
Asian Transactions on Engineering (ATE ISSN: 2221-4267) Volume 01 Issue 05 

Nov 2011                                   ATE-20134053©Asian-Transactions  76 

 

Abstract — Detrimental effects of residual stress in weldments 

have been well known. However, the mechanism of residual stress 

formation is not well established. The new mechanism of residual 

stress development in welding is proposed in this paper. The 

proposed mechanism is evaluated using three elasto-plastic bars 

model. Following the proposed mechanism, the residual stress at 

those three bars model can be determined quantitatively. The 

residual stress can also be obtained using numerical approach. 

One of the prominent numerical approaches is finite element 

method (FEM). Results from analytic solution following the 

proposed mechanism showed good agreement with FEM which 

mean the proposed mechanism is correct. 

Index Terms — residual stress, FEM, three bars model 

I. INTRODUCTION 

ince the first time welding simulation is developed in 

1970s, the scope is obtaining residual stresses and 

corresponding deformation [1]. Non-uniform temperature 

history in welded structure is a major factor that affects 

significantly the residual stress which can lead to premature 

fatigue damage, stress corrosion and fracture [2 - 6]. The first 

analysis of welding was established by Rosenthal [7] for a 

quasi-steady state moving point heat source which can be 

considered as the first analytic foundation for welding. 

Following this, the analytic thermal solutions for moving heat 

sources have attracted further attention [8-13] to provide a 

good understanding of the welding process. In recent years the 

high speed computational resources needed for numerical 

analysis have become more readily available, and the FEM has 

become a popular tool for weld modeling. 

There different mechanisms are proposed to describe 

residual stress development in welding. First proposed 

mechanism describes residual stress is developed as a result of 

contraction of hot region closed to the weld line which is 

constraint (externally or internally) by the cold region 

surrounds it. The contraction happens when the hot region 

cools down to the room temperature [14 – 17]. Secondly, 

Sindo Kou [18] used three bars with equal cross section area 

model to observed residual stress development in welding. The 

middle bar represents hot region closed to the weld line and 

the side bars represent cool region far enough from the weld 

line. The stress development is a total result since the middle 
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bar is heated and the detailed mechanism is well explained as 

follow. When the middle bar is heated the expansion is 

constrained by the side bars results in compressive stress in the 

middle bar. This compressive stress increase with temperature 

until the compressive yield stress is achieved. When the 

middle bar is cooled down, the contraction is restrained as a 

consequent the compressive stress drop rapidly and change to 

tensile stress. The tensile stress continuing increase until 

tensile yield stress is achieved and the final results are tensile 

stress at the middle bar equal to the yield stress and 

compressive stress at the side bars equal to a half of tensile 

yield stress. E.M. Vander A.A [19] used five bars model to 

explain the third stress development in welding mechanism 

with trailing heat sink. The mechanism of residual stress is 

described as a result of pushing and pulling action between the 

bars. This pushing and pulling action is started since the 

middle bar is heated. The pulling and pushing forces is 

counted based on elastic Hooke’s law as a result of thermal 

expansion and compression. 

Some different variations also proposed, but basically they 

can be categorized in the above three mechanisms. Satoh [20] 

and Masubuchi [21] used three bars model to describe stress 

development in conventional welding which can be 

categorized in the third mechanism. Some following papers 

also can be categorized in the second mechanism. Canas et.all 

[22] used FORTRAN code to describe longitudinal residual 

stress and angular distortion of welded plate. The welded plate 

was represented by three bars model. The bars have elasto-

plastic behaviors and mechanical properties vary with 

temperature. Michaleris et.all. [23,24] used the same 

mechanism with equivalent temperature field as a thermal 

load. Baroso et.all. [25] evaluated the effect of simplification 

in welding modeling to the residual stress results using FEM. 

The residual stress development follows the second 

mechanism. Simplification comprise of two categories, 

material properties and temperature field. Simplifying 

materials properties considers it has a constant value with 

temperature variations. Temperature field is simplified using 

thermal envelope in which the temperature load is represented 

by the maximum experienced temperature. 

This paper discusses different mechanism with the above 

presented three mechanisms. The mechanism evaluated using 

three bars model. Finite Element Method (FEM) was carried 

out to the three bars model and thermal stresses are evaluated 

when the middle bar is heated. Thermal stress also evaluated at 
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those three bar when the middle bar is cooled down to the 

initial temperature which can be considered as the residual 

stress. Analytic solution for thermal stress following the 

proposed mechanism is demonstrated and compared to the 

FEM. In both methods multi linear kinematic hardened 

material model is used to describe stress-strain relation. 

Comparing FEM results and analytic method that follows 

proposed mechanism showed good agreement each other 

which mean the new proposed mechanism is correct. 

II. FINITE ELEMENT SIMULATION 

Subsequent Thermo-mechanical FEM was carried-out using 

ANSYS Parametric Design Language (APDL) mode to obtain 

thermal stress. In this paper is used ANSYS 12 software 

package to run FEM analysis. The thermal load is simulated at 

thermal stage. In this stage solid thermal element SOLID70 are 

used. Basically the element model describes the relationship 

between geometry of a model with its degree of freedom. 

Solid70 element is suitable for 3D thermal analysis model. 

Typically the element is comprised of eight nodes with 

temperature as degree of freedom at each node. However, if a 

node is formed as a coalescence of nodes the element can be 

comprised of four, five or six nodes and tetrahedral element, 

pyramid element or prismatic element are formed as it is 

shown at figure 1. 

 
Figure 1. Solid70 3D-thermal element (Release 12.0 

Documentation for ANSYS) 

 

In thermal stage, first it is modeled three bar model that 

comprised of SOLID70 elements as shown at figure 2. Those 

three bar model are connected at their ends with two other 

tough bars. The geometry of the three bars is 1mm x 1mm 

cross section with 10mm length. The typical properties for the 

bars are: density  = 8000 (kg/m
3
), thermal conductivity k = 

20 (watt/m.C), specific heat c = 500 (J/kg.C), Young 

modulus E = 15GPa, poison ratio  = 0.3, thermal expansion α 

= 20.10
-6

 /C. The two clamping bars at the ends of the three 

bars have same properties except for k = 20.10
-6

, α = 20.10
-20

 

GPa and E = 10.10
10

 GPa. With the much lower k it is 

expected the elevated temperature will be only localized at the 

middle bar. Very low α makes no thermal expansion is existed 

and high E to model perfect toughness of the two bars. 

 
Figure 2. Built three bars model 

 

Elasto-plastic material model is used and to avoid 

convergence problem at the plastic state, very low E is applied 

to represent perfectly plastic state. Stress-strain relation of the 

elasto-plastic material is shown at figure 3. The typical yield 

stress 150MPa is used. Since Young’s modulus of the material 

is 15GPa, the yield point is defined at y = 0.01. 

 

 
Figure 3. Strain – stress diagram material model 

 

After modeling, the next step (the second) is defining 

temperature load. The first thermal load is heating the middle 

bar with certain temperature. The second thermal load is 

omitting the previous thermal load at the middle bar. 

Temperature histories at elements are store in *.rst file which 

can be retrieved in the next mechanical stage. The next step is 

calculation, which is done after SOLVE command is inputted. 

As in thermal stage, the first step in mechanical stage is 

geometry modeling. Since the thermal load will be adopted 

from thermal stage, the model should be exactly same as in 

thermal analysis. The individual element geometry should be 

exactly same with SOLID70 accept for the degree of freedom. 

Observing the available element model in ANSYS, SOLID45 

as shown at figure 4 is chosen. It can be seen that as in 
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SOLID70, the typical element comprise of eight node which 

can coalescence each other. The degree of freedom of the 

SOLID45 structural element is displacement at nodes. To 

build a geometry which has exactly same elements structure, 

the geometry from thermal analysis is imported to mechanical 

analysis using RESUME command. To change element model, 

EMODIF command was used. It should be noted that 

SOLID45 element cannot in the tetrahedral form, thus in the 

thermal analysis this element form should be avoided. 

 

 
Figure 4. Solid70 3D-thermal element (Release 12.0 

Documentation for ANSYS) 

III. ANALYTIC SOLUTION 

The proposed residual stress mechanism is as follows: 

 The thermal expansion existed at the heated region 

(middle bar). 

 The expansion is constrained by the surround cooler 

region (side bars). 

 The constrained may caused plastic compressive stress 

at the heater region. 

 When the temperature return back to the room 

temperature the plastic compressive stress still left at 

the heating region, which causes misfit. 

 The misfit develops residual stress. 

 

Following the above mechanism will be discussed stress 

distributions when the middle bar is heated and also when the 

middle bar is cooled down to the initial temperature. There 

will be two cases, first when the temperature load causes 

elastic stress – strain state and the second when the 

temperature load causes plastic stress – strain state. Based on 

the aforementioned mechanism only temperature load which 

causes plastic stress – strain state produces residual stress. In 

all condition equilibrium forces condition is put as governing 

condition. Since the area of the three bars is equal, the stress in 

the middle bar should be twice and in the opposite direction to 

the side bars stresses. For temperature load in elastic state 

follows flow-chart as shown at figure 5. No stress is developed 

in all bars when mid bar is cooling down to initial temperature. 

When temperature load exceeds elastic state the mechanism 

follows flow-chart at figure 6 when the middle bar is heated 

whilst when the middle bar is cooled down to initial 

temperature follows flow-chart at figure 7. 

 

 

Figure 5. Flow-chart for evaluating thermal stress in elastic 

strain state. 

 

 

 
 

Figure 6. Flow-chart for evaluating thermal stress in plastic 

state. 
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Figure 7. Flow-chart for evaluating residual stress. 

IV. RESULTS AND DISCUSSIONS 

The results from ANSYS simulation can be retrieved using 

post processing commands. The results can be presented 

graphically and numerically. First is evaluated thermal stress 

when thermal load caused elastic strain – stress state on the 

three bars. The stress distribution when the middle bar is 

heated to 400°C is shown at figure 8. At figure 8a is shown 

stress distribution at full size whilst at figure 8b is at half 

model. In figure 8b can be clearly seen stress distribution at 

cross section in the middle part of all three bars which will be 

compared to analytical method results. Evaluation on the cross 

section of figure 8b, the thermal stress at the middle bar is -

79.487 MPa (compression) and at the side bar is 39.877 MPa 

(tensile). The analytical results following the proposed 

mechanism for elastic stress- strain state can be obtained using 

flow chart at figure 5. The result for the thermal stress at the 

middle bar is -79.576 MPa (compression) whilst at the side 

bars are 39.788 MPa (tensile). The difference with the FEM 

results is may caused by the expansion as a results of the 

temperature load as well as stress load at the lateral direction 

which is not taken into account in the analytic solution. Also 

the analytic solution does not accommodate stress distribution 

at the ends of the bars which causes localized high strain in the 

region. From FEM side, perfect tough material for the 

clamping bar is modeled by high Young modulus which is still 

not perfectly tough. However, the difference between analytic 

solutions with FEM simulation is low (0.11%). When 

temperature load is omitted, there are no stresses left on the 

three bars since no plastic strain existed when the system is 

heated. 

The next analysis demonstrates the three bars model where 

the plastic deformation is occurred, it is when the middle bar is 

heated to 1000C. The analytic solution for thermal stress 

when the middle bar is heated follows the flow chart at figure 

6.  Following the flow-chart when the three bars are heated the 

stress distribution at the middle bar is -150.261 MPa 

(compression) and at the side bars is 75.131 MPa (tension). 

The FEM simulation produces stress at the middle bar, as 

shown at figure 9a, -150.005 MPa (compression) which show 

insignificant difference with analytical model (0.17%). 

When the temperature load is removed, it should be a stress 

distribution as a result of previous compressive plastic strain 

when the system is heated. The FEM simulation for the left 

stress (residual stress) shows that the residual stresses are 

48.834 MPa (tensile) at the middle bar and -24.417 MPa 

(compression) at the side bars. The analytic solution for the 

residual stress follows the flow chart at figure 7. Following the 

flow chart the residual stress at the middle bar is 48.067 MPa 

(tensile) and at the side bars are -24.033 MPa (compression) 

which again shows small difference with the FEM simulation 

(1.57%). 

Overall it can be said that FEM simulation and analytic 

solution show good agreement. The tensile residual stress at 

the middle bar and the side bars can be demonstrated by both 

methods. The confirmations from FEM results have endorsed 

the proposed mechanism of residual stress formation. 
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V. CONCLUSION 

The proposed mechanism can gives insights how the tensile 

residual stress at weld line developed in the welding process. 

Furthermore, comparing to the FEM simulation the results 

obtained from analytical method that follows the proposed 

mechanism showed very well agreements not only 

qualitatively but also quantitatively. Finally, it can be said the 

proposed mechanism can be considered as the correct 

mechanism of residual stress development in the welding 

process. 

Material properties in this paper are considered temperature 

independence. Future discussion on temperature dependence 

material properties will be worthy full. 
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