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INTRODUCTION 

Modern technologies that enable the plastic 
processing of metals allow for the formation of 
products in various forms, including pre-forgings 
and axisymmetric forgings. For shaping, among 
other methods, machines and devices that repre-
sent innovative solutions in the forging industry 
are used. A popular forming method is cross-
wedge rolling, which unfortunately also has limi-
tations, including uncontrolled slipping, necking, 
and tearing of the forged piece being shaped, as 
well as internal cracks in the formed product, 
resulting from the Mannesmann effect that occurs 
during the forming process [1]. These cracks are 
caused, among other things, by the occurrence 
of cyclic stresses and deformations in the central 
areas of the specimens or the gradual destruction 
of the material cohesion caused by low-cycle 
fatigue [2,3]. The research conducted by Pater 
showed that in the rotary compression test, the 
stress state is closest to the stress state present 

during cross-rolling and skew rolling [4–6]. Fig-
ure 1 shows two types of fracture in metallic 
materials – ductile and brittle [7].

In the case of ductile fracture, the crack arises 
as a consequence of the creation, growth and coa-
lescence of voids [8]. This fracture is therefore 
characterised by a low growth rate after consid-
erable plastic deformation. The fracture surface is 
rough and dull, and in a tensile test, the deformed 
specimen takes on a cup-and-cone shape. Brittle 
fracture is characterised by the breaking of atom-
ic bonds along specific crystallographic planes 
[9]. The crack propagates rapidly, and the fracture 
surface is smooth and bright.

Models based on various fracture criteria 
are used to predict ductile fracture in plastically 
deformed materials [10]. The criteria are primar-
ily intended to identify the location of the frac-
ture and determine the critical damage value. In 
general, the function describing the damage of the 
material microstructure can be expressed as: 
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where:	C – the critical value of the damage function,  
εf – critical plastic strain at fracture, 
Φ(σ) – function describing the effect of 
stress on the rate of void formation and 
coalescence.

The literature allows identifying a set of duc-
tile fracture criteria based on the function Φ(σ) 
(Table 1). 

In a broad sense, the moment of damage is 
expected when the damage variable reaches a 
ratio equal to 1 in relation to Cgr:
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where:	Cgr – the limit value of the damage func-
tion at the moment of fracture initiation.

Pater’s hybrid criterion combines the basis of 
the ductile fracture criterion with the maximum 
shear stress criterion. Pater chose the most com-
monly used normalised Cockcroft-Latham crite-
rion as the plasticity fracture criterion, referring 
to pure shear stress and utilising the Huber-Mises 
hypothesis [20]. The hybrid fracture criterion was 
expressed by the equation:
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where:	CPATER – damage function value according 
to Pater criterion, σ1 – maximum princi-
pal stress, σ3 – minimum principal stress, 
σi – effective stress, η – stress triaxiality, 
Φ – coefficient describing the fraction of 
ductile fracture in the damage function.

The aim of this article was to determine the 
critical values according to stress and dimension-
less damage functions, as well as using the hybrid 
Pater criterion, employing S355 steel under cold 
working conditions.

MATERIAL AND METHODS 

The text reviewed the results of research con-
ducted on fracture criteria, along with a hybrid 
hypothesis of the Pater criterion for S355 steel, 
which is used in applications characterised by 
increased strength, dimensional accuracy and 
surface quality, e.g. in cold-formed profiles, bars, 
wires and structural sheets. The steel used for 
testing is non-alloy steel with the chemical com-
position reported in Table 2.

In order to determine the value of the damage 
function according to fracture criteria, laborato-
ry tests and numerical simulations of rotational 
compression of specimens in a channel were car-
ried out. The laboratory technique used allows the 
determination of the fracture moment resulting 
from the Mannesmann effect during the forming 
process in the channel. Cylindrical specimens 
with initial dimensions of 40 mm in diameter and 
20 mm in length were used for the tests, which 
were placed in the channel of the lower tool. The 
specimens were rolled in a die with a height of 2  
= 38.4 mm. The upper tool moved at a speed of v 
= 300 mm/s, while the lower remained stationary. 

Figure 1. Classification of fracture morphology [9]
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During forming, the specimen undergoes intense 
ovalisation of the cross-section, and the removal 
of this effect results in the elongation of the spec-
imen. The walls of the channel counteract this, 
resulting in a variable state of compressive-ten-
sile stresses along the entire length of the distance 
s in the axial zone of the specimen, which leads 
to the formation of a fracture known as the Man-
nesmann effect. In order to determine the critical 
forming distance for S355 steel, three specimens 
were allocated for each distance tested. Figure 2 
shows a diagram of rotary compression. 

For the experimental studies, a flat-wedge 
rolling mill (Figure 3a) was used, equipped with 
tools in the form of flat tools with a channel (Fig-
ure 3b), located at the Department of Metal Form-
ing at Lublin University of Technology. The roll-
ing mill allows specimens to be shaped using flat 
tools with a length not exceeding 1000 mm.

During the rotational compression tests in the 
channel, various values of the forming distance s 
were used to determine its critical value. Exceeding 
the critical value of the forming distance s caused 
a crack to form in the axial part of the specimen. 
Under these conditions, the distance s was decreased 
and the test was continued until a crack appeared 

on the side surface of the specimen. The test was 
then repeated with these parameters two more 
times, and if no cracking was observed, this value 
of the distance was considered critical for the mate-
rial in question. Experimental tests were conducted 
at 20 °C. The flowchart describing the method of 
determining the critical damage function based on 
the new rotary compression test is given in Figure 4.

RESULTS

During experimental research, the critical defor-
mation distance s was determined to be s = 500 mm. 
An increase in the deformation distance s results in 

Table 1. Damage functions used in ductile fracture analysis 
Criterion Formula 

Freudenthal [11] ∫ 𝜎𝜎𝑖𝑖 𝑑𝑑ɛ ≥ 𝐶𝐶𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

ɛ𝑓𝑓(𝑡𝑡)

0
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ɛ𝑓𝑓(𝑡𝑡)

0
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Note: σ1 – maximum principal stress, σm –mean stress, σi – effective stress.

Table 2. Chemical composition of S355 steel (weight percentage, %)
C Mn Si P S Cr Ni Al Cu Fe 

0.2 1.5 0.2–0.5 ≤ 0.04 ≤ 0.04 ≤ 0.3 ≤ 0.3 ≤ 0.02 ≤ 0.03 others 

 

Figure 2. Scheme of rotary compression
– specimens in the channel
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an enlargement of the crack size in the radial direc-
tion. Figures 5–6 show the specimens deformed 
in the channel. After determining the critical value 
of the forming distance s, numerical modelling of 
the rotational compression test in the channel was 
undertaken using Simufact.Forming v.15 software. 
The geometric model created was identical to the 
one used in the laboratory test (Figure 7). Forming 
was performed on the critical distance s. 

During numerical calculations, it was estab-
lished that the speed of the upper tool movement 
was 300 mm/s. The material model was obtained 
from own plastometric tests and described by the 
following equation:
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where:	σF – flow stress.

Figure 3. Laboratory setup: a) cross and wedge rolling mill, b) tools 

Figure 4. Flowchart describing the method of determining the critical damage function
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A friction factor of m=0.9 was established 
between the shaped material and the tools, while 
the temperature of the tools and specimens was 
kept constant at 20 °C. The heat transfer coef-
ficient between the tool and the specimen was 
20 000 W/m²·K. Hexahedral elements with a size 
of 1.5 mm were used for modelling. In order to 
quantitatively assess the issue under study, 21 
sensors were installed on the specimen axis at 1 
mm intervals to record the parameters needed to 
determine the damage function (Figure 8). 

The numerical analysis conducted allowed for 
the determination of the distribution of effective 
strain (Figure 9) and the distribution of the dam-
age function calculated based on the normalised 
Cockcroft-Latham criterion (Figure 10) along the 

critical distance s = 500 mm. The largest defor-
mations occur on the side surfaces, where the 
material comes into contact with the side planes 
of the cut, while in the axial zone, the deforma-
tions are uniform. The damage distribution con-
firms the belief that the greatest material fracture 
in the rotational compression test in the channel 
will occur in the axial zone of the specimen – the 
function takes extreme values there, which are 
highest at the centre of the specimen and decrease 
as one approaches its front surfaces.

During experimental tests and numerical 
analysis, the values of the forming forces were 
recorded (Figure 11). The nature of the forces 
recorded during the experiment and numerical 
simulation is similar. During the initial stage of 
the process, the forming forces are most intense 
when the specimen undergoes significant oval-
isation. In the next phase, the forces gradually 
decrease and remain relatively stable until the end 
of the rotational compression process. 

The data collected from the sensors enabled 
determining the distribution of damage functions 
along the axis of the specimens. The distributions 
were grouped according to the nature of the dam-
age function (stress functions – Figure 12 and 
dimensionless function – Figure 13). In the case of 
calculating the critical value according to Oyane’s 
criterion, it was assumed that the material constant 
is equal to A = 0.424 [21]. Some of the calculat-
ed functions show similar behaviour, namely, the 
values of the damage function reach a peak at the 
centre of the specimen and decrease with distance 
from the centre. The criteria of Freudenthal, Zhan, 
Oyane, and Oh show a linear distribution along the 
entire length of the specimen. This indicates that 
these criteria determine that the probability of frac-
ture is the same along the entire axis and has the 
same value in each sensor. The other criteria show 
that the damage function reaches its peak values 
in the middle of the specimens and then decreases 
towards the side surfaces. 

Figure 5. Deformed specimens achieved with a forming distance (s) equal to (from left to right) 500 mm,
600 mm and 800 mm 

Figure 6. Cross-sections of deformed specimens 
achieved with a forming distance (s) equal to

(from left to right) 500 mm, 600 mm and 800 mm 

Figure 7. Model of the performed test created in 
Simufact.Forming



340

Advances in Science and Technology Research Journal 2026, 20(5), 335–344

Figure 8. The arrangement of sensors along the specimens used to monitor parameters reporting
the state of stress and strain: a) initial specimen, b) specimen after forming

Figure 9. Distribution of effective strain in a specimen submitted to rotational compression 

Figure 10. Distribution of the Cockroft-Latham damage function in a specimen submitted
to rotational compression 
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The placement of sensors in the test specimen 
enabled the determination of the stress triaxial-
ity distribution. From the instantaneous values 
obtained in the specimen at a given sensor, the 
average values of the parameter were calculated 
(Figure 14), using the following relationship:
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where:	 ε – effective strain.

The measured values depend on the place-
ment of the sensor. The stress triaxiality is high-
er at the centre of the specimen and reaches the 
lowest values at the side surfaces. On the basis of 
the results of computer simulations, the damage 
function value was computed by the Pater crite-
rion based on a hybrid approach. The calculation 
results are illustrated in Figure 15 showing how 
the criterion value changes depending on the sen-
sor position on the specimen axis. 

Figure 11. Comparison of forming loads distribution results obtained from experiments
and numerical simulations for S355 steel with a forming distance of s = 500 mm

Figure 12. Distribution of the dimensionless functions for S355 steel in the rotary compression test,
the specimen formed at the distance s = 500 mm
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Figure 13. Distribution of stress functions for S355 steel in the rotary compression test,
the specimen formed at the distance s = 500 mm

Figure 14. Distribution of stress triaxiality in the specimen axis

Figure 15. Change in the hybrid damage criterion by Pater at points situated along the specimen axis

Table 3. Critical values of the damage function for S355 steel in rotary compression test, in the temperature of 20 °C

Parameter CFREU 
[MPa]

CZHAN 
[MPa]

CARGO 
[MPa]

CCL 
[MPa] CRT CBROZ COYAN CAYAD COH CPATER

Rotary 
compression 1528.7 962.5 2249.7 1683.5 3.7 2.91 2.1 0.81 1.91 2.21

Note: CARGO damage function value according to Argon’s criterion, CAYAD damage function value according to
Ayada’s criterion, CBROZ damage function value according to Brozzo’s criterion, CCL damage function value
according to Cockroft-Latham criterion, CFREU damage function value according to Freudenthal’s criterion,
COH damage function value according to Oh’s criterion, COYAN damage function value according to Oyane’s criterion.



343

Advances in Science and Technology Research Journal 2026, 20(5), 335–344

The values of the damage function presented 
in Table 3 are derived from the measurements 
taken. The average values from all sensors were 
taken as the critical values of the damage function.

CONCLUSIONS 

The article presents the methodology, 
results of laboratory tests, and numerical simu-
lations for the rotary compression test of S355 
steel for a process conducted at 20 °C. These 
data enabled the determination of critical val-
ues of the damage function in the context of the 
adopted ductile fracture criteria. On the basis of 
the findings of the research, the following con-
clusions were drawn:
	• Laboratory tests conducted allowed for the 

numerical verification of the rotary compres-
sion test in the channel,

	• The values of dimensionless damage functions 
are in units, while the values of stress damage 
functions are in thousands, 

	• The values obtained from dimensionless and 
stress damage functions are not equal, but 
some of them accurately predict the location 
of the fracture – in the middle of the specimen,

	• The Freudenthal, Zhan, Oyane, and Oh criteria 
show a linear distribution along the entire length 
of the specimen – according to them, the prob-
ability of fracture is the same along the entire 
axis and has the same value in each sensor, 

	• The value of the damage function accord-
ing to the Ayada criterion is below 1 and is 
practically 4.5 times smaller than the value 
obtained from the Rice&Tracey criterion, 
while the value of the damage function 
according to the Zhan criterion is more than 
twice smaller than the value obtained from 
the Argon criterion,

	• The value of the damage function obtained 
from the Freudenthal criterion is similar to the 
value from the Cockroft-Latham criterion, and 
the similarity in values can also be seen in the 
Pater and Oyane criteria.

	• The hybrid fracture criterion accurately defines 
the location of crack occurrence in the case of 
S355 steel under cold processing conditions, 
i.e., at a temperature of 20 °C,

	• Pater’s hybrid fracture criterion can be used to 
predict fracture during processes occurring at 
ambient temperature, i.e. under cold conditions. 
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