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ABSTRACT 
 
During regular shutdown of a nuclear power plant generator operation a great attention is paid to a quality of 
sealing surfaces of a reactor and header. During operation defects are indicated around sealing grooves and 
threaded holes and they have to be remedied. A repair technology of these potential defects has to be prepared 
for safety operation. A welding technology is often used to remedy these defects. Residual tensile stresses that 
originate during welding have a negative effect on residual life time and on structure resistance against cracks 
and fractures initiation. For this reason a repair has to be performed in such a way to have a minimum impact on 
the residual life time of NPP components and not to initiate other defects.  
  VUZ [Research Institute of Welding] Bratislava has developed a repair of threaded holes of a manhole 
of WWER 440 MW steam generator. Using the up-to-date calculation methods both these repairs we have 
numerically simulated both these repairs to obtain distribution of residual stresses and deformation after 
implementation of a repair. Another goal has called for the optimisation of input welding parameters (bead 
depositing procedure, welding parameters, etc.) with the goal to get the resulting residual stresses as low as 
possible.   
 Numerical simulations are performed by means of SYSWELD system,  ESI GROUP Co., that is based 
on finite element method. Numerical solution of welding contains heat, metallurgical and tensile analysis. For 
the solution many unusual material characteristics are required as CCT welding diagram, heat and mechanical 
characteristics (thermal conductivity, transfer of heat, heat expansion, yield point, material hardening, etc.) 
depending on temperature and, at the same time, on individual metallurgical phases. Other input parameters are 
represented by welding technology (type of heat source), welding parameters (voltage, current, effectiveness of 
method), number and procedure of bean depositing, and so on. The numerical simulation results in distribution 
of heat fields during the repair, in distribution of metallurgical phases, in grain size, resultant structure hardness, 
residual tensions, deformations and distortions. 

 Overall solution of the repair has been divided into several below steps:  
1.    Verification of calculation parameters by means of simple models. In this part the heat load is verified (heat 

source verification) resultant distribution of metallurgical phases by hardness comparison, residual tensions 
(hole drilling and X-ray diffraction method).  

2.   Heat analysis of welding using a spatial model in order to get heat fields of a component repaired. Resultant 
heat fields are transferred to plain models that are used for tension calculation.  

3.   Tension analyses of welding with plane models.   
4.   Life time assessment of NPP components covering all designed modes including effect of repair.   

 The overall numerical simulation results in damage cumulation (life time exhaustion) including all 
designed modes with the effect of a repair. Comparison of results with and without welding repairs can 
determine what is the repair effect on life time exhaustion of a component under investigation.  

  
KEY WORDS: damage, stress, cracking, nuclear, power plant, fatigue, material, residual stresses, 
SYSWELD, repair, metallurgical phases,  

 
1.INTRODUCTION 
 

Welding joints are very important part of steel constructions and pressure vessel components, because a 
defect occurs very often in them. Residual tensile stresses have a negative influence on the structure lifetime and 
its brittle fracture resistance. Residual stresses create a balanced system of inner forces, which exists even under 
no external loading. The welding joints have to be designed and produced with care. 

UAM has used the SYSWELD software for about eight years. During that time several complete projects 
concerning the numerical simulations of repairs of nuclear power parts namely of steam generator, collector and 
reactor have been performed. The results of the numerical simulation are used as one of the primary data for the 
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design of the proposal of repair technology and the optimisation of technological procedures is based on the 
results of metallurgical and stress solution. 

 
 

The welding numerical simulation applying the SYSWELD programme consists of three parts. Using a 
special module the part one sets the overall diagram of austenitic anisothermic decomposition. This module 
produces the coefficients of transformation equations being the input for the metallurgical solution. The part two 
of the welding numerical simulation covers the thermal and metallurgical solution. Classical heat equation is 
modified by including the transformation latent heat and the latent heat with the change of state. This part results 
in the simulation of non-stationary thermal fields, austenitic grain size and percentage distribution of individual 
phases got on the basis of heating and cooling rate during welding. Using a special module the hardness in the 
defined region following from the material chemical composition, distribution of individual phases and the 
cooling rates through the characteristic temperatures can be determined. The part three of the numerical 
simulation of the elastic, thermal and plastic deformations deals with the distribution of thermal fields and of 
individual phases. Based on the deformations the resultant mechanical properties of material (Re) and the 
resultant state of stress are calculated. 

During the application of SYSWELD software the model of thermal source for manual arc welding has 
been developed. The development originated from two-ellipsoidal models of a thermal source developed by 
Prof. Goldak. The value of the thermal flow follows from the welding parameters (welding current, voltage, 
technology efficiency and speed of welding). The thermal source model development followed from 
experimental measurements. Thermal cycles, size and shape of heat affected zone, distance of AC1 and AC3 lines 
and hardness were measured. These experimental tests were numerical simulated and the computed results were 
compared with those measured.  

TIG welding method has been lately applied for repairing the components of nuclear power plants. Again 
several experimental measurements and numerical simulations of samples welded with TIG method were 
performed and the measured results were compare with those computed. The experimental measurements have 
shown finally that the model of manual arc welding having been already developed cannot be virtually used for 
the simulation of TIG welding method since the size and shape of the heat affected zone with TIG method differs 
from MMAW method. In addition significant differences exist in the efficiency of individual methods and in the 
values of inlet welding parameters. It resulted in a requirement to develop a new model for TIG welding method. 
During the simulation of repairs performed with TIG technology the experiments with the target to develop a 
thermal model complying with TIG technology have started.  

Input material characteristics have a significant impact on the accuracy of the solution and therefore the 
numerical simulations have to use real measured material characteristics. In cooperation with Ústav 
materiálového inženýrství, Ostrava (Institute of Material Engineering, Ostrava) and with Výzkumný ústav 
svařování, Bratislava (Research Institute of Welding, Bratislava, RIoW) we have developed the measuring 
methods of all input material characteristics (CCT diagram, yield point and hardening with respect to 
temperature and phases, temperature properties). Samples for measuring the material characteristics are taken 
directly from rest parts of a steam generator and/or reactor.  

The welding numerical simulation has to embody even the assessment of the residual stresses and 
deformations. This is a very decisive part to be able to determine to which extent the welding affects the 
components under investigation, if a probability of cracking exists, if annealing is to be applied to remove an 
internal stress and/or if the structure is not risky for the operation. 
 Two alternatives of the residual stress assessment seem to be prospective with the structure being not 
subjected to a cyclic load : 
-J (Rice) integral calculation. This method covers the behaviour of a crack having been originated yet in the field 
of deformations and stress and is rather discussed in literature. To determine the J integral a crack was simulated 
after and/or during welding. After welding the model was loaded by another working mode (e.g. an internal 
pressure of a pressure vessel) and the cracks behaviour and the redistribution of the state of stress were 
investigated in the vicinity of the crack root. This procedure, however, does not define the possibility of cracking 
but its propagation, only. 
-local approach. This assessment method enables to make use of the SYSWELD programme results over its 
whole range including the grain size. We want to develop and use, in future, a prospective, new, non-linear 
model of welding that, in addition to the kinematic and isotropic model of plasticity, should consider even the 
degree of a material damage during the welding (mainly in the most degraded region). 
 If a component operates in a cyclic working mode it has to be fatigue assessed. Residual stresses are 
generally known to affect the cycle asymmetry. The stress of a structure under external load is redistributed in 
such way that the stress peaks are displaced to the region with lower stress level. To know the stress distribution 
under the working conditions is also important for the assessment. The effect of welding should be included in a 
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curve applied. The Institute of Applied Mechanics Brno developed its own STATES programming system that 
considers all these facts and assesses both low-cycle and high-cycle fatigue. 
  
2. REPAIR OF REACTOR SEALING GROOVES   
 
2.1 PROCEDURE OF SOLUTION  
 

During the regular shutdowns of nuclear power plants a great care is devoted to the quality of sealing 
surfaces of reactors. In operation, defects originate in sealing surface zones of reactors and they have to be 
removed or remedied. For safety reactor operation a technological procedure for these defect remedies have to be 
available. IAM, Brno and RIoW, Bratislava cooperated in the development of a new repair technology of sealing 
groove of WWER 440 MW reactors. Within the framework of this project RIoW, Bratislava and IAM Brno 
numerically simulated the whole repair process of all sealing grooves of a reactor with the goal to determine the 
level of residual stresses after the groove remedy. During the numerical simulation an optimum repair procedure 
of individual grooves was studied. The work in IAM, Brno was divided into four stages.  

The first, verification stage, was devoted to determine the correct input parameters for modeling a thermal 
source for a correct thermal loading of a computed model due to welding could be applied in the simulation of 
repairs of sealing grooves. At the IAM’s, Brno request RIoW, Bratislava made a model test of a groove welding-
up when the thermal cycles were measured by means of thermocouples. IAM, Brno simulated numerically this 
test along with the measurement using SYSWELD program. Comparing the measured and computed values the 
input parameters for the thermal source model were fixed. The source parameters, i.e. size of heat affected zone, 
current input, effectiveness and speed of welding, were applied in next stages of the task solution.  
The target of the second stage of the solution covers the calculation of temperature field distribution when 
welding-up one groove with three passages. The calculation of the temperature fields uses a developed spatial 
model including the groove being repaired, two holes for bolts, austenitic cover, and a part of reactor pressure 
vessel. The use of the spatial model allowed: 

1. to get a real “spatial” distribution of temperature fields used as a base for the repair simulation on in-
plane models;, 

2. to fix a thermal impact in the region of bolt holes during the repair. 
The third stage of the solution dealt with the numerical simulation of the repairs of all four sealing grooves 

including the calculation of residual stresses. With respect to a time consuming solution of nonlinear tasks with 
the spatial models an in-plane 2D model was selected for the calculation of residual stresses. The 2D model 
made full use of the results of previous two solution stages. The numerical simulation of the repair of sealing 
grooves covers a gradual welding-up of all four sealing grooves including welded-on pieces to a parting plane  
and consequent finish of the sealing surfaces to a required size. The target of the third stage was aimed at: 

1.  to fix residual stresses after repairing the sealing grooves; 
2.     to determine the best alternative of repairing with respect the lowest residual stress level.  

 The last stage covered a simplified assessment of the repair impact on the lifetime of the repaired parts 
of the reactor pressure vessel. This assessment used the comparison of the residual stresses cumulated in the 
damaged parts of the reactor pressure vessel before and after the repair for the nominal mode and pressure test.  
 
2.2 REPAIR TECHNOLOGY  
 

The repair of a reactor parting plane was numerically simulated according to the repair technology of sealing 
grooves and welding-up the reactor parting plane developed and passed with the representatives of RIoW, 
Bratislava. RIoW, Bratislava has proposed the whole technological procedure of the repair including  filler 
material, welding parameters and the procedure of bead passages. TIG welding technology was applied for the 
repair. 

 The first step of the repair technology includes the preparation of all grooves and parting plane to 
required dimensions before welding, as shown in Fig. 1. Each of four grooves and of parting plane will be 
welded-up by means of three passages and then one layer of a filler material will be welded on the parting plane. 
After finishing the welding the groove and the parting plane will be machined to their original dimensions as 
before welding, see Fig. 1. The reactor body is made of 15CH2MFA material.  An austenitic cover of 
Sv07CH25N13 and Sv08CH19N10G2B materials is welded on the reactor body surface. Filler material is of 
OK16-32AUTROD type. Chemical composition of the above materials is given in Table 1. Fig. 2 shows the 
bead passages. Welding parameters are in accordance with those used for beads welded in grooves (330 A, 11 
V and welding speed of 3 mm/s to 4 mm/s range) and the beads welded on the parting plane of the reactor body  
(200 A, 10.5 V, 3 mm/s).  
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2.3 VERIFICATION OF TEMPERATURE LOADING 
  

RIoW, Bratislava tested the welding-up of one groove and during that it measured the temperature 
distribution at three places with thermocouples. The temperature distribution measured have become the 
verification values for the determination of thermal loading. A gradual modification of individual parameters of 
thermal source model, i.e. efficiency of welding, size of set-up region and distribution of energy in arch, the 
calculation performed has given the coincident temperature distribution as that of measurement. Fig. 3 and 4 
show the geometry of a sample used for the measurement of temperature distribution. The sample size was 
250x150x38mm, 17 247 austenitic steel was used as base material. 1 mm welding wire of OK16-32 
(Cr,Ni,Mo)  material was used for welding-up the groove in shielding atmosphere. Parameters of the groove 
welding-up were as follows: I=330 A, U=10.5 V, v=3.5 mm/s. SYSWELD program was used for the numerical 
simulation of the model test of the groove welding-up. 3D model was created which corresponded with the size 
of the real test. Fig. 5 compares the measured and computed temperature cycles. The diagram gives evidently a 
good coincidence of the numerical solution with the measured values.  

 
2.4 ALTERNATIVE OF SOLUTION  
 
 One target of the third stage of the solution consisted in the determination of the impact of individual 
repair alternatives on the parting planes of reactor pressure vessels and on resulting residual stresses and plastic 
deformations. RIoW, Bratislava assessed two alternatives of the solution. The first alternative proposed first to 
repair D1 and D2 grooves, see Fig. 6, and then D3 and D4 grooves, in the second alternative the repair sequence 
of grooves was opposite.  

Two plane computing models were decided to create to be able to get residual stresses of all parts of the 
flange connection of the reactor pressure vessel, namely at bridges and holes. The in-plane computing models 
cover two boundary cases of the main flange connection rigidity – maximum rigidity in cross section through the 
bridge center between two adjacent holes and minimum rigidity in cross section through the hole axis, see Fig. 7, 
i.e. four cases were numerically simulated in total.  

Fig. 8 shows the distribution of stress intensity after the repair and renewal of the groove to original 
size. Cumulative plastic deformation after the repair is given in Fig. 9. Power Point presentation shows more 
figures with the results of the repair numerical simulation. 

 
2.5 LIFETIME ASSESSMENT  

 
The residual stresses due to welding are summed with the stress due to loading in operating modes 

(temperature, pressure, and the like) which moves the stress amplitude to higher values. This higher values of the 
stress amplitude is decisive only with the first cycles since with the consequent cycles the stress in the material is 
re-distributed and the structure works within the elastic region. This fact is taken in consideration in STATES 
program, version 5.0. 

The assessment procedure of the repair impact on the lifetime is as follows: Axial symmetrical model of 
the reactor part in the groove and hole region was made and states of stress due to designed modes for the reactor 
node were computed. Cumulative damage is solved with and without the effect of residual stresses after the 
repair for low-cyclic fatigue conditions. The repair effect was included as residual stresses in the first loading 
states that covers all operating modes of the reactor. Other loading block includes other operating modes of the 
reactor as pressure and leakage tests and modes with which the nominal parameters were disturbed. The change 
in cumulative damage value monitors the repair effect.   
      Table 2 shows a significant effect of the first, basic loading block which includes residual stresses. Further 
loading block are affected only with the change in oscillation asymmetry – residual stresses after re-distribution 
that is not so important. The mentioned table gives the repair effect on the total lifetime of the main bolt joint of 
reactor pressure vessel.  

Tables 2 and 3 show the cumulative damage computed before and after the repair. 
 

3. CONCLUSION 
 
 The case study illustrates the use of numerical analysis method for weld joints. Phase transformations 
are incorporated in welding simulation in HAZ. Thermal loading was verified with experiments. Material 
properties of individual phases were measured and verified before real simulation of repairs. Combination of 2D 
and 3D models reduces time of the solution and seems to be very practical. To handle successfully the problems 
of welding simulation it is necessary to have a high level of theoretical knowledge in several scientific fields. 
First of all it concerns the material engineering – to understand material behavior during the welding process, 
then the mechanics of rigid bodies for the internal verification of the stress results, then the welding technology 
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and finally the experimental measurement to define the test on measuring non-standard material characteristic of 
individual phases up to high temperatures. Knowledge of several scientific fields increases the demands on the 
author´s theoretical knowledge of welding simulation. 
 
Table  1 
Material C Mn Si Cr Ni Mo V 
15CH2MFA 0,15 0,48 0,24 2,78 0,3 0,64 0,29 
Sv07CH25N13 0,09 1,5 0,65 24 13 - - 
Sv08CH19N10GB 0,1 1,3-2,2 Max.1 17,5-20,5 8,5-11 - - 
OK16-32AUTROD 0,025 1,5-2 0,65-1 18-20 11-13 2,5-3 - 
Table 2 

Cumulative damage Number of point 
without repair effect with repair effect Influence of repair 

1 0,00766 0,02475 0,01709 
2 0,01380 0,03911 0,02531 
3 0,00917 0,01871 0,00954 

Table 3 
Point No. 2 

Loading block  Without repair effect  With repair effect  Difference  Number of cycles  
1 0,00020 0,01466 0,01446 1 
2 0,00062 0,00102 0,00040 18 
3 0,00474 0,00751 0,00277 148 
4 0,00824 0,01592 0,00768 600 

   0,02531  
 

 
 

Fig. 1: Repair procedure of sealing grooves with TIG we
 

Porovnání naměřených a vypočtených teplotních cyklů

0

200

400

600

800

1000

1200

1400

0 5 10 15 20 25 30
Čas[ s]

Te
pl

ot
a 

[°
C

]

Počítano 
Počítáno 
Počítáno 
Měřeno T
Měřeno T
Měřeno T

Fig..5  Comparison of measured and computed temperatu

5 
 
Fig.2: Sequence of bead passages in grooves   
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Fig.6 
 

 
Fig. 3  Shape of a groove and welding-up  

 
Fig.4  Location of thermocouples  

 

 
Fig.7 

 
 

Fig.8 Distribution of stress intensity                              Fig.9Distribution of cumulative plastic deformation  
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