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Abstract
In the current study, a verified thermo-mechanical model is utilized to investigate
the evolution of stresses and strains in dissimilar TIG welds of low carbon and ferritic
stainless steels. The histories of stresses, elastic and plastic strains of the both base
metals are analyzed. The results show that the magnitude of plastic strains increases, as
the yield strength of the base metal decreases while the higher amount of plastic strains
are produced in the similar joint of the stainless steel.
Key words: Dissimilar joint; Plastic strain; Strain evolution; Carbon steel; Stainless
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Introduction
In arc welding processes residual stresses are produced within the welded metal
due to the high local temperature field and severe temperature gradients [1]. Dissimilar
joints are made between two materials that are significantly different in chemical and/or
mechanical senses. When dissimilar metals are joined by a fusion welding process such
as TIG welding operations, alloying between the base metals and filler metal becomes a
major point and as a result the weld metal may show totally different mechanical
properties as well as distribution of residual stress within the weldment is achieved [2].
Till now, there have been a few published studies about residual stresses in similar as
well as dissimilar arc welding operations. For instance; Paradowska et al. [3]
investigated the effect of heat input on residual stresses distribution. They found that the
heat input affects the value and distribution of residual stresses in the specimen while
the transverse residual stresses were about half of the maximum value of longitudinal
stresses. Teng et al. [4] developed a model to simulate the effects of welding speed,
specimen size, mechanical constraint and preheating on residual stresses. Ranjbarnodeh
et al. [5] studied the effect of heat input on residual stresses in dissimilar joints. Their
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results showed that the magnitude of stresses at the weld center line increases with
increasing the welding speed.
The final state of plastic strains and other variables have been studied in the
above mentioned papers, but analysis of plastic strain history is also important to garner
insight into the formation mechanism of plastic strains. The analysis also enables better
understanding of welding residual stresses. There are few researches investigating the
history of plastic strains in the welded structures. Fang et al. [6] studied the formation
mechanism of longitudinal residual stress and plastic strain in the welding of low carbon
steel. Their results revealed that the tensile plastic strain generated in the cooling
process cannot counteract the compressive plastic strain generated in the heating
process, resulting in the remaining of the compressive plastic strain in the weld after
welding. Cheng et al. [7] used FEM to simulate the in plane shrinkage strains and
welding distortion in thin wall structures.
Regarding the published works on the evolution of plastic deformation in
welding processes, further studies are required to acquire a more complete
understanding about the welding plastic strains in dissimilar joints. In order to achieve a
comprehension of this problem based on a verified model [8] evolution of plastic strain
in dissimilar joint of stainless steel to carbon steel was studied in the present work and
the results were compared with the similar joints of stainless steel.

Mathematical Model
Prediction of temperature field in welding process is one of the main factors in
determining welding residual stresses and plastic strains. Accordingly, the problem of
heat conduction in the welded structure must be solved. Thus, the following equation
can be used to describe temperature variations inside the parts are being welded:
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(1)

where T is the temperature, k is the thermal conductivity, C is the specific heat,
is the density, t represents welding time, and z, x and y show welding direction,
transverse direction and thickness direction, respectively. At the beginning of the
process (t=0 sec), the entire model was at the ambient temperature. During the welding
process, the following boundary conditions were used. Convection-conduction
boundary conditions were assumed on surface boundaries except for the region affected
by the moving arc, as presented in Eq. 2:

−k

∂T
= h(T − Ta )
∂n

(2)

where “n” denotes the normal direction to the surface boundary, Ta is the ambient
temperature and h is convection heat transfer coefficient. Convective coefficient was
taken as 15 W/m2K for the surfaces in contact with ambient air. The bottom surface of
is in contact with the top surface of the welding fixture. This backing plate, being thick
(12mm), acts as a heat sink for the bottom surface. Therefore, the convection coefficient
was estimated as 800 W/m2K for this region [9].
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At the top surface of the model in the region influenced by the moving welding
arc the boundary condition is given as Eq. 3:

⎡ 1 ⎛ r ⎞2 ⎤
ηVI
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exp ⎢− ⎜ ⎟ ⎥
∂y
2πr ' 2
⎢⎣ 2 ⎝ r ' ⎠ ⎦⎥

(3)

where “n” stands for the normal direction to the surface boundary, q(r) is surface
heat flux that was used to simulate the energy transfer from the arc into the surface of
the workpiece, η is welding process efficiency, V is welding voltage (13V), I is welding
current, Ta is the ambient temperature, “r” is the distance from the center of heat source
and “r’” is the Gaussian distribution parameter which is the radius of area to which 95%
of energy is entered [1]. In this work, “r′” was assumed to be 1.5 mm and η was taken as
0.6 [10]. The used mesh system is displayed in Fig. 1.

Fig. 1. The employed mesh system.
At the same time, the mechanical behavior of the weldment should be determined
by equilibrium equation as mentioned in Eq. 4.

σ ij , j + bi = 0

(4)

where σijis the Cauchy stress tensor and bi is the body force (temperature) vector
which are calculated from the thermal analysis. Note that the thermo-elastic-plastic
behavior, based on the Von Mises yield criterion and the isotropic strain hardening rule,
is considered in the model. In the mechanical part of the simulation, the substantial
boundary conditions were u(0,0,0)=0 for the origin of the coordination system and the
normal displacement, uy, equals zero for the bottom surface of the welded plates
because the top surface of the backing plate acts as a rigid fixture for this surface.
Accordingly, the constitutive equation can be written as following [4]:

dσ = D ep dε − C th dT

(5)
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D ep = D e + D p

(6)

ep

e

where D is the elastic-plastic stiffness matrix, D is the elastic stiffness matrix,
Dp is the plastic stiffness matrix, Cth denotes the thermal strain vector, dσ is the vector of
stress increment, dε is the vector of strain increment and dT is the temperature
increment.

Experimental data
It is worth noting that in short samples, 5670 elements and 7130 nodes are used
while for the longer samples, 11340 elements and 14105 nodes have been used in the
analysis. In addition, temperature-dependent material properties were employed for both
stainless steel and low carbon steel parts (Tables 1 and 2 and Fig. 2). The specific heat
of AISI409 was assumed to be 460 J/kg.K [11]. Furthermore, to take the effect of fluid
flow in the weld pool into account, the thermal conductivity was assumed to increase
linearly above the melting point by a factor of about three [12, 13]. The thermal
expansion coefficient of low carbon steel and stainless steel were given to be 11.7×10-6
and 12×10-6, respectively. The results of model were validated using X-ray diffraction
method [8]. TIG welding was applied and the used welding parameters in this study are
presented in Table 3.
Table 1. Thermo-physical properties of carbon steel [8].
Temperature(0C) Thermal Conductivity
Temperature
C(J/kg.K)
(W/m.K)
(0C)
20
51.5
20
425
800
29.7
675
846
1500
29.7
700
1139
2000
90
730
1384
750
1191
1000
779
1500
400
2860
400
Table 2. Thermo-physical properties of stainless steel [8].
Temperature(0C) Thermal Conductivity Temperature(0C)
C(J/kg.K)
(W/m.K)
20
25
20
460
500
30
1400
30
2000
90

Sample
Dissimilar joint
Similar joint

Table 3. The used TIG welding parameters.
Current Length Speed Voltage
The base metals
(A)
(mm) (mm/s)
(V)
120
450
3.56
13
Stainless steel/Carbon steel
120
450
3.56
13
Stainless steel/ Stainless steel
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(a)
(b)
Fig. 2. The mechanical properties of, a) carbon steel, b) stainless steel.

Results and discussion
Fig. 3 shows the temperature cycles at different points of the welded sample. It is
shown that the different thermo-physical properties of the base metals resulted in
different temperature variations. Thermal conductivity of carbon steel is higher than the
stainless steel, which in turn, caused higher temperatures at the stainless steel side of the
weld [8].

Fig. 3. The temperature cycles at different points of the welded sample [8].
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Fig.4 shows the transient stresses at two points with the same distance of the
weld center line. As it is seen during passing the welding heat source both of the base
metals experience the compressive stresses.
However, tensile stresses occur on the cooling stage. The magnitudes of these
stresses are somehow constant during holding in the fixture. After removing the fixture
a part of stress will be released and accordingly the amount of stress is decreased. The
state of stress at the final point shows the welding residual stresses. In general, welds
undergo yielding in the process of cooling after welding; then tensile residual stresses,
which are generated by the resistance of the material against contraction by cooling
after welding, remain there [5].

Fig. 4. The history of stress at two points of dissimilar weld.
The stainless steel with the lower yield strength cannot tolerate welding stresses
and yields at the lower stresses. This phenomenon releases stresses and therefore the
lower amount of residual stresses is remained in the stainless steel. The history of
plastic strain for the base metals is presented in Fig. 5.
Against the plastic strain, the higher values of plastic strains are found for the
stainless steel. As mentioned above, it can be due to the lower yield strength of the
stainless steel. Another possible reason is the different peak temperatures for the used
base metal. The lower thermal conductivity of the stainless steel results in the higher
temperature that causes the higher amount of plastic strain. To study the effect of
dissimilarity on magnitude of plastic strain, a similar joint of the stainless steel was
simulated and its results were compared with correspondent dissimilar joint, depicted in
Fig. 6. As it is seen, similar joint shows the higher amounts of plastic strains which may
be attributed to the absence of carbon steel in this joint as a heat absorbent.
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Fig. 5. The history of plastic strain at two points of dissimilar weld.

Fig. 6. The effect of dissimilarity on magnitude of plastic strain.
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Fig. 7. The distribution of plastic strain along the x-axis.
Therefore, the similar joint will experience the higher temperature and this means
the higher plastic strain. The distribution of plastic strain along the x-axis is shown in
Fig. 7. This figure exhibits that the similar joint has the wider plastic strain compared to
the dissimilar joint. It can be due to the lower conductivity of the stainless steel.

Conclusions
In this work, based on a verified model, the evolution of thermo mechanical
behavior of dissimilar TIG welds of low carbon and ferritic stainless steels was studied.
The stress, elastic and plastic strain cycles of different points of the joints of the both
base metals were analyzed. Also, a similar joint was simulated to compare with the
dissimilar joint. The results showed that:
1. The base metal with the lower yield strength shows the higher amount of plastic
strain.
2. The lower thermal conductivity of the stainless steel causes the higher peak
temperature and plastic strain.
3. In the similar joint, the absence of carbon steel, as a heat absorbent, causes the
higher peak temperature and plastic strain.
4. The base metal with lower thermal conductivity shows the wider plastic zone.
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