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In the presented study, the cases of regeneration of the element made of C45 steel, using the MAG (Metal Active Gas) method are analysed. 
The base material is applied to the regeneration process. The analysis of the influence of the padding weld width (0.006 m, 0.01 m, 0.014 
m) and the preheating temperature on the phase transformations and effective stresses of the regenerated layer are performed. A non-
standard approach to preheating (before each padding weld after the cooling to ambient temperature) is considered. Due to the possibility of 
simplifying the model from 3D to 2D (symmetry of calculations for long padding welds), calculations were performed using the finite element 
method in the transverse to the padding direction. Each new padding weld was included as an additional area in the finite element mesh. The 
developed numerical model includes a temperature model, phase transformations in the liquid and solid states, and the stress model in the 
elastic-plastic range. The aim of the regeneration is not only to obtain the original geometry of the element, but it is also important that the 
filler material used (in the considered case identical to the base material) has appropriate properties. These properties largely depend on the 
phase composition. The used filler material affects not only the hardness, brittleness, and ductility of the material. Its kinetics and changes 
in the geometry can cause significant stresses and even cracks. Based on the obtained results, it can be concluded that increasing the width 
of the padding welds causes a decrease in the level of residual effective stress; however, it is technologically difficult to accomplish. The most 
unfavourable stresses occur in the initial area of the pad welding zone. For lower preheating temperatures and smaller welds, areas with 
possible cracks are identified. In these cases, lower preheating and tempering should be carried out, which leads to similar energy costs as 
at higher preheating temperatures. Due to the complex phase transformation process for medium carbon steels and the need for the process 
parameters control, proper regeneration is possible only in automated workstations.
Keywords: computational mechanics, numerical simulation, padding weld, preheating, strain analysis, stress

Highlights
•	 Modelling of multiple mesh geometry in the padding weld process is presented.
•	 The mathematical and numerical models of phenomena occurring during the regeneration process using the welding are 

applied.
•	 The presented research allows for significantly reducing the number of technological treatments.
•	 The presented paper concerns the shape of the padding weld with an angle of 90°.
•	 The developed numerical model enables the modelling of the various parameters of the regeneration process, such as: preheat 

temperature, pad geometry, selection of the cooling medium.

0 INTRODUCTION

The medium C45 carbon steel is suitable for 
annealing, weldable, and an easy-to-heat treatment. 
It is a durable steel with significant ductility [1]. C45 
steel is used for the moderately loaded and abrasion-
resistant machine and equipment parts, such as 
spindles, axles, shafts, gear wheels, shafts of electric 
motors, discs, screws, wheel hubs, as well as for 
moulds in plastics processing. Because the range of 
regenerated C45 steel parts is extensive, in this paper 
only the application of new layers to the thin-walled 
element is analysed. Due to the need to obtain hard 
coatings, especially during exposure to abrasion, it is 
necessary to control phase changes during cooling and 
reheating. Components made of the tested material 
make it possible to obtain high surface hardness (50 
HRC). 

The modelling of the multi-pass pad welding 
process is not a common topic of research papers. 
Due to the experimental approach for solving these 
problems, expensive test stands are most often 
used. For example, thermal analyses obtained from 
thermovision cameras for process control are used 
[2]. The data obtained from these analyses can 
be successfully used to calibrate much cheaper 
numerical models. Modelling in the field of thermal 
phenomena in the pad-welding process of a multi-
layer or multi-pass is performed even for the complex 
geometries. However, such models most often refer 
to the thermal phenomena and compare temperatures 
obtained from numerical analysis to results obtained 
from experiments, such as the heat-affected zone 
(HAZ), hardness, and phase compositions [3]. In the 
welding or pad welding technology, a highly accurate 
process temperature is required (at different points of 
geometry). This approach allows one to, for example, 
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control the grain size as well as the temperature of the 
start and finish of martensite transformation [4].

Existing works show that the multi-layer thermal 
cycle for some materials can have a weakening 
effect on mechanical properties [5]. However, there 
are contraindications to the use of large cross-
sectional welds or padding welds due to unfavourable 
segregation of dopant and excessive strains.

In pad-welding technology, there are also 
interesting studies on cladding the parent material with 
several layers of different materials. However, due to 
the low thickness of the obtained coating and the depth 
of HAZ, the stress analysis of these examples cannot 
be referred to as typical padding welds [6]. Thin layers 
of padding welds, in cases in which the area of the 
base material is much larger, are characterized by a 
small thermal influence on this area. With a significant 
level of heat dissipation from the padding welds, 
a martensitic transformation may take place in the 
case of thin padding layers. Due to the large volume 
changes during the martensitic transformation, the 
padding of thin layers is made of materials without 
phase transformations in a solid state. The residual 
stress analysis is more often performed by the authors 
of papers on repair welds, in which the system of 
the next padding welds has a vertical direction [7] 
and [8]. In these cases, it is necessary to use the next 
small cross-sectional layers of padding weld. The use 
of a large padding weld would be unfavourable, for 
example, due to higher thermal loads or segregation 
of the admixture. This fact applies especially to 
corrosion-resistant materials; however, the influence 
of phase changes is most often not analysed, which is 
justified by the fact that such materials have a small 
change in microstructure, which cannot be said about 
medium carbon steel analysed in the paper. 

Regenerative pad welding is a complex process, 
and the regeneration of even a geometrically simple 
surface may involve the necessity of different position 
and direction of padding welds [9]. In cases of 
modelling the pad welding processes for large areas 
with layers of welds with different orientations, three-
dimensional (3D) modelling should be performed. 
It is not possible to perform the analysis only in the 
cross-section.

The presented research allows one to reduce the 
number of technological treatments significantly. 
Due to the need to obtain a specific hardness of the 
hardfacing for various applications of C45 steel (steel 
with high carbon equivalent), it is necessary to choose 
the appropriate preheating temperature range. The 
ease of formation of the hardening structures of C45 
steel during the hardfacing/welding often leads to high 

stresses and, consequently, cracks. The basic method 
of preventing cold cracks is preheating, which allows 
for more flexible transition structures, e.g., bainite 
[10]. The presented paper concerns the shape of the 
padding weld with an angle of 90°. In accordance with 
the requirements of the norm EN ISO 5817 [11] quality 
D, this weld toe is the worst of the technologically 
possible solutions. It is also necessary to choose the 
padding weld width for economic reasons and the 
obtained stress states (the possibility of surface cracks 
and on the entire height of the padding weld). In both 
experimental and numerical studies, the authors most 
often analyse the shape of the padding welds with a 
quality level higher than D [12] and [13]. 

This paper is an extension of the analyses carried 
out in the research contained in the earlier work [14]. 
The authors analysed different preheating temperatures 
for one width of the padding weld. However, they did 
not discuss the choice of the width of the padding weld 
for the regeneration process of medium-carbon steel. 
In this paper, distinct from previous research [14], the 
application of both smaller and larger padding weld 
widths (0.006 m, 0.01 m, 0.014 m) was analysed. 
In order to obtain the correct regenerative padding 
weld (PW) without any nonconformities 12 cases of 
combinations of different preheating temperatures 
and widths of the padding weld are analysed in this 
paper. The use of numerical simulations reduces the 
cost of experiments. Using them on a wider scale 
allows for multi-criteria analysis, based on which we 
can obtain optimal parameter values. All calculations 
were performed on a copyrighted application. This 
model contains appropriate relationships between 
elements regarding temperature modelling and phase 
transformation occurring in the range above and below 
liquidus temperature (TL) and solidus temperature 
(TS). The relationships between the above models and 
the model of mechanical phenomena are also taken 
into account.

1  COMPUTATIONAL MODEL

In this paper, the computational model of phenomena 
taking place during the regeneration of parts is 
the same as for welding modelling. The model is 
composed of a module of heat treatment modelling 
(Fig. 1) and a module taking into account mechanical 
phenomena (Fig. 3). The phase transformations of 
austenite to ferrite, pearlite, bainite, martensite and 
reverse transformations were considered (Fig. 2). 
The solidification process was analysed in the model. 
Couplings between the elements of the model were 
also included.
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Fig. 1.  Elements of the thermal phenomena model for the 
regeneration process

The process of regeneration of steel elements 
depends mainly on the temperature factor. Therefore, 
not including the main elements in the heat transfer 
model can lead to significant simulation errors (Fig. 
1). Large temperature changes over time required the 
solution of the non-steady-state heat transfer equation 
in the following form:

 �� �� � � �
�

�� �T C T
t

0,  (1)

where T [K] is the temperature, t [s] the time,  
λ [W/(mK)] is the thermal conductivity, ρ [kg/m3] 
is the mass density, and C [J/(kgK)] is the effective 
thermal capacity.

The material properties assumed in the 
computation were dependent on temperature and the 
phase fractions [15]. The use of constant material 
properties from temperature causes very large 
computation errors.

The model of solidification process takes into 
account the heat of transformation as a change of the 
effective heat capacity Cef of the material [16] and [17]:
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where L [J/(kgK)] is the latent heat of transformation, 
fs share of the solid phase, TL liquidus temperature, 
and TS solidus temperature.

In Eq. (2), the fS is resolved by the lever rule:
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Changes in the phase composition during the 
cooling and heating are calculated on the basis of 
the analysis of continuous cooling transformation 
(CCT) and continuous heating transformation (CHT) 
diagrams [18]. The data obtained from the diagrams 
are input to the macroscopic model, in which the 

modified Koistinen-Marburger equation was used for 
the high-rate cooling process [19] and [20]:
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where ��   is the austenite fraction, Tsγ is the austenite 
start temperature, Tfγ is the austenite finish 
temperature.

Fig. 2.  Elements of the phase transformations model for the 
regeneration process

The phase transformations described by Eq. (4) 
take place only in the area where the padding welds 
reheat the element. It is assumed that austenite is the 
first structure formed after solidification during the 
cooling process. In the model of phase transformations 
during the heating, the ferrite and pearlite are treated 
as a homogeneous mixture.

The phase transformations of the cooling 
process η(i)(T,t) (except for the martensite phase) are 
determined on the basis of a macroscopic model based 
on the Avrami equation [21]:
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where η(i%) is the final fraction of i phase, ηj is the 
phase during cooling, n(T) functions depending on the 
start and finish times of transformation (ts and tf).

During the cooling process, the transformations of 
austenite→ferrite, austenite→pearlite are considered 
separately.
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The kinetics of martensite transformation 
ηM(T,t) for medium-carbon steel is determined on the 
basis of the Koistinen-Marburger equation [20]:
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where MS is the start temperature of martensite 
transformation.

When the next padding welds appear, the 
martensite formed during the cooling process is heated 
and transformed into tempered martensite ηTM(T,t). 
This process is described by the formula:
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The parameters in Eq. (7) describe the 
transformations of martensite→tempered martensite 
and are determined based on the equations in the 
experiment [22].

The phase transformations in the solid-state and 
temperature changes influence the stress state through 
the thermal εT and structural εPh strains described by 
the following equation:
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where αi(T) is the coefficients of thermal expansion,  
ε i
Ph T( )  is the coefficient of strain expansion.

The material properties were taken from the 
experiment performed for C45 steel [19]. The thermal 
expansion coefficients and start and end times of 
tempered martensite were reported in paper [22].

The equilibrium equation, in incremental form, 
taking into account the influence of temperature on 
material properties, was used to calculate the stress 
state. The model did not assume any external forces or 
the influence of gravity. 

Fig. 3.  Elements of the mechanical phenomena model  
for the regeneration process

The elastic deformations are, therefore, the 
difference between the total, thermal, structural, 
plastic strains and the transformations plasticity. The 
influence of temperature on Young’s modulus is taken 
into account.

In the described elastic-plastic model, the 
isotropic hardening was assumed. The Greenwood-
Johnson mechanism in the formation of the 
transformations’ plasticity was also taken into 
account [23] and [24]. According to the results of the 
experiments, the temporary yield point is dependent 
on the temperature and the phase composition (Fig. 4) 
[25].

Fig. 4.  Yield point and Young’s modulus for particular phases  
for C45 steel

All results presented were obtained from the 
application developed by the authors of this paper. 
Calculations were made in Visual Studio C++. Linear 
algebra functions were taken from the Intel® Math 
Kernel Library [26]. The developed numerical model 
allows for the modelling of various parameters of the 
regeneration process, such as preheat temperature, 
pad geometry, selection of the cooling medium and 
consideration of heat dissipation by the regeneration 
station.

2  SIMULATION EXAMPLE

In numerical simulations, it was assumed that the 
tested plate made of medium carbon steel was a 
regenerated multipath by applying the next padding 
welds. In this paper, it was simplified so that the 
process can be approximated by a 2D model by 
analysing the cross-section of the element (across the 
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PW) (Fig. 5). Because the geometry of the padding 
weld is characterized by a significant predominance 
of length over width and usually a quite high pad 
welding speed, critical data concerning stresses, for 
example, can be obtained mainly from the cross-
section. Pad welding with a single path (at one 
time) and starting subsequent paths after reaching a 
relatively low temperature of the previous padding 
weld additionally ensures the correctness of the 
analysed cross-section. The width of the analysed 
plate was 0.25 m, the thickness 0.01 m, while the 
padding weld height was 0.005 m (Fig. 6). Three cases 
were considered for a different padding weld width: 
0.006 m, 0.01 m and 0.014 m (Table 1). To ensure a 
similar amount of welded material, it was adopted 
that the PW was composed by the 14 beads for the 
first case, 8 beads for the second, and 6 beads for 
the third. In all the analysed cases, the first padding 
weld is located 0.045 m to the edge. The geometry 
of the PW is approximated by a quads element (Fig. 
5). Finite element mesh with quads elements and 
bilinear approximation was used for calculations 
[27]. The padding weld element was discredited by 
250 elements in length and 10 in height (element size 
0.001×0.001). Each padding weld was approximated 
with finite elements of the same size: analysis No. 1: 
6×5, analysis No. 2: 10×5 and analysis No. 3: 14×5 
(Fig. 5). According to the welding standard ISO 5817 
[11] the weld toe equally 90° was adopted (limit for 
imperfections for quality level D). The technological 
process was simplified; it was assumed that the 
padding weld appears as a rectangular element with 

a given height and width (constant height, 3 cases of 
width) and an initial temperature of 3000 K (Fig. 7). 
The constant initial temperature of the PW and its 
different cross-sectional area were assumed; from the 
technological side, it requires the delivery of different 
amounts of heat (different parameters of the welding 
arc).

For all analysed padding weld widths, the four 
preheating temperatures: T0 = 293 K, 373 K, 473 K, 
573 K were considered. The cooling on the boundaries 
was modelled with the Newton condition (Fig. 6). Air 
cooling was modelled according to the equation [28]:

 �air
T T T
T T

�
� � �

� � �
�
�
�

0 0668 773

0 231 82 1 773

0
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. . ,
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Table 1.  Numerical research plan

Analysis 
No.

Preheating 
temperature [K]

PW width 
[m]

Number 
of PW

Field of the PW 
area [m2]

1.1 293

0.006 14 0.00042
1.2 373
1.3 473
1.4 573
2.1 293

0.01 8 0.0004
2.2 373
2.3 473
2.4 573
3.1 293

0.014 6 0.00042
3.2 373
3.3 473
3.4 573

Fig. 5.  Overview figure for analysis No. 3

Fig. 6.  The temperature field [K] for the third padding weld of width 0.014 m (T0 = 573 K) after time t = 9 s
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For each case, calculations were performed for 
many finite element method (FEM) meshes. Each 
subsequent geometry differed in the formation of one 
padding weld. The number of simulations depended 
on the number of PW in each case (Table 1). The 
assumption of a small value of finite elements defining 
the padding weld allowed one to observe the changes 
in the analysed phenomena.

Fig. 7.  Geometry with mesh and initial temperature for the next 
three padding welds (analysis No. 3): a) one padding weld,  

b) two padding welds, c) three padding welds

The appearance of the next PW was dependent 
on the value of temperature. Subsequent weld passes 
occurred after reaching the ambient temperature 
of the previous PW. The next step was to set the 
preheating temperature for the next padding weld 
and the whole element. The analysed material for the 
assumed cooling conditions (after the cooling process) 
does not contain an austenitic structure. In the model 
of mechanical phenomena, appropriate degrees 
of freedom were removed for selected elements; 
therefore, the model could be solved numerically. The 
selected nodes and applied zero displacements did not 
of the obtained stress levels. Due to large changes in 
material properties, the average values of material 
properties were determined for each finite element 
in the mechanical model. These properties depend 

(among other factors) on temperature level, phase 
transformations in the solid state, and solidification 
(Fig. 4).

Each case is a series of a few successive 
simulations. The model assumes the continuity of 
values for phase transitions and stress state between 
successive simulations.

3  RESULTS AND DISCUSSION

One of the main parameters, especially for the 
materials subject to phase transformations during the 
regeneration process, is the depth of the heat-affected 
zone (HAZ) and fusion zone (FZ). Figs. 8 to 10 
show the HAZ depth in the base material below the 
padding weld. The results of calculations for the four 
preheating temperatures for each of the three widths 
were presented. The size of the HAZ was determined 
assuming a temperature of Ac1 for the steel C45 equal 
to 1008 K. 

Fig. 8.  Depth of HAZ for padding weld width of 0.006 m

Fig. 9.  Depth of HAZ for padding weld width of 0.01 m

The change of HAZ depth depending on the 
preheating temperature in relation to the padding weld 
width was linearly correlated and increased with the 
size of the padding weld. In Figs. 8 to 10, it can be 
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observed that the first padding weld causes the deepest 
HAZ, which is because three walls are cooled by air, 
and most of the heat is absorbed by the regenerated 
material. In other cases, contact with the regenerated 
material was through two walls of the padding weld. 
The largest difference between the depths of the HAZ 
was observed for the smallest width of the padding 
weld (Figs. 8 to 10). In this case, proportionally, the 
smallest length of the edge is in contact with the 
regenerated material. According to predictions, the 
greatest depth of HAZ occurs for the largest volume 
of the padding weld (Fig. 10). On the basis of the 
obtained temperature distribution in the area of contact 
between the padding welds and the base material, the 
depth of the fusion zone was minimal, and only the 
nodes of the finite element mesh on the border of the 
base area exceed the temperature TL = 1750 K.

Fig. 10.  Depth of HAZ for padding weld width of 0.014 m

Fig. 11.  Sum of ferrite and pearlite fraction (after process), 
preheating temperature 293 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

It can be observed that for the smallest padding 
weld for the first two preheating temperatures, the 
cooling rate exceeds critical velocity (rate of obtaining 
the quenching phase), which also applies to the first 

padding weld, for which the cooling is the slowest 
(the longest air-cooled boundary) (Figs. 11a and 12a). 
With the increase of the PW width and the preheating 

Fig. 12.  Sum of ferrite and pearlite fraction (after process), 
preheating temperature 373 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 13.  Sum of ferrite and pearlite fraction (after process), 
preheating temperature 473 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 14.  Sum of ferrite and pearlite fraction (after process), 
preheating temperature 573 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m
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temperature, the cooling rate decreases to such a value 
that in the last case 3.4 (see Table 1, Fig. 14c) the first 
padding weld is composed only of a ferrite-pearlite 
mixture, whereas the others only in about 50 % (Figs. 
11 to 14).

The big differences in the distribution of the 
bainite structure, between the first and the other 
padding weld, were obtained. It was due to the 

Fig. 15.  Bainite fraction (after process), preheating 
 temperature 293 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 16.  Bainite fraction (after process), preheating  
temperature 373 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 17.  Bainite fraction (after process), preheating  
temperature 473 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 18.  Bainite fraction (after process), preheating  
temperature 573 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 19.  Martensite fraction (after process), preheating 
temperature 293 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 20.  Martensite fraction (after process), preheating 
temperature 373 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m
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different cooling conditions. The amount of bainite 
increases with the increase of the preheating 
temperature in the range 293 K to 473 K and the 

padding weld width. The amount of bainite structure 
increases with the change of the PW width from 0.006 
m to 0.01 m. Whereas for the width of 0.014 m (Figs. 

Fig. 21.  Martensite fraction (after process), preheating 
temperature 473 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 22.  Martensite fraction (after process), preheating 
temperature 573 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 23.  Tempered martensite (after process), preheating 
temperature 293 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 24.  Tempered martensite fraction (after process),  
preheating temperature 373 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 25.  Tempered martensite fraction (after process), preheating 
temperature 473 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 26.  Tempered martensite fraction (after process),  
preheating temperature 573 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m
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15 to 18) influence of the heat of the padding weld on 
the shape of the cooling curve on the CCT diagram, 
and thus a greater share of the ferrite-pearlite structure 
was noted (Figs. 11 to 14). The high repeatability of 
the distribution of phase composition in the central 
part of the material occurs for all cases.

The composition of the quenching phases 
(bainite, martensite, and tempered martensite; Table 
2) indicates the rightness of using preheating in 
order to control the shape of cooling curves and the 
ferrite-pearlite structure (Figs. 19 to 26). The control 
of cooling curves, especially for hardly weldable 
materials, may cause a lower value of effective stress 
and in consequence elimination of cold cracks. As 
indicated by the results presented in Tables 2 and 3, 
the application of preheating at the level of 473 K and 
573 K causes a much higher fraction of the bainite 
structure, which consequently reduces the yield point 
and the maximum values of effective stresses. This 
difference is especially visible for small volumes of 
the padding welds, where between the highest and 
the lowest preheating temperature, the difference in 
effective stresses reaches 64 %. It is less visible for 
wider padding welds, which, due to their volume, 
cool down more slowly (the difference between the 
bainite fraction for the smallest and the largest width 
of the padding weld without preheating temperature is 
over 40 %). The use of preheating only increases the 
fraction of bainite at the expense of martensite, until a 
ferrite-pearlite structure appears during cooling. 

Table 2.  The maximum values of the quenching structures

Analysis 
No.

Bainite
[%]

Martensite
[%]

Tempered 
martensite [%]

1.1 1.82 99.00 99.00
1.2 9.49 97.89 97.87
1.3 25.25 90.62 90.54
1.4 59.25 53.58 53.26
2.1 20.12 96.58 96.58
2.2 37.07 82.80 82.83
2.3 72.21 46.53 46.57
2.4 85.52 0.42 1.13
3.1 41.89 84.72 79.80
3.2 61.17 60.42 56.16
3.3 79.99 18.14 12.77
3.4 63.60 0 0

The distribution of plastic strains (Figs. 31 to 
34) correctly indicates the areas where cracks can 
occur. Including recrystallization and loss of stress 
during heating significantly changes the results of 
calculations. The plastic strains were taken into 
account only below 70 % of the solidus temperature of 

C45 steel. The highest amount of tempered martensite 
occurred in the structure with a width of 0.006 m and 
a preheating temperature of 293 K (Fig. 23a).

Table 3.  Summary of the calculation results for the considered 
cases after the regeneration process

Analysis 
No.

Maximum 
effective 

stresses [MPa]

Maximum 
effective 

plastic strain

Yield point  
[MPa]

1.1 947.00 0.0066 314.12–1217.05
1.2 862.90 0.0057 312.68–1202.54
1.3 876.54 0.0044 312.12–1132.65
1.4 577.56 0.0044 311.87–844.20
2.1 827.53 0.0070 313.42–1210.20
2.2 605.72 0.0055 312.51–1088.32
2.3 659.55 0.0054 312.07–804.80
2.4 466.05 0.0057 294.01–472.88
3.1 451.99 0.0051 313.11–1089.22
3.2 421.45 0.0040 312.38–886.11
3.3 416.08 0.0034 312.00–582.29
3.4 403.88 0.0033 310.48–434.41

The stress distributions for the first three 
preheating temperatures, with the assumed cooling 
conditions, were similar to the maximum values (Figs. 
27 to 29). The influence of the padding weld width on 
the stress level was observed. The differences between 
the maximum values of effective stresses for the case 
without preheating even reach 100 % (analysis No. 
3.1 and 1.1). This difference decreases for the analysis 
No. 3. to less than 5 % (Table 3). The most favourable 
was the distribution for a 0.014 m of padding width. 
The effective stress value for temperature 573 K was 
caused by the yield point value for analysed material 
(Table 3). The yield point value was due to the high 
proportion of the ferrite-pearlite structure in relation 
to martensite. Reduction in the level of effective 
stresses with an increased number of padding welds 
was observed. Along with the increase of the padding 
weld width, the stresses were initialized deeper in the 
base material (Figs. 27 to 30). 

The distribution and kinetics of phase 
transformations in the solid state determines the 
distribution of the yield point. Higher values of yield 
point occurred for areas with the highest cooling 
rate and martensite transformation (Table 3). The 
assumed yield point of tempered martensite, at the 
level of bainite, were caused by the reduction of the 
yield point in the interpass areas. The temperature-
dependent yield point values for the individual phases 
are shown in Fig. 4.

The level of plastic strains decreased when the 
preheating temperature and padding weld width were 
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increased. The greatest plastic strains occurred for 
the smallest width of the padding weld. The plastic 
strains increase towards the padding weld surface. 
They decrease with the width of the padding weld 

(Table 3). The distribution of plastic strains suggests 
the formation of cracks between welds, especially 
for smaller widths of the padding weld and a lower 
preheating temperature. The influence of the 

Fig. 27.  Effective stresses [MPa] (after process),  
preheating temperature 293 K and padding weld width of: a 

) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 28.  Effective stresses [MPa] (after process),  
preheating temperature 373 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 29.  Effective stresses [MPa] (after process),  
preheating temperature 473 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 30.  Effective stresses [MPa] (after process),  
preheating temperature 573 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 31.  Effective plastic strain (after process),  
preheating temperature 293 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 32.  Effective plastic strain (after process),  
preheating temperature 373 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m
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martensite tempering and recrystallization process 
was observed (Figs. 31 to 34).

Fig. 33.  Effective plastic strain (after process),  
preheating temperature 473 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

Fig. 34.  Effective plastic strain (after process),  
preheating temperature 573 K and padding weld width of:  

a) 0.006 m, b) 0.01 m, c) 0.014 m

4  CONCLUSIONS

In the present paper, the influence of padding 
weld width and preheating temperature on phase 
transformations and stresses of the regenerated layer 
were analysed. The obtained results indicate that the 
use of preheating in order to change the shape of 
cooling curve, even until complete cooling, makes it 
possible to control the fraction of individual phases. 
However, the economic analysis of this process 
indicates that it would be more convenient, cheaper 
and more effective to control cooling conditions 
than heating. The obtained results give answers to 
questions about structures in the regeneration process, 
during which we did not have full control over the 
process conditions (the process was not controlled 
by the interpass temperature). This is applicable 
if the cooling process has not been stopped when 

the interpass temperature is reached at the level of 
preheating temperature only at the level of the ambient 
temperature. An example of such a process may be the 
performance of the next long padding welds with a 
long technological break, where the beginning of the 
padding weld is cooled to ambient temperature before 
the next pad. 

On the basis of the presented results and taking 
into account the stress distribution, it can be concluded 
that the use of the widest padding weld is highly 
advantageous. The use of preheating for analysis 
No. 3 is not required to obtain a hard but also brittle 
surface (high fraction of martensite). The selection of 
the optimal preheating value is possible only when we 
define the conditions under which the pad welding 
surface will work. If we want to obtain a large amount 
of bainite structure and small amount of martensite, 
the lowest suggested preheating is between 373 K 
and 473 K. Obtaining areas of tempered martensite is 
beneficial for regenerated surfaces. However, due to 
the specificity of pad welding, the area of tempered 
martensite cannot, especially for small padding welds, 
reach too deep into the pad welding without additional 
treatment. Therefore, during pad welding, we should 
focus on obtaining a bainite structure with the addition 
of martensite, whereas the area of tempered martensite 
treat as an additional advantage. However, it should be 
noted that in choosing large cross-sectional padding 
welds, problems may occur with the segregation of 
the admixture, the influence of the temperature of the 
padding weld on the base material or the noticeable 
higher values of plastic strains and the stresses inside 
the regenerated material.

The results obtained from the analysis of the 
phase transformations in the solid state and stresses 
suggest that it is unreasonable to use heating and 
cooling sequentially to ambient temperature; this 
is also not economically viable. Therefore, it is 
reasonable to consider the case in which the next 
padding weld is applied when the temperature of 
the previous padding has reached the preheating 
temperature. The differences between the obtained 
distributions of plastic strains result from the influence 
of the preheating temperature, before each padding 
weld, on the cooling rate.

As previously mentioned, the analysed material 
is very difficult to regenerate. The presented analysis 
allows one to assess whether there may be defects after 
the regeneration process in the absence of appropriate 
supervision. With unfavourable distribution of 
structural and thermal strains, cracks may occur in 
the cross-section of the PW (this would require a 3D 
analysis).
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In this paper, a geometrically simple case that 
can be easily referred to in experimental research or 
other computer simulation models was considered. 
However, in practical applications, where the shape 
of the pad welding object may be very different, the 
presented results cannot be transferred.
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