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Abstract  

The truck assembly used in the mining industry involves a considerable amount of welding 
applications, where the materials that have to be joined differ in metallurgical and mechanical 
properties. The complexity in the analysis of these joints increases when the welding is developed on 
large thickness plates, in which are necessary to apply a controlled sequence of welding beads (multi
pass welding). This paper presents an analysis by finite element method of the evolution in the thermal 
history, microstructure and strain produced by a multipass Gas Metal arc welding process, applied to 
the welded joint of Hardox 400 and ASTM 514 plates. Besides this a comparison between the 
analytical results and experimental data was made, and it was found that this method can be efficiently 
used to accurately determine appropriate welding parameters of such components.   
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1. Introduction 

Nowadays the need to reduce the weight of vehicles, especially large vehicles such as trucks that 
transporting minerals from the mining industry has grown largely due to various reasons, such the 
decrease in weight would reduce considerably the wear of the axles and wheels of the vehicle (which 
typically cost several hundred dollars) [1] as well as a lighter vehicle would represent less load and 
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stress on the welds of the vehicle platform. However, although currently there are advances in the 
design of these trucks for reduce vehicle weight [1], is very important that the welds used in the 
assembly process of the truck meet very high quality standards, because the welds are constantly 
subject to cyclic loads during operation of the truck. 

The trucks used in the mining industry have many welding applications, which differ in the type of 
welding process used to join the materials and in the geometric complexity [2]. Many of the weld joints 
on these trucks are made by Gas Metal arc welding (GMAW) process, which is widely used in 
different modes of arc transfer in the manufacturing industry of welded components. The quality of the 
weld joint is determined by the penetration and deposited bead profile, which are directly affected by 
the current, voltage, wire feed speed and shielding gas [3]. However, in some of the welds of mining 
trucks assembly the degree of complexity to the analysis, prior to assessing the quality of the weld, is 
very high, because the weld joints usually are made in large thickness plates, in which are necessary to 
apply a controlled sequence of welding beads (multipass welding). A statistical experimentation 
analysis in such weld joints, would demand a lot of time and would be economically unprofitable, 
besides this there are many variables involved in the process and it is difficult to make a realtime 
measurements (in situ) in areas closed to the interaction between the arc and the material during the 
welding process. It has also been well studied that it is desirable and sometimes critical to determine 
some aspects during the GMAW welding process; the distribution of temperature in relation to the area 
and the welding parameters behavior with respect to time, because these aspects directly affects the 
metallurgical behavior and consequently strength and reliability of the joint [4,5], and as mentioned 
above, this is difficult in a experimental analysis. 

In the literature has been reported the use of finite element method (FEM) as a tool for the systematic 
analysis of arc welded joints,  R. Komanduri et al, developed a detailed comparative study of the use of 
modeling by FEM and the analytical method in the temperature distribution analysis and its effect on 
the thermophysical variables in arc welding of small parts, the authors conclude that it is possible reach 
the same results with both methods [6,7], however this study only performed for a single welding 
sequence, in the same way Li Yajlang et al, developed a simulation of a arc welding processes in a 
single welding bead focusing in the analysis of residual stress of the welded material, the authors 
obtained good results, they find a good correlation between heat input and the magnitude of residual 
stresses in the welded joint [8], Igor K. Senchenkov et al, performed a FEM model to study the residual 
stresses, distortions and microstructure in steel cylinders joint, they obtaining results with a good 
correlation with experimental data, however the authors conclude that when the weld joint consists of 
several layers applied sequentially, the model found a slight discrepancy results in the phases enclosed 
in the weld zone, and that the model does not consider the interaction of mixture of martensite and 
austenite phases [9], finally, some authors have proven that it is feasible to simulate by FEM a weld 
joint with a controlled sequence of welding beads, but in these studies were not performed a complete 
analysis (microstructure, mechanical and thermal), and the influence of the total sequence of the beads 
in the joint was not considered [10]. 

The main objective of this study is to evaluate the feasibility of using the FEM simulation process for 
analyzing the evolution of the thermal history, microstructure and strain produced by multipass 
GMAW welding process, applied in the joint of Hardox 400 and ASTM A514 plates. Also a 
comparison between experimental and FEM analytical results was made.                     
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2.  Experimental procedures 

In this section the experimental materials and welding procedures, and also the proposed MEF 
simulation methodology are described. 

2.1 Materials and characterization methods 

For the welding experimental development and validation of FEM simulation, two plates were welded 
in bevel grove joint configuration. The configuration of the welded joint and the dimensions of the 
Hardox 400 and ASTM A514 plates are shown in the next figure. 

Figure 1. Schema of bevel grove joint and welded plates dimensions. 

The Figure 1 shows that the filler material was an electrode ER70S6, which has the appropriated 
chemical composition and mechanical properties for welding this type of plates [15]. Also the figure
shows that the plates were joined with a bevel grove configuration, with a 45⁰ angle of bevel in Hardox 
400 plate.

The Chemical analysis revealed that the chemical compositions of both plates, Hardox 400 and ASTM 
A514, are in agreement with the respective standards for each plate [11,12], as shown in the following 
tables.  

Table 1. Chemical compositions of the Hardox 400 plate in agreement with the standard [11]. 

2.5 cm

1 cm 18 cm18 cm

3.5 cm

Hardox 400ASTM A514

α = 45°

C Mn S P B CE Fe
0.20 1.70 0.01 0.025 0.005 0.59 Bal
max max max max max max max
0.14 1.45 0.005 0.018 0.004 0.39 Bal

Hardox 400 standar

Welding plate
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Table 2. Chemical compositions of the ASTM A514 plate in agreement with the standard [12]. 

In the Tables 12, the CE is a parameter that controls the presence of other elements in the chemical 
composition of the plates, and is calculated with the following equation [11,12]. 

 =  + 
 + 

 + 
                                         (1)

2.2 Welding procedure 

The Figure 2 shows schematically the multipass GMAW welding procedure in the bevel grove weld 
joint in the plates used during the experimental process. The filler material used was the ER70S6.  

Figure 2. Multipass GMAW welding process schema of the bevel groove weld joint. 

Because the thickness of the union of these components is large, it is necessary to apply a controlled 
sequence of multipass welding beads (multipass welding). Figure 3 shows the sequence deposited 
welding beads and the parameters used during GMAW welding process.

Figure 3. Welding sequence and parameter configuration of multipass GMAW welding process. 

C Mn Cb V S P CE Fe
0.20 1.65 0.10 0.10 0.006 0.025 0.46 Bal
max max max max max max max max
0.18 1.35 0.05 0.08 0.004 0.022 0.37 Bal

ASTM A514 standar

Welding plate

GMAW welding torch

Electric arc

Welding pool

Wire

Shielding gas

HARDOX 400 PLATE ASTM  A514 PLATEWelding support plate

Parameter Magnitude
Current (A) 220
Voltage (V) 24

Travel 35
speed (Cm*min)

Heat input (Kj/cm) 57.475
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In order to reduce the distortions caused by solidification, Figure 3 shows that the sequence of 
deposition of the welding beads was alternately on both sides of the bevel grove. Likewise, for the 
same purpose intervals of 30 seconds were taken between each weld deposit, to achieve lower thermal 
gradient and slower solidification rate.

2.3 Analysis and Validation of MEF simulation 

FEM simulation of multipass welding process was performed in a finite element software specially 
designed for welding analysis, developed by Edison Welding Institute [16]. Figure 4 shows the 
methodology used for analysis and validation of FEM simulation.

Figure 4. Methodology of analysis and validation of FEM model. 

3. Results and discussion 

In this section a discussion and comparison between the experimental and MEF model results of multi
pass welding of Hardox 400 and ASTM 514 plates were carry out. 

3.1 Thermal analysis  

There are different methods for the validation of a thermal finite element model of a welding process, 
one of those is by measuring the boundaries of the molten zone and heat affected zone (HAZ) on 
welded plates and make a comparison with the values estimated by the FEM model [13], this method 
was used in this work. 

Figure 5A shows the results of FEM simulation that provides the thermal history of the maximum 
temperatures generated during the multipass GMAW process in the welding area and its surroundings, 
and Figure 5B presents the results obtained experimentally by a cross section macrograph in the 
welding zone of the plates. 

In the comparison between FEM and experimental results, it was found a good correlation, because the 
dimensions of the melted area in two cases are very similar and also the limits of the HAZ of Figure 5B 
correspond to the temperatures observed in bands with range between 9181127 °C in Figure 5A, 
which is the austenitizing temperature, which usually leads to recrystallization and grain refinement 
[3]. 
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400 and ASTM A514 plates

Thermal, 
microstructural 
and mechanical 

FEM analysis 

Pre-processing

Solution

Post-processing 

Results

c

c

Validation 

Discussion of 
results and 

conclutionts

Material properties (thermal, 
mechanical and microstructural)  

Results 

c

Geometrical model of the weld  

c

Welding parameters  

c

c

Meshing  

Experimental 
procedure (welding 

process)

Welding 
parametersc

c

Characterization  

c

c
c

Microstructural

Mechanical 
(distortion profile)

116



Figure 5.  A) FEM thermal analysis and B) Macrograph of weld crosssectional area

3.2 Microstructural analysis 

The figure from 6A to 6C shows the FEM analysis results of the phase percentage founded in the weld 
zone and also shows a micrograph obtained in the metallographic analysis of the transverse weld zone 
in order to validate FEM model results. 

As can be seen in Figure 6, the FEM analysis gives results of saturation phases ranging from 100% 
concentration (red) to 0% concentration (blue). Figure 5A shows the saturation of the ferritic phase, the 
6B of bainitic and 6C of the martensitic phase. Also the results were validated with a 500x 
micrographic in the welding area where the model predicted a high saturation or concentration of each 
of the phases. 

A)

B)
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Figure 6. Phases percentage founded in the welding of the plates and experimental micrograph at 
500x, A) Ferrite, B) Bainite and C) Martensite.

Unlike the thermal model validation, the validation of microstructural model has a higher degree of 
difficulty, because at present there is a lack of precise tools for quantifying the percentage of phases 
founded in a micrograph. However in zones where the MEF model predicted higher saturation of some 
phases, in the micrographs were observed similar results, the ferrite clearly distinguished in the 
micrograph of Figure 6A (bright phase), also in the micrograph of Figure 6B is possible to detect the 
thin ferrite plates or feathers called bainite and the micrograph of Figure 6C shows needleshaped 
growth of the grains in some areas, that is characteristic behavior of martensite growth. 

3.3 Mechanical analysis  

The stress and thermal distortions analysis models showed results very similar to those reported in the 
literature for the residual stress in welding (see Figure 7) [14]. However, the results of the model 
predict maximum values of stress  in the interface of the weld pool and the plates (510.51 MPA, orange 
color) below to the tensile yield strength of the Hardox 400 and ASTM A514 plates, that have a yield 
strength of 999 and 551 MPA respectively [11, 12], which indicates that the parameters that were used 
in the simulation and experimentation are suitable to weld this kind of plates.   

A)

C)

B)

Ferrite

Martensite

Bainite
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In the weld pool which is subject to constant heating and compression, due to the phase changes 
(liquidsolid), the maximum residual stress predicted by the model was 574.33 MPA, which is lower 
than the yield strength of the ER70S6 electrode, that resist more than 650 MPA.      

Figure 7. FEM results of residual stress (Von Mises) in the welding (MPA) 

In the aim of validate the finite element simulation of thermal distortions, it was done a comparison 
between an experimental macrograph of twodimensional measurement of welded sample and the FEM 
results. The results are shown in Figure 8A and 8B. It can be seen clearly that there is a similarity in the 
dimensions of thermal distortions; also the endpoint of the plate is more distorted in the plate without 
angle, because the angle increase the area of contact with the weld bead and therefore provoke a better 
stress distribution during the solidification (Hardox 400). 

Figure 8. Thermal distortions results (mm), A) FEM Analysis and B) Experimental results. 

In Figure 8A the FEM analysis predict a contraction during solidification of the weld beads applied at 
the bevel groove of the plates, which caused a distortion (contraction of the weld pool) maximum of 
1.57 mm at the ends of the plates. The measurements in experimental specimen have a maximum value 
of 1.89 in ASTM A514 plate, so that the simulation results are agree with those that was obtained in 
experimental procedure. 

A)

B)

L=1.89 mmL=1.64 mm

A)

B)
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4. Conclusions  

In this investigation the following conclusions were formulated:  

(1) The FEM analysis proved to be a suitable method to predict the thermal, mechanical and 
microstructural behavior of GMAW multipass weld joints, which undoubtedly leads to a decrease in 
analysis time compared to the development of a statistical experimentation analysis. 

(2) The thermal cycles during multipass GMAW welding process cause a greater degree of 
heterogeneity and complexity in the phase distribution than in a single weld process, due to the heat 
deliver to the union is supplied sequentially during deposition of each of the weld beads. 

(3) It is possible to calibrate finite element models that simulating temperature fields (thermal 
simulation) due to welding process, through the comparison of these with the limits of the heat affected 
and melted zones of an experimentally welded specimen.   

(4) The obtained results (MEF simulation and experimental) of weld beads deposition sequence used in 
this work were very acceptable, because the welded plates shows insignificant  thermal distortions and 
low residual stress, so this sequence can be used for welding truck components of mining industry. 
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