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Regardless of the welding method, a new joint and the surrounding area are inevitably subjected to thermo-physical perturbation. The paper presents analyses of many diﬀerent issues
involved in welding and potential solutions including adoption of simplifying assumptions,
application of numerical algorithms and development of reliable representative models. The
Finite Element Method is used to determine residual stress distribution, using results from
thermo-physical tests and widely known mechanical properties of metals subjected to welding processes. Experimental and numerical methods for determining residual stress are
compared for welds generated using both TIG (Tungsten Inert Gas, Gas Tungsten Arc Welding) and a laser beam. This data reveals that it is necessary to precisely deﬁne location of
the analyzed welded fragment to correctly determine thermal boundary conditions.
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1.

Introduction

During a welding process, the areas around the joints are subjected to thermal and structural
changes. Uneven distribution of both temperature and heat ﬂow contributes to a diversity of
thermal and mechanical properties of metals. Steel, while being heated only in a narrow areas of
joints, increases in volume, thereby resisting to adjacent areas of cold steel and causing thermal
stress (Jiao et al., 2014). Thermal stress aﬀects the structural balance, which adds mechanical
stress to the already deformed element.
Residual stress in welded joints is an indicator of fatigue life. Two methods are traditionally
used to determine these types of stress (Susmel and Tovo, 2008; Zamiri Akhlaghi, 2009). The
ﬁrst method uses mathematical analysis of the nominal stress in constant-amplitude load cases.
With the second method, called “hot spot” (Susmel and Tovo, 2008; Zamiri Akhlaghi, 2009),
the nominal stress is determined empirically or experimentally using the ﬁnite element method
(FEM).
Structural changes induced during welding include formation of a geometry notch at the
point of stress concentration (Blacha and Karolczuk, 2016). The stress is most concentrated in
the “hot spot” at the bottom of the geometry notch of the welded area, potentially resulting
in fracture initiation (Kluger and Łagoda, 2016). Stress in pipes of austenitic stainless steel
304 and duplex steel S32750 subjected to a circumferential weld were analyzed in the previous
study. Surface tensile stresses in the axis of a circumferential weld prepared using the TIG
(Tungsten Inert Gas, Gas Tungsten Arc Welding) method were 250-350 MPa and 350-450 MPa
for welds prepared from 304 austenitic stainless steel and S32750 duplex steel, respectively (Lee
and Chang, 2014).

646

B. Nasiłowska et al.

Numerical and experimental evaluation of the heat aﬀected zone as well as the stress of
thermal loads and phase transformations in the front welded joint executed with a laser beam,
is presented in papers edited by Piekarska and Kubiak (2011, 2013). Temperature-dependent
thermo-physical parameters were adopted for a low-carbon weldable steel. Analysis of a three-dimensional numerical model of the temperature ﬁeld in a welded joint included the movement
of the liquid metal in the weld pool and the latent heat associated with the changes of the
material state (Tan and Shin, 2015).
Distribution of the residual stress in the cross section at the place of the laser beam impact on
the top (face) and bottom (ridge) surface of welds for diﬀerent welding parameters v = 100 m/h,
P = 3.5 kW (a) and v = 30 m/h, P = 2.0 kW (b) have also been established in the literature
(Tan and Shin, 2015).
Numerical simulation of the residual stress in ﬂat elements made of low-alloy steel buttwelded with a laser beam is shown in (Tan and Shin, 2015; Voss, 2011) in order to illustrate
the stress generated in the elements during welding and cooling down to 293 K. Studies have
shown that the highest tensile stresses appear in the central part of the welded joint element
after cooling (Murakawa, 2013; Ma et al., 2014; Benasciutti et al., 2014; Dong et al., 2014).
The eﬀect of the initial stress generated in the manufacturing process of SUS316 austenitic
stainless steel pipeline (diameter 200 mm, length 800 mm, wall thickness 10 mm) on the joint
welded with a laser beam (P = 12 kW, v = 1 m/min) in experimental and mathematical aspects
was compared by Voss (2011).
The results revealed that initial stress in the steel prior to the welding process increased
the residual stress after welding by approximately 10%. Despite the widespread use of 904L
austenitic stainless steel, there is no thorough comparison between the eﬃcacies of numerical
analysis and experimental research in determining the residual stress when welded by using both
the TIG and laser beam methodologies.

2.

Experiment

The research has been carried out on samples of 904L stainless steel welded by the TIG method
using infusible MTC MT-904L tungsten electrode (∅2.5 mm) and G/W 20 25 5 CuL (20% Cr,
25% Ni, 4.5% Mo, 1.5% Cu) weld, according to production technology used i.al. for manufacturing
chemical apparatus at the Department of Mechanical Chemical Equipment, Azoty Group in
Tarnów.
Table 1. Parameters of 904L welding austenitic stainless steel with a laser beam
Welding parameters
Focal length of lens
Spot on sample surface
Power
Welding speed
Protective gas

IU
mm
mm
kW
m/min
–

Data
260
∅0.4
P = 4.5
v = 1.4
helium

The weld has been made with three weldments (Fig. 1c). After chamfering the edges V
(Fig. 1a), welding with two weldments from the face side was performed (Fig. 1c – 1 and 2),
then the ridge was cut (Fig. 1b – grinding) and welded (Fig. 1c – 3).
Joints made with a laser beam (45×15×5 mm) were prepared using CO2 laser TRIUMF
1005, with parameters shown in Table 1, at the Centre for Laser Technologies of Metals.
The experimental tests of the residual stress of welded joints were conducted at the Institute
of Non-Ferrous Metals, Light Metals Division in Skawina (Fig. 2).
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Fig. 1. Geometry of components preparation of a metal sheet before TIG welding of steel 904L (a) and
scheme of ridge cutting (b) and welding (c) according to technology used at the Chemical Equipment
Plant Construction – Group Azoty in Tarnów

Measurements of the residual stresses (second type σ S – balancing within the crystallites
area) have been performed on the surface of the samples in the weld (W), the heat aﬀected zone
(HAZ) and the base material (BM) for welds made using the TIG and laser beam methods.
σx transverse and longitudinal σy distributions of the residual stress were assessed, and numerical
analyses were performed using FEA (ﬁnite element analysis).

3.

Subject of research

The subject of research was austenitic stainless steel 904 L (containing %: Ni 24-26, Cr 19-21,
Mo 4-5, 1.2-2.0 Cu, Mn¬2.0, N¬0.15, Si¬0.7, P¬0.030, S¬0.010, C¬0.02), supplied by the Department of Mechanical Chemical Equipment Group Azoty in Tarnów, produced by Outokumpu
Stainless AB in Stockholm, Sweden (Fig. 2) (PN-EN 10088).

4.

Experimental study of residual stress

Test results of the residual stress for a joint made with a laser beam are shown in Fig. 3a. The
stress component perpendicular to the axis of the joint σx for the joint (S) and the heat aﬀected
zone (HAZ) are compressive stresses. However, a component parallel to the axis of the joint σy
is tensile stress with the highest value detected in the HAZ equal to σy = 296 MPa.
For welds made by the TIG method, the component σx is tensile. The maximum value of it
is 282 MPa, and in the heat aﬀected zone σx = 123 MPa.
In the zone of the base material (BM) there occurred compressive stresses for samples welded
with the laser beam method σx = −279 MPa, σy = −250 MPa, and with the TIG method
σx = −143 MPa, σy = −279 MPa (Fig. 3).

5.

Numerical FEM analysis of welded joints

Attempts to carry out numerical analyses of the weld cooling phase after the process of TIG and
laser beam welding are presented in (Fig. 4). The cooling was achieved by introducing a nonlinear function of temperature in time in the form of piecewise linear representation. Thermo-
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Fig. 2. An example of chemical composition of steel 904 L

Fig. 3. Residual stress in the weld (W), in the heat aﬀected zone (HAZ) and in the base material (BM)
of joints made with the laser beam and TIG methods in the x-axis (a) and y-axis (b)

-mechanical coupling occurring between thermal and mechanical boundary conditions was applied in the analyses.
The fully coupled problems, where the thermal solution aﬀects the structural solution and
the structural solution aﬀects the thermal solution, are presented by a general scheme shown in
Fig. 4.
The coupling between thermal and mechanical phenomena depends on material properties
and temperature distribution resulting from the welding process, which is the source of data for
analysis of transient heat transfer. Mechanical equilibrium equations are introduced assuming a
quasi-stationary load process.
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Fig. 4. Schematic of coupled thermo-mechanical analyses

Mathematical formulation of heat transfer with the diﬀusion and convection part in the
tensor form is based on the energy conservation law
ρcp

∂T
+ ρcp T ∇T − ∇T (Λ∇T ) = Q
∂t

(5.1)

where ρ is mass density, cp – speciﬁc heat, Λ – conductivity tensor, T – temperature, t – time
and Q is a heat source or heat sink. v is the velocity ﬁeld calculated by coupling a momentum
balance application
mode

 such as incompressible Navier-Stokes. The gradient operator ∇ is
∂
∂
∂
given by ∇ = ∂x , ∂y , ∂z .
The initial condition and prescribed temperature in transient analysis are deﬁned by
T = Ti (x, t)

T (x, 0) = Ti (x)

(5.2)

where x denotes space coordinates.
Thermal boundary conditions for weld cooling are described by convective heat transfer to
the environment. They are given by
−λ

∂T
= h(T − T∞ )
∂n

(5.3)

where h is the ﬁlm coeﬃcient, T∞ – environmental temperature.
The temperature T(x, t) in the given element is interpolated from nodal values T(t) of the
R , 2011)
element by shape functions N(x) (Marc○
T(x) = [N(x)]T T

(5.4)

R , 2011)
The equation used for heat transfer is given by (Marc○

C(T)Ṫ + K(T)T = Q

(5.5)

where T is the vector of nodal temperatures (time derivative of the temperature vector), Q – heat
ﬂux vector for the node, C(T) – matrix of heat capacity, K(T) – conductivity and convection
matrix, C(T) and K(T) are dependent on temperature.
The Galerkin method is used to write a coupled set of ﬁrst order ordinary diﬀerential equation
(5.6) of the heat transfer problem.
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The transient solution is obtained by using a backward diﬀerence scheme
h 1

∆t

i

C(T∗ ) + K(T∗ ) Tn = Q(T∗ ) +

1
C(T∗ )Tn
∆t

(5.6)

where T∗ is an average nodal temperature vector.
In the time increment ∆t, the ﬁrst iteration within the increment n and is taken as an
extrapolated value of the previous two increments: n − 1 and n − 2
1
T∗ = (3Tn−1 + Tn−2 )
2

(5.7)

T∗ follows from
1
T∗ = (Tn−1 + Tn )
2

(5.8)

for next iterations. The iterations are stopped when
kT∗i−1 − T∗i kmax ¬ ∆Ttol3

(5.9)

where ∆Ttol3 is the maximum error in the estimated nodal temperature.
The changing geometry due to thermal deformation caused an eﬀect called the large strain.
The element and load matrices are derived using an Updated Lagrangian formulation.
The geometric shape was mapped based on the images of metallographic transverse specimens of a weld made with the laser beam (Fig. 5a) and TIG (Fig. 5b) methods.

Fig. 5. Finite element mesh of welds made with the laser beam (a) and TIG (b) methods
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It is assumed that the shape of the model made with both TIG and the laser beam method
is not symmetrical.
The geometry of the ﬁnite models reﬂecting a part of the actual shape of the welds made with
the laser and TIG methods has been divided into 280 560 and 408 625 isoparametric hexahedral
(solid) ﬁnite elements described with trilinear shape functions, respectively. The stiﬀness of the
solid element is formed using eight-point Gaussian integration. The use of such elements allows
for coupled thermomechanical analysis.
The average edge length of a single ﬁnite element in this area is 0.02 mm. Due to necessity
to create elements with small dimensions of the weld area, it is possible to map only a part of
the welded metal sheets with a width of 5 mm.
To create the model, the following simpliﬁcations have been introduced:
a) neglecting non-essential external inﬂuences (e.g. welding grips),
b) simpliﬁcation of shapes of the areas under consideration,
c) neglecting the welding shrinkage,
d) assumption that materials density is constant in time and homogeneous in the whole area,
e) neglecting phase transitions and liquid-solid transformation,
f) assumption of homogeneity of the part contained in a given area for:
–
–
–
–
–

Young’s modulus E(T ) (PN-EN 19988)
Poisson’s ratio ν(T ) (Jiao et al., 2014)
thermal conductivity λ(T ) (Nasiłowska, 2016)
thermal diﬀusivity T (Nasiłowska, 2016)
speciﬁc heat T (Nasiłowska, 2016).

Four zones are extracted:
a) base material (BM),
b) heat aﬀected zone (HAZ),
c) joint core (S1, W1-weld),
d) residual weld zone (S2, W2-weld).
The physical properties of the austenitic stainless steel are deﬁned based on standards (PNEN 19988), analysis of the literature (Piekarska, 2007; Ranatowski, 2009) and our in-house
studies (Bogdanowicz et al., 2015). These properties, both mechanical and thermal are introduced as a function of temperature. The same parameters have been adopted for each designated
zone of the weld.
The temperature load as a function of time has been introduced in each zone of the weld.
Nonlinear curves for the weld prepared with the laser beam (Piekarska, 2007) and TIG (Ranatowski, 2009) methods are shown in Figs. 6a and 6b.
In the case of welding with the laser beam, in the core of the weld (W1) and in the residual
weld zone (W2), the maximum temperature exceeds the melting point of the steel. Therefore,
each of these two curves is divided into two parts: above and below the melting point assumed
as 1420 K. In the other two zones, the maximum temperatures do not exceed the melting point
of the steel; therefore, they are left in the form shown in Fig. 6.
It is assumed that the environment (air) aﬀects the surface of the weld model on its face
and the ridge side, and cools the joint. The ambient temperature of 293 K has been assumed in
the two control points by using the POINT FLUX option. It is assumed that cooling inﬂuences
only the nodes of the upper and lower walls of the sample discrete model.
In order to map the real welding conditions, there are boundary conditions (support) given
based on the structure of the welding torches.
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Fig. 6. The temperature distribution as a function of welding time for the zones of a weld made with
the laser beam (a) and TIG (b) methods

One of the major challenges is to appropriately represent the mechanical boundary conditions. Due to thermal deformations generated in the cooling process and the fact that only a
small part of the welded sheets is modelled, it is necessary to use other forms of simulation
for the impacts of the operating handles in which the sheets are mounted during the welding
process. The inﬂuence of the rest of the structure is mapped by introducing springs with an
appropriate stiﬀness deﬁned by
ki =

E(T )A
ls L

(5.10)

where ki is the modulus of elasticity of the spring, A – area of the cross section of the sample
respective wall (front or side), E(T ) – Young’s modulus of the base material in function of time,
ls – the number of springs.
The length L is determined according to the part of the steel sheet which it replaces, i.e.,
both the front and back wall of the sample
L=

1000 − sample width
2

(5.11)

whereas for the side walls
L=

1000 − sample length
2

(5.12)

The determined factors of the spring elasticity are assigned to this type of elements in which
the length is equal to 1 mm. All degrees of freedom are removed from the nodes at the end of the
spring. A schematic method for introducing the mechanical boundary conditions is illustrated
in Fig. 7. The positioning of the springs is asymmetrical to ensure lack of rigid movement.
Layers of the reduced stress calculated according to the Huber-Mises-Hencky yield criterion
for the models of welds made with the laser beam and TIG methods are shown in Figs. 8
and 9.

TIG and laser beam welded joints – simplified numerical analyses

Fig. 7. Schematic of boundary conditions for the weld model created with the laser beam method

Fig. 8. Layers of the reduced stress calculated according to the Huber-Mises-Hencky yield criterion for
the model of weld made with the laser beam method

Fig. 9. Layers of the reduced stress calculated according to the Huber-Mises-Hencky yield criterion for
the model of weld made with the TIG method
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The analysis of the distribution of stress calculated according to the Huber-Mises-Hencky
yield criterion (red) determined with FEM (for welds made with the laser beam and TIG
methods) has been compared with the experimental results (Figs. 10a and 10b). Based on the
components of residual stress in both the x and y axis directions and formula (5.13), the reduced
stress is calculated (Dyląg et al., 2007)
σred =

q

σx2 + σy2 − σx σy

(5.13)

Fig. 10. Distribution of the reduced and computational stress determined experimentally and with the
use of the ﬁnite element analysis of the weld (W), the heat aﬀected zone (HAZ), and the base
material (BM) of the samples made with the laser beam (a) and TIG (b) methods

The results of the experimental tests and the numerical analyses show a compliance that
falls within some margin of error (Dyląg et al., 2007). The diﬀerences may be due to previously
described oversimpliﬁcation of the model.

6.

Conclusion

904 L welded austenitic stainless steel is of great importance in demanding structural engine-ering and, therefore, it is crucial to detect and remove any errors resulting from design and
manufacturing processes. To achieve this goal, it is essential to eﬀectively determine residual
stress occurring in sensitive locations of welded joints.
The distribution of stress has been determined using the FEM, based on established thermophysical results (Nasiłowska, 2016) and mechanical properties (PN-EN 19988). Analysis of the
numerical distribution of stress in comparison to experimental results shows a compliance within
a margin of the measurement error. The most accurate results have been obtained for welds made
with the laser beam.
The observed diﬀerences between the numerical analysis and experimental research are likely
to result from oversimpliﬁcation of the model.
In conclusion, this analysis suggests that future numerical simulations should take into account liquid-solid transformation and more precisely deﬁne thermal boundary conditions.
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