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INTRODUCTION

Radial extrusion is an one among many of 
methods that enable the forming of hollow parts 
with flanges or lateral protrusions [1]. In many 
cases, the process is carried out using a mandrel 
or an additional medium that supports the shap-
ing of the product’s hole [2, 3]. In this way, parts 
with constant or variable wall thicknesses can be 
obtained from a tubular billet [4]. The maximum 
dimensions of extruded flanges are limited by the 
occurrence of undesirable phenomena accompa-
nying forming. These can include: local buckling 
of the billet wall, foldings, variable thickness of 
the flange, cracks in the material [5]. The geom-
etry and dimensions of the tools and billet, the 
thermal parameters of the process and the type 
of billet material are the key process parameters 
which are affecting the aforementioned phenom-
ena [6]. Selection of the correct process param-
eters is facilitated by numerical modeling using 
the finite element method (FEM). Among the 

above-mentioned limitations, material fracture 
prediction poses significant problems in the FEM 
calculations. During radial extrusion process, the 
material’s fracture occurs when the diameter of the 
flange exceeds a certain limit, while crack initia-
tion takes place at the flange’s lateral surface [7]. 
Determination of the moment of crack initiation 
by numerical methods, as in many other technol-
ogies, is possible through the use of appropriate 
criteria. Non-associated failure criteria are most 
often used in the FEM calculations. They are de-
scribed by an integral from a certain function, the 
value of which depends on the state of stress and 
strain that occurs in the material. The mentioned 
criteria include: Cockroft-Latham [8], Freuden-
thal [9], Brozzo [10], Norris [11], Ayad [12], Rice-
Teracey [13], Argon [14], Zhan [15], Oyan [16], 
Ko [17]. Application of the above relationships 
requires knowledge of the value of the limiting 
integral, which is determined experimentally in 
appropriate calibration tests. Wierzbicki et al [18] 
performed calibrations for seven fracture criteria 
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using fifteen tests in which the specimen shape 
was: round, flat, cylinder, plate, dog-bone, pipe, 
solid bar. Obtained results show that some criteria 
are correct only within a limited range of the stress 
state described by stress triaxiality. Lou et al [19] 
also used different sample shapes to calibrate the 
fracture criterion recommended for sheet metal 
forming processes. Pater et al [20] proposed that 
the values of limit integrals for rotational forming 
processes can be determined by the cross-wedge 
rolling method using conical-cylindrical sam-
ples. On the other hand, results described in the 
papers [21, 22], present a new method in which 
the values of limit integrals are determined using 
the rotary compression method. In another study 
[23], the authors analyzed the Oyane criterion, for 
which the limit integral was determined using the 
skew rolling of conical specimens method. For 
example in a study [24], there is a list of the val-
ues of limit integrals for different criteria deter-
mined for R200 and 100Cr6 steels in hot tensile 
testing. For a given material, the value of the limit 
integral significantly depends on the temperature. 
The research that has been carried out in the field 
of fracture prediction indicates that the criteria 
and tests for their calibration are not always in 
agreement with experimental results. Watanabe 
[25] showed that in the cold forging process of a 
stepped hollow shaft, the Cockcroft Latham cri-
terion does not indicate the correct fracture loca-
tion. Similar conclusions have been presented in 
the paper [26] on the example of the process of 
orbital forging of a flange pin. Therefore, the re-
searchers proposed their own equations that gives 
better results. Prediction of crack location is made 
on the basis of analysis of stress components of 
a polar coordinate system and equivalent stress. 
Also, Pater et al [27] showed that during cross 
wedge rolling of harrow tooth preforms, the loca-
tion of the developing cracks does not agree with 
those indicated by currently known criteria. The 
best agreement of the results was obtained using 
the Cockroft-Latham, Freudenthal and Argon cri-
teria for the zones of the material where the stress 
triaxiality is greater than 0.33. In the remaining 
locations where the stress triaxiality is less than 
0.33, the tested energetic criteria are ineffective. 
Therefore, the authors proposed their own frac-
ture criterion [28], which is a combination of the 
maximum shear stress criterion and the Oh crite-
rion. The influence of each criterion on the value 
of the new hybrid criterion depends on the stress 
state described by stress triaxiality.

Based on a review of the literature, it has been 
found that the cracking phenomenon is a compli-
cated and difficult issue for numerical modeling. 
The prediction of material cracking bases on vari-
ous criteria, the correspondence of which with the 
results of experimental tests is highly different. 
The accuracy of each criterion depends on the 
stress state occurring during the forming of the 
part and on the knowledge of the criterion’s limit 
value, determined by calibration tests. The best 
results are obtained in the cases where the stress 
and strain state of the reference specimen during 
the calibration test is very similar to the stress and 
strain state of the material during the forming of 
the part. Therefore, new criteria and new calibra-
tion tests which are dedicated to strictly defined 
technologies still are being developed. There-
fore, it was considered reasonable to undertake 
research in this area. This paper presents a new 
methodology for determining the location and 
moment of flange cracking in the radial extrusion 
process of a hollow part. The proposed method 
bases on the analysis of the state of stress and 
strain, therefore its application does not require 
a calibration test. The purpose of the paper is 
verification of the adopted assumptions based on 
theoretical and experimental studies, which were 
realized for tubular billets made of aluminum al-
loy EN AW 6063.

RESEARCH METHODOLOGY

The process of radial extrusion was realized 
according to the scheme shown in Figure 1a. The 
pressure of the punch 1 on the top surface of the tu-
bular billet 2a causes the filling of the impression 
formed between the container 3 and the base 4.  
The height h of the impression was assumed to 
be equal to the wall thickness g of the billet. The 
dimensions of the tools and the billet are listed 
in Table 1. Aluminum alloy EN AW 6063 in the 
annealed state was used as the extruded material, 
which was deformed under cold forming condi-
tions to obtain a extruded part with an outer flange 
2b with a diameter D. The annealing process was 
realized in an electric chamber furnace, where the 
specimens were held at a temperature of 415 °C 
for 2 hours, after which they were slowly cooled 
together with the furnace. Numerical calculations 
were performed by the finite element method us-
ing the Deform 3D software. In the process of 
the billet discretization, the tetragonal four-node 
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elements were used in the amount of about 200 
thousand. The flow curve of the analysed alloy 
was described by the constitutive equation, which 
was determined by own tests in the annealed cy-
lindrical specimens upsetting test. Cylindrical 
specimens were made from the same bar from 
which the tubular billets were made. Based on the 
data from the upsetting test for each measurement 
point, the value of the yield stress as a function of 
strain was determined from the relation (1) and (2).  
The experimentally determined flow curve was 
described by a constitutive Equation 3. To deter-
mine the coefficients C, n of the Equation 3, the 
function described by the Equation 4 was defined. 
The minimum of the function (4) was determined 
by using the Generalized Reduced Gradient opti-
mization method implemented in Microsoft Ex-
cel. Based on the calculations the flow curve was 
described by the Equation 5.
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where: εi, σi – value of strain and yield stress at the 
i-th experimentally measurement point; 
h0, d0 – initial height and diameter of 
the cylindrical specimens;    
hi, Fi – the temporary height of the cy-
lindrical specimen and the corresponding 
temporary force.
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where: σp – yield stress in MPa;   
ε – strain.
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where: σpi – the value of the yield stress deter-
mined from the constitutive equation.
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The contact conditions between the billet 
and the tools were described with a shear friction 
model using a friction factor equal to m = 0.2. 
A constant punch movement speed equal to 50 
mm/min was defined. The initial temperature of 
the tools and the billet was assumed to be 20 °C, 
while the heat transfer coefficient between the 
abovementioned objects was assumed to be equal 

Figure 1. Conditions for the realization of the ra-
dial extrusion process: a) process scheme, b) tools, 

billet and Instron 1000 HDX testing machine

to 10 kW/m2K. On the outer lateral surface of the 
billet at a distance from the base equal to half of 
the height of the impression, 180 sensors were 
placed uniformly around the circumference in 
such a way that sensor No. 1 was located between 
sensor No. 180 and sensor No. 2, sensor No. 2 was 

a)

b)
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located between sensor No. 1 and sensor No. 3,  
and so on. The sensors moved together with the 
deformed material, enabling detailed analysis of 
the state of stress and strain on the lateral surface 
of the extruded flange.

Experimental research was carried out using 
the equipment shown in Figure 1b. The tools were 
placed in the work space of an Instron 1000 HDX 
testing machine. Before the extrusion process, the 
tubular billets were lubricated by oil with molyb-
denum disulfide. A force applied to the punch was 
measured as a function of its displacement. The 
extrusion process was carried out until the flange 
cracked, which made it possible to determine its 
maximum diameter.

Based on experimental results and analysis of 
numerical calculations, a new methodology has 
been developed for predicting the moment and 
location of flange cracking. In practice, this new 
method bases only on FEM results.

DISCUSSION

On the basis of the experimental results, the 
numerical model of the radial extrusion process 
was validated, additionally, the diameter of the 
flange at which cracking occurs was determined, 
too. Figure 2a shows axial cross-sections of the 
obtained extruded part. The geometry of those 
parts obtained in the experimental tests is the 
same as that obtained in the FEM calculations. 
In both cases, the flange has a variable thickness, 
which decreases as its diameter increases. Quali-
tative and quantitative agreement of the results 
was also obtained in terms of the inclination of 
the flange edge from the surface of the extruded 
part base (perpendicular to the axis of symmetry 
of the extruded part). The force parameters of 
the process were also examined. The courses of 
forces applied to the punch as a function of its 
displacement are shown in Figure 2b. Both in the 
experimental tests and in the FEM calculations, 
the value of the force increases with the progres-
sion of the process. This is caused by an increas-
ing diameter of the flange. In quantitative aspect, 
it can be said that the values of the force required 

for the experimental tests at the initial stage of 
the process are smaller than those determined by 
FEM calculations. On the other hand, in the fur-
ther stage of this process, the force determined 
theoretically reaches smaller values than in real 
conditions. This is caused by variable lubrication 
conditions. In the FEM calculations, a constant 
value of the friction factor was assumed, while 
in real conditions, the lubrication efficiency of 
the contact surfaces of the billet with the tools 
decreases due to the relative motion of the afore-
mentioned objects, which causes the breaking 
of the lubrication film. Therefore, the force pa-
rameters determined in the simulation in terms 
of quality and quantity should be considered as 
compatible with the experimental results. In con-
clusion, it can be said that, the numerical model 
of the process has been built correctly and repre-
sents the analyzed real extrusion process. 

Based on experimental tests, the diameter of 
the flange at which the crack appears was deter-
mined. It was considered the maximum value due 
to the phenomenon of material crack. The diam-
eter value determined in this way is D = 44mm. 
The crack appears on the lateral surface of the 
flange (Figure 2c). Around the crack, a local thin-
ning of the material is visible, resulting from the 
concentration of strain around the crack center.

The estimation of the possibility of material 
cohesion loss was made out based on the results 
of numerical calculations. This estimation was be-
gun with analyzis one of the fracture criteria. The 
normalized Cockcroft Latham fracture criterion 
described by Equation 6 was selected, in which 
the possibility of material cracking is predicted 
on the basis of knowledge of the highest principal 
stress and stress intensity for a specific point.

𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖 = ln
ℎ0

ℎ𝑖𝑖𝑖𝑖
 

 

𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖 =
4 ∙ 𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 ∙ ℎ𝑖𝑖𝑖𝑖
𝜋𝜋𝜋𝜋 ∙ 𝑑𝑑𝑑𝑑0

2 ∙ ℎ0
 

 

𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝 = C ∙ 𝜀𝜀𝜀𝜀n  

 

Δ = Σ𝑖𝑖𝑖𝑖=1
𝑛𝑛𝑛𝑛 �𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖 − 𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 �

2 → 𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 

 

𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝 = 147.5 ∙ 𝜀𝜀𝜀𝜀0.2 

 

�
𝜎𝜎𝜎𝜎1

𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖

𝜑𝜑𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

0

𝑑𝑑𝑑𝑑𝜑𝜑𝜑𝜑 = 𝐶𝐶𝐶𝐶 

 

∆𝜑𝜑𝜑𝜑𝑖𝑖𝑖𝑖 =
𝜑𝜑𝜑𝜑𝑖𝑖𝑖𝑖+1 − 𝜑𝜑𝜑𝜑𝑖𝑖𝑖𝑖

𝜑𝜑𝜑𝜑𝑖𝑖𝑖𝑖
∙ 100% 

(6)

where: σ1 – maximum principal stress;   
σi – effective stress;   
𝜑 – effective strain;   
C – material’s constant value.

The distribution of the values of the aforemen-
tioned integral for the extruded part is shown in 
Figure 3, which also shows the courses of change 
in the values of this integral for all 180 sensors. 
Due to the large number of curves (as in the fol-
lowing figures), no legend is given. These curves 
create a characteristic pattern defining a range of 

Table 1. Dimensions of tools and billet (designations 
according to Figure 1)

L, [mm] d, [mm] g, [mm] h, [mm] R, [mm]

80 20 3 3 1
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values of the studied quantity, which at the same 
time illustrates its characteristics, depending on 
the range of values. Several zones are visible at 
the flange edge where the integral values are larg-
er than in their direct surroundings. In addition, 
a continuous increase in the integral value is ob-
served in these zones while in their surroundings 
the integral values have stayed constant since a 
certain moment. The constant value of the function 
(6) in the running process means that the value of 
the quotient of the maximum principal stress and 
the effective stress from a certain moment reaches 
a value equal to 0 or there is no increase in strain 
in the discussed areas. Therefore, the value of the 
aforementioned quotient for all sensors during 
the extrusion process is shown in Figure 4. It can 
be seen that the curve pattern is concentrated in 
a close range of values, creating a visible trend. 
In the steady-state phase of flange forming (from 
about the 5th second of the process time), the val-
ue of the quotient is almost constant at about 1. 
This means that the maximum principal stress is 
equal to the effective stress. Therefore, there is no 
stress disappearance in any sensor, so the value of 
the Cockroft Latham integral should not be equal 
to 0. Therefore, Figure 5 shows the distribution of 
strain on which it is possible to identify zones in 
which the value of strain does not increase since a 
certain moment. This explains the constant value 
of the integral in these areas. In addition, between 
the above-defined areas, a continuous increase 
in the strain value can be observed. This means 
that on the circumference of the flange, there are 
zones where the strain is concentrated, and which 
are surrounded by dead zones where the strain 
increase is smaller or zero. The values of strain 
increase described by relation (7) for individual 
sensors are shown in Figure 6.
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where: Δ𝜑i and 𝜑i – the increase in strain and the 
strain value, respectively, in the i-th cal-
culation step of the analyzed process.

Until about the 5th second of the process, the 
increase in strain measured for each sensor is rel-
atively high and rapid. This is the initial phase of 
the process, in which the tube material begins to 
fill the impression formed between the container 
and the base. In the further stage of extrusion, 
there is a stable increase in the diameter of the 
flange, in which the strain increase is smaller and 
has a more stable course. There are some sensors 

for which, since about 23 s of the process, the in-
crease in strain is zero (the blue vertical dashed 
line on the graph), while in the other sensors the 
strain value increases continuously. The distribu-
tion of strain increase for individual sensors at se-
lected time steps is shown in Figure 7. There are 
two zones around the circumference of the flange 
(sensors 105–110 and 125–130), where the strain 
increase is zero from 23.3 seconds of the process. 

Figure 2. Experimental and FEM results:  
(a) extruded parts in axial cross-section,  

(b) force, (c) flange with crack

c)

b)

a)
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Figure 3. Distribution of integral values according to the normalized Cock-
croft Latham cracking criterion (description in the text)

Figure 4. The value of the quotient of the maximum principal stress and ef-
fective stress for individual sensors (description in the text)

Figure 5. Distribution of effective strain values (description in the text)
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In addition, between these zones there is an area 
(sensors 115–120) where the strain increase is the 
highest. This is an area of strain concentration, 
which is surrounded by two dead zones, which 
indicates the location of the material fracture. The 
moment of flange cracking (flange achieves a di-
ameter equal to D = 44mm, it is shown by the 
red vertical dashed line in Figure 6), determined 
experimentally, occurs about 1 second after the 
appearance of zones of zero strain increase (then 
the flange has a diameter equal to D = 43.3mm). 
Therefore appearance of two zones with zero in-
crease in strain between which there is an area of 
highest value of strain means that further realiza-
tion of the extrusion process will cause cracking 
of the flange in a relatively short time. The study 
shows that a detailed analysis of the state of strain 
makes it possible to determine the moment and 

location of cracking of a flange formed by radial 
extrusion from a tubular billet with a very good 
approximation.

CONCLUSIONS

The theoretical and experimental studies has 
been performed on the process of radial extrusion 
of flanges in hollow products. The obtained results 
of these studies lead to the following conclusions:
1. Detailed analysis of the FEM results makes it 

possible to determine the location and approxi-
mate moment of flange cracking in radial ex-
trusion process,

2. The distribution of integral values according 
to the normalized Cockcroft Latham fracture 
criterion and the distribution of effective strain 

Figure 6. Increase in effective strain values for individual sensors (description in the text)

Figure 7. Increase in effective strain values for individual sensors at selected extrusion stages
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in the flange is not uniform; at the edge of the 
flange, zones of local concentration of the 
mentioned parameters are formed, which are 
surrounded by areas where the values of the 
these parameters are smaller,

3. At a certain moment of extrusion, two dead 
zones appear, in which the strain value remains 
constant; between these zones, appear a region 
in which the strain values are highest around 
the circumference of the flange; the appearance 
of these zones indicates the location and ap-
proximate moment of cracking of the material,

4. A further direction for the development of the 
presented method can be research in the field 
of fracture analysis of extruded parts made of 
different materials.
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