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THE USE OF NUMERICAL MODELLING TO DETERMINE THE CONDITIONS OF REGENERATION 
OF MEDIUM CARBON STEEL

In the paper, the regeneration process of the material in grade C45 using the MAG welding was analysed. The effect of 
preheating on the properties of the regenerated layers was determined. Preheating technology was used to facilitate the process of 
regeneration and minimize the risk of imperfections. The use of numerical methods allows one to observe the direction of changes 
in the properties, structures and emerging stresses and accompanying strains of the elements depending on the temperature ap-
plied for preheating.Modeling of the stress state in the element made of medium carbon steel during the regeneration process was 
performed on original software based on the finite element method. The implemented numerical model consists of three basic 
elements – thermal phenomena, mechanical phenomena and phase transformations in the solid state. The performed numerical 
analysis made determining the optimum heating conditions possible, so that the material in the area of joint didn’t show tendency 
to create structural notches associated with the stress state.
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1. Introduction

Due to the high level of carbon content in the C45 steel, 
the regeneration of the steel elements requires using the preheat-
ing of elements before the repair, it is necessary to obtain the 
preferred structures of the material and reduce the possibility 
of cracking within the regenerated layers. The cracks that can 
occur in the regeneration process are unacceptable by quality 
standards. The causes of cracks can be: brittle microstructure in 
the HAZ or weld / padding weld, hydrogen diffuses, high level 
of tensile stresses [2,3,5,8,12].

The use of computer modelling to perform the qualification 
process of welding according to the requirements of the norm 
allows for a reduction in the cost of such tests. The verification 
of the computer model allows one to select the appropriate 
conditions of the regeneration of elements used to molds and 
tools made of steel C45. Application of the assumed conduct 
provides the possibility of determining the strain, stress state and 
the fraction of the metallographic structures which are the results 
of the qualification tests of welding technologies to rebuild the 
geometrical parameters of elements. The mathematical modelling 
is justified due to the cost effectiveness of experimental research. 
Currently, the works in the field of analytical modelling as well 
as numerical modelling during the welding are conducted to de-
termine formed phases. Analytical models are used to determine 
the dependence in the model for geometrically simple cases. To 
analyze the complex shapes and to include a greater number of 

coupling between the phenomena of the process the numerical 
models are used [23,24].

In the analysis of the selection of the additional material, 
the following factors should be taken into account: the required 
exploitation properties of the layer, hardness, resistance to 
abrasion, corrosion, impact strength, heat resistance, the avail-
able form and welding properties and the cost of additional 
material. The choice of the proper regeneration method from 
the available technologies depends on the parameters of the 
regenerated layer. The main parameter is the size of the defect. 
In the case of small defects or to protect the element by a thin 
layer, the spraying technologies can be used. For larger defects 
or for the thicker layer, the use of the efficient method with 
the solid or cored wires will be more effective. Regeneration 
has to recreate the features of the used element, and it should 
occur in a commercially reasonable manner [2-5,10,16,18,20,
21,28].

In the case of regeneration on the basis of welding methods, 
it is necessary to qualify welding technologies according to PN 
EN 15614-7. The appropriate choice of the technological param-
eters allows one to obtain the expected effect of regeneration. 
One of the technological criteria, which should be analyzed, is 
the type of regenerated material. Steel grade C45 is a material 
considered as poorly weld able, because it is easily hardened in 
the HAZ. For these reasons, properly established treatment of 
preheating should be used. The problem during the qualification 
is the choice of the proper range of preheating temperature which 
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is associated with the cost and time of forming a regenerated 
surface without the imperfection [12,13].

To   perform a full qualification of a semiautomatic weld-
ing process in accordance with the requirements of PN EN ISO 
15614-7, a few tests can be carried out. The specimen by the 
non-destructive and destructive testing can be checked. For 
non-destructive testing, visual and liquid penetrant or magnetic 
testing can be used. This kind of test is relatively cheap. Fo    r 
destructive testing such as macroscopic and microscopic metal-
lography, a hardness test can also be performed, but this kind 
of test is expensive. Each of these tests generate some costs of 
preparing the qualification. Every mistake in qualification causes 
new costs [3,5,12,13].

2. Numerical model of regeneration process

In the paper, the mathematical and numerical model of phe-
nomena occurring during the regeneration process using welding 
were applied. Th  is model consists of the part responsible for the 
calculations of the phase transformations in the solid state, the 
thermal and mechanical phenomena. The elements of the model 
are related to the appropriate couplings (Fig. 1).

F  ig. 1. The diagram of the numerical model of phenomena of regenera-
tion process

The basic element of the regeneration process that decides 
about the accuracy of the next stage of calculations is the thermal 
phenomena model. In the paper, the heat transfer equation in the 
following form was used to determine the field of temperature

 0
t
TCT   (1)

where: T is temperature [K], t is time [s], λ = λ(T) is the thermal 
conductivity [W/(mK)], ρ is the density [kg/m3], C is the effec-
tive thermal capacity [J/(kgK)].

During   the solidification process, the heat of transformation 
is produced. This heat is included in the model by the modifica-
tion of the effective heat capacity of the material [7]
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where: L [J/(kgK)] is latent heat of transformation of the liquid 
phase-solid phase.

The share of the solid phase is determined by the lever rule
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where: TL is the temperature of the liquidus line, TS – temperature 
of the solidus line.

To calculate the kinetic of phase transformations in the solid 
state during the heating and cooling processes, the macroscopic 
model based on the analysis of CTT diagrams is used [19,26].
In this model, to determine the increase of the austenite phase 
during the heating process, the modified Koistinen-Marburger 
equation was used [6,14]

 TT
TT

tT s
fs

4.60517exp1,~   (4)

where: Tsγ and Tfγ are the temperature of the start and finish of 
austenite transformation.

Wherein the austenite transformation occurs only in the 
area of heat affected from the weld, it is assumed that the weld, 
below the solidification temperature, has the austenitic structure.

To calculate the kinetic of austenite → ferrite, austenite → 
pearlite, austenite → bainite phases the Johnson-Mehl-Avrami-
Kolmogorov equation was used in the form[1]
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where: η(i%) is the final fraction of “i” phase estimation on the 
basis of CCT diagrams for considered steel, η~γ is a volume frac-
tion of forming austeite, ηj is the volume fraction of phase formed 
during the cooling process, n(T) the functions depending on the 
start and finish times of transformation (ts and tf).

The increment of the martensite phase is described by the 
Koistinen-Marburger equation [6,14]

 TMtT S
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where: MS is the start temperature of martensite transformation.
The martensite tempere    d fraction resulting from tempering 

is described by formula
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During the welding process, the tempering phenomena   has 
also occurred. In the presented model, the transformation of 
martensite to tempered martensite is calculated by the modified 
Avrami equation. The start and finish curves of the tempering 
transformation are determined by the equation depending on 
the heating rate [25]
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where: VH[°C/s] – the heating rate.
During the phase transformation, the changes of volume 

occur. These changes are the results of thermal and structural 
strains. These strains are calculated by the following equation
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where: αi(T) is thermal expansion coefficient for “i” phase,  
εi

Ph(T) is a strain expansion coefficient for “i” transformation. 
These values were calculated for the C45 steel on the basis of 
experimental research using a dilatometer [6].

In the model of mechanical phenomena, the equilibrium 
equation was used without mass forces. The equilibrium equa-
tions are supplemented by the constitutive relations in the form 
[6,7,15]
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where: εe, ε, εT, εph, ε pl, ε tp are respectively the elastic, total, 
thermal, structural, plastic and transformation strain tensors, D 
is a tensor of material constants.

The plastic strains (ε pl) are determined by using the as-
sociated plastic flow law with isotropic hardening [15]. To 
calculate plasticity transformations (ε tp) the model based on the 
Greenwood-Johnson mechanism is used [11,22]. The tempo-
rary yield point is dependent on the temperature and the phase 
composition [9].

3. Examples of calculation

The numerical simulation  s of the regeneration process were 
performed for the plate made of C45 steel.The computations 
were performed for the cross-section direction of the forming 
weld. The depth of the plate is equal 0.01 m, width 0.15 m, 
whereas the height of padding weld 0.005 m (Fig. 2). It was 
assumed that the padding weld was formed in the 8 bead and 
each has a width that equals 0.01 m. The first weld is located 
0.05 m from the boundary. The shape of the paddin    g weld was 
approximated to the rectangular element, therefore the angle 

90° is a limit according to the norm ISO 5817 for the level of 
quality D [12]. The four cases of preheating T0 = 20, 100, 200, 
300°C were considered.

The cooling on the boundaries was modeled by the New-
ton condition. The heat transfer coefficient was adopted for air 
according to the equation (11), the air temperature was equal 
Tair = 20°C [17]
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It was assumed that the nest padding weld is represented 
by adding the appropriate area in the finite elements mesh. This 
required performing a simulation for eight different geometries. 
The dimension of each finite element was equal Δx = 0.000625 m, 
Δy = 0.0005 m. It allows one to observe changes in the mechani-
cal phenomena as well as phase transformations in the solid state. 
The initial temperature of the padding weld was 3000 K. The 
appearance of the next padd  ing weld was dependent on the 
value of temperature. For the first case, (the initial temperature 
of steel plate was equal to the air temperature) the next bead 
was formed after the full cooling of the steel element. In other 
cases the next padding weld occurred after reaching the previous 
padding weld of preheating temperature. The adopted cooling 
conditions   allow for the total disintegration of austenite. In the 
model of mechanical phe  nomena, the appropriate boundary 
conditions were adopted (statically determinate). The thermo-
physical properties such as: heat transfer coefficient, thermal 
capacity, density, Young’s modulus were defined as a function of 
temperature, whereas yield point – as a function of temperature 
and phase composition [9].

Each test consists of 8 cases o  f simulation following one 
another. The input data of the following simulation (temperature, 
phase content, displacement, strains, stresses) are the results of 
computation for the previous geometry

On the basis of ferrite and pearlite fractions, it can be ob-
served that the first two padding welds are significantly different 
from the others. For the third and next – the cooling and heating 
conditions stabilize and the repeatability of the process is better. 
The most varied results occurred for the first padding weld. This 
is related to the fact that heat transfer to the regenerated part is 
carried out by one surface, whereas by the upper, the right and 
the left surface of the bead is cooled by the air. The choice of the 
thermal cond  ition of the weld bead, despite large simplification, 
seems to be correct. The depth of penetration obtained in the simu-
lation (see Fig. 4a) is comparable with the experiment (Fig. 5). As 
expected, the increase of th  e initial temperature of the surfacing 
material, keeping the initial temperature of the padding weld, 

Fig. 2. The temperature f  ield for the first preheating (T0 = 20°C) after the time t = 4s
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Fig. 3. Ferrite fraction after     regeneration process, temperature of preheating: a) 20°C, b) 100°C, c) 200°C, d)300°C

Fig. 4. Pearlite fraction after regeneration process, temperature of preheating: a) 20°C, b) 100°C, c) 200°C, d)300°C
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causes deepening of the fusion zone. The paper did not analyze 
the parameters of the process due to the depth of penetration.

The composition of hardening phases – bainite and mar-
tensite (Figs. 6,7) indicates the rightness of using preheating at 
least at the level of 200°C.This provides a lower level of effective 
stress (Fig. 9), which has strong impact on the appearance of 
cracks. The areas with a higher value of   plastic strains (Fig. 11) 
correctly show the place where the cracks can occur. The level 
of plastic strains is strongly disturbed by the adopted recrystal-
lization condition. It was assumed in the model that the plastic 

strains are reset if the average temperature of the finite element 
is above 0.7 of the solidus temperature.

The distribution of plastic strains (Fig. 11) also indicates the 
large role of interpass tempering. A lower value of the yield point 
for the tempered martensite (set as the bainite) (Figs. 8, 10) is 
the reason for the lack of cracks between the padding weld. The 
cracks in the unfavorable distribution of structural and thermal 
strains may occur in the cross-section of the padding weld.

4. Conclusion

The presented numerical model ma  kes it possible obtain 
the information about the state stress and the distribution of the 
phase in elements made of medium carbon steel regenerated by 
the base material. The fraction of martensite (clo  se to 100%) (Fig. 
7a) for the temperature of an element that equals T0 = 20°C causes 
a si  gnificant concentration of stresses reaching over 700 MPa 
(Fig. 9a). The low share of bainite (Fig. 6a), at the level of a few 
percent, can cause the initialization of cracks inside the martensite 
structure. The forming structure in this temperature may be speci-
fied as brittle, less impact resistant and susceptible to high and 
low tempering. On the other hand, obtained results can be used 
for the material preheating above 200°C giving the structure of 
bainite (more than 80% bainite) (Fig. 6d) with a small amount of 
martensite and tempering martensite (20%) (Fig. 7d). The level of 

Fig. 6. Bainite fraction after   regeneration process, temperature of preheating: a) 20°C, b) 100°C, c) 200°C, d)300°C

Fig. 5. Depth of penetration z    one after the welding process of the 
construction steel
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Fig. 7. Martensite fraction after regeneration process, temperature of preheating: a) 20°C, b) 100°C, c) 200°C

Fig. 8. Tempered martensite fra    ction after regeneration process, temperature of preheating: a) 20°C, b) 100°C, c) 200°C

residual stress (fo   r an elemental ready preheated to the temperature 
of 200°C) does not achieve 500 MPa (Fig. 9c). Taking into account 
the further treatment of the welded element and the value of yield 
point (Fig. 10), the initial temperature of the element should be 
above 200°C. The level of plastic strain (Fig. 11), particularly in 
the interpass areas, is several times higher when the element has 
a temperature of 20°C than when the temperature is above 200°C.

The analysis of results gives the possibility to select an 
appropriate preheating temperature for economic as well as 
technological reasons. The tested material is difficult to regen-

erate. The presented analysis allows one to evaluate if defects 
after regeneration may occur. The described mathematical model 
can be used in the selection of the parameters of process such as: 
the preheating temperature, geometry of the padding weld and 
the choice of the cooling medium. All of the presented results 
ha  ve been obtained from the original application based on the 
finite element method. This application allows one to perform 
the simulation of regeneration of elements made of C45 steel in 
order to evaluate the possibility to crack and also the dimensional 
changes of the regenerated parts.
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Fig. 9. Effective stresses [MPa] after regeneration process, temperature of preheating: a) 20°C, b) 100°C, c) 200°C, d)300°C

Fig. 10. Yield point [MPa] after regeneration process, temperature of preheating: a) 20°C, b) 100°C, c) 200°C, d)300°C
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Fig. 11. Effective plastic strain after regeneration process, temperature of preheating: a) 20°C, b) 100°C, c) 200°C, d)300°C


