
1. Introduction

The numerical simulation of welding processes is one of the 
more complicated issues in analyses carried out using the Finite 
Element Method. It is because of a big number of factors taking 
into consideration. A welding process thermal cycle directly 
affects the thermal and mechanical behaviour of a structure 
during the process. High process temperature and subsequent 
cooling of elements being welded generate undesirable strains 
and stresses in the structure being made. For this reason, it 
is necessary to possess extensive knowledge related to the 
behaviour of materials subjected to welding thermal cycles. 
Obtaining such data requires not only vast knowledge but 
also access to a wide range of laboratory examination focused 
on the mechanical and thermo-metallurgical properties of 
the materials used. Also knowledge concerning the welding 
process itself and the proper selection of boundary conditions 
poses a significant challenge for engineers wishing to apply 
this area of knowledge in their practical studies [1,2].However, 
even vast theoretical knowledge, often supported by extensive 
laboratory tests, is not sufficient for obtaining high accuracy of 
numerical analysis results using accidental tools. Software is 
of vital importance here.

A short product life cycle between subsequent changes of 
models or solutions makes classical prototyping unprofitable 
and often unfeasible due to time restrictions and the quickly 
increasing complexity of products manufactured today [1,3-
5]. More than a decade ago 3D engineering software opened 
engineering personnel to new possibilities. Equally beneficial 
was the market introduction of advanced calculation packages 
based on the Finite Element method and creating the “new 
quality” in designing countless versions of details aimed to 

obtain the maximum quality, durability and specific utility 
features. Additional specialization of such packages makes 
their use significantly more flexible and complete within the 
industries for which they have been intended. Ready-made 
solutions provided to engineers working on new products offer 
quick and unambiguous answers to questions posed not only 
by engineers but also by economists actively participating in 
designing equipment and machinery elements [1,6,10].

The research conducted involved the use of the 
SYSWELD software package developed by the ESI Group. 
This software enables FEM-based simulations including 
welding and heat treatment issues. SYSWELD covers all 
the problems related to non-linear analyses, i.e. non-linear 
heat conduction in every space, non-linear geometry of great 
strains, isotropic and kinematic metal hardening or phase 
transformations. Combining the influence of such a great 
number of phenomena taking place during a welding process 
makes it possible to obtain the mentioned high compatibility 
of simulation results with the actual behaviour of an element 
or structure. SYSWELD enables the simulation of welding 
processes within a very wide range, i.e. both with and without 
filler metals, for heat sources having (friction welding, spot 
welding) and not having (electric arc, laser beam, electron 
beam) physical contact with the element being welded. 
The range of simulating heat treatment is equally wide and 
includes, among others, tempering, (laser, induction, electron 
beam, plasma, friction) hardening, carbonizing and nitriding. 
Computational process input data are the following:
•	 method used in a welding process,
•	 welding process linear energy/welding process 

parameters,
•	 geometry of an element/structure being welded (import 
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from popular Cad systems in pro/e, CaTia, UG, 
i-deas, patran, ansys, iGes, sTl, sTep formats etc.),

•	 material,
•	 preheating temperature,
•	 number of runs/joints and their location and sequence,
•	 manner of stiffening/fixing a structure to be welded,
•	 post-weld heat treatment parameters, if any, etc.

Equally important are results obtained by means of 
simulation, such as:
•	 temperature field and gradients,
•	 contents of phases in the individual areas of a joint,
•	 strains,
•	 internal stresses,
•	 displacements,
•	 hardness [1,10].

2. problem description

During a welding process, the heat source supplies 
a specific amount of energy to the material being welded. As 
a result, the material undergoes partial expansion, yet this 
movement is partly limited by elements being welded, by the 
base on which these elements are rested and by the fixtures 
of a welding stand. Consequently, thermal stresses are 
generated in the welding area. While temperature increases, 
a plasticized material undergoes plastic deformation, which 
after cooling of a joint generates stresses and strains of 
elements welded.

Stresses generated in a welded joint depend, among 
others, on the manner in which a structure is stiffened 
during a welding process. A high structure stiffening degree 
generates slight strains at the cost of the high level of 
stresses and, vice versa, a low structure stiffening degree 
causes a significant decrease in these stresses resulting 
in a significant increase in welding strains. This entails 
the necessity of developing a technology for the optimum 
fixing of elements to be welded, i.e. reducing the level 
of post-weld stresses while at the same time maintaining 
a low level of strains. Otherwise, it may become necessary 
to use another procedure in a production process, i.e. 
straightening, which however, can be costly and sometimes 
even unfeasible. The problem of modelling welding 
processes using FEM is complex. The determination of 
the level of welding stresses, strains and temperature field 
distribution is highly complicated due to the complex 
character of dependences between temperature, shrinkage, 
thermal expansion and variable material properties in 
time and space. In order to simplify the analysis, thermal 
and mechanical states are often analysed separately. This 
approach is dictated by an adopted principle, according to 
which changes in the mechanical state (stresses and strains) 
do not change process temperature, whereas a change in 
temperature is clearly reflected in the changing distribution 
of strains and stresses. For this reason, the first analysis 
of a welding process in such a case is concerned with the 
distribution of temperature fields during a welding process. 
The results are then used to determine the changes in the 
distribution of stresses and strains. Such a type of analysis 

is based on an assumption that heat generated during plastic 
deformation is significantly lower than heat supplied by an 
electric arc. That is why it is possible to carry out thermal 
and mechanical analysis as two separate analyses one after 
the other [1-5].

Another crucial issue in numerical analysis is the 
manner of describing how heat is supplied to a welded 
joint. Reference publications related to the numerical 
modelling of welding processes contain, among others, the 
2D-Gaussian surface heat source model (2D Gauss), the 
double-ellipsoidal heat source model (so-called Goldak’s 
model) or the 3D-Gaussian conical heat source model. 
Each of these sources has its own application in modelling 
a specific welding process or heat treatment. A Surface heat 
source can be successfully used in modelling heat treatment 
processes, gas welding processes or MMA welding 
processes. The Goldak’s model proves useful in situations 
where a process is carried out using “melt-in welding” and 
the possibilities of changing the shape of a model enable 
its adjustment to a specific welding method. In turn, the 
conical model successfully represents welding methods 
characterized by high energy and deep penetration. An 
example of these applications can be laser or electron beam 
welding using “key-hole welding” [1,7-9].

3. real welding tests

As a filler material during experiments of 
X2CrNiMoN22-5-3 steel plates multipass welding, flux cored 
wire avesTa fCW 2205 with diameter 1,2 mm was used.  
Test specimens were prepared according to pn en 15614-
1 standard requirements. Groove preparation method and 
welding sequence are shown at Fig. 1.

Fig. 1. Groove preparation and welding sequence scheme

I parallel with numerical analyses, from welded joints 
were cut two specimens for real mechanical properties tests 
according to pn-en iso 4136: 2013-05 standard. results of 
tensile strength tests with maximal forces and place of break 
were shown at Table 3. 

Microstructure of real welded joints in base material, 
haz and weld areas was shown at figure 2. There is a visible 
difference between the morphology of ferrite and austenite 
precipitations in different areas of the welded joints. 
Significant difference isalso phase contribution on these 
areas. Of course it depends on many conditions as: welding 
method, welding position and parameters [11,12]. Ferrite-
δcontent measured on feritscope fMp30 at face and root of 
welded joint according to pn- en iso 17655standards was 
shown at Table 4.
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TaBle 1
Chemical composition, thermal and mechanical properties of X2CrNiMoN22-5-3 steel

Designation
according to

10027-1: X2CrniMon22-5-3
according to

10027-2: 1.4462

c
% max

si
%

mn
%

p
%max

s
%max

N
%

cr
%

mo
%

Ni
%

0.030 ≤1.00 ≤2.00 0.035 0.015
0.10

÷
0.22

21.0
÷

23.0

2.50
÷

3.50

4.50
÷

6.50
density,
kg/dm3

elasticity coefficient,
gpa

average thermal expansion coefficient,
10-6 ∙ K-1

7.80 20°C 100°C 200°C 300°C 100°C 200°C 300°C
200 194 186 180 13.0 13.5 14.0

thermal conductivity unit thermal capacity electrical resistivity mangetisability

at 20°c
W/m ∙ K

at 20°c
J/kg ∙ K

at 20°c
Ω ∙ mm2/m

15 500 0.8 YES

TaBle 2
Welding parameters of X2CrNiMoN22-5-3 steel 20 mm thickness butt weld joint multipasswelding, Fig. 1

Bead number: 1 2 3 4 5
Interpass temp., °C 110 50 140 130 -

arc voltage, v 28.7 29.3 34.0 28.3 28.3
Welding current, A 216 213 265 203 202
Weld length, mm 400 400 400 400 400
Welding time, s 104 88 112 135 110

Wire feed speed, m/min 10.0 10.7 16.9 9.0 9.0
Heat input, J/mm 1614 1386 2523 1940 1574

reMarks: Welded plates were joined before welding with two tack welds at the beginning and the end of the weld path. during welding and after there is no additional clamping 
equipment

TaBle 3
Results of static tensile strength tests for transverse strech test of welded joints specimens

No. Identification of sample
Type of sample 
acc. pn-en iso 

4136

Dimensions So
mm2

Fm
kN

Rm
Mpa

place of brakeao
mm

bo
mm

1 pa20_(1)
Fig. 1

20.71 29.51 661.15 485.0 793.58
Base 

MATERIAL

2 pa20_(2) 20.60 29.39 605.43 480.0 792,82
Base 

MATERIAL

TaBle 4
volumetric amount of ferrite delta measured on face and root of welded joint

No. Identification of sample Side of test
ferrite-δ content, % vol.

Base 
MATERIAL

haz WELD haz
Base 

MATERIAL

1 pa20_(1) from face side
35
36
36

32
31
31

34
35
34

32
32
31

36
35
36

2 pa20_(2) from root side
35
36
35

34
34
33

36
36
36

33
34
33

35
35
35
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4. Numerical simulations results

For numerical welding simulation a discrete model 
was prepared. Dimensions of simulated weld joint were in 
accordance with pn en 15614-1 standards. Mesh of finite 
elements contains 64648 3d solid type elements and 50704 
nodes, Fig. 3. To increase precision of the calculation, mesh 
was refined in the area of welded joint and haz. as a heat 
source model, Goldak’s double ellipsoid heat source model 
was used. This heat source model was calibrated using „Heat 
Input Fitting” module in SYSWELD to obtain the results 
similar to the real welding tests, fig. 4.

 
Fig. 3. Three-dimensional, numerical butt weld joint model and 
clamping conditions used during welding

fig. 4. double ellipsoid hea 

Goldak’s heat source model is built from two ellipsoids 
described with equations: 
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where: Qf and Qr are the maximal power density for front 
and rear part of the model respectively, af, ar, b and c are 
parameters responsible on heat source geometry changes and 
fitting the shape of heat source model to the results of real 
welding tests, fig. 4 [10]. 

Base MaTerial WELD haz

Fig. 2 Microstructure ofX2CrNiMoN22-5-3 steel multipass butt weld join t: a) base material, b) weld, c) heat affected zone

1st pass
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Simulation was a typical transient technique with thermo-
metallurgical and mechanical analyses with parameters as in 
real welding technology including all parameters (for example 
interpass temperatures). Results of simulation were compared 
with real welding tests. Using the ‘heat input fitting’ module 
helps to achieve proper shape of melted areas of each simulated 
beads what was confirmed with metallurgical investigation, 
Figs. 5 and 6.

Fig. 6. Thermal cycle during welding with marked interpass 
temperatures of each bead

Results of mechanical analyses give a lot of information 
about stresses distribution and theirs values, figs. 7-9. analyses 
of reduced stresses (vonMises) indicate that maximal reduced 
stresses areas are directly at the bottom of welded bead. A 
maximal stress corresponds with mean stresses distribution 
calculated for each weld bead, figs. 7-9.

fig. 7. stresses distribution on the surface and bottom of 
multipass welding of 20 mm thickness X2CrNiMoN22-5-3 
steel butt weld joint

Mean stresses distribution corresponds with phenomena’s 
in multipass welding. There is a visible tensile and compressive 
stresses fields in the weld area and the influence of each next 
welded bead.  Also max. level of distortions and the influence 
of welding from both sides is visible – for example between 4th 
and 5th pass – distortions were decreased due to the changes in 
stresses distribution, Fig. 8. Maximal level of residual stresses 
reached during the simulations is 784 Mpa and it was observed 
in the weld and haz area after welding 3rd bead, fig. 9. it is 
close but this value does not exceed literature and measured 
value of tensile strength, Table 3. This kind of results can be first 
warning for welding engineers during technology preparation 
that developed technology variant can be problematic in the 
real application.

Fig. 8. Distortions and mean stresses distribution 
during and after multipass welding of 20 mm thickness 
X2CrNiMoN22-5-3 steel butt weld joint

fig. 9. vonMises and mean stresses on the cross section 
of weld during and after multipass welding of 20 mm thickness 
X2CrNiMoN22-5-3 steel butt weld joint

5. conclusions

On the basis of the numerical analysis of 
X2CrNiMoN22-5-3 steel welding multipass butt joints it 
was possible to observe that results of numerical simulations 
corresponds well with for example mechanical properties tests. 
Of course it is needed to take into consideration that models 

2nd pass 3rd pass

4th pass 5th pass
Fig. 5. Comparison of weld pool shapes for each weld pass during X2CrNiMoN22-5-3 butt joint welding
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vonMises stresses distribution 
(view from the surface of the weld joint)

vonMises stresses distribution 
(view from the bottom of the weld joint)

after 1st bead welding and cooling to the interpass temperature

after 2nd bead welding and cooling to the interpass temperature

after 3rd bead welding and cooling to the interpass temperature

after 4th bead welding and cooling to the interpass temperature

after 5th bead welding and cooling to the interpass temperature
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Distortions distribution (view from the surface of the 
weld joint)

Mean stresses distribution (view from the surface of the 
weld joint)

after 1st bead welding and cooling to the interpass temperature

max. 1.54 [mm] min. -451 Mpa, max. 387 Mpa

after 2nd bead welding and cooling to the interpass temperature

max. 3.42 [mm] min. -228 Mpa, max. 488 Mpa
after 3rd bead welding and cooling to the interpass temperature

max. 1.74 [mm] min. -280 Mpa, max. 466 Mpa
after 4th bead welding and cooling to the interpass temperature

max. 3.51 [mm] min. -262 Mpa, max. 412 Mpa
after 5th bead welding and cooling to the interpass temperature

max. 2.52 [mm] min. -360 Mpa, max. 480 Mpa
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vonMises stresses distribution 
on the cross section

Mean stresses distribution 
on the cross section

after 1st bead welding and cooling to the interpass temperature

max. 683 Mpa min. -451 Mpa, max. 387 Mpa
after 2nd bead welding and cooling to the interpass temperature

max. 749 Mpa min. -211 Mpa, max. 488 Mpa
after 3rd bead welding and cooling to the interpass temperature

max. 784 Mpa min. -225 Mpa, max. 466 Mpa
after 4th bead welding and cooling to the interpass temperature

max. 768 Mpa min. – 212 Mpa, max. 412 Mpa
after 5th bead welding and cooling to the interpass temperature

max. 739 Mpa min. -309 Mpa, max. 480 Mpa
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are always more ideal than real life but still we obtain high 
accuracy of results level. 

As was said, maximal level of residual stresses reached 
during the simulations was 784 Mpa (in the weld and haz 
area after welding 3rd bead). It is close but this value does not 
exceed literature and measured value of tensile strength but it 
is an information to the engineers that developed technology 
variant can be problematic in the real application.

Of course these results can be little different according to 
real situation because of using material database with ferrite/
austenite content as 50/50. In real tests of dual-phase steel 
welding significant percentage amount of this two phases 
were observed. Except the quantitative changes, also phases 
morphology and existing areas can change. On the boundary 
of base material and haz can exists big areas of ferrite, again 
on the boundary between haz and weld – austenite enriched 
areas were dominated. 

Summary, numerical analysis enables faster and cheaper 
selection of the optimum manner of fixing elements, interpass 
temperatures etc. for welding as well as the precise analysis 
of stress and strain distributions also during the welding. As 
a result, numerical analysis makes it possible to significantly 
reduce prototyping costs and to consider a greater number 
of possible solutions without risking additional costs. This 
method also enables the analysis of difficult and expensive 
issues as regards necessary testing equipment.

works were done during realization:

project poiG.01.04.00-04-206/12 funded as a part 
of operational program innowacyjna Gospodarka, lata 
2007 ÷2013, priorytet 1. Badania i rozwój nowoczesnych 
technologii,  działanie1.4. Wsparcie projektów celowych”
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