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ABSTRACT
The numerical weld simulation has developed very fast in recent years. The problem complexity
has increased from simple 2D models to full 3D models, which can describe the entire welding
process more realistically.
As recent research projects indicate, a quantitative assessment of the residual stresses by
means of a 3D analysis is possible. The structure integrity can be assessed based on the weld
simulation results superimposed with the operating load. Moreover, to support the qualification of
welded components parametric studies for optimization of the residual stress distribution in the weld
region can be performed.
In this paper a full 3D numerical weld simulation for a man-hole drainage nozzle in a steam
generator will be presented. The residual stresses are calculated by means of an uncoupled transient
thermal and mechanical FE analysis. The paper will present a robust procedure allowing reasonable
predictions of the residual stresses for complex structures in industrial practice.
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INTRODUCTION

Boron deposits were found during visual inspection of the drainage nozzle outside of the man
way hole in the hot side of the steam generator at a Swedish nuclear power plant (Figure 1). Figure 2
shows detail of the Drainage Nozzle (DN) geometry and used materials. The austenitic pipe has
external diameter of 31 mm and internal diameter of 6 mm.
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Area of concern

Figure 1: Steam Generator – General View [1].

Figure 2: Drainage Nozzle (Thick Wall Design) [1].
Detailed inspection has discovered two cracks on the inner surface of the man-hole in the hot
side. Two radial oriented cracks were found in the weld metal - (Figure 3). The cracks are positioned
between 11 and 12 o’clock starting about 16 mm from the pipe axis with lengths 7 and 10 mm.
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Figure 3: Radial cracks on the internal surface of the man-hole (hot side) [1]: Penetrant testing (left),
Silicon rubber replica technique (right)
A similar design of drainage nozzles is widely used in German nuclear power plants (see Figure
4). However, there have been no reports related to crack initiations in this area so far.
A comparison of both designs shows that there is only one significant difference namely the
internal diameter of the pipe, which amounts to 6 mm at the Swedish plant (Thick Wall Design)
compared to 14.2 mm at German plants (Thin Wall Design)). This indicates a possible connection
between the nozzle design and the observed cracks. It is supposed that the cracks were initiated due
to the residual stresses developed during welding in combination with the corrosive environment of
PWR primary water. A difference in the pipe wall thickness can influence the heat flux form the weld
process zone during welding and subsequently this may change the residual stress distribution in the
weld region.

Figure 4: Drainage Nozzle (Thin Wall Desigen)

To investigate the influence of the DN design on the resulting residual stresses two numerical
welding simulations were performed by means of Finite Element Analyses (FEA). It is assumed that
both the “Thick Wall Design” and the “Thin Wall Design” have the same material properties as well as
the same welding procedures. Only the internal diameter of the DN is different.
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NUMERICAL WELDING SIMULATION

The main goal of the numerical weld simulation is to calculate the place and magnitude of the
maximum residual stresses and to compare both designs of the man-hole drainage nozzle. The
residual stresses caused by the multi-pass repair welding were calculated by an uncoupled thermal
and mechanical 3D finite element analysis. All calculations were conducted by means of the FE code
ABAQUS (v.6.6).
2.1

Principle of the Weld Simulation

The whole analysis consists of two steps. First, the transient temperature field during the
welding process has to be calculated. In the second step the residual stresses are calculated
depending on the temperature field and on the mechanical properties.
To avoid unacceptable long computation time some model simplifications were necessary:
• For the analysis only a ½ model was used assuming nearly symmetrical stress distribution and
displacement
• The simulation of the welding process was split into finite steps. Each of the 6 beads was
divided into 8 segments. The principle of the used welding simulation method is based on
adding (activating in the FE-model) and heating up of the bead segments in the right
sequence according to the prescribed welding procedure
2.2

Geometry

For each DN Design a 3D plane symmetric FE model was prepared. Figure 5 shows a
comparison of the analyzed designs.

Thin Wall Design

Thick Wall Design
Figure 5: Design Comparison
160.4

Proceedings of the International Youth Nuclear Congress 2008

Both 3D models consist of 5 different materials:
•
•
•
•
•
2.3

Pipe - Austenitic Steel 1.4550
Base material - Ferritic Steel A508 (20MnMoNi55)
Weld metal - Sanicro 72 (similar to Inconel 82)
Cladding on the man-hole wall - Austenit -1.4550
Buttering between the weld metal and the base material - Inconel 82)

Finite Element Model

For both thermal and mechanical analysis the same FE mesh was used with first order
Elements (see Figure 6, Table 1).
Table 1: FE-Model: Number of Nodes and Elements
Thin-Wall-Design
20288 Nodes
17268 Elements

Thick-Wall-Design
21738 Nodes
18564 Elements

For the thermal analysis 3D diffusion elements DC3D8 with 8 nodes were used. For the
mechanical analysis 3D continuum elements C3D8 with 8 nodes were used.

Figure 6: Design Comparison
The weld consists of 3 layers with total 6 beads (see Figure 7). The start/end point of each bead
is shifted by 45° to the previous bead in circumferential direction according to the welding procedures.
This procedure ensures a more homogenous residual stress distribution. Neither pre- nor post weld
heat treatment procedures are considered with respect to the repair weld process.
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The welding parameters described in the welding procedure were used to generate input data
for the thermal und mechanical analyses. The most important welding parameters affecting the
welding simulation are summarized as follows:
•
•
•
•
•
•
•

Geometrical data
Heat input
Start/Stop position, Bead order
Material properties
Inter-pass temperature
Initial conditions
Post weld heat treatment

5
3

6
4
2

1

Figure 7: Design Comparison
Prescribed welding parameters:
Electrode diameter
Travel speed
Current
Voltage
2.4

= 1,6 mm
= 30-60 mm/min
= 110-125 A
= 10-14 V

Boundary Conditions

The appropriate boundary conditions during welding have to be applied for both thermal and
mechanical analyses. The thermal boundary conditions during welding include:
•
•

Initial temperature T=20°C
Convective behaviour describing the heat transfer between the structure’s free surfaces and
environment medium: a free convection behaviour is assumed for the air/SG-wall contact, air
temperature T=20°C

Heat transfer coefficients have to be determined for the FE-analysis. They depend on the
medium properties and the free surface temperature. The heat transfer coefficients were calculated by
means of equations describing the free convection behaviour according to [3]. The mechanical
boundary conditions during welding were defined by
•
•

using plane symmetric conditions
constraining the boundary planes in such a way that radial dilatation of the man-hole is
possible
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2.5

Material Model

During welding the material in the weld region is exposed to cyclic temperature loading.
Therefore a combined isotropic-kinematic hardening material model (Figure 8 [2]) has been used for a
more realistic simulation of the weld metal behaviour. This model requires cyclic test data and a
special calibration method, which is necessary to obtain reasonable results. The yield stress of the
weld metal is 250 Mpa at 20ºC (Start of yielding - lower bound). For other material regions a common
isotropic plasticity model was used.

Figure 8: Combined Isotropic Kinematic Hardening Model
2.6

Results

In the first step, a transient temperature analysis was performed in order to calculate nodal
temperatures during the welding process. Figure 9 shows a comparison of temperature fields during
welding at the end of 4th bead. It can be seen that the thicker pipe (Thick Wall Desing) increases the
heat efflux from the weld process zone, which means higher temperature gradient and maybe higher
residual stresses in the structure.

Thin Wall Design

Thick Wall Desing
Figure 9: Temperature at the end of 4th bead
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As shown in Figure 10 an appropriate melting of adjacent elements in the weld pool was
ensured during the welding. The maximum temperature reached during welding varied from 2200 to
2500 °C.

Figure 10: Temperature during welding 3th layer, segment 1
In the second step, the residual stress distribution was calculated based on the transient
temperature field. Typically, compressive stresses occur nearby the welding process zone caused by
local heating up, whereas tensile stresses occur in the deposit and heat affected zone behind the
welding process zone caused by the non uniform cooling down process (see Figure 11).

Welding
Direction

Figure 11: Stress Distribution during Welding (at the End of first Layer, Hoop Stress)
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The comparison of the results after welding shows that there is no obvious difference in the
distribution of residual stresses between both models (see Figure 12). Thus, it can be concluded that
the geometry of drainage nozzle is not the reason for stress corrosion cracking occurred in the Thick
Wall Design.

Thin Wall Design

Thick Wall Desing

Figure 12: After Welding, Hoop Stress, Temperature 20ºC

After the influence of the design was ruled out there are still some other important parameters,
which can influence the cracking process:
•
•
•
•

Different welding procedure
Weld repair in the past
Different material properties
Different construction connected components outside the RPV (Different Boundary
Conditions)

It is assumed that a difference in the welding procedures (like shift of the start/stop position or
different bead sequencing) can take influence on the residual stresses. The Figure 13 shows the
stress distribution for the Thin Wall Design welded according to the original welding procedure and for
the Thick Wall Design with a shifted start point of the welding (shifted by 45º). As can be seen, there is
a slightly higher level of the residual stresses in the Thick Wall Design in the area where the stress
corrosion cracking occurs. This shows that the welding procedure takes more influence on the
distribution of residual stresses than geometric differences in the weld surrounding region.
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Thin Wall Design – Original welding procedure

Thick Wall Design – Start point of the
welding shifted by 45º

Figure 13: After Welding, Principal Stress, Temperature 20ºC
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CONCLUSIONS

It was shown that calculations of the residual stresses are practicable for complex structure by means
of the numerical welding simulation. The welding simulations can help to find out the reason of failure
(or at least to rule out some “suspicious” influence parameters) and show the potential ways how to
improve the design or weld procedures.
Considering the same welding procedures and material properties the comparison of the Thin Wall
Design and Thick Wall Design didn’t show any influences of geometry on the resulting residual
stresses. It is concluded that other parameters are responsible for the crack initiation and growth
found in Thick Wall Design. One of them can be a different welding procedure. It was shown that the
welding procedure has more influence on the distribution of residual stresses than geometric
differences in the weld surrounding region.
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