
78

INTRODUCTION

Forming hollow elements with the method of 
metal forming is possible with the use of various 
technologies and semi-finished products. The bil-
let is usually rods or tubes. In the case of rods 
it is necessary to make a hole, which results in 
high contact pressures transferred by the tools as 
well as material loss. In the case of the hole being 
machined, even greater material loss occurs and 
the production time is significantly longer. There-
fore, using hollow billets seems to be a right al-
ternative. Nevertheless, metal forming of hollow 
billets is connected to numerous limitations hin-
dering or preventing the applicability of certain 
technologies. Due to this fact, new methods of 
effective manufacturing of hollow elements, usu-
ally dedicated for a certain type of forgings, are 
sought after. For example, the forgings of stepped 
shafts can be manufactured using a new method 
of rotational compression [1, 2]. In this process, 
the workpiece is formed using three rolls which 
move in the radial direction and rotate simultane-
ously. Due to this fact, the material-tool contact 

surface is changeable, and therefore the work-
piece does not cool down excessively, which en-
ables the process to be conducted under hot work-
ing conditions. Despite numerous advantages, 
certain limitations to this process occur, mainly: 
deformation of the semi-finished product wall, 
material cracking, twisting of the formed steps, 
uncontrolled slip and deformation of the cross-
section of the formed steps [3]. Another example 
of a new manufacturing method of stepped shafts 
from tube billets is cross-wedge rolling rail axles 
[4]. Apart from the stepped shafts, the elements 
of hydraulic installations are also manufactured 
directly from the tube billets. Seeking new met-
al forming methods focuses on developing the 
technology of hole flanging in order to produce 
branched tubings [5, 6]. In the cases where it is 
necessary to connect a tube with a flange, e.g. 
made of sheet metal, the research on innovative 
technological solutions is conducted as well. The 
methods of connecting based on upsetting and/or 
flanging, where the moving tool is only the punch 
or upper die [7] are modified in such a way that 
moving bottom containers/bottom dies [8÷10] 
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are used additionally, which increases the ef-
fectiveness of the process. Moving or allowing 
the movement of several tools is also performed 
in the new flanging processes. The new method 
of radial extrusion of flanges uses a limit ring 
as a moving tool. This ring deforms during the 
process, which allows to obtain flanges with 
relatively large diameters [11]. The process pre-
sented in the study [12] is realised with top and 
bottom dies simultaneously moving and creat-
ing a closed impression of a fixed height. In the 
works [13, 14] using the movable counter punch 
increases the height of the closed impression, 
which allows one to produce a flange with rela-
tively significant heights in relation to the wall 
thickness of the tube billet. In the technologies 
based on extrusion with a movable sleeve, mov-
ing spontaneously as a result of pressure force of 
the deformed material [15] or powered indepen-
dently from the punch [16, 17] the volume of the 
closed impression increases along with the stage 
of the process. This phenomenon eliminates lo-
cal buckling and folding, due to which it is pos-
sible to obtain flanges of the heights difficult to 
obtain with conventional methods.

On the basis of the analysis of literature on 
metal forming hollow elements directly from 
tube billets, it was stated that the research on new 
technologies is continuously being carried out. 
Considering the advantages resulting from the 
extrusion of flanges using several movable tools 
it was deemed favourable to continue the research 
on this subject. Due to this fact, a new process 
of extrusion with a movable sleeve, in which the 
forging is formed in a semi-free impression was 
developed. The objective of research was to theo-
retically verify the proposed method and analyse 
the influence of the basic parameters of the pro-
cess, that is the diameter of the extruded flange 
and the initial height of the impression in relation 
to the occurrence of the limiting phenomena.

RESEARCH METHODOLOGY

The scheme of the new process was present-
ed in Figure 1. A fragment of the billet with the 
length ls, being the shank part of the forging, is 
located in the bottom die. During the process, this 
fragment is not subjected to plastic strain, since it 
is located in the closed impression. This impres-
sion is created between the ejector, mandrel and 
the aforementioned die and its volume is similar 

to the volume of the material inside. The remain-
ing part of the billet with the length lf, transformed 
into the flange part of the forging as a result of 
the plastic strain, is located in the movable sleeve. 
Initially, the sleeve adheres to the bottom die cre-
ating an impression with the temporary height h0 
and diameter Df. After filling, the sleeve is set in 
motion. Due to this fact, the closed impression is 
opened and the flange with a progressively great-
er height is formed in a semi-free impression. The 
main advantage of this method is the fact that dur-
ing the forming process, the deformed material in 
the forming area is only partially in the closed 
impression. For this reason the friction forces on 
the contact surface of movable sleeve – deformed 
material decrease, which positively influences 
both the load on the punch and the sleeve. Ad-
ditionally, the material does not move in relation 
to the bottom die in the shank part of the forg-
ing; therefore, the friction forces on the surface of 
the impression of the tool influence the process of 
flange extrusion to an insignificant degree.

The numerical analysis of the discussed tech-
nology was performed with the finite elements 
method in Deform-2D/3D. The calculations were 
performed under cold working conditions, as-
suming axial-symmetric strain state. Tubular bil-
lets made of 42CrMo4 steel were used. The mate-
rial flow curve for this steel was described using 
the Hollomon model (1). The material constants 
occurring in the equation were determined in own 
research in upsetting test of spheroidized cylin-
drical samples. 

𝜎𝜎𝑝𝑝 = 1023 ∙ 𝜀𝜀0.2 (1)

where: σp – true stress, ε – true strain.

The conditions of the billet-tool contact were 
described by a shear friction model assuming the 
friction factor equal m=0.3. The initial tempera-
ture of the objects was 20˚C, whereas the heat 
transfer coefficient equalled 10 kW/m2K. The 
speed of the punch υp and mandrel υm was similar 
and equal 100 mm/min. The speed of the movable 
sleeve was determined on the basis of the con-
stancy-of-volume relationship described with the 
equation (2). The kinematics of the tools indicates 
that in time dt, the punch moves at the speed υp, 
whereas the movable sleeve at υs. In accordance 
with this, the speed of the movable sleeve deter-
mined from the equation (2) is expressed by the 
dependency (3).
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𝜋𝜋
4 ∙ (𝐷𝐷2 − 𝑑𝑑2) ∙ 𝜐𝜐𝑝𝑝 ∙ 𝑑𝑑𝑑𝑑 =

𝜋𝜋
4 ∙ (𝐷𝐷𝑓𝑓2 − 𝐷𝐷2) ∙ 𝜐𝜐𝑠𝑠 ∙ 𝑑𝑑𝑑𝑑 (2)

𝜐𝜐𝑠𝑠 = 𝜐𝜐𝑝𝑝 ∙
𝐷𝐷2 − 𝑑𝑑2
𝐷𝐷𝑓𝑓2 − 𝐷𝐷2 (3)

In the calculations, different values of the di-
ameter of the extruded flange Df and the initial 
height of the impression h0 were investigated. The 
list of the analysed cases is presented in Table 1. 
First of all, the initial phase of the process, consist-
ing of filling the impression with the initial height 
h0 by the deformed material, was analysed. This 
stage was realised assuming that the compres-
sive stress in the punch cannot exceed 2100 MPa, 
which is safe for the tool materials dedicated for 

cold working processes. For the selected condi-
tions of the process, that is Df and h0 at which the 
initial phase of the process progresses correctly, a 
second stage of tests was conducted, in which the 
movable sleeve moves in the opposite direction 
of the movement of the punch. This results in an 
increase of the height of the flange.

ANALYSIS OF THE RESULTS 

The test results indicated that at the initial 
stage of the extrusion process, where the closed 
impression with height h0 is filled with the de-
formable material, limiting phenomena occur and 
prevent the correct progression of the process. 
The main cause is the limited mechanical strength 
of the punch. The most commonly used limitation 
is underfilling the impression in the hole of the 
forging (limiting phenomenon LP-1 presented in 
Fig. 2). This defect occurs due to a local buckling 
of the billet wall, as a result of which the mate-
rial flows away from the mandrel and comes in 
contact with the wall of the impression with the 
diameter Df first. Upon achieving this contact, the 
material flow outside is hindered and intensive 
upsetting of the wall occurs, which causes the ma-
terial to flow in the direction of the axis symmetry 
of the forging. However, due to the size and the 
allowed load on the punch, the underfilling can-
not be eliminated in every case, which causes the 
defect to occur at the initial stage of the process. 

In order to determine the influence of each 
parameter of the process on the possibility of de-
fect the occurrence, the measurement of the un-
derfilling in the radial and axial directions was 
performed (Dxi and Dyi in Fig. 2). On the basis of 
the obtained results and dependencies (4) and (5) 
the maximum underfilling values Dxmax and Dymax, 
were determined. Their quotient in the function 
of the initial height of the impression h0 and the 
diameter of the flange was presented in Fig. 3 and 
4. The smaller the value of the ratio Dxmax / Dymax, 
the smaller the underfilling. The ratio equal to 
0 means that the defect did not occur. The data 
presented in Figure 3 indicate that the increase of 
the initial height of the impression independently 
from the diameter of the flange caused a progres-
sively greater underfilling of the impression. The 
safe values of the initial height of the impression 
are 16 and 18 mm for the flanges with the diam-
eter 54 and 56, 58 mm, respectively.

Fig. 1. Scheme of the process of extrusion with a 
movable sleeve in a semi-free impression;  

1 – punch, 2 – mandrel, 3a – billet, 3b – forging, 
4 – movable sleeve, 5 – bottom die, 6 – ejector

Table 1. Analysed technological parameters of the 
process of extrusion with a movable sleeve in a semi-
free impression (markings compliant with Fig. 1)

d
[mm]

D
[mm]

ls
[mm]

R1
[mm]

R2
[mm]

30 50 50 5 2
R3

[mm]
α
[˚]

Df
[mm]

h0
[mm]

lf
[mm]

5 20 54, 56, 58
14, 16, 
18, 20, 
22, 24

75
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Figure 4 presents the data on the influence of 
the diameter of the flange on the underfilling. It 
was observed that at the same initial heights of 
the impression, the underfilling described with 
the relation Dxmax / Dymax increases along with 
the diameter of the flange. This is caused by the 
fact that at a greater diameter of the flange, the 
deformed material flows in the radial direction, 
moving away from the axis of the forging. 

Another limiting phenomenon, observed only 
in a singlecase, was underfilling of the cylindrical 
impression with diameter Df (limiting phenom-
enon LP-2 shown in Figure 2). It occurs when the 
initial height of the impression h0 is too small. In 
this case, local buckling of the billet wall does 
not occur and therefore the material remains in 

contact with the mandrel. Filling of the impres-
sion is caused by upsetting of the wall and mate-
rial flowing radially. The small height of the im-
pression h0 causes total filling of the impression 
to require the application of the total force higher 
than the mechanical strength of the punch.

The list of the limiting phenomena in rela-
tion to all of the analysed cases was presented 
in Table 2. In the case of extrusion a flange with 
the diameters Df = 56 and 58 mm and the ini-
tial height of the impression equal, respectively, 
h0 = 14 and 18 mm none of the limiting phenom-
ena listed above were observed. Nevertheless, 
the impression is filled correctly when the force 
acting on the punch reaches a value close to the 
maximum. Due to this fact, these are boundary 

Fig. 2. Limiting phenomena in the initial phase of flange forming by extrusion with a movable sleeve in a 
semi-free impression

Fig.3. Size of the underfilling of the impression in a function of its initial height h0
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cases due to the mechanical strength of the tools, 
which, as mentioned above, influences the occur-
rence of the limiting phenomena. The best results 
in relation to the initial stage of the process were 
obtained in the case of extrusion defined with the 
following parameters: : Df = 54 mm, h0 = 14 and 
16 mm and Df = 56 mm, h0 = 16 and 18 mm. A 
correct filling of the impression was obtained at 
significantly lower values of forces acting on a 
punch.

∆𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑚𝑚𝑚𝑚𝑥𝑥{∆𝑥𝑥1, ∆𝑥𝑥2, ∆𝑥𝑥3,… , ∆𝑥𝑥𝑛𝑛} (4)

∆𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑚𝑚𝑚𝑚𝑚𝑚{∆𝑦𝑦1, ∆𝑦𝑦2, ∆𝑦𝑦3, … , ∆𝑦𝑦𝑛𝑛} (5)

In the case of the four abovementioned tech-
nological variants of the process, a second stage 
of the research was conducted, where the subject 
of analysis was the phase of the process in which 
the sleeve moves in the opposite direction to the 
punch (Fig. 5). Due to this fact, a flange with a 
progressively greater height is obtained, which 

is formed in the semi-free impression. It was ob-
served that during extrusion, an unintentional in-
crease of the inner diameter of the forging in the 
flange area occurs along with the displacement 
dms of the movable sleeve. This can be accom-
panied by an uneven increase of the thickness of 
the billet wall throughout the entire height of the 
flange. Both of these phenomena are caused by 
the fact that the extrusion is performed in a semi-
free impression; therefore, the material flow is not 
limited in every area. Both the increase of the in-
ner diameter and the wall thickness depend on the 
value of displacement of the movable sleeve. The 
volume of the material in a closed impression de-
creases along with an increase in the displacement 
of the movable sleeve, which significantly influ-
ences the occurrence of the limiting phenomena. 

In order to conduct a quantitative assessment, 
two parameters described with the dependencies 
(6) and (7) were introduced, mainly the mean 
wall thickness gr in the flange area related to the 
assumed thickness (estimated on the basis of the 
dimensions of the impressions of the tools) and 
mean increase of the inner diameter Dxm also re-
lated to the assumed diameter (equal the diameter 
of the mandrel). The values of gr and Dxm were de-
termined for various locations dms of the movable 
sleeve on the basis of the measurements of the in-
ner and outer diameter of the forging in the flange 
area, according to the scheme shown in Fig. 5a. 
The obtained results were presented in Fig. 6 and 
7 in a diagram form. 

On the basis of the analysis of the curves pro-
gression on the mean increase of the inner diam-
eter of the forging Dxm (Fig. 6) it can be stated 

Fig. 4. Size of underfilling of the impression in the function of the diameter Df of the flange

Table 2. Limiting phenomena in the initial phase of 
the extrusion process depending on the technological 
parameters

h0 [mm]
Df [mm]

54 56 58
14 correct max. punch load not investigated
16 correct correct LP-2
18 LP-1 correct max. punch load
20 LP-1 LP-1 LP-1
22 LP-1 LP-1 LP-1
24 LP-1 LP-1 LP-1
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that an increase of the mean inner diameter of 
the forging occurs along with the increase of dis-
placement dms of the movable sleeve, indicating 
the material progressively moving away from the 
mandrel. This phenomenon has the least influ-
ence on the progression of the extrusion process 
of a flange with the diameter Df = 56 mm using 
the impression of the initial height h0 = 18 mm. 
In this case, the increase of the inner diameter 
is very low regarding the value of displacement 
of the movable sleeve equalling dms=20 mm. In 
the further phase of the process, an increase of 
the discussed parameter can be noticed, with the 
maximum value reaching 1.9%. In the remaining 
cases the limitation is more visible and can be 
clearly noticed at smaller values of the displace-
ment of the movable sleeve. It is also to be noted 
that the Dxm parameter is significantly influenced 
by the initial height of the impression h0. It is par-
ticularly visible during the extrusion of a flange 
with a diameter Df = 56 mm. It can therefore be 

stated that a greater height of the impression h0 
decreases the mean increase of the inner diameter 
Dxm of the forging.

On the basis of the analysis of the Dxm param-
eter for the flange diameter Df = 54 and 56 mm, 
two extrusion cases were selected for which 
mean wall thickness gr in the flange area was 
analysed. On the basis of this analysis (Fig. 7) it 
was stated that in the initial phase of the move-
ment of the movable sleeve, the wall thickness is 
insignificantly smaller than the assumed value. 
This indicates that the material in the area of the 
movable sleeve does not fully fill its impression, 
which decreases the value of the mean thickness. 
In the further part of the process, the mean wall 
thickness increases, reaching the values greater 
than expected. This is caused by the fact that in 
the flange area located outside the impression of 
movable sleeve, the wall thickness is greater than 
assumed, since an excessive upsetting of the ma-
terial in the free area occurs. When the process 

Fig. 5. Forgings obtained in the process of extrusion with a movable sleeve in a semi-free impression: 
a) Df = 54 mm, h0 = 14 mm, b) Df = 54 mm, h0 = 16 mm, c) Df = 56 mm, h0 = 16 mm, d) Df = 56 mm, h0 = 18 mm

Fig. 6. Mean increase of the inner diameter Dxm of the forging in the flange 
area as a function of displacement dms of the movable sleeve
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is 50%complete, a visible drop in the mean wall 
thickness can be observed, which is connected 
with the fact that the flange in the free area is sub-
jected to upsetting to a lesser degree, and more 
to the material moving away from the mandrel 
(see Fig. 6). It is however to be observed that the 
discussed changes to the mean wall thickness are 
in a small range of about ±1% in relation to the 
assumed value. Apart form a significant influence 
of the displacement of the movable sleeve on the 
wall thickness, it can be observed that the initial 
height of the impression h0 has a certain influence 
as well. At greater values of h0, greater increases 
of the wall thickness can be observed, which is 
caused by a less significant material moving away 
from the mandrel.

𝑔𝑔𝑟𝑟 = 100% ∙ 1𝑛𝑛 ∙∑(
𝐷𝐷𝑓𝑓𝑟𝑟_𝑖𝑖 − 𝑑𝑑𝑟𝑟_𝑖𝑖
𝐷𝐷𝑓𝑓 − 𝑑𝑑 )

𝑖𝑖=𝑛𝑛

𝑖𝑖=1
 (6)

∆𝑥𝑥𝑚𝑚 = 100% ∙ 1𝑛𝑛 ∙∑(𝑑𝑑𝑟𝑟_𝑖𝑖 − 𝑑𝑑
𝑑𝑑 )

𝑖𝑖=𝑛𝑛

𝑖𝑖=1
 (7)

CONCLUSIONS

On the basis of the research, the following 
conclusions were drawn:
 • it is possible to form flanges in hollow ele-

ments using the method of extrusion with a 
movable sleeve in a semi-free impression,

 • at the initial stage of the process, in which the 
sleeve does not move, the limiting phenomena 
resulting from a limited mechanical strength 
of the punch were observed; as a result, such 
defects as underfilling of the impression in the 

hole of the forging or in the outer area of the 
surface of the flange can occur,

 • at a further stage of the process, in which the 
sleeve moves in the opposite direction to the 
punch, two limiting phenomena occur: un-
intended increase of the inner diameter of 
the forging and irregular increase of the wall 
thickness in the flange area,

 • each of those limiting phenomena depend on 
the technological parameters of the process; 
at the initial stage, the key parameters are the 
diameter of the extruded flange and the initial 
height of the impression, whereas during ex-
trusion with a movable sleeve, the quality of 
the forging is also influenced by the value of 
displacement of the sleeve.
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