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Abstract 
This paper focuses on the use of simulations for welding and heat treatment. It presents the 
validation of welding and heat treatment on a simple geometry. Transient temperature and 
strain measurements are performed during welding. Residual stress measurements are 
performed both after welding and after heat treatment. Comparisons between experimental 
and simulated results show fairly good agreement. Using this experimental set-up, it has been 
seen that the model is sensitive to buckling when releasing the plate from the fixture. The 
possibility of buckling makes the model highly sensitive to the initial conditions. The buckling 
tendency causes problems in the simulation and the experimental set-up is therefore less 
suitable for validation of the models.  

Introduction 
This paper focuses on the use of simulations for welding and heat treatment in the 
manufacturing chain. These manufacturing processes are common in the aerospace industry. 
However, they can generate unwanted stresses and deformations, a fact that has to be taken 
into consideration when designing or changing the sequence of manufacturing steps for a 
given component. Whilst previous experience can offer some help, costly and time consuming 
experiments are often required to evaluate component design, material selection, and 
manufacturing schedules. The decrease in product development time has created a need for 
more efficient tools to predict the effect of manufacturing methods and processes on the final 
shape and properties of a component. Simulations can give valuable information about 
component dimensions, shape, and residual stresses after each manufacturing process. These 
tools can also give knowledge about the robustness of the process; i.e. the size of the process 
window can be estimated. 
 
It is important to ascertain the validity of these tools and models before they can be used in 
aerospace industry. The current study is part of a project where the aim is to find procedures 
to validate different sub-models before they are used in real industrial applications. The 
current focus is on welding and stress relief heat treatment. Measurements of thermal and 
mechanical quantities for the relevant processes on simple geometries are a step in the 
validation procedure. It is important that the material tests and the geometry of the process 
tests exercise the thermo-mechanical processes that are relevant for the application in scope. 
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This paper presents the validation of welding and heat treatment on a simple geometry. The 
aim is to determine a suitable sub-model for validation. Two plates, made of Inconel 718, are 
first tack welded and then butt-welded together and thereafter finally stress relief heat treated. 
Residual stress measurements are done both after the welding and after the heat treatment 
process. During welding, transient temperatures and strains are also measured using 
thermocouples and strain gauge rosettes. Comparisons with simulations are presented and 
discussed. Conclusions are also drawn regarding how appropriate this experimental set-up is 
for validation purpose. 
 
The finite element method (FEM) has been used since the early 1970’s to predict stresses and 
deformations resulting from welding processes, Hibbit et al. [10] and Ueda et al. [11]. 
Welding simulation has been further investigated by many researchers e.g., Goldak et al. [1], 
Oddy et al. [16], and Yang et al. [17] and several review articles on welding have been 
written e.g. Lindgren [12]-[14]. Detailed heat treatment simulations have been carried out 
before. For example Donzella et al. [18] predicted the residual stresses and microstructure in a 
solid rail wheel whilst Thuvander’s [19] simulation of distortion due to quenching showed 
good correlation with measured results. Combined welding and heat treatment analysis has 
been carried out by, for example, Josefson [8] who calculated the residual stresses after post 
weld heat treatment of a thin wall pipe. Berglund et al. [12] calculated deformation and 
stresses due to welding and post weld heat treatment. 
 

Welding and heat treatment procedure 
Two plates made of Inconel 718 are TIG-welded together without addition of filler material 
and thereafter stress relief heat treated. Prior to the welding procedure the plates were was 
first solution heat treated. The dimension of the plates is 190x50 mm with a thickness of 3,2 
mm. Before the butt-welding procedure took place the plates was first assembled by five 
equally positioned tack welds. The instrumentation was attached to one plate and the other 
plate was fixed on the long side with a clamp, the placement of the instrumentation and 
fixture can be seen in Figure 1. The experimental measurements will be described in more 
detail later. As seen in Figure 1 the butt weld starts 5 mm from the edge and ends 5 mm from 
the other edge, this gives a total weld length of 180 mm.  
 
 

 
Figure 1. Geometry of the plates and position of sensor installation [mm].  
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The welding parameters used is; current = 80 A, voltage = 9 V and the welding speed was 90 
mm/min. After welding, the plate was released from the fixture after some cooling and then it 
was cooled down to room temperature. The start times and duration for these processes can be 
found in Table 1. 

 

Table 1. Process cycles. 

Process Start time [s] Duration [s] 

Welding   

Welding 0 120 
Cooling (in room temperature) 120 144 
Fixture release 264 10 
Cooling (in room temperature) 274 To RT 

Heat treatment   

Heating 0 7200 
Holding 7200 1800 
Cooling (forced in furnace) 9000 To RT 

 
 
Heat treatment takes place in a vacuum furnace with an operating pressure of approximately 
10 Pa. Heating is achieved by the use of radiating elements located in the walls, ceiling and 
under the supporting grid where the component is positioned. During the cooling phase, argon 
gas is pumped into the charge volume from an external vessel. The gas enters through holes in 
the top of the furnace and passes out through holes in the bottom. The cooling gas is 
subsequently re-circulated with a predefined cycle until the component reaches room 
temperature. The initial temperature of the cooling gas is 20°C but is then heated by the 
furnace walls and the component in the furnace. The gas temperature stabilises at about 60°C 
after some time, due to a heat exchanger in the furnace and then it slowly falls to room 
temperature during the remainder of the cooling cycle. The duration of the heat treatment 
sequences can be found in Table 1 and a schematic illustration of the vacuum furnace in 
Figure 2. 

Radiator

Charge volume

FanComponentGrid / Plate
Inlet / Outlet

 
Figure 2. Furnace used for heat treatment of the plates. 
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Measurements 
In order to validate the simulations, welding experiments were conducted on a simple 
rectangular plate instrumented with strain gauge rosettes and thermocouples. Transient 
measurements of the temperatures and strains were performed during the entire welding 
process, i.e. during welding, cooling, and fixture release. The strain data measured during 
welding was afterwards corrected for apparent strain (i.e. thermal output). The strain gauge 
apparent strain was measured prior to the welding test in an oven experiment. The oven 
temperature was increased over the expected temperature range corresponding to the plate 
temperature at the strain gauge position during welding. The apparent strain measured is the 
deviation from the inherent temperature self-compensation of the strain gauge, and should be 
subtracted from the measured strain data from the welding experiments. 
 

Sensor installation 
The plate was instrumented with two strain-gauge rosettes and four thermocouples, Figure 1 
and Figure 3. The thermocouples were placed 8, 8.5, 9, and 10 mm from the centreline, 
perpendicular to the welding direction. The strain gauge rosettes used in the experiments were 
Micro Measurements WK-06-060WY-350. The operating temperature range is -269˚C to 
+290˚C for continuous use in static measurement, and it is useful up to 370˚C for short-term 
exposure. The sensor is bonded to the sheet material using a high-temperature epoxy 
adhesive, M-Bond 610. All strain gauge element leadouts were connected in a 3-wire 
configuration, and used in quarter bridge configuration. The thermocouples were type K and 
tack-welded with open wires to the plate.  
 

 
Figure 3. Photograph of tack-welded plates, sensor installation and fixture. 

 
 

Apparent strain measurement 
An instrumented plate was placed in an oven and the apparent strain was measured over the 
temperature range 20°C to 250°C in order to characterise the strain gauge thermal output. The 
apparent strain of each gauge of the strain gauge rosette was measured at five temperatures, 
Table 2. Apparent strain was measured only during the heating cycle and the trend line 
calculated from the average of the three sensor gauges was used for correction of mechanical 
strain measurement data, Figure 4.  
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The strain gauge is temperature compensated to be insensitive to the strain due to the thermal 
expansion of the base material over the strain gauge operating temperature range. The 
measured apparent strain is mainly due to the resistance change in the gauge with temperature 
and mismatch in the material properties between the gauge alloy material and the base 
material used (Inconel 718). The measured mechanical strain data must then be corrected with 
the apparent strain.  
 

Table 2. Apparent strain values measured in an oven experiment.  
Oven Apparent strain Apparent strain Apparent strain

Temperature [°C] grid 1 [µm/m] grid 2  [µm/m] grid 3  [µm/m]
21,2 0 0 0
55,2 103 98 93

104,2 190 185 183
154,6 251 243 249
202,3 322 289 295
251,5 301 261 279  
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Figure 4. Calculated trend line based on the average of the apparent strain measurements.  

 

Experimental set-up for transient strain measurements 
During the welding experiments, strain and temperature data was measured using a PC-based 
data acquisition system. The strain measurement system was calibrated over the expected 
measurement range using the method of shunt calibration, and null balancing of the strain 
measurement bridges was done before the strain measurement was started. For the 
temperature measurements, galvanic isolated signal conditioning modules were used to 
protect the measurement system for electric transients during the start of the TIG-welding 
equipment. The data-sampling rate was 10 Hz.  
 

Hole drilling for residual stress measurements 
To measure the residual stresses incremental hole drilling was performed. The drilling was 
made at three positions on two plates, Figure 5. The CEA-XX-062UM-120 strain gauge from 
the Measurement Groups was used. 
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Figure 5. Placement of the strain gauges for residual stress measurements.  

 

Computational models  
As mentioned earlier two manufacturing processes has been modelled, welding and heat 
treatment. The part of the manufacturing chain that is simulated is shown in Figure 6. The 
computational model starts with the butt-welding procedure assuming a nominal state; i.e. the 
tack welding or the previous processes are not simulated. The welding and heat treatment 
models will be described in more detail in subsequent sections. 
 

 
Figure 6. Process sequences.  

 

Thermal model 
The heat input during welding is applied using a volumetric heat source, i.e. the double 
ellipsoidal heat source presented by Goldak et al. [1] and the values of the parameters are 
given in Table 3. The correlation between these parameters and the global coordinate system 
shown in Figure 5 is as follows; a : x, b : z and c : y. The power, Q, is calculated from the 
physical parameters; current I, voltage U and the efficiency η, which yields Q=IUη => 
Q=9⋅80⋅0.9 = 648 W. As for the heat loss in the welding model, only convection is used since 
the radiating loss can be neglected everywhere but close to the weld pool, Goldak et al. [7]. 
The heat loss due to radiation is, in some sense, taken into account for in the efficiency 
parameter though. The heat loss coefficient is set to 12 Wm-2K-1 for the plate except where it 
is clamped. There a value of 200 Wm-2K-1 is used. Only the parameters a, b and c was 
calibrated with respect to the measured size of the fused zone. 
 
Table 3. Values of the heat source parameters. 

a [m] b [m] cf [m] cr [m] ff [m] fr [m] Q [W] 

0.004 0.0012 0.003 0.0035 2cf 
. (cf + cr)-1 2 - ff 648 

 
The heat treatment process can be divided in three different sequences, heating, holding and 
cooling, Figure 7. The heating is caused by radiating elements on the walls of the furnace, 
Figure 2. Heat transfer by convection has been ignored due to the low operating pressure in 
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the evacuated chamber. The temperature of the furnace walls is monitored by a number of 
temperature gauges. The furnace wall temperature is controlled to follow a prescribed heating 
curve, Figure 7, and is constant during the holding sequence. The cooling sequence is 
approximated by applying a heat transfer coefficient of 50 Wm-2K-1 on the surface of the 
plate. This parameter was adjusted so that the cooling rate from measurements was obtained 
in the simulation.  

Temperature
Holding
temperature

Heating
sequence

Time

Holding
sequence

Cooling
sequence  

Figure 7. Heat treating temperature cycle. 

 

Mechanical model 
The mechanical boundary condition during welding is set so that the plate is fixed in the x- 
and z-direction over the whole region of the clamp, Figure 1. The displacement in the y-
direction is only restrained along the lower edge at y=0. All elements, except those 
representing the tack-welds, along the weld path were inactivated initially. The activation of 
the elements is separated into a thermal and mechanical activation. As the heat source is 
moving forward, the elements in the front becomes thermally active. When the origin of the 
heat source has passed an element, with a prescribed distance, the element becomes 
mechanically active, Figure 8. The mechanically active element has then cooled down to the 
solidus temperature. 
 

 
Figure 8. Element activation procedure.  

 
During unloading, the upper clamp was removed and the plate was instead fixed only to 
prevent rigid body motion. These boundary conditions were also used during the heat 
treatment process. 
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Material models 
A thermo-elastoplastic model based on von Mises theory has been used for the welding 
simulation and for the heating and cooling sequences of the heat treatment. It is assumed that 
no creep strains develop during welding since the material is exposed to a high temperature 
for a very short period. Creep is assumed only to occur during the holding sequence of the 
heat treatment. The hardening behaviour of the material is assumed to be isotropic and 
piecewise linear. The total strain rate ε&  is divided into elastic eε& , thermal thε&  and, inelastic 
strain rates inε& , Lemaitre et al. [6], Equation 1.  

th
ij

in
ij

e
ijij εεεε &&&& ++=          (1) 

The inelastic part is partitioned in a plastic, pε& , and a creep strain rate, crε& , thus cr
ij

p
ij

in
ij εεε &&& += , 

Lemaitre et al. [8]. Hence, 
th
ij

cr
ij

p
ij

e
ijij εεεεε &&&&& +++=          (2) 

The temperature dependent material data that has been used in the model are similar to those 
that can be found in e.g. Mills [4] for the heat capacity and conductivity, Zang et al. [5] gives 
Young’s modulus, Busch et al. [6] for the yield strength and Babu et al. [3] for the thermal 
expansion. A latent heat of 300kJ/kg in the solid/liquid transformation (1260 °C to 1330 °C) 
was separated from the specific heat. The emissivity factor used for the radiation boundary 
condition was set to 0.3. The minimum yield strength due to thermal softening was set to 40 
MPa and the Poisson’s ratio constant to 0.29.  
 
The creep is modelled by applying the commonly used Norton’s law [6], Equation 3. This 
constitutive relation was also used by Josefson [9] and Alberg et al. [1] for simulation of 
stress relief heat treatment. 
 ij

ncr
ij sk ⋅⋅= σε&           (3) 

Where cr
ijε&  is the creep strain rate, nσ the equivalent stress and ijs  the deviatoric stress. The 

constants k and n in Equation 2 can be determined by performing stress relaxation tests in the 
specific temperature interval. In the present work, Norton’s law was used with parameters 
obtained only at the holding temperature material. 
 

Comparisons of computational and experimental results 
During the butt-welding process and subsequent cooling and release, transient strains and 
temperatures were measured. Residual stress measurements were performed between welding 
and heat treatment and after the heat treatment.  
 

Thermal response 
The size of the fused zone (FZ) agrees very well with the experiment, as can be seen in Figure 
9. The width of the FZ at the top surface is 7.3 mm and 7.4 mm in the FE-model and 
experiment respectively and 5.4 mm versus 5.4 mm at the bottom surface. This agreement is 
due to the calibration of the parameters a, b and c in Table 3 which was done by matching 
computed and measured FZ. 
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Figure 9. Comparison of FZ and HAZ between calculation and experiment, temperature scale 
in °C and length scale in mm.  

 
In Figure 10 measured and calculated temperature profiles are shown during the welding 
experiment. The largest difference between the computed and experimentally obtained 
temperature is at the peak value of the curve closest to the weld centre (8 mm). The difference 
is 21 °C at that point. At the end of the cooling sequence, the difference between computed 
and measured temperature is 9 °C. The overall agreement is very good.  
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Figure 10. Measured and calculated temperatures during the welding experiment. 

 

Mechanical response 
The results from the measurement and computation of the transient strain are shown in Figure 
11. The definition of the directions and the position of strain gauges A and B can be found in 
Figure 1. The apparent strain data was added to the computed data on basis of computed 
temperature to alleviate the comparison with recorded values. The computed strain agrees 
fairly well with the measured strain in both directions and positions.  
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Figure 11. Comparison of measured and calculated strain at strain gauges A and B. The strain 
in this figure is the elastic plus the apparent strain. 
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The results from the computation and the residual stress measurements are shown in Figure 
12. The measurements were done at the same position on two equal plates to check 
variability. 
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Figure 12. Residual stresses after welding: a) Longitudinal stresses b) Transverse stresses. 
Residual stresses after heat treatment c) Longitudinal stresses d) Transverse stresses. 

 
The computed stresses in the longitudinal direction after welding and after heat treatment 
agree rather well with the measured stresses, Figure 12a and c. The computed stresses in the 
transverse direction after welding and after heat treatment have less good agreement with the 
measured stresses, Figure 12b and d. In Figure 12b and d, it can be seen that the computed 
stresses are generally too low in magnitude compared with the measured.  

Discussions and conclusions 
The overall agreement between computed and measured values is quite good. Fairly good 
agreement between calculated and measured residual stresses after both welding and heat 
treatment is obtained in the longitudinal direction. In the transverse direction, the agreement is 
less good. It can also be seen that the difference between the two measurements is relatively 
larger in this direction. 
 
Comparisons between measured and computed results show that both the welding and the 
heat treatment model are valid to some extent. Note that the stresses after heat treatment are 
dependent of the stresses after welding, therefore it is difficult to know the validity of the heat 
treatment model.  
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Using this experimental set-up, it has been seen that the model is sensitive to buckling, when 
releasing the plate from the fixture. The possibility of buckling makes the model highly 
sensitive to the initial conditions. The buckling tendency causes problems in the simulation 
and the experimental set-up is therefore less suitable for validation of the models. A better 
approach might be to have a plate with a small, predefined, curvature, which would eliminate 
the risk for buckling 
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