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COMPLEX NUMERICAL ANALYSIS OF THE TUBE FORMING PROCESS USING DIESCHER MILL

KOMPLEKSOWA ANALIZA NUMERYCZNA PROCESU WALCOWANIA TULEI W WALCARCE DIESCHERA

This paper presents the results of FEM simulations of the rotary piercing process in which disc guiding devices of the
Diescher type are used. During this process the material is formed by means of two skew rolls, two guiding devices, and the
piercing plug mounted on the mandrel. The aim of the analysis was to determine the effect of the plug diameter, the plug
advance, the feed angle and the diameter reduction on the piercing process. Nine cases of piercing with three different plugs
used were analyzed. The effects of the basic process parameters on the tube shell diameter and the tool load were analyzed.
The numerical results obtained using Simufact.Forming 10.0 were verified under experimental conditions in which the tube
shell made from 100Cr6 bearing steel was pierced. The results of the FEM calculations show agreement with the experimental
results.
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W artykule zaprezentowano wyniki symulacji numerycznych procesu dziurowania tulei w walcarce skośnej z prowadni-
cami tarczowymi Dieschera. W procesie tym materiał jest kształtowany w wyniku oddziaływania dwóch ustawionych skośnie
walców, dwóch prowadnic oraz główki dziurującej montowanej na trzpieniu. Celem analizy było określenie wpływu średnicy
główki, wysunięcia główki, kąta zukosowania walców oraz gniotu na przebieg procesu dziurowania. Przeanalizowano dziewięć
przypadków kształtowania, w których wykorzystano trzy rożne główki dziurujące. Określono wpływ podstawowych parametrów
procesu na średnicę tulei kształtowanej oraz obciążenie poszczególnych narzędzi. Wyniki symulacji numerycznej otrzymanej w
programie Simufact.Forming 10 zweryfikowano w warunkach doświadczalnych, w których dziurowano tuleje ze stali łożyskowej
w gatunku 100Cr6. Rezultaty obliczeń MES pozostawały w dobrej zgodności z wynikami uzyskanymi z doświadczeń.

1. Introduction

Skew piercing mills are used to produce thick-walled tube
shells which are then used to produce seamless pipes. Depend-
ing on the number of rolls, the skew mills can be divided into:
• two-roll mills with two working rolls and two guiding

devices which hold the tube shell along the rolling axis.
Such guiding devices may either be roll guides of the
Mannesmann type, flat guides of the Stiefel type, or disc
guides of the Diescher type;

• three-roll mills with three working rolls which operate
without any additional guiding devices for the metal.

Out of the machines enumerated above, the two-roll mills
equipped with the conical rolls and with the disc guiding de-
vices of the Diescher type have the highest production capacity
and guarantee the highest product accuracy [1].

Despite its over a hundred-year-old history of industrial
applications, the rotary piercing process has not been satisfac-
torily researched yet, which can be attributed to very complex
material flow kinematics. Nevertheless, an intensive develop-
ment of numerical modelling methods for volumetric metal

forming processes offers possibilities of improving the current
state of knowledge about the process.

The first studies on numerical modelling of rotary pierc-
ing conducted in the last decade of the twentieth century
were based on two-dimensional FEM models. For instance,
Urbanski et al. [2] assumed an axially-symmetric shape of
the semi-finished product, omitting, at the same time, the
circumferential material flow, and thereby they were able to
determine strain and temperature distributions in the longitu-
dinal section of the semi-finished product. Due to the com-
plex material flow, piercing processes should be modelled
in three-dimensional state of strain conditions. Pietsch and
Thievien [3], Ceretti et al. [4], and Komori [5] were the first
to perform the three-dimensional modelling of the piercing
process. However, the numerical models developed by the
mentioned authors were based on significant simplifications
– for instance, thermal phenomena occurring in the material
were omitted, the calculations were limited only to the initial
or steady state of the piercing process, or they assumed that the
material being formed is ideally plastic. More developed mod-
els of the piercing process which took the thermal phenomena
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into consideration were presented by Pater et al. [6] and Lu
et al. [7]. The calculation results obtained by means of such
models agree with the experimental test results. However, one
shortcoming of these works is that the analysis was limited
only to a single piercing case.

Pater and Kazanecki [8] presented the results of a pierc-
ing process simulation in which they applied the finite ele-
ment method and focused on the analysis of state of stress
and temperature distributions in the piercing plug. As a re-
sult of the calculations made, they determined that the highest
thrusts (approx. 100-180 MPa) occur on the plug nose where
the temperature quickly rises to exceed 900◦C. It should also
be mentioned that there were several other studies undertak-
en to investigate the piercing process. For example, Komori
and Mizumo [9] used physical modelling (and deformed clay
specimens) to determine the effect of the basic parameters on
the course of piercing by means of the conical rolls. Ghiotti
et al. [10] used the Forge software to model the barrel-type
rotary piercing process (without the use of the piercing plug)
and thus to determine the moment in which material crack-
ing occurs in the product being formed. Pschera et al. [11]
examined the effect of the feed angle of the rolls on material
cracking in the pierced tube shell. Romanenko et al. [12] used
infrared mapping to investigate temperature changes in the
semi-finished product during the piercing process.

Summing up the literature overview, it can be observed
that despite a number of works on modelling the rotary tube
piercing process, there is still a need for a complex study which
would analyze the effect of the basic process parameters on
the course of the process. The present authors have undertaken
to provide such study, and the present paper will discuss the
numerical simulation results of several cases of the piercing
process performed using the Diescher mill.

2. Applied model of piercing process and calculation
scope

The numerical analysis of the piercing process was con-
ducted using Simufact.Forming 10.0 which uses the FEM
displacement representation [13, 14]. In the calculations nine
cases of tube piercing in the two-roll skew mill with the disc
guiding devices of the Diescher type were analyzed. A scheme
of one of the analyzed cases is shown in Fig. 1, where the
basic geometric parameters are also indicated. The following
are changed in the calculations: the plug diameter dg and its
axial position c, the feed angle α, the roll spacing a and the
disc spacing b. The change in the roll spacing results in the
change in the reduction δ of the external diameter of the tube
shell, which is determined as:

δ=
d0 − dmin

d0
100% (1)

where d0 denotes the billet diameter, dmin denotes the minimal
diameter of the necking formed on the tube shell (equal to the
difference between the roll spacing a and the roll diameter dR;
dmin = a-dR).

Fig. 1. Scheme of the analyzed rotary piercing process, with the most
important parameters indicated

A detailed comparison of the variable parameters as-
sumed in specific cases is shown in Table 1. It was assumed
that the billet is in the form of a cylindrical specimen (with
the diameter dimensions of 60 mm by 150 mm) made from
steel grade 100Cr6, whose material model was taken from the
material model database of the software used. The following
are assumed: the rolls rotate in the same direction with a con-
stant rotational velocity of n=60 turns/min, the discs rotate (in
the opposite directions) with a velocity of 6.8 turns/min, and
the plug is put into motion by the semi-product being formed.

The calculations assume a thermo-mechanical calculation
scheme. It is assumed that the billet is heated all over its vol-
ume to a temperature of 1180◦C, and the tool temperature
is constant during the whole forming process and it equals
900◦C for the piercing plug and 50◦C for the rolls and the
disc guiding devices. On the basis of the specialist literature
[15], it is assumed that the coefficient of the heat exchange
between the tools and the metal is of 4000 W/m2K, while the
coefficient determining the heat exchange between the metal
and the environment is of 200 W/m2K.
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TABLE 1
List of parameters for rotary piercing cases assumed in numerical simulation

No. Feed angle α Spacing a Spacing b Reduction δ Plug advance c Plug diameter dg Plug length lg Plug radius Rg

1.
2.
3.
4.
5.
6.
7.
8.
9.

8◦
8◦
8◦
8◦
8◦
6◦
10◦
8◦

8◦

252.98 mm
252.98 mm
252.98 mm
252.98 mm
252.98 mm
252.98 mm
252.98 mm
251.60 mm
250.40 mm

335.64 mm
335.64 mm
335.64 mm
335.64 mm
335.64 mm
335.64 mm
335.64 mm
334.18 mm
332.92 mm

11.7%
11.7%
11.7%
11.7%
11.7%
11.7%
11.7%
14.0%
16.0%

35 mm
35 mm
35 mm
32 mm
38 mm
35 mm
35 mm
35 mm
35 mm

32 mm
34 mm
36 mm
32 mm
32 mm
32 mm
32 mm
32 mm
32 mm

48.9 mm
52.0 mm
55.0 mm
48.9 mm
48.9 mm
48.9 mm
48.9 mm
48.9 mm
48.9 mm

114.2 mm
118.7 mm
123.0 mm
114.2 mm
114.2 mm
114.2 mm
114.2 mm
114.2 mm
114.2 mm

Owing to the changes in the direction of the friction forces
affecting the material-tool contact surface, the calculations as-
sume a constant friction model depending on the metal slip-
ping velocity relative to the tool, which is described with the
equation:

τ = −mk arctan
(
vp

ap

)
vp∣∣∣vp

∣∣∣ (2)

where m denotes the friction factor, k denotes the pure shear
flow stress, vp denotes the slipping velocity vector, ap denotes
the coefficient several times smaller than the slipping velocity
(the calculations assume that ap equals 0.1% of the roll veloc-
ity). Given the lack of lubrication and purposeful roughness
of the rolls (to make the billet enter in between the rolls more
easily), it is assumed that the friction factor m for the rolls
reaches the boundary value of 1.0. The assumed value of the
friction factor m for the remaining tools (the discs and the
piercing plug) is smaller and it equals 0.7.

Fig. 2 shows one of the developed FEM models of the
piercing process. The model consists of two barrel rolls, two
disc guiding devices, the piercing plug, and the billet. All
the tools were modelled as rigid bodies. To model the billet,
eight-noded rectangular elements were used.

Fig. 2. Model of the rotary piercing process designed with Simu-
fact.Forming 10.0

3. FEM model validation

To validate the developed numerical model, experimental
tests of the piercing process were performed using a labora-
tory rolling mill (Fig. 3) available at the AGH University of
Science and Technology in Cracow, Poland. With such mill,
it is possible to use different types of working rolls, a differ-
ent roll assembly (in a two- or three-roll system) as well as
different guiding devices (including the disc guides of the Di-
escher type). The skew mill was equipped with a special meter
circuit, which made registering the force parameters possible.
The stand was additionally equipped with a heat furnace used
to heat the billets.

Fig. 3. View of the laboratory skew mill with a two-roll assembly;
from the side where the billet is fed (top figure), from the side where
thick-walled tube shells are collected (bottom figure)

The experimental rolling tests were performed for three
types of piercing plugs at the constant value of the plug ad-
vance c equal to 35 mm. Three forming cases were performed
and their parameters (the tool and billet dimensions, the mate-
rial type, the tool velocity, the heating temperature etc.) were
identical to the ones assumed in the numerical simulation (Ta-
ble 1 – items 1, 2 and 3, respectively).

The validation of the developed FEM model of the pierc-
ing process consisted in comparing the thickness of the tube
blank walls (Fig. 4) and the values of the forces affecting the
plug (Fig. 5) which were calculated numerically and measured
experimentally. The wall thickness was measured on both ends
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of the tube blank. The comparison of the force values con-
cerned the steady state of the piercing process. The analysis
of the data shown in Figs. 4 and 5 shows agreement between
the numerically calculated parameters and the experimental
results, which confirms the validity of the developed FEM
model of the piercing process in the skew mill.

Fig. 4. Comparison of the wall thickness of the tube shells produced
in the piercing process at: α =8◦, δ =11.7%, c =35 mm

Fig. 5. Comparison of the forces affecting the plug in the steady state
of the piercing process at: α =8◦, δ =11.7%, c=35 mm

4. Numerical analysis results

The application of the FEM to the analysis of the ro-
tary piercing process allows for investigating the semi-finished
product shape changes in the course of rolling. The changes
are shown in Fig. 6 in which one of the disc guiding devices
is not shown for the purposes of clarity. At the beginning of
the process, the billet is gripped by the rolls which make it
rotate and move it in the axial direction. It is in this forming
stage that the rotary compression process is realized, which
continues until the plug nose contacts the frontal surface of
the semi-finished product. What begins then is the forming
of a tube shell hole whose dimension predominantly depends
on the piercing plug used. In the course of forming the tube
shell hole, the disc guides also contact the metal; as they ro-
tate, the disc guides increase the axial forces which put the
semi-finished product on the piercing plug. Once the plug has

completely sunk into the metal, the forming process reaches
its steady state which is characterized by a relative stability of
the forming forces.

Fig. 6. Semi-finished product shape progression in the rotary piercing
process (case no. 1) with the effective strain distribution indicated

In the course of rolling, the object being formed rotates
and this rotational motion is the dominant one (Fig. 7). The
material reaches the highest linear velocity values on the con-
tact surface with the rolls. It is also there where the friction
forces occur which make the object rotate and move it in the
axial direction. As a result, the material in the piercing process
moves helically. The most intensive axial material flow occurs
at the surface area which is adjacent to the rolls, while the
least intensive axial material flow occurs in front of the pierc-
ing plug nose. The axial material flow is homogenous all over
the volume of the formed tube shell (Fig. 8).

Fig. 7. Distribution of the material flow velocity (in mm/s) in the
steady state of the piercing process (case no. 9)

Fig. 9 shows the contact areas with the tools in the steady
state of the piercing process. Owing to the impact of the rolls,
the material undergoes ovalisation, as a result of which it does
not contact the plug all over its perimeter. The cross-sectional
ovalisation of the semi-finished tube shell is effectively re-
moved by the disc guides which prevent the material from
flowing sideways. Fig. 9 also shows that the contact area be-
tween the material and the piercing plug is considerably vast,
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as a result of which the heat is intensively carried away to this
tool and, consequently, the tool gets heated quickly.

Fig. 8. Distribution of the axial material flow velocity (in mm/s) in
the steady state of the piercing process (case no. 9)

Fig. 9. Contact area between the semi-finished product and the tools
in the steady state of the piercing process (case no. 7, t=4 s)

The piercing plug works under the most difficult working
conditions. Apart from intensive heating, this tool is subject to
high surface stresses (Fig. 10). The highest stresses occur on
the piercing plug nose where their values range from 100÷200
MPa. Considerably lower stresses (below 75 MPa) occur in the
conical area of the plug; these stresses are found in the roll
plane. The determined values of unit pressures are identical
to the values given in the specialist literature [1] on forming
alloy steels. Again, this proves that the piercing process using
the skew mill with the disc guides was modelled correctly.

Fig. 10. Distribution of the surface thrusts (in MPa) affecting the
plug in the steady state of the piercing process (case no. 8)

Fig. 11 shows the FEM calculated effective strain dis-
tributions in the semi-finished products that were formed in
the discussed piercing cases. The data show that the biggest
strains occur in the tube wall and they can be found near its
internal surface. It is worth emphasizing that an increase in the
plug diameter does not result in an increase in the maximum
values of the effective strain; yet, it contributes to smaller
disproportions as for the distribution of this parameter on the
tube wall thickness. Analyzing the strain distributions shown
in Fig. 11, it can be observed that their values are very high.
This results from the metal structure internal shearing which
occurs during the forming process; the internal shearing of the
metal structure does not result in a desired shape change and
causes redundant metal strain. Such redundant metal strain is
most intensive on the external surface of the tube shell which
is affected by the friction forces mainly responsible for the
circumferential (tangential) material flow. The occurrence of
considerable redundant strains is characteristic of the skew and
cross rolling processes.

Fig. 11. Effective strain distribution in the semi-finished product ob-
tained in the rotary piercing process (for t ≈ 5 s)

An analysis of the normal stress distributions shown in
Fig. 12 also provides interesting observations. To facilitate the
analysis, these stresses are denominated – in accordance with
Fig. 2—as axial σx, vertical σz, and horizontal σy. The enu-
merated normal stresses are shown in two planes: in the roll
plane (parallel to the xz plane – Fig. 2) and in the disc plane
(parallel to the xy plane – Fig. 2); both of which cross the
axis of the product which is being formed. It can be observed
that the material is subject to intensive compression due to the
impact of the rolls and the piercing plug. The dominant state
of the compressing stresses should be considered favourable
because the material coherence is retained. At the same time
it should be noted that the horizontal stretching stresses σy

occur in some areas of the product formed. They reach the
highest values in the axial area located in front of the piercing
plug nose. The vertical compressing stresses σz also occur
in this area. This means that the stresses which occur in this
area change cyclically from the stretching to the compressing
ones and vice versa (as the semi-product rotates), which may
lead to material cracking in front of the plug, which, in turn,
results in a worse quality of the internal surface of the pro-
duced thick-walled tube shell. What is more, the horizontal
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stretching stresses σy occur on the internal surface of the tube
(in the roll plane), which results from an increase in the tube
hole diameter occurring during the sizing stage of the piercing
process (when the tube comes off the plug).

Fig. 12. Normal stress distribution (in MPa) in the semi-finished
product determined in the steady state stage of the piercing process
(case no. 9)

Fig. 13. Temperature distribution (in ◦C) in the pierced semi-finished
product (case no. 8, t=5.2 s)

Fig. 13 shows temperature distributions of the product
formed in the piercing process. Despite a relatively long form-
ing time, the metal temperature of the wall of the rolled tube
is equal to the billet temperature (1180◦C). It is so because
the heat generated by the strain work and by the friction work
compensates for the losses of the heat carried away to the
tools. The lowest temperature values are observed at the ends

of the product formed, as it there where the optimal conditions
for carrying away of the heat to the environment occur.

The application of the FEM allows for a precise deter-
mining of particular tool loads during the piercing stage. Dis-
tributions of the forces with which the tools affect the material
in one of the analyzed forming cases are shown in Fig. 14;
additionally, the figure schematically shows the shape progres-
sion of the semi-finished product. It can be noted that all the
forces gradually increase their values at the beginning until
the moment when the tube shell comes off the piercing plug.
After that, the steady state of the process begins in which the
force values are maintained on the constant level. It is worth
noting that the load of both rolls is practically identical. Some
differences can be noticed in the load distributions of particu-
lar disc guides, which is a result of uneven clamping pressure
of the semi-finished product to the tools. The forces affecting
the rolls are two times bigger than the forces which occur on
the discs and the piercing plug.

Fig. 14. Distributions of the forces affecting the tools (indicated
according to Fig. 2) in the piercing process (case no. 8)

The distribution of the turning moments of the rolls and
of the disc guides, which is illustrated in Fig. 15, can be used to
determine power demand of the mill. It can be clearly observed
that the roll driver plays a decisive role in this respect. The
turning moment of the discs is several times smaller, which
predominantly results from the position of the resultant force
affecting the disc; the force is pointed at a small angle toward
the z direction that overlaps with the direction of the disc ro-
tation axis. As for the distribution of the turning moments, it
can be stated that it is similar to the force distributions shown
in Fig. 14.

Fig. 15. Distributions of the turning moments affecting the tools
(indicated according to Fig. 2) in the piercing process (case No. 8)
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The performed FEM simulations allowed for analyzing
the effect of particular piercing process parameters on the
course of the process. Fig. 16 illustrates the changes in the
external and internal diameters (and, consequently, in the wall
thickness) of the produced tube shell depending on the plug
diameter, the plug advance, the feed angle, and the reduction.
It can be clearly observed that it is the diameter of the applied
plug that affects the internal diameter most. The effect of the
remaining process parameters on this tube shell dimension is
negligible. The external diameter, on the other hand, mainly
depends on the plug advance and the applied reduction. An
increase in the values of these parameters results in a clear
decrease in the external diameter.

Fig. 16. Effect of the piercing parameters on the diameter dimensions
of the tube shells obtained in the piercing process using the Diescher
mill

Fig. 17 shows a comparison of the values of the forces
affecting particular tools in the analyzed cases of the piercing
process. The presented comparison was made by averaging
the values of the forces occurring in the steady state of the
process. An analysis of the data presented in this figure proves
that these are the rolls that are the most loaded in the piercing
process, while the disc guides are the least loaded. As far as
the effect of the piercing parameters on the force values is con-
cerned, it can be observed that the roll load increases together
with an increase in the reduction (which constitutes the deci-
sive parameter) and in the plug diameter, while it decreases to
a small extent as the plug advance or the feed angle increase.
As for the piercing plug, it can be stated that an increase in
this tool load is due to the application of plugs with bigger
diameters and the application of bigger feed angles. The forces
affecting the disc guides increase their values with increasing
the reduction and the piercing plug diameter.

Fig. 17. Effect of the piercing parameters on the tool load in the
steady state of the piercing process using the Diescher mill

5. Conclusion

The paper presents a theoretical-experimental analysis
aimed at determining the effect of the basic process parameters

on the course of the rotary piercing process. The numerical
simulations of the piercing process were performed using Sim-
ufact.Forming 10.0. Additionally, the analyses of three of the
discussed forming cases were conducted in laboratory con-
ditions at the AGH University of Science and Technology
in Cracow, Poland. The agreement of the analytical results
with the experimental results concerning the tube shell wall
thickness and the forces affecting the plug confirms the va-
lidity of applying the FEM to analyse such complex forming
process as rotary tube piercing. The developed model allows
for analyzing the states of stress and strain, the temperature
distributions in the formed product as well as the force and
energy parameters. The devised FEM model of the piercing
process can be further developed to calculate, for example,
stresses in the forming tools.
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