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Analysis and modelling

Abstract
Purpose: A parametric model is adopted and the technique of element “birth and death” is used to estimate the 
effect of thermal properties and weld efficiency on residual stresses in butt weld joints.
Design/methodology/approach: Residual stresses and distortions on butt welded joints are numerically 
evaluated by means of finite element method. The FE analysis allows to highlight and evaluate the stress field 
and its gradient around the fusion zone of welded joints, higher than any other located in the surrounding area.
Findings: The main conclusion is the significant effect of varying the value of the conductivity on residual 
stresses.
Practical implications: Several experimental destructive and non destructive techniques for directly measuring 
residual stress have been developed. However, the application of these methods in practice is usually limited 
by either cost or accuracy. Numerical simulation based on finite element techniques, therefore, offers a 
comprehensive solution for the prediction of residual stress and strain as well as welding distortion in complex 
welded structures.
Originality/value: In this study it is shown that the technique of element “birth and death” can be usefully 
applied to welding process in order to take in account the effect of the thermal properties of materials.
Keywords: Numerical techniques; Residual stresses; Welding; Thermo-mechanical analysis

1. Introduction 

Fusion welding is a joining process extensively used in 
construction, ship building, steel bridges, pressure vessels, etc. 
The advantages of welding, as a joining process, include high 
joint efficiency, simple set up, flexibility and low fabrication 
costs. However when structures are manufactured by welding, a 
non-uniform temperature distribution is produced. This 
distribution initially causes a rapid thermal expansion followed by 
a thermal contraction in the weld and surrounding areas, thus 
generating inhomogeneous plastic deformation and residual 
stresses in the weldment when it is cooled. 

As it is well known, the residual stresses have a strong influence 
on weld deformation, fatigue strength, fracture toughness and 
buckling strength. Thus, it is important to evaluate the residual 
stresses due to welding. However evaluating residual stresses 

associated to a welded joint is extremely complicated. Difficulty 
in determining these stresses is emphasized by the thermal transient, 
by the variation of the thermal and mechanical properties of the 
material with the temperature and by the non linear heat losses. 

Several experimental destructive and non destructive 
techniques for directly measuring residual stress have been 
developed. These techniques include X-ray diffraction method 
[1], neutron diffraction method [2,3], layer-removal method, 
sectioning method, ultrasonic and magnetic methods, and hole 
drilling method [4,5]. However , the application of these methods 
in practice is usually limited by either cost or accuracy. 

Numerical simulation based on finite element methods, therefore, 
offers a comprehensive solution for the prediction of residual stress 
and strain as well as welding distortion in welded structures [6-14]. 

In the present paper, a parametric model is adopted and the 
elements “birth and death” are used in single-pass butt welded 
joint in order to simulate the weld filler variation with time. The 
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effect of thermal properties and weld efficiency on transient 
temperatures during welding was studied and the residual stresses 
after welding were determined by the finite element method. A 
fully coupled thermal–mechanical two-dimensional analysis was 
performed with the commercial software program ANSYS and 
heat flow was evaluated by a non-linear transient analysis.  

2. Analysis model 
A theoretical evaluation of welded induced residual stresses 

and strains can be achieved in two steps: (a) heat flow analysis; 
(b) residual stress and deformation analysis. 

2.1. Thermal and mechanical model 
The transient temperature distribution T of the welded plate is 

a function of time t and coordinates x, y, z, and the balance 
relation of heat flow of a volume bounded by an arbitrary surface 
S is given by the following equation: 
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where , C, and ki are the density, specific heat capacity and 
thermal conductivity, respectively, in i direction of the plate 
material and they depending on the temperature, whereas q  is the 
rate of internal heat generation. Eq. (1) is a differential equation 
governing heat conduction in a solid body. The initial and 
boundary conditions of the problem are: 
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where k is thermal conductivity in the normal direction, hc and hr
are convection and emissive coefficients, respectively, for all 
surfaces of the plate, qs is the heat flux at the boundary S of the 
body, T  is the room temperature and Tr is the temperature of the 
emissive body. In this study the flux losses due to the radiation 
are not considered. In addition, a latent heat of fusion is taken into 
account to consider the phase transformation. 

The temperature history during the thermal analysis at the 
nodes of the FE mesh is calculated and saved, for the mechanical 
analysis. During the structural analysis, these temperature 
histories are used as thermal loading to produce the residual stress 
field. In this way thermal strains and stresses can be calculated at 
each time increment. In thermo-mechanical analysis, the plastic 
deformation of materials is assumed by considering the Mises 
yield criterion and isotropic strain hardening rule. 

2.2. Considered parameters 
In this study the effect of thermal properties and weld 

efficiency on residual stresses are taken in account. In fact thermal 
and mechanical properties of materials depend on temperature. 

Particularly for steel, the specific heat capacity, C, varies strongly 
with temperature [15], whereas it does not vary much with steel 
type. On the contrary the thermal conductivity k for steels varies 
widely in function of the type of employed material. Fig. 1 shows 
the curves that define the variation of thermal conductivity k with 
temperature. Each curve is calculated starting from the 
conductivity k0 at 293 K.  
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Fig. 1. Thermal conductivity k

Typically k0 varies from about 15 W/mK for alloy steels to 
about 75 W/mK for low carbon steels. A set of four values of k0
(30, 45, 60 and 75 W/mK) is used in this study. Instead specific 
heat capacity has been considered equal for all steels and its curve 
is reported in [15]. The values of the arc efficiency coefficient, 
depend on different welding and they vary from 20 % for GTAW 
to 95% for SAW processes. Three values of   (40, 60 and 80%) 
are taken into account. Only one parameter was varied at a time 
and, when each parameter varied, the other was set at standard 
value, where the standard values of k0 and  were 45 Wm-1K and 
80% respectively. 

2.3. Butt joint 

Fig. 2 shows the geometry of the welded joint considered 
in this study. The plates are 10 mm thick and the joint is 300 
mm long in the welding direction; they are joined by a single-
pass butt weld. The total effective heat generation rate input 
q = IV is assumed to be 1200, 1800 and 3000 W that 
correspond to the following welding parameters: welding 
current I = 100 A, welding voltage V = 30 V, and = 40, 60 
and 80% respectively. 

The welding velocity v = 5 mm s-1 is assumed for all cases 
studied. The convective heat coefficient on the surfaces was 
estimated to be 15 W/m2K according to [15]. The material 
mechanical properties (Young modulus, yield stress, thermal 
expansion coefficient and Poisson modulus) are taken from 
[15] and these also vary according to the temperature history. 

This work develops a two-dimensional symmetrical plane 
stress model (assuming zero out-of-plane stresses) to estimate the 
residual stresses. The model employs two dimensional four-node 
plane elements including the finite element meshes for the butt 
welded joint. 
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Fig. 2. Geometry of the butt welded joint 

2.4. Element birth and death 
In this study the technique of element birth and death is 

adopted; this procedure can be used to simulate the process of 
filler metal addition. All elements must be created, including 
those weld fillers to be born in later stages of the analysis. To 
achieve the “element death” effect the elements are not actually 
removed. These are deactivated by multiplying their stiffness by a 
severe reduction factor. Likewise, when elements are ‘‘born’’, 
they are not actually added to the model, but are simply 
reactivated. When an element is reactivated, its stiffness, mass, 
element loads, etc. return to their full original values. 

3. Results 

3.1. Temperature distribution 
Fig. 3 shows the temperature distribution along longitudinal 

direction during welding processes at welding time of 29 s, at transverse 
distance x = 6,8 mm. The centre of the welding arc at this time is at the 
position of x = 0 mm and y = 145 mm. It shows that when k0 increases 
the temperature at points near the weldment decreases while those 
related to the points in front of the heat source are higher. 

Fig. 4 shows the temperature distribution along transversal direction 
when the torch is positioned at y = 145 mm. It shows that the 
temperature in fusion zone (FZ) (x < 3,2 mm) is substantially higher for 
lower values of k0. Moreover for high values of k0 the temperature at the 
points that are further away from FZ increase in consequence of higher 
heat flows through the plate.  

From Fig. 5 it can be noted that the variations of temperature versus 
efficiency  have the same tendency for all three values of  In fact 
changing is equivalent to change the effective heat generation rate.

3.2. Residual stresses distribution 

Residual stresses are evaluated using the same mesh that was 
used for calculating the temperatures. Normal stresses parallel to the 
direction of the weld are called longitudinal residual stresses and 
denoted by y. The longitudinal residual stresses develop from 
longitudinal expansion and contraction during the welding sequence. 
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Fig. 3. Longitudinal temperature distribution at time of 29 s for 
several conductivity coefficient 
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Fig. 4. Transversal temperature distribution at time of 29 s for 
several conductivity coefficient 
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Fig. 5. Transversal temperature distribution at time of 29 s for 
several efficiency 

Fig. 6 shows the distribution of the residual stresses y along the x
direction in the midsection (y = 150 mm). 

The variations of residual stresses versus conductivity k have 
the same tendency for all values of k evaluated. It can be noted 
that with increasing of k0, high tensile residual stresses, present in 
regions near the welding line, due to a resistance contraction of 
the material as cooling begins, decrease. Moreover it appears that 
for increasing the conductivity from 30 W/mK to 75 W/mK the 
residual stresses in the weldment are reduced of about 15%. 
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3.	�Results
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Fig. 6. Longitudinal stress distribution at midsection (y =150 mm) 
for several conductivity coefficient 

Normal stresses orthogonal to the direction of the weld are 
known as transverse residual stresses, denoted by x. Tensile 
residual stresses are present in regions near the welding line, then 
decrease close to zero as the distance from the welding line 
increases. Fig. 7 shows the distribution of the residual stress x
along the x direction in the midsection (y = 150 mm). Also in this 
case increasing the conductivity from 30 W/mK to 75 W/mK 
decreasing the residual stresses in the weldment. 
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Fig. 7. Transversal stress distribution at midsection (y = 150 mm) 
for several conductivity coefficient 

4. Conclusions 
To evaluate residual stresses in a welding process, 2D nonlinear 

thermal and thermo-mechanical analyses are achieved using FE 
analyses. Moreover the technique of element birth and death is used 
to simulate the welding filler varying with time in weldments. The 
main results and conclusions are summarized as follows: 1) 
transient temperature distribution in a welded joint is highly 
affected by thermal conductivity; 2) the variations of temperature 
versus efficiency have the same tendency for all three evaluated 
values; 3) large tensile longitudinal residual stresses are present near 
the welding bead, and the magnitude of these stresses are reduced 
of about 15% when conductivity increasing from 30 W/mK to 75 
W/mK; 4) low transverse residual stresses are produced near the 
weldments, but  they are affected by thermal conductivity change. 
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