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Abstract
The article presents and discusses the problem of determining and characterizing the cracking limits of cross-rolled speci-
mens. The limit values were determined in accordance with the hybrid Pater criterion. For the study, the author’s test method 
was used, which allows the determination of the cracking moment, formed as a result of the Mannesmann effect during the 
compression of specimens in the channel. In order to determine the values needed to describe the cracking criterion, it was 
necessary to perform laboratory tests and numerical simulations of the process of compression in the channel of discs made 
of EA1T steel under hot forming conditions. Experimental tests were carried out for forming processes at 950 °C, 1050 °C 
and 1150 °C. The tested material had a disc shape with a diameter of 40 mm and a length of 20 mm, during the pressing 
process the diameter of the disc was reduced to a diameter of 38 mm. The increase in forming temperature caused a signifi-
cant increase in the forming path until cracking occurred. Numerical tests were carried out in the finite element calculation 
environment Simufact.Forming 2021. The stress and strain distributions in the specimen axis were analysed during the tests, 
which were then used to calculate the hybrid cracking criterion limit according to Pater. After calculations according to the 
Pater criterion and after statistical analysis, the cracking criterion limits were obtained.
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Introduction

In the world, one of the largest land transport branches is 
rail transport, in which three sub-sectors are classified. The 
first subsector is passenger rail travel, the second is freight 
rail transport, while the last subsector includes rail transport 
infrastructure. The development of railroads is increasing the 
demand for the manufacture of components and parts needed 

for railroad bogies. Railroad bogies (bogies) are the basic 
assembly of the bogie chassis of a rail vehicle. Its design 
allows the vehicle to move in accordance with the course 
of the tracks [1–3].Railroad bogies are built from a num-
ber of components, which include assemblies of elements, 
i.e. wagon axles, frame, suspension. Wagon axles are the 
main sub-assembly of a railroad bogie, they are large-scale 
products manufactured in large series [4, 5]. Axles used in 
railroads are made as a solid monolithic component or as a 
hollow component [4, 6]. Hollow axles are used to reduce 
the weight of a vehicle, but due to the complicated manufac-
turing process (design and production) they are mainly used 
in high-speed rail vehicles [7–9].

Monolithic axes are most often produced by the open 
die forging method [1, 7], in which steel ingots of EA1T 
grade steel are used as ingots. The ingots obtained by 
the continuous casting method are subjected to a forging 
process to give a rough shape to the axle, which is then 
subjected to machining after cooling and appropriate heat 
treatment to obtain the target shape of the finished product. 
The forging process of railroad axles, has the advantage 
of stability in the production of axles, the microstructure 
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is well ground, but such a manufacturing process also has 
some disadvantages, i.e. a large amount of technological 
surplus (waste of material) and low production efficiency 
[10–13].

In recent years, research has been carried out on the shaping 
of solid and hollow railroad axles by cross-wedge rolling and 
computer numerical control (CNC) skew rolling methods [8].

Cross-wedge rolling is one of the new methods for man-
ufacturing weighted axles. Cross-wedge rolling, compared 
with free forging processes, is characterized by lower con-
sumption of materials and energy required for axle produc-
tion [5, 14]. On the other hand, the main disadvantage of 
cross-wedge rolling processes for wagon axles is the overall 
size of machines and tools in the case of roller tools as well 
as flat tools [15].

Numerically controlled skew rolling technology is the lat-
est development in the forming of wagon axles. Computer 
support of oblique rolling processes in is one of the most 
favourable methods of forming, as it allows to increase pro-
ductivity relative to cross-wedge rolling and forging [16].

During the forming of wagon axles by rolling methods 
(cross-wedge rolling, CNC skew rolling), one of the con-
straints that affects the safety of axle operation is the forma-
tion of micro-cracks and cracking along the axis of the rolled 
component. Such defects subjected to loads during operation 
can cause damage [17–20]. . Therefore, the analysis of the 
pattern of crack formation and the evaluation of the estima-
tion of the probability of cracking during rolling is crucial 
to the safety of rolling stock.

The models used to predict cracking in the case of plasti-
cally formed material are developed on the basis of various 
cracking criteria [15]. The fundamental aim of the criteria is 
to predict the location of cracking occurrence and to deter-
mine the critical failure value cracking criteria are such as:: 
Freu-denthal, Cockroft - Latham, Oh, Brozzo et al., Ayada, 
Oyane, Zhan et al., Rice&Tracey, Argon et al. [21–25].

In contrast, several methods are used in the numerical 
modelling by finite element method (FEM) of cross-wedge 
rolling [26–28]. By correctly predicting the cracking of the 
forming material, cracking can be eliminated at an early 
stage in the design of the cross-wedge rolling process. The 
first criterion used because the study of the CWR was pre-
sented by Zhou’s research team [29] presented a criterion 
according to which cracking of the forming material in the 
cross-wedge rolling process will occur if its value is greater 
than or equal to the limit value. The article [30] presents an 
FEM computation based on Zhou’s study, where the author 
found that the criterion presented by Zhou shows the high-
est values in the initial phase of the test, but at this point no 
cracking is initiated, while when cracking occurs the value 
of this criterion is the lowest. The criterion is represented 
by a mathematical formula:

 where:

f	� failure criterion value

τMax     �maximum shear stress

σ1	� maximum principal stress

A, B	� material constants

In a subsequent paper [31], Zhou proposed a new updated 
version of the criterion that can be used for highly ductile 
materials. The new criterion is an energy criterion that takes 
into account the accumulation of plastic deformation just 
before cracking of the forming material is initiated.

A literature review concluded that the first Zhou cri-
terion is only applicable to materials with low ductility, 
while the second criterion does not allow the determina-
tion of the material constant C which limits the application 
of the criterion to the prediction of cracking in the CWR 
process.,

A third criterion for determining when cracking occurs 
during the rolling process is the hybrid criterion according 
to Pater [16]. The hybrid fracture criterion according to Pater 
was established on the basis of two criteria: the ductile frac-
ture criterion and the maximum shear stress criterion. Pater 
adopted as the ductile cracking criterion the most commonly 
used criterion, the normalised Cockroft-Latham criterion, 
and referred to pure plastic shear stress using the Huber-
Mises hypothesis. The hybrid cracking criterion according 
to Pater is described by Eq. (2).

 where

σ1	� maximum principal stress

σ3    �minimum principal stress

σz	� effective stress 

ε	� effective strain

Φ	� coefficient describing the fraction of ductile fracture in 
the damage function
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The aim of the developed study is to examine the EA1T 
material used in the manufacture of wagon axles in terms of 
predicting unwanted cracking inside the wagon axle forg-
ings using the hybrid Pater criterion. The Pater criterion 
was used because of its good applicability to cross-wedge 
rolling processes.

Materials and methods

This paper presents the results of a cracking criterion 
study according to the hybrid Pater criterion hypothesis 
of EA1T steel. The analysed EA1T steel is an unalloyed 
quality steel, which is the most commonly used for the 
production of wagon axles. EA1T steel is characterized by 
high strength, high wear resistance and fatigue resistance. 
EA1T can withstand high loads, speeds and temperatures. 
To achieve the right properties, EA1T steel undergoes a 
special heat treatment process including quenching and 
tempering. The heat treatment process can improve micro-
structure, hardness and mechanical properties. Table 1 
shows the chemical composition of EA1T steel.

In calculating the values needed to describe the cracking 
criterion according to Pater’s hybrid cracking criterion, it 
was necessary to carry out laboratory tests and numeri-
cal simulations of the process of rotary compression of a 

disc-shaped specimen in a channel. The discs were made 
of EA1T steel under hot forming conditions.

The laboratory test method used is to determine the 
moment of cracking, which is caused by the Mannes-
mann effect during the forming process in the channel. In 
the adopted test method, the charge is a steel disc with a 
diameter of 40 mm and a height of 20 mm heated to tem-
peratures of 950 °C, 1050 °C and 1150 °C in an electric 
chamber furnace. The heated charge is placed in a channel 
of width b at a distance S from the end of the lower tool. 
Then the upper tool, performing a linear motion at a con-
stant speed v along the lower tool, is forming a disc with 
an initial diameter of D = 40 mm to a final diameter of 
2 h = 38 mm, the lower tool remains stationary. The use of 
the channel causes its side walls to prevent axial expansion 
of the material, as a result of which the disc is subjected to 
varying compressive-tensile stresses, promoting the forma-
tion of axial cracking inside the formed disc. The principle 
of operation of the rotary compression method used in the 
channel is shown in Fig. 1.

To carry out laboratory tests of rotary compression in 
the channel, a laboratory cross-wedge rolling mill with 
tools in the form of a flat cross-wedge plate is shown in 
Fig. 2a. The rolling mill used is characterized by the fact 
that only the upper tool performs uniform motion at a 
constant speed of 300 mm/s, while the lower tool remains 
stationary. The tools used have the following dimensions: 
width 310 mm and length 1000 mm. Studies of rotary 
compression of a rotary disc in a channel were carried out 
using flat tools with a channel along the plate, the tools are 
shown in Fig. 2b.

Experimental studies of rotary compression in the chan-
nel of a disc of EA1T steel were carried out in a way to 
determine the exact path along which cracking of the 
specimen will occur. In the first stage, experiments were 
performed with a large step of the path S with the aim of 
roughly determining the path leading to cracking. Then, in 
terms of the path along which cracking occurred, the num-
ber of samples was concentrated so as to determine the 
moment just before cracking occurred. Once this moment 

Table 1   Chemical composition 
of EA1T steel

Element Share %

C 0,32–0,39
Cr ≤ 0,40
Cr + Mo + Ni ≤ 0,63
Mn 0,5 − 0,8
Mo ≤ 0,1
Ni ≤ 0,4
P ≤ 0,045
S ≤ 0,045
Si ≤ 0,4

Fig. 1   Scheme of the working 
principle of the rotary compres-
sion method in the canal
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was determined, two more tests (3 in total) were performed 
to verify the correct determination of the critical path value. 
If no cracking occurred after performing three rolling tests, 
the S-road was considered the value wanted.

After laboratory testing, numerical simulations were per-
formed in SIMUFACT.FORMING 2021 software. To per-
form FEM simulation, it was necessary to model the channel 
tools and the disc charge.

For the FEM simulation, a top tool and a bottom tool 
were designed with a channel 20 mm wide and 1000 mm 
long and a side wall angle of 5°. Figure 3 shows a view of 
the tools and the batch in the start position and end position 
of the FEM simulation. The top tool is red, the bottom tool 
is blue, and the workpiece is pink.

Results

After conducting laboratory tests and then numerical tests of 
the rotary compression process in the channel of a disc made of 
EA1T steel, an analysis of the obtained results was carried out.

Laboratory tests were conducted under hot forming 
conditions. Rotary compression of discs was carried out at 
950 °C, 1050 °C and 1150 °C. During the laboratory tests, 
the progression of the change in the shape of the specimen 
and the temperature during the rotary compression process 
was recorded. Figures 4, 5 and 6 show the progression of 
shape change of the rolled discs.

Based on the results of laboratory tests of rotary com-
pression of specimens in the channel, the limits of the form-
ing path and the corresponding number of specimen rota-
tions were determined. For specimens made of EA1T steel 
(Fig. 7) forming at 950 °C, cracking inside the specimen was 
obtained after a distance of 170 mm. In the case of form-
ing at 1050 °C, cracking occurred after a path of 200 mm, 
while for 1150 °C the limiting value of the forming path 
was 500 mm.

Experimentally determining the limit value of the path 
S after which cracking occurs inside the specimen, allowed 
us to determine the limit value of specimen rotation until 
cracking occurs. The limiting value of rotation was deter-
mined based on Eq. (3). Meanwhile, the results of the cal-
culations are shown in Table 2 and Fig. 8.

Fig. 2   Test stand: a laboratory 
cross and wedge rolling mill, 
b tools used for tests

Fig. 3   Tool and workpiece 
models in the start and end 
positions of the FEM simulation
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where

S	� limiting distance [mm]

D0    �initial diameter of the forming specimen [mm]

(3)n =
S

�D0

During the forming of the specimens, the distribution of 
temperature values of the rotary compression specimens in 
the channel was analysed. Figure 9 shows maps of tempera-
ture distributions obtained from measurements with a FLIR 
thermal imaging camera, which in the next step were used 
to compare the results with computer simulation.

Based on the laboratory results obtained, numerical 
FEM simulations were carried out using Simufact.Form-
ing 2021 software. Numerical tests were carried out for 
forming the disc to a path with a limit value for each tem-
perature, accordingly. The material model used for the tests 
was assumed from the material library implemented by the 
manufacturer in the calculation software.

The workpiece was modelled as a disc with the same 
dimensions as the sample used for laboratory testing. A 

Fig. 4   Progression of the 
shape of a specimen forming at 
950 °C

Fig. 5   Progression of the 
shape of a specimen forming at 
1050 °C

Fig. 6   Progression of the 
shape of a specimen forming at 
1150 °C

Fig. 7   View of samples after 
laboratory testing

Table 2   Limit number of specimen rotations leading to material 
cracking

Temperature 950 °C 1050 °C 1150 °C

Limit number of rotations 1.35 1.59 3.98
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hexagonal FEM mesh constructed of 13,382 elements of 
1.25 mm in size was superimposed on the charge model. 
Figure 10 shows the FEM mesh used for the calculations.

Next, 21 points (measuring sensors) were placed on the 
batch model in the axis of rotation at a distance of 2 mm, as 
shown in Fig. 11.

The measurement points used aim to check the values 
of the various parameters tested needed to determine the 
value of the cracking criterion according to Pater’s hybrid 
hypothesis.

To correctly carry out the computer simulation, bound-
ary conditions corresponding to the laboratory tests carried 
out were used. The speed of the upper tool was assumed to 
be 300 mm/s, while the speed of the lower tool was set at 

0 mm/s due to the design of the laboratory rolling mill. The 
friction factor between the forming material and the steel 
tools was assumed m = 0.99, while the tool temperature was 
assumed 20 °C. the temperature of the test specimens was 
assumed 950 °C, 1050 °C, 1150 °C with an applied heat 
transfer coefficient of 2000 W/(m2K).

The numerical analysis made it possible to determine 
maps of the distributions of σ1, σ3, σz, ε and the triaxial 
stress state. Shape progression obtained by numerical analy-
sis is presented, too (Fig. 12). Qualitatively comparing the 
shape of the specimen obtained in laboratory tests and the 
shape of the specimen obtained by the numerical testing 
process, a very high degree of similarity was determined.

On the basis of the numerical tests carried out, the tem-
perature distributions (Fig. 13) were determined during the 
forming process on the surface and inside the sample. After 
mapping the temperature distributions, it was observed that 
on the surface of the sample forming at 950 °C, the maxi-
mum temperature obtained in both cases oscillated at around 
825 °C, the maximum temperature on the surface of the sam-
ple for the FEM oscillated at around 880 °C, for the laboratory 
test at 875 °C. On the other hand, in the last case (1150 °C), 
the maximum temperature on the surface of the sample for the 
FEM was 950 °C, for the laboratory sample 1025 °C.

After performing laboratory tests and then numerical 
tests, an analysis of the results obtained (distribution maps 
of values of principal stresses, minimum stresses, triaxial 
stresses, mean stresses and reduced strains) was performed.

On the basis of the obtained maps of the distribution of 
the values of individual parameters, the values for each of 
the samples were read out at the locations of the 21 meas-
uring sensors along the axis of rotation during forming. In 

Fig. 8   Graph of the change in the limit number of turns for EA1T 
steel

Fig. 9    Map of temperature distribution on the surface of rotary compressed samples



International Journal of Material Forming (2024) 17:28	 Page 7 of 12  28

the next step, graphs were produced (Fig. 14) showing the 
change in the values of the individual parameters along the 
axis when cracking occurred inside the forming specimen.

In the next stage of the research, on the basis of data 
obtained from computer simulations, the value of the dam-
age function was calculated according to Pater’s hybrid fail-
ure criterion [16].

After calculating the value of the hybrid cracking cri-
terion according to Pater along the axis of rotation of the 
shaped sample, the results are presented in the form of a 
graph (Fig. 15a), the variation of the criterion value depend-
ing on the change in forming temperature at the individual 
measuring points at the time of cracking.

Once the values of Pater’s hybrid cracking criterion had 
been obtained, a statistical analysis was carried out on the 

values obtained (Table 3), which were then presented in 
the graph (Fig. 15b) as a function of the variation of the 
criterion value as a function of the change in forming tem-
perature of the specimens made from EA1T railway steel.

Statistical analysis of the critical failure value according 
to Pater’s hybrid cracking criterion was carried out using 
two tests. The first test was the Q-Dixon test. which checks 
whether a measurement result is very different from the rest 
of the series. The test counts a Q-factor. which shows how 
much the suspect value deviates from the rest of the sample. 
The Q-factor is compared to a critical value. which depends 
on the number of measurements and the probability of error. 
If the Q-factor is greater than the critical value. it means 
that the suspect value is wrong and can be removed. The 
Q-Dixon test can only be applied to one outlier in a sample.

The second test used is the z-score. which shows whether 
the score is close to or far from the mean. This test divides 
the difference between the score and the mean by the stand-
ard deviation. The z-score test makes it possible to compare 
results from different data sets that may differ. The test is 
also used to check whether averages are equal or different. 
To calculate the z-score test. we need to know the mean and 
standard deviation of the dataset to which the score belongs. 
We use Eq. (4) for the calculation.

 where

xi	� value to be compared

−
x      �mean of the population or sample

S	� standard deviation of the sample or population

(4)Zi =
xi−

−
x

S

Fig. 10   FEM mesh of the workpiece material

Fig. 11   Measurement points 
(sensors) marked on the batch 
axis
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Fig. 12   Shape progression 
of the sample: a 950 °C, 
b 1050 °C, c 1150 °C
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As a first step in the statistical analysis. it was neces-
sary to determine the mean. minimum. maximum. spread 
and standard deviation. the values of which are presented in 
Table 4. The highest standard deviation was observed for the 
temperature of 950 °C. while the lowest was observed for the 
highest temperature. In the case of the difference between 
the maximum and minimum value. the largest was observed 
at 1150 °C and is greater by about 22.2%. while the smallest 
difference is at 950 °C and is equal to about 11.2%.

In the case of the Q - Dixon test for temperatures of 
950 °C and 1050 °C. the criterion is met by all the values 
obtained from the 21 measuring sensors. while in the case 
of shaping samples at 1150 °C. the Q-Dixon test excluded 
the measurements of sensors 20 and 21.

The Z-score statistical test carried out eliminated the meas-
urements of all forming temperatures in the tests. In the case 
of tests carried out at 950 °C. the test eliminated the measure-
ment of sensor number 1; in the test of the next case. in which 
the sample was formed at 1050 °C. the values obtained by 
sensors numbered 1, 2 and 21 were eliminated; in the case 

of samples formed at 1150 °C. the z-score test indicated for 
elimination the values determined by sensors numbered 20 
and 21.

For forming specimens at 950 °C. the following critical 
values of Pater’s hybrid cracking criterion were obtained 
after static analysis: Q-Dixon − 0.7459; Z-Score − 0.7467. 
For the forming temperature of 1050 °C. the same value 
was obtained in both tests: 0.8936. On the other hand. form-
ing samples at 1150 °C. the hybrid criterion values were 
obtained equal to. respectively: : Q-Dixon − 3.1988; Z-Score 
− 3.1896.

Averaging the results of the two tests. values were obtained: 
950 °C – 0.463; 1050 °C − 0.8936; 1150 °C − 3.1942.

Conclusion

The manufacturing technology of wagon axles can signifi-
cantly influence the safe use of the axles produced. One 
of the weight-axle manufacturing processes where there is 

Fig. 13   Temperature distribution at the time of cracking
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Fig. 14   Graphs of the change in parameter values in the measuring sensors: a effective stresses, b reduced strains, c maximum principal stresses, 
d triaxial stresses, e minimum principal stresses, f cracking criterion value according to the standardised Cockroft-Latham criterion

Fig. 15   Values of the hybrid cracking criterion according to Pater for EA1T steel: a variation of the criterion value as a function of forming tem-
perature at the measurement points, b variation of the Pater cracking criterion value as a function of specimen forming temperature
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one limitation that negatively affects the safety of use is 
cross-wedge rolling and CNC skew rolling. The limitation 
is the formation of micro-cracks along the forming axis. 
which can cause damage or accelerate wear and tear during 
operation.

The laboratory and numerical tests carried out made it 
possible to locate the site of cracking and the magnitude of 
the values according to the hybrid cracking criterion accord-
ing to Pater using the example of EA1T railway steel.

On the basis of the analysis carried out. it was concluded that:

•	 The hybrid cracking criterion defines in a good way the 
locations of post-cracking formation of axisymmetric 
products. using the example of EA1T railway axle rolling.

•	 Verification of the numerical studies by carrying out 
laboratory tests made it possible to determine the cor-
rectness of the modified Pater hypothesis.

•	 Numerical and real tests allowed the determination of 
cracking criterion values according to the modified pat-
era hypothesis for EA1T steel. obtained from rotary com-
pression tests in the channel. which are respectively for 
temperatures of 950 °C. 1050 °C and 1150 °C: 950 °C 
− 0.7463; 1050 °C − 0.8936; 1150 °C − 3.1942.

•	 The largest increase in the cracking criterion value com-
pared to 950 °C was observed for forming at 1150 °C. 
which is about 3.3 times higher. while the cracking limit 
is about 2.5 times higher.

•	 It was found that the hybrid cracking criterion according 
to Pater. can be used to predict cracking during the roll-
ing process of wagon axles.
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