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Abstract: This paper deals with Numerical Simulation to analyse the behaviour of residual stresses in welding pipe. This work aims to 

develop a validation model for the simulation of phase changing after welding in multi-pass welds using a hardness test and compare the 

results with numerical simulation. The simulation considers the local microstructure properties changes due to the thermal welding cycles. 

Finally, the challenge of this work is the welding of dissimilar materials, where a calibrated model will be applied and validated to predict 

the effect of welding residual stresses in welding pipe. A further aim is to develop a new procedure to simulate a typical welded pipe process.   
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1. Introduction 

Welding is a reliable and efficient metal joining process used in 

almost all industries. Manual metal welding (MMAW), also known 

as shield metal welding, is a manual arc welding process that uses 

an electric arc between an electrode and work piece to join a pipe 

with parts of welding region, as shown in (Fig. 1). Manual metal 

welding is also one of the most popular welding processes, 

accounting for over half of all welding in some countries — and in 

the oil and gas industry — because of its versatility, simplicity, low 

equipment cost and wide applicability. This welding process will 

probably remain popular, especially among amateurs and small 

businesses where specialized welding processes are uneconomical 

and unnecessary [1][2]. 

Weld failure is never good. While welding is an excellent way 

to join two or more pieces of metals, there are situations in which 

weld joints fail. This can lead to financial loss for companies, 

hardships for consumers. It is critical to understand common 

reasons weld joints fail and work to ensure the prevention of these 

failures. One of the reasons for failure is residual stress, sometimes 

called internal stress. It is residual stress generated during cooling 

after welding. Residual stresses distributions in and around the weld 

(in the fusion zone, FZ) might lead to brittle fracture, cracking, and 

produced stress corrosion cracking during service. The normal 

techniques for determining the cause of a weld joint failure are 

visual examination, non-destructive measurements, materials 

testing, additional sampling, and analytical studies of stress. 

 

 

Fig. 1 MMAW process and welding parts. 

The finite element method is widely used for simulation and 

analysis, to perform further investigation and reduce time and 

economic costs associated with experiments. Finite element analysis 

(numerical simulation) is a cost-efficient way to help quantify the 

reasonable welding parameters and to understand the mechanisms 

of welding [3] . This work aims to develop a validation model for 

the simulation of phase changing after welding in multi-pass welds 

using a hardness test and compare the results with numerical 

simulation.  

 

The simulation considers the local microstructure properties 

changes due to the thermal welding cycles. Finally, the challenge of 

this work is the welding of dissimilar materials, where a calibrated 

model will be applied and validated to predict the effect of welding 

residual stresses in welding pipe [7][8]. 

2. Materials and Method 

Welding is done, as shown in Fig. 2, with the dimension of 

welding. Dissimilar material pipe welds were used in this work 

because they are commonly found in various industrial applications 

for both technical and economic reasons. The materials and 

chemical composition of the pipe used in this study are given below 

in Table 1, and the welding parameters for weld joints are given in 

Table 2. The filler wire was 3.2 mm in diameter. Multi-pass 

welding with an inter-pass with maximum temperature value 200 ºC 

is used. 

Table 1: Mechanical Table 3. 1 Chemical composition (wt%) 

 
Table 2: Welding parameters 

 

 

Fig.2 Welding pipe and schematic diagram: the dimensions of weld A1: 

P460NH_1 and A2: E355K2 and filler Böhler 
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The specimen cut from the pipe welding from for hardness test 

measurement (see Fig. 3). 

 

Fig. 3 Cross-section of specimen used for hardness measurement 

Welding simulation procedure 

Complex numerical approaches are required to accurately 

model the welding process in 2D, with finer mesh (small element 

size) and materials region used to simulate welding instead of 3D to 

save the time of computation, (see Fig. 4). In order to validate the 

accuracy and dependability of FE simulation, experimental results 

of welded specimen are used to compare with the simulation results 

of FEM. During the process of the welding cycle coupled thermo-

metallurgical and mechanical calculations were carried out by 

considering the effect of different chemical composition of steel and 

incorporating multi-phase transformation models. Numerical 

calculations were performed with commercial finite element 

software package MSC.Marc [6]. The problem was solved 

numerically in a cylindrical coordinate system due to axial 

symmetry of the geometry. The geometry and finite element 

representation used in the modelling is shown in Fig 4. Four-node 

axisymmetric elements were used to model the specimens. Solid 

elements were employed to simulate the thermo-elastic-plastic 

behavior of the specimen. The model of fillers was built with (birth 

and death) element using 8,466 elements to calculate and analysis 

phase transformation distribution in the whole pipe. In numerical 

simulation analysis, the accuracy of the results and required 

computing time are determined by the finite element size (mesh 

density). According to numerical analysis theory, the model with a 

fine mesh yields highly accurate results but required longer 

computing time. On the other hand, the model with coarse mesh 

(large element size) may lead to less accurate results but not much 

computing time. 

 

Fig. 4 2D finite element model of pipe 

In this model, a fine mesh was used for the weld and HAZ, and a 

coarse mesh was used in the region further from the weld. The X-

axis is pipe length direction, Y-axis is pipe thickness direction, and 

the Z-axis is pipe welding direction. The software used for the 

welding simulations is MSC.Marc. The three materials used are 

Base material P460NH_1, Base material E355K2, and Filler metal 

Böhler. 

 

Fig. 5 2D model with fine and coarse mesh and materials in the weld zone 

The temperature-dependent mechanical and thermal properties 

were taken into account in the calculation. The equilibrium 

transformation temperatures for the formation of austenite from an 

initial microstructure and the decomposition of austenite into 

ferrite/perlite, bainite and martensite are required.  Material 

properties, based on their chemical composition, were determined 

using JMatPro software [9]. The temperature-dependent, elastic-

plastic phase-dependent material model was used in the simulation. 

The thermo-metallurgy material properties of all used steels were 

generated with JMatPro software using the average chemical 

composition which can be seen in Table 1. Transformation data was 

calculated with 10 µm grain size starting at 920°C temperature. 

Thermal and Mechanical Analysis 

By using appropriate mesh optimization technique, a relatively 

fine mesh is generated in and around the weld lines and a 

comparatively coarse mesh is used for areas away from weld line, 

as shown in Fig. 5. Four nodes thermal and mechanical analysis 

element is used for the analysis. The equation used for transient heat 

transfer during welding is given by 

𝑝𝑐 𝜕𝑇/𝜕𝑡(𝑥, 𝑦, 𝑧, 𝑡)  =  −𝛻. 𝑞(𝑥, 𝑦, 𝑧, 𝑡) + 𝑄(𝑥, 𝑦, 𝑧,)  (1) 

Where p is the density of the materials, c is the specific heat 

capacity, q is the heat flux vector, T is the temperature, Q is the 

inside heat rate, x, y and z are the coordinates in the system, t is 

time and ∇  is the spatial gradient operator. The various weld 

parameters in a double ellipsoidal distribution proposed by Goldak 

et al. [4] (see Fig. 4).  

 

Fig 6 Schematic model parameters for double-ellipsoid heat source  

Equations 2 and 3 show the volumetric heat flux distributions inside 

the front and rear quadrant of the heat source. The model is defined 

as a function of position and time together with a number of 

parameters that affect the heat flux magnitude and distribution. 

𝑞𝑓 𝑥, 𝑦, 𝑧 = 6 3  𝑓𝑟𝑄  
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   Where x, y, and z are the coordinates of the Goldak double 

ellipsoid model, π is the fraction of heat deposited in the weld 

region, the heat input rate Q = ηVI is calculated by welding 

operational parameters current (I), voltage (V) and η is the arc 
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efficiency for the welding process, v is the speed of torch travel in 

mm/s, and t is the time in seconds. The factors ff and fr denote the 

fraction of the heat deposited in the front and rear quadrant 

respectively, which are set up to attain the restriction ff +fr= 2. The 

parameters a, b and c are related to the characteristics of the 

welding heat source. The parameters of the heat source are chosen 

according to the welding conditions. This study is concerned with 

the simulation of solid-state phase transformations in the welded 

structure using MSC.Marc software [6]. 

Hardness test procedure (Experimental procedure) 

The cross-section welding part was polished after cutting, and the 

surface of the specimen was etched with HNO3 (nitric acid) 2% 

solution (nitrate etching agent) to show the passes and FZ and HAZ. 

The cross-section after preparation is shown in Figure 6. 

 

Fig 7 Pipe after cutting and Specimen before hardness measurement 

For hardness measurement was carried out from top to bottom 

with four lines, as shown in Figure 16. The validation of welding 

simulation procedure is carried out on a multi-pass butt weld. The 

results are compared with experimental hardness test. Figure 16 

shows measurements with a microscope-mounted camera showing 

an average of the measurement distance from the surface at a given 

point. The distances are in millimeter, and the hardness values are 

in HV10. The hardness distribution from the simulation at the weld 

of the investigated dissimilar material with welding was calculated 

by using the rule of mixtures. Maynier et al. [5] have developed a 

useful method to predict hardness. The total hardness of steel is 

calculated dependent on the volume fractions of the constituents of 

the microstructure: 

𝑉 = (𝐹𝑃% ∗ 𝐻𝑉𝐹−𝑃 + 𝐵% ∗ 𝐻𝑉𝐵 + 𝑀% ∗ 𝐻𝑉𝑀)/100. (4)                                                         

The hardness of the microstructures produced is given by: 

𝐻𝑉𝑀 = 127 + 949𝐶% + 27𝑆𝑖% + 11𝑀𝑛% + 16𝐶𝑟% 𝑁𝑖% +
21𝑙𝑜𝑔𝑣𝑅 ,      (5) 

𝐻𝑉𝐵 = −323 + 185𝐶% + 330𝑆𝑖% + 153𝑀𝑛% + 144𝐶𝑟% +
191𝑀𝑜% + 65𝑁𝑖% + (𝑙𝑜𝑔𝑣𝑅)(89 + 53𝐶% − 55𝑆𝑖% − 2𝑀𝑛% −
20𝐶𝑟% − 33𝑀𝑜% − 10𝑁𝑖%),   (6) 

HVF−P = 42 + 223𝐶% + 53𝑆%𝑖 + 30𝑀𝑛% + 7𝐶𝑟% + 9𝑀𝑜% +
12.6𝑁%𝑖 + ( 𝑙𝑜𝑔𝑣𝑅)(10 − 19𝑆𝑖% + 8𝐶𝑟% + 4𝑁𝑖% + 130𝑉%),  

      (7) 

Where: vR is the cooling rate in K/h; Hv is the hardness 

(Vickers); XM, XB, XF and XP are the volume fractions of martensite, 

bainite, ferrite and pearlite, respectively; HVM, HVB and HVF+P are 

the hardness of martensite, bainite and the mixture of ferrite and 

pearlite, respectively. For the calculating of HVM, HvB and HVF+P 

were used the formulae developed by Maynier et al.  

 

Fig 8 Hardness measurement test for specimen 

It is important to emphasize that the numerical simulation code 

can handle complex geometries and non-linear temperature 

dependence on both boundary conditions and material properties, 

which are very important for practical applications. 

3. Result and Discussion 

Hardness tests of specimens were taken to compare the 

calculated hardness of 2D model simulation after welding. The 

cross-section of the sample before hardness test with three region of 

welding and final hardness distribution shows in (Fig. 8). 

Table 3: The result from hardness measurement test for specimen 

 

Comparison Hardness Measurement with Simulation 

In simulation case, three points was selected P1, P2 and P3 to 

compare with hardness measurement test as shown in simulation 

(see Fig. 9,10). The region of FZ was chosen which approximates 

the same position as in third row of FZ. P1, P2 and P3 were 

compared with real test. The results of the weld region shows the 

hardness values from simulation and experiment are in reasonable 

agreement with each other. The points selected to compare P1, P2 

and P3. Table 4 show the summarized results with different phases 

and cooling rate which are needed to determine the hardness 

according to Mayner equations. Hardness in P1 according to 

simulation is 193 HV and with real 171 HV (151-205 HV), P2, P3 

as well 

Fig 9 Two dimension model simulation hardness with three point P1, P2 
and P3 

Table 4: The result from hardness simulation for bohler filler 

 

Results confirmed and are in agreement with the predictions 

provided by the continuous cooling transformation (CCT) diagram, 

vR cooling rate and Maynier equations for the investigated steel 

using MSC.Marc software. 

Table 4: The result from hardness simulation for E355K2 
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Fig 10 Two dimension model simulation hardness with three point P1, 
P2 and P3 for E355K2 

The simulation of hardness, P1, P2 and P3 was selected in same 

position in spacemen 2 (see Fig. 11). Table 5 show the summarized 

results with different phases and cooling rate which are needed to 

determine the hardness in weld region P460NH_1 

 

Fig11 Two dimension model simulation hardness with three point P1, P2 

and P3 for P460NH_1 

 

Table 5: The result from hardness simulation for P460NH_1 

 

It shows the 2D numerical simulation model with experimental 

acceptable agreement. Balancing prediction accuracy and 

computational time in present work with 2D model, it can be found 

that the method based on the comparison with experimental can 

predict a good result for the welding residual stress and save a large 

amount of computational time. This case is a potential approach to 

predict residual stresses for multi-pass joints with acceptable 

results. Modify the 2D model are necessary to obtain more accurate 

results, especially with the 3D and the dimensions of the thickness 

from each side of weld and more similar to the realistic shape (see 

Fig. 12, 13) residual stress in X, Y directions.  

 
Fig.12 Residual Stress in X Direction 

 

 
Fig.13 Residual Stress in Y Direction 

4. Conclusion 

 In this work, it shows the methodology of the simulation of 

welding. The work presents the mock-up and the material 

properties and welding technologies that are needed to create a 

finite element simulation. After that, the report summarizes how 

to build a correct finite element model in 2D to simulate girt 

welding. In addition, experiments were carried out so that 

hardness test measurements could be used to validate the 2D 

finite element model. The result show close agreement between 

simulated and experimental hardness in the weld. Therefore, the 

simulation methodology is acceptable, justifying the creation of 

a 3D model.  

 The challenge here was to predict hardness test measurement 

using simulation of welding with dissimilar materials and also 

with multi-pass welding. There are several very important 

reasons for this preliminary validation work: first, to confirm 

the method for the 3D simulation and second, future x-ray 

diffraction measurements to compare the numerical simulation 

with measured results of residual stresses. Marc software and 

computer hardware development mean reducing the time 

needed for welding simulation. It will be possible to start with 

the 3D simulation of multi-passes welding using the sufficiently 

fine mesh needed for more accurate analysis.  
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