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Abstract

The importance of welding process modeling is specifically related to the role of the
induced welding residual stresses and distortions on the structural behavior of the com-
ponents under service load. In the absence of reliable information on the magnitude
and distribution of residual stresses, it is generally assumed that residual stresses are as
high as the yield strength of the material that could lead to overconservatism in design
and consequently economic challenges. The more exact the microstructure and residual
stress or strain fields is predicted, the better one can judge the risk of structural dam-
age, for example, the formation of fatigue cracks or initiation of failure. In this chapter,
the application of finite element approach to the calculation of welding residual stresses
is described through three different case studies. SYSWELD has been used for welding
simulation. Residual stress measurements are carried out to determine the distribution
of residual stresses in three orthogonal directions, on the surface and in the bulk of the
material. The numerical results are compared directly with the measured data. The over-
all aim is to evaluate the use of finite element approach in the accurate calculation of
residual stress states for use in the structural integrity assessments.

Keywords: welding simulation, residual stresses, finite element method (FEM), X-ray
diffraction, neutron diffraction

1. Introduction

In fusion welding, concentrated heat is injected into the joint locally and is dissipated into
the weldments, leading to an inhomogeneous temperature field in the welded material.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.



30 Residual Stress Analysis on Welded Joints by Means of Numerical Simulation and Experiments

The maximum temperature in this time-dependent field reaches beyond the melting point
in the weld pool, and the minimum value is the ambient temperature being reached after
cooling down. Within this temperature field and due to the temperature-dependent physical
and mechanical properties, an inhomogeneous thermal stress field is generated. The thermal
stresses can either be accommodated elastically or lead to a stress state in which plastic defor-
mations would be inevitable. There is another source of plastic deformation, which is induced
during solid-state phase transformations if phase transformation occurs. As a result of the
inhomogeneous plastic deformation during welding, some regions do not fit into the space
available, and due to geometrical compatibility, a residual stress field arises.

The reliable characterization of welding residual stresses in structural components has been
widely considered in many research communities. Tensile residual stresses which are present
in welds could potentially decrease the tolerance of the component against applied external
loads. In integrity assessments, the interaction between load and residual stresses is taken into
account by using a couple of conservative approaches [1]. In order to predict the more realis-
tic service life of welded components, it is necessary to be aware of the residual stress fields,
particularly in the critical crack initiation sites. Over the past few decades, a large number
of researches have been devoted to the experimental and numerical determination of weld-
ing residual stresses. Recent advances in both simulation and measurement of weld residual
stresses have provided the possibility to describe the residual stresses. However, owing to the
different thermal, metallurgical, and mechanical complexities and the interaction between
them, there still exist a number of uncertainties in the accurate calculation and measurement
of residual stresses. On the other hand, it is extremely difficult to quantify separately the
effects of several variables and parameters.

1.1. Computational welding mechanics

Experimental analysis for the determination of the residual stress fields in welds by means of
nondestructive methods requires complementary diffraction instruments [2]. Such studies are
very costly, and because of the limitation of the volume and mass of the investigated object,
they could just provide one in best case information about a portion of the whole residual
stress field in a large structure. A scientific and engineering approach to solve this problem is
the application of numerical methods for describing the development of residual stresses and
studying their behavior under different mechanical and thermal loads.

Welding as a multi-physics problem is one of the most complicated processes from the mod-
eling point of view. Different aspects, namely the arc physics, transient heat transfer, con-
ductivity, fluid flow, phase transformations, grain size and deformations must be taken into
account into the model. The first works on application of the numerical analysis of welds and
the behavior of the material during welding are those of Boulton [3] and Rosenthal [4]. Since
then, many models for the description of the heat source have been developed, which are all
mentioned in the literature survey by Goldak [5].

In most models, which are used for the calculation of residual stress and distortion, the real
heat input is simulated via an equivalent substitute heat source moving in the direction of
welding. The fluid dynamics in the weld pool are almost always not included.
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Residual stress and distortion are strongly influenced by the temperature-dependent plastic-
ity. In Figure 1, the thermomechanical processes for the development of welding stresses are
schematically illustrated. Here in this model from Radaj [6], the plastic zones in front and a
linear heat source in a quasi-stationary temperature field are shown. The drawn parabola-like
curve separates the heated front area which is due to the thermal stresses under compression
from the rear region which is under tensile stresses. The zone of elastic unloading is located
between the two areas. The cyclic plasticity at the shown locations in the base material, the
heat affected zone and the weld during the heating and cooling phases show how the residual
stresses develop. Point 1 undergoes elastic compressive stress, and at point 2, a plastic defor-
mation occurs after reaching the compressive yield strength before this point is elastically
relieved at point 3. The permanent elongation by compression at point 3 could lead to tensile
residual stresses after cooling. Points 4 and 5 experienced tensile stresses during cooling due
to the shrinkage restraint.

The remaining strain at point 5 may indicate that after reaching room temperature, compres-
sive residual stresses may be present. Point 6 would have a mechanical load cycle as point
5, if it would not have been so close to the heat source. Point 7 is on the weld center and
is only subjected to elasto-plastic tensile stresses. It is understandable that the temperature-
dependent spatial and temporal process and material modeling determine the accuracy of the
residual stress and distortion calculations.

Computational welding mechanics is an engineering subject concerned with the mechanics
and the material behavior during welding. In research and applications, the different weld-
ing processes, the microstructures resulting in the weld and their mechanical properties
in terms of deformability, strength, and toughness and the structural behavior of welded
components are to be considered for an advanced fitness-for-service assessment of welded
components.

The accuracy of the predicted results in the calculation of residual stresses as a complex non-
linear problem is influenced by several assumptions and simplifications. Nevertheless, the
experimental measurement of welding residual stresses involves a significant range of uncer-
tainties. Since both numerical and experimental approaches involve inevitably their own limi-
tations, it is necessary to apply these methods in combination with each other.
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Figure 1. Cyclic plasticity in the weld, heat-affected zone and the base material and the formation of welding residual
stresses [6].
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With the development of modern high speed computers, process modeling has become a power-
ful tool for controlling and optimizing of different process parameters. Nowadays, finite element
method has contributed in process simulation extensively. In the context of weld computational
mechanics, modern software infrastructures, that is, the physics, mechanics, materials science,
mathematics and numerical algorithms have been enriched enough to allow complex calculation
of welded structures [7]. A proper FE model for welding simulation involves advanced aspects
such as definition of the heat source, material phase transformations, temperature-dependent
thermophysical and mechanical properties and material hardening behavior. But the key issue
in this regard is to understand the underlying theory well enough. In the study described here, it
has been tried to handle as much as possible the various assumptions and simplifications in the
prediction of welding residual stresses.

In this chapter, three fusion weld case studies are described with focus on different geome-
tries, single or multiple pass welds and finally different types of base materials particularly
with regard to metallurgical behavior and hardening behavior. As the first case study [8],
under the support of German Research Foundation (DFG) [9], a tubular specimen made of
S355]J2H structural steel was utilized for the weld residual stress assessments. The speci-
men was manufactured under closely controlled conditions. After the preparations, a sin-
gle-pass dummy weld without filler material was created in the specimen. Appropriate
material characterization was performed on the base metal under static and cyclic loading
conditions. In the case studies two [10] and three [11], the results of a scientific community,
the international Network on Neutron Techniques standardization for Structural Integrity (NeT)
will be discussed. This network consists of 15 European-based member research institutes,
universities and industries, which meet twice a year and discuss the results of defined
round-robin tasks on welding simulation and experimental residual stress measurement
techniques. Within the framework of NeT round robin, case study two focuses on a single
bead on plate made of austenitic stainless steel and finally case study three deals with the
multipass welding of Inconel.

Nickel alloy similar to stainless steel is a face-centered cubic, which shows no phase transfor-
mation during cooling from its melting temperature down to the room temperature. Thus,
cooling rate for both stainless steel and nickel alloy is of less importance. However, for nickel
alloys, particularly the precipitation hardened alloys, the composition-related metallurgical
effects should be taken into account. Nickel alloys compared with stainless steels have lower
thermal expansion coefficient, which may cause less distortion problems. The procedures for
welding of stainless steels and nickel alloys are relatively similar. Sequentially, coupled ther-
mal-mechanical analyses were performed in both task groups. The accuracy of predictions for
the transient temperature field, welding residual stresses, equivalent plastic strains, and so on
was then calibrated based on experimental measurements. The achievements and results could
be then used as lessons for further numerical simulation. This involves the global calibration
of the heat input on the basis of the thermocouple responses and detailed determination of the
heat source parameters by matching the weld fusion boundaries to real weld cross sections.

Different stages of calculation were compared with experimental tests by taking into
account the limitations and uncertainties of the measurements. In the thermo-metallurgical
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Figure 2. Simulation studies and residual stress measurements: cooperation in NeT (left), investigations within the
project by German Research Foundation (DFG) (right).

DFG FA992/2-1

phase, the transient temperature history during the welding process was calibrated by
means of the measured thermocouple profiles. Furthermore, the fusion boundary of the
weld bead was controlled by the cross-sectional macrograph of the specimen. Once an
accurate thermo-metallurgical solution is obtained, one can study the mechanical aspect
of the weld calculation. One of the most important focuses on the mechanical solution
as the next step is to determine the best explanatory material hardening model. Since the
predicted residual stresses are sensitive strongly to the high-temperature mechanical prop-
erties and especially to the cyclic hardening parameters, it is important to consider all the
possible material-related simulation variables. The accuracy of calculated residual stresses
was then controlled with measured data in order to optimize the choices for different vari-
ables. Since it is preferred to make use of through-thickness stress profiles for structural
integrity and defect tolerance assessments [1], both X-ray and neutron diffraction measure-
ment techniques were used in order to describe the surface and depth profile of welding
residual stresses.

For all the calculations, the FEM weld-specific program SYSWELD was used as simulation
tools (Figure 2).

2. Numerical studies of welding residual stresses

The accurate structural integrity assessment of welded structures or components requires
the designers to be aware of the existing welding residual stress field within the material. A
complex process such as welding could be described by means of both numerical and experi-
mental techniques.
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In this chapter, the applicability of FEM to the simulation of welding process is being examined.
Three-dimensional models were applied within the commercial software package SYSWELD
8.5 to calculate numerically the inevitable residual stress field, which is produced as a conse-
quence of nonuniform heating and cooling. A coupled thermo-metallurgical simulation was
then conducted and the results of which included temperature history and phase proportions.
These were then used as the input for further mechanical analyses within the uncoupled simu-
lation technique. Using this technique, though the insignificant dimensional changes as well as
the mechanical work are neglected, the accuracy of the results is kept to a high level. Different
aspects of numerical welding simulation are explained in detail in Ref. [8].

2.1. Case study 1: S355J2H single bead on tube

On the basis of the well-documented experimental results on tubular specimens made of
S355]2H in the project DFG FA992/1-1 [9], extensive numerical studies on welding simula-
tion were performed on this material. The key modeling issues were as follows: heat source
representation, solid-state phase transformation kinetic, material hardening laws and temper-
ature-dependent material behavior. In the thermo-metallurgical phase, the transient tempera-
ture history during the welding process was calibrated according to the measured responses
from the thermocouples along with the cross-sectional macrographs from the weld fusion
boundaries. Once an accurate thermo-metallurgical solution was obtained, the mechanical
aspects of the welding simulation were considered. Temperature dependent material proper-
ties together with cyclic hardening parameters are two important material related simula-
tion variables which must be taken into account since they may affect strongly the predicted
residual stresses. The accuracy of the calculated residual stress field was then validated by
means of X-ray and neutron diffraction measurements.

2.1.1. Welded specimens

The tubular specimens out of structural steel S355]2H had a length of 250 mm with the out-
side and inside diameter of 56 and 36 mm, respectively. The base metal before welding had
been heat treated for 30 min at 600°C under shielding gas in order to relieve the existing
machining-induced residual stresses. The samples were produced by means of Tungsten Inert
Gas (TIG) welding without filler material (Figure 3). The arc voltage, welding current and
welding speed were set to 12 V, 250A and 15 cm/min, respectively, providing a total input
energy of 7.2 kJ/cm. In this way, a 10 mm wide and 2.5 mm deep weld bead was produced on
every tube. NiCr-Ni thermocouples were used to measure the temperature history at every
90° around the weld toe (Q1-Q4) [12].

2.1.2. Plasticity and material hardening model

Von Mises yield function is considered in this work as the criterion to describe where the plastic
deformation begins. Besides that, the constitutive behavior of the material and the respective
hardening model must be defined properly in order to preserve the accuracy of the calculated
residual stresses. For simplicity, a single-element FE analysis technique was then applied in
order to investigate the influence of the chosen hardening model on the predicted stress-strain
responses of the material under mechanical loading conditions. In this regard, the calculation
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Figure 4. Low cycle fatigue test results of S355]2H at Ae = 0.06, 0.1 and 0.14 (left), different types of hardening model [8].

results under symmetric strain-controlled cyclic loading were compared with the obtained
stress-strain responses from the isothermal low cyclic fatigue tests at constant amplitude. Three
process-related strain ranges, namely 6%, 10% and 14% were chosen for the LCF tests as shown

in Figure 4.
SYSWLED supports the modeling of the nonlinear kinematic hardening behavior in the form
of Armstrong-Frederick combined hardening model [13] under the isothermal and monopha-

sic condition:
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G(er) = Gy(en)+5A - 1)

where ¢ represents ¢ -, and o, is the yield stress at zero plastic strain, ¢’ is the equivalent plastic
strain and C and y are material kinematic hardening parameters (supported only as a single pair
for this model). Isotropic hardening component that defines the expansion of the yield surface
as a function of accumulated plastic strain is represented through the o/, term. Meanwhile, the
kinematic hardening component is introduced to the model to describe the translation of the
yield surface in the stress space.

In order to define the kinematic hardening parameters, the model could be fitted in different
ways to either monotonic or uniaxial cyclic stress-strain curves. Two case studies were consid-
ered in this work. In case 1, whether a pure kinematic or a combined isotropic-kinematic hard-
ening model is implemented, the kinematic behavior is assumed to be linear. In this regard, the
maximum plastic strain for defining the monotonic true stress versus plastic strain response
was set to 100%. In case 2, a nonlinear kinematic hardening behavior was taken into account
for both pure kinematic or combined hardening models. In this case, the first cyclic response
of the material taken from the LCF test data was used in order to calibrate the respective model
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Figure 5. Comparison between the measured and predicted stress-strain responses of S355]2H during the first load
reversal at room temperature for strain ranges Ae=0.14 (top) and Ae=0.06 (bottom). Continuous and dashed lines are
related to case studies 1 and 2 for finding the kinematic parameters [8].
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parameters through the fitting procedure. The total strain range in the respective LCF test was
set to 14%. Being a one-pass weld is the cause for choosing the first load reversal as for the
fitting procedure. In this case, any extra cyclic hardening is ignored. Figure 5 shows the pre-
dicted responses at two of the strain ranges (6 and 14%) for simple isotropic, pure kinematic and
combined isotropic-kinematic hardening models. Red and blue plots in Figure 5 represent the
measured and predicted responses, respectively. The dashed or continuous blue plots refer back
to the used fitting approaches for defining the kinematic hardening parameters. In this regard,
dashed blue lines and continuous blue line represent case 1 and case 2, respectively. As can be
seen in Figure 5 using the pure isotropic hardening model, though the Bauschinger effect is
neglected, the predicted and measured monotonic responses as well as the peak stress values of
the cyclic responses agree reasonably well except that the predicted yielding points during the
cyclic responses are sharper than the measured ones. In case of using a pure kinematic harden-
ing model, the reversed yielding points were predicted to be much lower than the measured
ones due to the incorporation of the Bauschinger effect. In this regard, the nonlinear kinematic
hardening model gives obviously better results in predicting the shape and peaks of the hyster-
esis loops but poorer results in predicting the monotonic stress-strain responses of the material
rather than linear one. It should be noted that the level of peak stresses predicted by the linear
kinematic hardening model depends strongly on the predefined maximum plastic strain in the
monotonic mechanical property. By using the combined isotropic-kinematic hardening model
with a 50% isotropic proportion, the reversed yielding points were improved significantly
comparing with the pure kinematic cases. Even in the case of combined hardening, if the kine-
matic model parameters are obtained by fitting to the cyclic stress-strain curves, the predicted
monotonic responses do not conform to the experimental curves though the cyclic responses
match well enough. Indeed, matching both monotonic and cyclic responses is difficult, which
could influence the final results differently depending on the case of study.

2.1.3. Residual stress results

The calculated and measured residual stress fields in the axial and hoop directions at 180°
from the weld start point (Q3) are shown in Figure 6. As can be seen, the numerical results
conform very well the experimentally measured data. Residual stress measurements by
means of neutron diffraction (ND) were conducted at Helmholtz-Zentrum Berlin (HZB).

To be able to interpret the formation of welding residual stresses numerically, different aspects
of the simulation need to be explained in detail. It is obvious that during welding every material
point in the specimen is experiencing different thermal history depending on its location rela-
tive to the welded area. In this regard, the evolution of different material phases, cumulative
and equivalent plastic strains and finally the welding residual stresses are investigated through
the numerical analysis at different positions with respect to the welded area (Figure 7). For
instance, at node-1, which is located within the welded area, the temperature goes beyond the
melting point during heating and thus austenite transformation occurs substantially since the
maximum temperature exceeds the austenitization finish temperature (Ac3).

Then, the material cools down from the maximum temperature and the austenite starts to
transform into bainite and martensite depending on the cooling rate. The evolution of different

37
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phases during heating and cooling is shown in Figure 8a. In Figure 8b, the evolution of the
axial and hoop residual stresses, the cumulative plastic strain and the equivalent plastic strain
are shown by dividing the total process time into seven smaller time intervals. During time
intervals 1 and 2, the moving torch does not yet reach Q3; thus, the material at node-1 under-
goes some tension and compression elastically. Once the welding torch reaches Q3, the local
temperature starts to increase during the time interval 3 and the material undergoes expansion-
induced compressive stresses. Since yielding occurs in this period, plastic strain begins to accu-
mulate in the material. In the interval 4 during which the temperature goes beyond 1300°C, the
stress components and the cumulative plastic strains disappear since the temperature exceeds
the material annealing temperature, which was previously set to 1300°C. Unexpectedly, the
equivalent plastic strain is retained as can be seen in Figure 8b. Time interval 5 represents the
cooling phase from annealing temperature down to bainitic transformation temperature. In
this period, tensile stresses appear due to the shrinkage of the material at the point of interest.
Meantime, plastic strains start to accumulate again in this period. By further cooling in the time
interval 6, austenite starts to transform to bainite since the temperature has dropped below
the bainitic transformation temperature. This type of transformation is associated with the
decrease of density, which causes volume expansion and thus local compression in the mate-
rial. Below 420°C in the time interval 7, rest of the austenite phase transforms into martensite,
which is associated with more volume increase and consequently the compressive stresses
increase. During the time intervals 6 and 7, the strain hardening of the material vanishes gradu-
ally due to the hardening recovery phenomena caused by austenite to ferrite transformation.
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Figure 6. Comparison of the calculated axial (left) and hoop (right) residual stress fields at Q3 with the ND-measurements [8].
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Figure 8. Evolution of different material phases (a) and residual stresses, cumulative and equivalent plastic strains (b) at
node-1 with respect to the relevant temperature history [8].

The situation at nodes 2 to 4 differs from what is explained at node-1 regarding the formation of
thermal stresses or plastic strains, which is discussed in detail in Ref. [8].

2.2. Case study 2: 316 L single bead on plate

A single weld bead on plate made of austenitic stainless steel was chosen as the benchmark prob-
lem for NeT Task Group 1 (TG1) in order to examine the influence of different simulation vari-
ables on the accuracy of predicted residual stresses. The specimen geometry and its boundary
condition during welding are shown in Figure 9. The plate was 17 mm thick and was 200 mm and
150 mm in length and width, respectively. A single TIG weld bead with the same material as the
base metal and a width of 7 mm was laid on the surface of the plate. The heat input and welding
speed were set to 633 J/mm and 2.27 mm/s, respectively. Both base material and weld metal were
characterized using temperature-dependent monotonic and cyclic mechanical tests. For calibra-
tion reason, a number of thermocouples were applied to the specimen top and bottom surfaces,
along the weld line and as close as possible to the weld. After welding, residual stress measure-
ments were also performed at different locations of the plate by using different techniques such
as hole-drilling, contour method and neutron diffraction technique [10]. In TG1, the Bayesian
average of the residual stress results from different measurements was used for the calibrations.

2.2.1. NeT TG1 simulation results

A three-dimensional finite element model was developed, and the welding simulations were
conducted through sequentially coupled thermal-mechanical solutions. A moving heat source
with the Goldak [14] formulation was applied to the model in order to simulate the move-
ment of the welding torch. The gradual material deposition was also included in the model.
The annealing scheme was incorporated in the model by considering a melting temperature
of 1400°C. In this way, the material history including stress and strain as well as the strain
hardening would be eliminated above the annealing temperature.

The heat input energy was calibrated first according to the responses of nine thermocouples
[10]. After that, parameters of the heat source were adjusted according to the cross-sectional
macro-graphs of the weld in order to match the boundaries of the calculated melted area with
the real condition (Figure 10).
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Figure 9. NeT TGI specimen.
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Figure 10. NeT TG1 weld bead on plate simulation.

One of the most important features of NeT TG1 was to comprehensively investigate the influ-
ence of material hardening model on the final field of predicted residual stresses. Of course the
choice of the hardening model depends strongly on the used material. In this study, isotropic,
kinematic and combined isotropic-kinematic hardening models were examined for the weld-
ing simulations. For determining the material kinematic hardening parameters, different fitting
strategies were adopted, which have been described comprehensively in Ref. [10]. Figure 11
shows the through thickness variation of transverse residual stresses in the mid-plane. As can
be seen, the use of the isotropic hardening model in the welding simulation of the austenitic
stainless steel has caused over conservatism in the predicted residual stresses. Combined iso-
tropic-kinematic hardening model has given the best agreement with the experimental results.
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Figure 11. Comparison between the residual stress results using different material hardening models [11].

It should be noted that the yellow curve in Figure 11 is representative of the Bayesian average
of different measured data obtained from different techniques, which were comparable to each
other. The combined hardening model in this case is optimized by matching to the saturated
cyclic response of the material. In this project, it was observed that other mechanical solution
variables than temperature-dependent material properties and material hardening behavior
have minor influence on the finial simulation results. Experiences and lessons of NeT TG1
were then collected together as a simulation strategy for the future works and task groups.
These lessons are summarized as follows:

* In welding simulation, before proceeding to mechanical simulation, a verified global heat
input and a calibrated heat source are absolutely necessary.

* The use of kinematic and combined hardening models or preferably elasto-viscoplastic
material constitutive behavior is recommended for the welding simulations.

¢ The used material constitutive model for the weld metal could differ from that of base material.
2.3. Case study 3: nickel alloy three-pass bead-in-slot

A three-pass slot weld in nickel alloy 600 plate has been chosen as the case study of NeT Task
Group 6 (TG6). The dimensions of the plate are 200 mm x 150 mm x 12 mm. The slot is 76 mm
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long and 5 mm deep, which was filled with filler material made of alloy 82 (or 182) using the
TIG welding process. The welding voltage ranges from 10 to 13 V depending on the weld
pass number. Welding current and speed were set to 220 A and 70 mm/min for every pass.
The specimen was constrained weakly to allow for free deformations. The multipass weld-
ing condition in this study provides complex thermomechanical loading condition, which
requires more detailed assumptions and considerations regarding the cyclic behavior of the
material. As noted in the NeT TG6 simulation protocol [11], the residual stress measurement
is more challenging for the nickel-based alloys as compared with the stainless steel AISI 316.
The objective of the NeT TG6 round robin is to promote parallel simulations and measure-
ments in order to accurately predict the welding residual stresses in the slot welds.

2.3.1. Experimental work

A wide range of experiments were performed within the activities of NeT TG6 to support the
numerical simulations:

2.3.1.1. Material characterization

The chemical composition, temperature-dependent tensile monotonic and uniaxial cyclic
properties of alloy 600 and alloy 82 were determined in the NeT TG6 measurement round
robin. Thermomechanical tests using the Gleeble testing machine were performed to deter-
mine the properties of the material in the heat-affected zone. LCF test results for alloy 600
at room temperature and 700°C are shown in Figure 12. For alloy 182 (weld metal), it was
observed that the cyclic hardening rate is lower than the AISI 316 L. Thus, the combined
isotropic-kinematic hardening model could be replaced simply with the pure kinematic one.
Based on the test results, although the 0.2% proof stresses for the base material and the weld
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Figure 12. LCF test results for alloy 600 at room temperature and 700°C (Ag,, = 1.5%).
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metal are similar, their work hardening rates are different. Combined hardening (Lemaitre-
Chaboche) or pure nonlinear kinematic hardening models were then fitted to the available
experimental data in order to determine the model parameters.

2.3.1.2. Hardness measurement

Transverse hardness mapping after producing every single pass is shown in Figure 13. As can
be seen, the hardness of the weld area is lower than base material.

2.3.1.3. Temperature measurement

A total number of 10 thermocouples were attached to the specimen top and bottom surfaces
and close to the weld line. The global heat input and dwell times could be then calibrated on
the basis of thermocouples responses. The specimen geometry and the configuration of ther-
mocouples are shown in Figure 14.

2.3.1.4. Residual stress measurement

Three sets of neutron diffraction measurements, one set of X-ray diffraction as well as one set
of contour method measurements were planned in order to define experimentally the residual
stress field in the material. Different sets of measured residual stresses agree well with each other.

2.3.2. Numerical simulations

The simulation methodology used for the welding simulation of nickel alloys is similar to that
of AISI 316 L. Lessons and recommendations of NeT TG1 are supposed to be applied in the

Figure 13. Measured hardness field after finishing each pass.

Figure 14. Specimen geometry and location of the thermocouples close to the slot.
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TG6 solutions. Some of these recommendations were mentioned in Section 2.2.1. A prelimi-
nary finite element thermal calculation has been performed in Fraunhofer IWM as one of the
simulation partners in NeT TG6 round robin. Figure 15 depicts the comparison between the
calculated temperature history and the response of a mid-length thermocouple called TC2.

The agreement between the results is quite well. The criterion for an accurate thermal simula-
tion (as the basic prerequisite for residual stress calculation) is to achieve an agreement with
the mid-length thermocouple response within 10%. On the other hand, the calculated melting
boundaries including the cross-sectional area and shape of the fusion zone should match the
real condition within +20%. According to Figure 16, the calculated fusion boundaries match
quite well to the real weld cross section illustrated in the macrographs.

The variation of calculated residual stress components along line BD (through the thickness)
and B2 (across to the weld) are shown in Figure 17 in comparison with the measured results.
These results are obtained from neutron diffraction measurements. As can be seen, there exists a
reasonable agreement between the calculations and measured results. The existing discrepancy
might be attributed to the high-temperature annealing behavior, which is neglected in this study.

As shown in Figure 17 (top), the maximum amount of longitudinal residual stress along line
BD is predicted to be close to the bottom surfaces. According to Figure 17 (bottom), relatively
high tensile residual stresses exist in the weld area and HAZ. A peak value of 500 MPa in the
longitudinal direction was observed at the weld toe, which could increase the probability of
crack formation at the stress concentration sites, particularly because the most serious crack-
ing problem with nickel alloys is hot cracking in either the weld metal or close to the fusion
line in the HAZ with the latter being the more frequent [11].
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Figure 16. Calculated temperature contour plots of three weld passes compared with the real fusion boundaries.

700 700
jo0 -7 UoM_TRANS
600 - 600 = FRM IL_TRANS
-~ HZB_TRANS
& s00 Fso0 | ——Chaboche_fit to mono_TRANS
Z z ——Chabohe_fit to cycle 2_TRANS
¢ 7
5 g
¥ a00 Faoo |
s ¥
= @
= 300 2 300
%5 &
E ! - ¢~ UoM_LONG g
§200 |- S0 -0~ FRM II_LONG §
k] S geaen” L = 200 )
~ HZ8_LONG
100 b ~——Chaboche_fit to mono_LONG 100
—— Chaboche_fit to cycle 2_LONG
0 0
° ? ¢ g . e o 2 4 6 s 10
Distance (mm) Distance (mm)
L 400
=0- FRM I_LONG -0~ FRM IL_TRANS
600 ——chaboche_fit to mono_LONG 350 | ——Chaboche_fit to mono_TRANS

——Chaboche_fit to CYCLEZ_LONG R ——Chaboche _fit to CYCLE2_TRANS
\ -

g

F 400 A oo o
s 4 Al 4 = i
< / = ;
'] / H @ 250 /
g / g /
% 200 . % !
5 B 3 g
E Y 3 200 i
] . 2 2]
- = i
3z 0 7 Biog i
g -0 70 60 -50 Mo -30 -20 -10 9 7
H / g /
s /

S -200 7 = 100 #

-u ’

- ,4

. /
400 g 50 /
1"
° o

=59 80 70 -60 50 -40 -30 -20 10 0 10 20 30 40 S50 60 70 80

Distance (mm)
Distance (mm)

Figure 17. Comparison between the measured and calculated residual stress components on lines BD (top) and B2 (bottom).

3. Conclusions

In this chapter, three welding simulation case studies were reviewed. As the first case
study, the numerical analysis of welding residual stresses in single bead tubular specimens
made of structural steel S355]2H was studied. In case study 2, the NeT Task Group 1 was
reviewed which focuses on single-pass weld bead on plate made of AISI 316 L and for case
study 3, the NeT Task Group 6 was considered which is about the three-pass slot welds of
nickel alloys. There exist very well documented experimental results on tubular specimens
made of S355]2H in the project DFG FA992/1-1. On the other hand, NeT projects include a
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wide range of experimental measurements parallel to its advanced simulation programs.
The goal is to develop a comprehensive simulation methodology for the prediction of resid-
ual stresses under the assistance of precise measurement techniques. Based on the results
and achievements, FE simulation could be applied as a powerful tool for predicting the
welding residual stresses required for the integrity assessments. The summaries of all these
efforts have been already released in terms of a couple of recommendations. Exact ther-
mal solutions, use of advanced material hardening models and including high-temperature
annealing effects are some of the most important items out of those recommendations.

The key conclusions and findings in this period are listed as follows:

1. Welding residual stresses within the tubular welded joint could be accurately determined
by means of the numerical simulation approach considering the phase transformations,
microstructure- and temperature-dependent mechanical properties, transformation-
induced plasticity and recovering of strain hardening during transformation.

2. Combining the residual stress measurement results from X-ray and neutron diffraction
over the whole cross section of welds showed a sharp gradient in the welding residual
stress profile from top surface toward the material bulk.

3. Based on the simulations of the tubular welds, the material in the weld area undergoes
compressive stresses due to the y — « transformation-induced expansions during cooling.

4. For the material S355]2H, isotropic hardening model seems to be suitable for predicting
welding residual stresses.

5. In welding simulation, before proceeding to mechanical simulation, a verified global heat
input and a calibrated heat source is absolutely necessary.

6. The use of kinematic and combined hardening models or preferably elasto-viscoplastic
material constitutive behavior is recommended for the welding simulation of stainless
steel and Inconel.

7. The used material constitutive model for the weld metal could differ from that of base material.
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