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Abstract 

 

In order to ensure safety and reduce maintenance costs within the railway system, 

it is necessary to characterize the effect of the inclusion defect « corundum or 

aluminum oxide » for different values of gap width (distance between two rail 

ends to be welded) on the mechanical behavior of thermite welding. The influence 

of this defect, present in the filler metal at level of the rail foot, was studied by 

simulating eight different values of gap width. The stresses according to the Von 

Mises criterion were analyzed at level of the rail foot. Calculations were carried 

out for a loading level corresponding to the weight of a TGV trailer, using the 

finite element method with the code ANSYS 15.0 
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1. Introduction 
 

In Morocco, the assembly of railroad rails is done by the thermite welding process 

with limited preheating (PL). It is similar to the SkV-F welding process that is 

used in England and Australia [2, 3]. This welding method consists in mixing the 

iron oxide and the aluminum powder in presence of a source of heat, which is 

sufficient to cause an exothermic reaction. This reaction can reach a temperature 

between 2000 and 3000°C. The realization of this welding process is provided by  
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several important key steps such as the adjustment of the gap width. Each rail 

profile has a different value of gap width. For a selected rail profile the amount of 

iron in the thermite kit (powder bag composed by iron oxide and aluminum) is 

proportional to the volume set by the value of gap width [1]. Errors relating to the 

value of gap width generate an imbalance between the amount of iron in the kit 

and the volume of the gap width. If the gap width distance exceeds the standard 

value, the inclusion defect appears in the welding zone. The modeling of this 

welding process is a very complex problem, involving couplings between 

mechanical, thermic and microstructural phenomena. In this study, we propose a 

mechanical modeling of a bilinear material behavior, which in our case is the filler 

material of the thermite weld, and a linear material behavior which is the 

corundum (Al2O3), which represents the inclusion defect. The thermite weld is 

subjected to an Hertzian load. In this modeling we assumed a 27mm gap width for 

a virgin weld and we varied the gap width distance from 27.5mm to 32 mm. The 

numerical simulation was performed using the finite element method with the 

code ANSYS V15.0. 

 

2. Thermite weld 
 

Under certain conditions, the mixture of iron oxide (Fe2O3) and aluminum (Al) 

(fig.1-a) in presence of a sufficient heat source causes an exothermic reaction 

(temperature between approximately 2000 and 3000°C) giving on the one 

hand alumina (Al2O3) (fig. 1-b) (obtained by fusion and called corundum) and on 

the other hand iron [2] (fig. 1-b), whose chemical transformation is illustrated in 

[4]. Subsequently, we will detail the technique of Limited Preheating that is 

frequently used in Morocco. 

 

Fe2 O3 + 2 AL  2 Fe + AL2 O3 + 181.5 kcal 

 (a) (b) 
    

 Figure 1. Different materials (a) before and (b) after the aluminothermic reaction  

 

3. Thermite welding process 
 

In Morocco, the assembly of railway tracks is done by the thermite process with 

two types of preheating: 
Limited Preheating process (fig. 2), it is similar to the SkV-F welding process, which 
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is used in England and Australia [2-4]. This process is characterized by a key 

parameter, which is the time of pre-heating. 

This is done for a definite period of time (five minutes), without controlling the 

temperature obtained at the end of the sequence. It is realized using an air-propane 

burner. The temperature depends on the climatic conditions of the place where we 

want to perform the welding. 

Preheating Process, the implementation of this process requires the preheating of 

the rail ends until a temperature of 800 to 900°C is reached. 

This method follows the same procedure as the limited preheating process, by 

adding a thermochromic pencil to control the required temperature. 

Under normal atmospheric conditions and with a preheating equipment in good 

condition, the execution time of preheating is of about twelve minutes [3]. 

 

 

 (a)   (b)   (c)  

 (d)   (e)   (f)  

 

 

Figure 2. Execution steps of a thermite weld: (a) alignment of rails, (b) gap width 

setting, (c) preheating, (d) end of preheating, (e) thermite reaction outbreak and (f) 
solidification 

 

4. General information about the inclusion defect 
 

Defects in the welded area of the rail may be the cause of its premature rupture. 

They can be classified into four main groups (defects due to manufacturing; 

defects due to the use; defects resulting from corrugation and welding defects). 

In our study we concentrate on the welding defect and especially the inclusion 

defect of corundum in the welding zone of the rail. Factors that could cause this 

type of defect are: insufficiency of preheating, climate change, execution errors or 

exceeding the permissible value of gap width. 

The defect that we have identified clearly favors stress concentrations. According 

to the level of these constraints, processes of damage can develop particularly at 

the level of the interface between the material of weld and the corundum, which  
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leads to a reduction of the welding lifetime. It therefore seems necessary to model 

the mechanical behavior of these junctions for different gap width distances in 

order to identify the distance that generates more stress concentrations. 

 

5. Modeling 
 

Concerning the modeling by the finite element method, we considered a 

locomotive of 64tons (8000Kg/wheel). Loads are applied as Hertzian contact 

pressure, expressed by the equation (1). As we have already developed in previous 

studies [9], the average Hertzian pressure applied in this simulation is 750MPa 

and the maximum pressure P0 is 1125MPa. 

 
2

0
0( ) 1

X x
P X P

b

 
  

 
      (1) 

It is to be noticed that the magnitude of the relatively small contact surface 

generates the importance of pressures applied on this surface. 

The vignole rail profile that we have considered is of the type UIC 60 [9]. This 

last is defined by the standard NF A 45-317. 

 

(a) (b)  

 

Figure 3. Weld without inclusion defect (a) 3D and (b) 2D 

 
We considered a rail cross section at the level of the thermite weld (fig. 3). This 

section is regarded as a healthy weld which doesn't contain the inclusion defect. In 

order to have a weld without inclusion of corundum (Al2O3), the gap width value 

should be between 23 and 27mm, because for a standardized method of welding 

of the rail profile UIC 60 the gap width is adjusted to 25mm ±2mm. In this 

modeling, we supposed a gap width of 27mm for a virgin weld as we indicated on 

(fig. 3). Then, we varied the gap width distance from 27.5 to 32mm (fig. 4). These 

distances cause a corundum penetration through the two casting holes on the level 

of the thermite welding. The more the gap width distance increases, the more 

important becomes the volume of the inclusion (of corundum). That is the reason 

why we modeled this problem with the objective to analyze the influence of the 

gap width distance on the mechanical behavior of thermite welds.  
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In our main issue, we considered seven cases associated to the defect mentioned 

above (tab. I). The section of the UIC 60 rail profile is 76.7cm². 

 

 

TABLE - I. Gap width according to the corundum section penetrated in the 

thermite weld 
 

Gap width 

(mm) 

Thermite weld 

volume (mm3) 

Penetrated volume of 

corundum (mm3) 

Section of corundum in 

the weld (mm²) 

27 207 090 0 0 

27.5 210 925 3 835 139 ± 2 

28 214 760 7 670 274 ± 2 

28.5 218 595 11 505 404 ± 2 

29 222 430 15 340 529 ± 2 

29.5 226 265 19 175 650 ± 2 

30 230 100 23 010 767 ± 2 

32 245 440 38 350 1198 ± 2 

 

 

(a) (b) (c) (d)  

(e) (f) (g)  
 

 

Figure 4. Inclusion defect section according to the gap width of (a) 27.5mm, (b) 

28mm, (c) 28.5mm, (d) 29mm, (e) 29.5mm, (f) 30mm and (g) 32mm 
 

 

The boundary conditions which we have taken into account are: The displacement 

along Y is zero on the extremes of the rail foot and the displacement along X is 

zero on the entire profile. 

These configurations were meshed with elements of the type PLANE 182 using 

the computer code ANSYS 15.0 (fig. 5). The mesh is chosen in such a way that 

the solution in constraint does not evolve any more according to the element size. 

Indeed, the meshing refinement allow us to develop our analysis with accurate 

results. So calculations are carried out with the hypothesis of a rolling contact 

wheel/rail without friction, in the case of plane deformations on the level of the 

transverse section. 
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The considered materials for the thermite weld are: a steel of the Young's modulus 

E=243GPa and of the Poisson's ratio ν=0.3 [5, 9] and the corundum (E=390GPa 

and ν=0.27) [7]. The yield strength of the weld is 525MPa [8] and the tangent 

modulus is equal to ET=12.15GPa (we took 1/20 of the Young’s modulus of the 

weld) [6]. The model of the material is bilinear for the weld and linear for the 

corundum. 

 

 

  

 

Figure 5. Weld meshing with inclusion defect (S=529mm²) 

 

 

6. Results and discussion 
 

By the simulation of the studied structure, we tried to highlight the stress field 

developed by a Hertzian load. 

Taking into account this load and the considered boundary conditions, we based 

our analysis on three components: a bending stress SXX, a shear stress due to the 

shear effort SXY and a equivalent Von Mises stress SQV. These three stress 

components are highlighted in (fig. 6) and (fig. 7). 

 

 

(a)  (b)  

 

Figure 6. Distribution of (a) bending stress SXX ,(b) shear stress SXY according to 

the simulation plan (X, Y) for a gap width value of 32mm 
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For the analysis of these stresses, eight scenarios were distinguished. The first 

case is that of the structure without inclusion defect of corundum (fig. 3). The 

other cases correspond to the evolution of the inclusion of corundum through the 

two casting mold holes of the thermite weld. 

Among the obtained results, we presented in (fig. 6) and (fig. 7) the distribution of 

the bending stress, shear stress and Von Mises stress in the thermite weld on the 

cross section of a thermite weld for a inclusion defect section of 139mm² ±2mm². 

This result confirms that the stresses are maximal in the vicinity of the defect. 

 

 

     
 

Figure 7. Distribution of Von Mises stress SQV for a gap width value of 32mm 

 

This is valid for all geometrical forms of the considered inclusion defect. 

In order to highlight the influence of the size of the inclusion defect, we have 

reported the bending stress, shear stress due to shear effort and Von Mises 

equivalent stress according to the gap width distance for the same value of 

Hertzian load in (fig. 8), (fig. 9) and (fig. 10) respectively. In other words, we 

compared the influence of different corundum sections on the mechanical 

behavior of the thermite weld in the rail foot wings with the same boundary  

 

 

 
 

Figure 8. Influence of the gap width distance (inclusion defect of corundum)                                                                 

on the bending stress SXX in compression 
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Figure 9. Influence of the gap width distance (inclusion defect of corundum)                                                               

on the compressive stress SXY in compression 

 

 
 

Figure 10. Influence of the gap width distance (inclusion defect of corundum)        

on the Von Mises stress SQV 

 

conditions by varying the gap width distance (or distance between two rail ends) 

from 27 to 32mm. 

We notice that the form of the inclusion defect, which corresponds to the gap 

width of 29.5mm generates compressive bending stresses of about (-287MPa) in 

the vicinity of this defect. Indeed, this stress does not exceed the elastic range. 

When the gap width distance exceeds 29.5mm, the compression of this stress 

increases and reaches the value of (-792MPa), which coincides with a gap width 

distance of 32mm. The yield strength of the thermite weld material is reached 

with a gap width distance of 30.7mm (fig. 8). 

Regarding the shear stress SXY, we could not notice any material plasticization in 

vicinity of the defect. The maximum value of this stress was observed for a gap 

width distance between 29 and 29.5mm (fig. 9). 

The examination of (fig. 10) shows without ambiguity that the Von Mises stress 

reaches very important values for different gap width distances. From the value 

27.2mm (inclusion defect section equal to 56.4mm²), we found that the thermite 

weld material has passed in plastic range. Between 28 and 32mm, the increase of 

the Von Mises stress is very weak. It has a maximum value of about 918MPa. 
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7. Conclusions 
 

By mechanical design software tools, we were able to draw different forms of the 

inclusion defect of corundum for different gap width distances, which may be 

caused by operator errors. Regarding the finite element modeling, we have 

selected eight cases. The first one is that of the structure without inclusion defect 

of corundum and the other cases correspond to the evolution of the corundum size 

through the two casting mold holes of the thermite weld. In these modes, we 

based on geometrical configurations extracted from the phenomenon of steel 

molding by the gravitational effect through a casting hole. 

The first modeling results which we obtained show clearly, that a high 

concentration of bending stresses in compression at the point of the extreme top 

and in tensile at the point of the extreme bottom of the corundum/weld interface 

can be noted, when the limit of the inclusion defect reaches the central level of the 

rail foot. Moreover, the difference of the mechanical properties of the weld metal 

and the corundum generates interfaces, which can easily form privileged zones for 

possible damage processes even if there is a local relaxation of residual stresses. 

The characterization of this damage requires an asymptotic analysis allowing the 

determination of the magnitudes which directs the crack propagation caused by 

the inclusion defect. The shear stress according to the plan (X, Y) is important if 

the gap width distance is between 28.5 and 29.5mm. This is explained by the 

geometry of the inclusion defect. These geometries generate two interfaces 

weld/corundum existing on the two free surfaces of the rail foot. The equivalent 

Von Mises stress is important if the size of the defect increases. 
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