stresses in a Stress Relief 
Heat Treatment of Test Specimen of Alloy 718 
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Author contribution: The author defined and performed the study, and was 
single author of the paper. 

Connection to the research questions: The paper shows on the possibility to 
validate the stress relief in heat treatment simulations by the proposed test that 
more resembles a real stress relaxation and follows the stress evolution. 

Abstract: Manufacturing of aero engine components requires attention to 
residual stress and final shape of the product in order to meet high quality product 
standards. This sets very high demands on involved manufacturing steps to meet 
design requirements. Simulations are used to assure the latter. This requires an 
appropriate model to account for stress relaxation. The study is part of a project 
where the aim is to simulate a chain of manufacturing steps e.g. forming, welding 
and heat treatment. The focus in this paper is on the stress relaxation during the 
heat treatment step. It is imperative to have relevant data for calibrating this part 
of a constitutive model.  A test procedure resembling the real conditions in the 
manufacturing chain is proposed. Tests were carried out on test specimens made 
of Alloy718 and used to calibrate a constitutive model. Comparisons between 
experimental and simulated results showed very good agreement. 

10.3 Paper C:  

Simulation and validation of forming, edge 
milling, welding and heat treatment of an alloy 
718 component 
Author contribution: The author defined and performed the study. Lars-Erik 
Svensson contributed with advising and supervision during the writing process. 

Connection to the research questions: The paper shows the potential for 
predicting the impact of previous manufacturing steps in a manufacturing process 
chain on the geometry of an Alloy 718 component. 

Abstract: Quality is of utmost importance in fabrication of aero engine parts 
where processes in a manufacturing process chain can affect the final geometry 
and the residual stress state of the component. Simulation of manufacturing 
processes is therefore an important tool to assure quality. This paper describes 
simulation of a manufacturing process chain consisting of forming, weld 
preparation milling, laser welding and stress relief heat treatment of an alloy 718 
aero engine part with experimental validation. The accuracy with respect to the 
geometry showed good agreement between measurement and simulation and was 
within geometric tolerances. 







Process chain simulation of forming, 
welding and heat treatment of Alloy 718
Manufacturing of aero engine components requires attention to residual stress and final shape of 
the product in order to meet high quality product standards. This sets very high demands on in-
volved manufacturing steps to meet design requirements. Simulation of manufacturing processes 
can therefore be an important tool to assure quality. 

The focus in this work is on simulation of a manufacturing process chain comprising of sheet metal 
forming, welding and a stress relief heat treatment. Simulation of sheet metal forming can be used 
to design a forming tool design that accounts for the material behaviour e.g. spring back and avoid 
problems such as wrinkling, thinning and cracking. Moreover, the simulation can also show how 
the material is stretched and work hardened. The residual stresses after forming may be of local 
character or global depending on the shape that is formed. However, the heat affected zone due 
to welding is located near the weld. The weld also causes large residual stresses with the major 
component along the weld. It is found that the magnitude of the residual stresses after welding 
is affected by remaining stresses from the previous sheet metal forming. The final solution treat-
ment will relax these residual stresses caused by e.g. forming and welding. However, this causes 
additional deformations.   

The main focus of this study is on how a manufacturing process step affects the subsequent step 
when manufacturing a component of the nickel-based super alloy 718. The chosen route and ge-
ometry is a simplified leading edge of an exhaust case guide vane. The simulations were validated 
versus experiments. The computed deformations were compared with measurements after each 
manufacturing step. The overall agreement between experiments and measurement was good. 
However, not sufficiently accurate considering the required tolerance of the component. It was 
found from simulations that the residual stresses after a complete chain were not negligible. 

Special experiments were performed for studying the stress relief in order to understand how the 
stresses evolve through the heat treatment cycle during relaxation. It was found that the stresses 
were reduced already during the beginning of the heating up sequence due to decreasing Young´s 
modulus and yield stress with increasing temperature. Relaxation due to creep starts when a cer-
tain temperature was reached which gave a permanent stress relief.
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