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INTRODUCTION

Cross and skew rolling are among the metal 
forming techniques that have recently gained in 
popularity. These rolling methods have been used 
for many years in the production of preforms for 
drop forging [1–3] and stepped axles and shafts 
[4–6]. In addition, new manufacturing technolo-
gies are being developed on their basis [7–9], in-
cluding the use of CNC rolling mills [10, 11].

The main problem with the widespread use 
of skew and cross rolling technology is the pos-
sibility of forming limitations such as necking 
(breakage), uncontrolled slippage and material 
cracking [12–14]. The most difficult problem is 
material cracking in the axial zone of the work-
piece, commonly referred to as the Mannesmann 
effect. The essence of this effect is the creation of 
a stress state in the centre of the workpiece which, 
in combination with rotary motion, causes cyclic 
compressive and tensile stresses that lead to rapid 
crack nucleation due to separation of non-metal-
lic inclusions from the metallic matrix. A further 

stage in the process is the growth of microcracks, 
which combine to form a macrocrack [15].

Previous numerical analyses to predict crack 
formation in a rolled part assumed material conti-
nuity, which significantly reduced the simulation 
time. The possibility of cracking was determined 
by analysing the distribution of the calculated 
damage function. If this function exceeded the 
critical damage value, the material was consid-
ered to be cracking. These analyses typically 
used universal fracture criteria for ductile materi-
als implemented in the computer programs used 
[16–18]. In addition, several new damage criteria 
have been developed [19–22] which are specific 
to cross and skew rolling processes.

In several cases, modelling of crack initiation 
was also performed by deleting elements where 
the failure function exceeded a critical value. 
Such modelling was first carried out by Ceretti 
et al. [23] using the maximum principal stress 
criterion. More recently, Bulzak et al. [24] used 
this method to evaluate up to nine failure cri-
teria for modelling cracking in the cross-rolling 
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process. However, the cited analyses were per-
formed with a significant simplification, assum-
ing a 2D plane strain state.

To summarise the analysis of the state of the 
art, no numerical simulation of Mannesmann ef-
fect cracking under 3D strain conditions has been 
performed to date. Therefore, a study in this area 
has been carried out. The results of this study are 
presented in this paper.

STUDY OBJECT – ROTARY COMPRESSION 
TEST OF A CYLINDRICAL SPECIMEN

The rotary compression (RC) process of a cy-
lindrical specimen, which is used to calibrate the 
damage function [25], was chosen as the object of 
study. Figure 1 shows a schematic diagram of the 
RC process. It consists of deforming a cylindrical 
specimen of dimensions (Ø30 × 90 mm) with two 
flat tools, the lower of which is stationary and the 
upper of which moves linearly at a speed v. The 
distance between the tools is 2h and is less than 
the diameter of the specimen d0. These parameters 
ensure that the upper tool grips the specimen and 
rolls it over the lower tool along a path of length 
s. As a result of the deformation, the cross-section 
of the specimen ovalises, leading to compressive 
and tensile stresses in the axial zone of the speci-
men which, for a suitable path length s, lead to 
the formation of a crack [26]. Determining the 
critical damage value in a rotary compression test 
involves experimentally determining the maxi-
mum path length s at which the material does not 
crack. The determined distance s is then used to 
model the numerically implemented RC case and 
to find the distribution of the damage function in 
the axial section of the rolled part. The maximum 
value of the determined function is considered to 
be the critical value of material damage.

EXPERIMENTAL TESTS

The rotational compression test was carried 
out under laboratory conditions at the Lublin 
University of Technology. A cross rolling mill 
was used in the tests, which allows rolling with 
tools of up to 1000 mm in length. Specimens of 
Ø30 × 90 mm, made of C45 grade steel, were 
formed. The distance between the tools was as-
sumed to be 2h = 27.2 mm.

The samples were heated in an electric fur-
nace to T0 = 950 °C. They were then placed on 
the lower stationary tool and formed with the 
upper tool moving at v = 300 mm/s (Fig. 2). In 
subsequent tests, the path s was successively in-
creased (by 30 mm each time) until an axial crack 
appeared on the side surface of the workpiece, 
which occurred at s = 250 mm.

The specimens were then X-rayed to show the 
axial crack propagation due to the Mannesmann 
effect. The resulting radiographs, ordered by path 
s, are shown in Figure 3. This figure shows that 
crack propagation occurs rapidly over a path 
length s corresponding to a workpiece completing 
only one revolution. The crack appears in the cen-
tre of the specimen and propagates mainly in the 
axial direction to finally reach the entire length 
of the workpiece. At the same time, the crack in-
creases in size transversely, resulting in a char-
acteristic lenticular shape. The radiographs also 
show that the crack has a complex shape, consist-
ing of a series of fractures that are also twisted.

NUMERICAL ANALYSIS

Numerical simulations of the RC test were 
carried out using the commercial software 
Forge®, which has been used repeatedly in the 
past to analyse cross and skew rolling processes 
[3, 9, 14, 27–31]. The results obtained from the 

Figure 1. Diagram of the rotational compression (RC) test 
used to determine the critical value of material damage
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Figure 2. Rotational compression test of a cylindrical 
specimen at T = 950 °C and s = 250 mm.

Figure 3. Radiograms of deformed specimens 
in a rotary compression test, realised 
with different forming path length s

simulations were in good agreement with the re-
sults of the experiments verifying them.

Figure 4 shows a geometric model of the anal-
ysed rotary compression case, taking into account 
the forming symmetries. The model consists of 
two perfectly rigid tools and a workpiece mod-
elled as a plastic body. The lower tool is station-
ary, while the upper tool moves linearly at a speed 
of v = 300 mm/s. The workpiece is made of C45 
steel, whose material model is described by the 
following Spittel Equation:
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where:	σf – flow stress, ε – effective strain, 
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 – strain rate, T – temperature.

It has been assumed that the friction at the 
contact surface between the workpiece and the 
tools is described by the Tresca condition, accord-
ing to which:
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where:	 τ – shear stress, k – shear yield strength 
 (𝑘𝑘 = 𝜎𝜎𝑓𝑓 √3⁄ ) 
 

, m – friction factor (assumed 
m = 0.8 [32]).

The calculations took into account the ther-
mal phenomena occurring during forming, which 
were determined by the following parameters: 
billet and tool temperatures of 950 °C and 50 °C 
respectively, a heat transfer coefficient between 
the workpiece and tools of 10000 W/m2K.

Four ductile fracture criteria were used to 
model the fracture of the material, from which 
the damage function fi is calculated. These were:
	• Oyane criterion
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	• Cockcroft and Latham criterion
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	• Normalised Cockcroft and Latham criterion
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	• Rice and Tracey criterion
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In Equations 3–6 it is assumed that: εf – criti-
cal plastic strain at fracture, σi – equivalent stress, 
σm – hydrostatic stress, σ1 – first principal stress, 
C1 and C2 – material constants, which are assumed 
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of the criteria used predicted the occurrence of 
cracks that were, however, shorter and slightly 
wider than the crack determined experimentally. 
The best result was obtained using the Oyane 
criterion, for which the predicted crack length 
was 87.5% of the experimentally determined 
length. Slightly worse results were obtained us-
ing the Rice and Tracy criterion. It is notewor-
thy that in each case analysed, the crack had an 
identical shape, resembling an inverted letter 
S in cross section. This shape is undoubtedly a 
consequence of the circumferential flow of the 
material caused by the shear stresses. Figure 6 il-
lustrates the predicted cracks for a forming path 
of s = 220 mm. These cracks are significantly 
shorter than the crack revealed in the experiment, 
which exhibited a characteristic lenticular shape 
and was propagated almost the entire length of 
the specimen (see Figure 3). With regard to the 
length of the predicted crack, it was the longest in 
the case where the Rice and Tracey criterion was 
applied. Additionally, the shape of the crack in 
cross-section underwent a transformation, taking 
on a cross-like configuration with curved arms. 
The predicted cracks along the maximum form-
ing path of s = 250 mm are shown in Figure 7. In 
contrast to the experimental studies (Figure 3), no 
crack was formed along the entire length of the 
specimen in any of the cases analysed. It should 
be noted that the longest crack was predicted us-
ing the Rice and Tracey criterion, and that in all 
cases a crack width comparable to that observed 
in the experimental studies was obtained. The 
shape of the fracture in the cross-section became 
more complicated, as more spurs were added in 

to be 0.283 and 1.5 respectively, according to the 
Forge® user manual.

The condition for fracture to occur is that the 
damage function fi reaches the critical material dam-
age value Ci, which can be expressed as follows:
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In order to model material fracture in the 
RC test, it is necessary to have knowledge of the 
critical damage value, Ci. In order to determine 
this, the following methodology was adopted. 
First, the RC test was simulated without consid-
eration of material fracture for a forming path of 
s = 160 mm, for which, according to Figure 3, 
no cracks were observed in the axial zone of the 
specimens. The maximum values of the damage 
function determined in this simulation were taken 
to be equal to the critical damage values, which 
for the adopted criteria were: COYAN = 3.052, CCL = 
161.4 MPa, CNCL = 1.410, CRT = 0.719. The RC test 
was then simulated again, this time taking into ac-
count the fracture of the material conditioned by 
the adopted damage criterion and the Ci value. 
The simulations were conducted with a forming 
path length of s = 250 mm, which corresponded 
to the maximum forming path length adopted in 
the experimental study.

Figures 5–7 show the cracks predicted nu-
merically using the individual damage criteria, 
which are summarised for the different progres-
sion of the process conditioned by the length of 
the path s. Thus, Figure 3 shows the results ob-
tained for a path s = 190 mm, at which a crack of 
58.54 mm long and 3.38 mm wide was formed 
inside the specimen in the experimental tests. All 

Figure 4. Geometrical model of the realised rotational compression test built 
in Forge® and taking into account the symmetry of forming
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Figure 5. Numerically predicted cracks in a specimen 
deformed in the RC test over a path length of s=190 

mm depending on the damage criterion used

Figure 6. Numerically predicted cracks in a specimen 
deformed in the RC test over a path length of s=220 

mm depending on the damage criterion used

Figure 7. Numerically predicted cracks in a specimen 
deformed in the RC test over a path length of s=250 

mm depending on the damage criterion used

the radial direction. Summarising the results of 
the numerical analysis of the Mannesmann effect, 
it can be concluded that the simulation of material 
fracture was consistent with the actual state only 
in the initial phase of fracture, when the crack oc-
curred only in the centre of the specimen. The fail-
ure of the modelling of the crack propagation in 
the later crack phase, where it reached the entire 
length of the specimen, was probably due to the 
damage criteria adopted. As can be seen from Fig-
ure 8, the damage functions used took values close 
to 0 on the unloaded faces of the specimen, making 
it impossible to satisfy condition (7). In addition, 
crack propagation led to changes in the stress state 
(discussed below), which also led to a change in 
the critical failure value Ci.

A very important parameter used in fracture 
analysis is the stress triaxiality η defined as:
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	 (8)

According to the study [33], when η > 0.33, 
fracture occurs by void nucleation, growth and 
coalescence. On the other hand, when η < 0, 
the loss of cohesion of the material occurs by 
shear, while in the case when 0 ≤ η ≤ 0.33, both 
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Figure 8. Numerically determined distribution of the damage function in the axial section 
of a specimen deformed in the RC test over a path length of s = 250 mm

mechanisms can take place. Furthermore, accord-
ing to Bao and Wierzbicki [34], the material does 
not fracture at all when η < -0.33. In view of the 
above description, it is important to know how 
the parameter η is distributed in the axial section 
of a specimen subjected to rotational compres-
sion. According to Figure 9, until a crack appears, 
the stress state in the axis of the specimen is ho-
mogeneous and the values assumed by the param-
eter η indicate the possibility of crack formation 
due to both void nucleation and shear. A crack 
forming in the axial zone of the specimen radi-
cally changes the stress state, reducing the areas 
of high tensile stress to the corners of the crack 
where stress concentration takes place. The above 

observation is confirmed by the distribution of the 
first principal stress σ1 shown in Figure 10. This 
stress is responsible for void nucleation and in the 
solid section reaches its highest values in the cen-
tre of the specimen where the crack initiates. In 
the subsequent fracture phase, stress σ1 is respon-
sible for crack propagation in the axial direction. 
The distribution of the maximum shear stress τmax 
shown in Figure 11 is also interesting. This stress 
is responsible for the shear crack initiation and 
takes maximum values in the centre of the speci-
men where the crack initiates. After crack initia-
tion, the distribution of τmax changes significantly. 
The stress values decrease, probably due to the 
reduced stiffness of the specimen weakened by 
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Figure 9. Numerically determined distribution of stress triaxiality η in the axial section of a specimen 
deformed in the RC test over a path length s ( crack was determined using the Oyane criterion)

Figure 10. Numerically determined distribution of the first principal stress σ1 in the axial section of a 
specimen deformed in the RC test over a path length s (crack was determined using the Oyane criterion)

the resulting crack. The effect of τmax in this phase 
of cracking is to curve the crack spurs, as can be 
seen in the cross sections of the specimens shown 
in Figures 5–7. The next Figure 12 shows the dis-
tribution of material temperature in the axial sec-
tion of the specimen. This distribution shows that 
the material temperature increases in the centre 
of the specimen where the crack forms. This is 
due to the conversion of the work of plastic de-
formation into heat, which reaches its highest 
values in the axial zone of the specimen. On the 

other hand, there is a decrease in temperature in 
the layers close to the surface, from which heat is 
transferred to the much colder tools. An important 
parameter to consider in the numerical analysis is 
the computation time. Figure 13 shows diagrams 
illustrating the dependence of the CPU time on 
the damage criterion adopted and on the progress 
of the RC test, expressed by the displacement 
value s. All the compression cases analysed were 
carried out on the same computer and with the 
same element mesh parameters. The calculation 
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Figure 11. Numerically determined distribution of the maximum tangential stress τmax in the axial section of 
a specimen deformed in the RC test over a path length s (crack was determined using the Oyane criterion)

Figure 12. Numerically determined temperature distribution in the axial section of a specimen 
deformed in the RC test over a path length s (the crack was determined using the Oyane criterion)

Figure 13. Effect of the damage criterion used on the simulation time of the RC test
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time was the same in each case up to the point of 
cracking (s<160 mm). Significant time differenc-
es due to the damage criterion used were only re-
corded for the crack propagation simulation. The 
shortest CPU time was recorded when using the 
Oyane criterion and the longest when using the 
Cockcroft and Latham criterion (tOYAN = 0.52 tCL).

CONCLUSIONS

On the basis of the experimental rotational 
compression tests performed on the cylindrical 
specimen and the numerical analysis carried out, 
the following conclusions were drawn:
	• an axial crack is initiated at the centre of ro-

tationally compressed cylindrical specimens;
	• once initiated, the crack propagates axially un-

til it reaches the full length of the specimen;
	• Forge® software can be used to model axial 

crack initiation due to the Mannesmann effect;
	• the accuracy of modelling the first crack phase 

(crack initiation) is assessed as good, but the 
accuracy of modelling the subsequent crack 
phase (crack propagation) is unsatisfactory;

	• the emerging crack radically changes the stress 
state in the forming specimen, which conse-
quently leads to a change in the critical dam-
age value (keeping the critical damage value 
constant throughout the simulation is probably 
the reason for the unsatisfactory modelling re-
sults of the final crack phase);

	• the best results for modelling the Mannesmann 
effect were obtained using the Oyane criterion.
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