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Abstract
Results of a study investigating a skew rolling process for elongated axisymmetric parts are presented. Despite the fact that 
the skew rolling technique for producing such parts was developed and implemented in the mid-twentieth century, there are 
no studies on this problem. The first part of this paper presents the results of FEM modelling of skew rolling stepped axles 
and shafts (solid and hollow). The FEM analysis was performed using the MSC Simufact Forming software. The numerical 
simulation involved the determination of metal flow patterns, the analysis of thermal parameters of the material during roll-
ing, and the prediction of cracking by the Cockcroft-Latham ductile fracture criterion. Force parameters of rolling solid and 
hollow parts were also determined. The aim of the FEM analysis was to determine initial design assumptions and parameters 
for the development of the skew rolling mill. Later on in the paper, a design solution of a CNC skew rolling mill for rolling 
parts based on their envelope profile is proposed. FEM strength test results of a mill stand, obtained with MSC. NASTRAN, 
are presented. Finally, the performance test results of the constructed rolling mill are presented. The experiments involved 
rolling real stepped shafts that were modelled numerically. Obtained results show that the proposed skew rolling method has 
considerable potential. The designed and constructed rolling mill can be used to perform the rolling process according to the 
proposed method, with the tool and material kinematics being controlled based on the set parameters of a workpiece envelope.
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1 Introduction

In recent years, the development of energy- and material-
saving manufacturing techniques has become one of the 
top challenges for the global industry. Innovative solutions 
are sought in practically every branch of the economy to 
enable reduced energy and material consumption, shorter 
manufacturing time, and the reduction of harmful substances 
produced during manufacturing processes. This trend can 
particularly be observed in the metallurgical and forging 
industries that by definition are considered to be among the 
most material- and energy-consuming as well as environ-
ment-unfriendly industries. It is also in these industries that 
one can observe the greatest progress in implementing new 
cost-effective solutions. A vast volume of forged parts are 
elongated parts such as stepped axles and shafts. Although 
they are finished and semi-finished products of relatively 
simple shapes, their production requires the use of specialist 
machines and equipment due to large differences between 
their cross-sectional dimensions and length. Such parts are 
often produced in several stages, which increases the produc-
tion cost considerably. Effective manufacturing of elongated 
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axisymmetric parts has become of particular importance 
in recent years. Increased demand for product quality and 
repeatability in combination with frequent changes in prod-
uct assortment create a need for the development of flexible 
manufacturing techniques for such parts. Nowadays, elon-
gated axisymmetric parts of several hundred millimetres in 
length are produced by cross wedge rolling [1–3] or longi-
tudinal roll forging (predominantly preforms for die forging 
processes) [4–6]. In turn, long parts (of up to several metres 
in length) are produced by open die forging [7, 8] (they are 
produced individually or in smaller batches) and rotary forg-
ing [9–11] (they are higher accuracy parts produced in larger 
batches). Small elongated parts (with their lengths ranging 
from dozens to 200 mm) can also be produced by skew roll-
ing in skew rolling mills equipped with rolls having helical 
impressions [12–14]. Parts produced by these methods are 
usually used as semi-finished products for further processing 
[15, 16]. They can also be used as semi-finished products for 
die forging [17]. It is proposed that elongated parts such as 
stepped shafts be produced by skew rolling using a rolling 
mill in which the tools are rotated in the same direction and 
move radially at the same time, and thus change the reduc-
tion ratio during the rolling process. Additionally, during 
rolling, the axial motion of the workpiece is forced by the 
chuck in which the workpiece is mounted, which makes it 
possible to correlate the radial displacement of the tools with 
the axial displacement of the workpiece (Fig. 1). Owing to 
this kinematics, the process can be used for rolling parts of 
any shape.

The concept of skew rolling elongated parts was first pro-
posed in the 1960s [18, 19], and the first rolling tests took 
place at that time, too. However, this rolling technique did 
not find wide application, which mainly resulted from dif-
ficulties with ensuring precise control of the radial displace-
ment of the tools and axial displacement of the workpiece. 
Usually, three-roller skew rolling mills were used, with their 
rollers moved radially toward the workpiece by hydraulic 
servomotors. Rolling mills of this type were equipped with 
an additional chuck moving along the rolling axis. The radial 
position of the tools and the axial position of the chuck 
with workpiece were set using a template whose working 
part corresponded to the profile of a part rolled. The use 
of templates for controlling hydraulic distributors of the 
rolling mill limited the range of possible motions, which 
led to a reduced accuracy of rolled parts. Furthermore, any 
change in the type of rolled parts required refurbishing the 
machine with a suitable set of templates, which was very 
time-consuming.

Due to the limited availability of skew rolling mills 
and the problems connected with the rolling accuracy of 
conventional rolling machines, previous studies on skew 
rolling processes for stepped parts were solely theoretical. 
Numerical modelling was employed to investigate skew 

rolling processes for railway axles [20], multi-stepped 
main shafts [21] and preforms of crankshafts [22]. Results 
showed that the 3-roll rolling process is highly universal, 
which means that it can even be applied in piece produc-
tion. It was also found that the rolling process is char-
acterized by small loads, which means that the rolling 
mill used in this process can have a lightweight design. 
Based on numerical results, an analysis was performed 

Fig. 1  Schematic design of a skew rolling process for stepped shafts 
in a 3-roller skew rolling mill with CNC control of tool and work-
piece motion: a start of the process, b advanced stage of the process, 
c changes in tool radial speed and workpiece axial speed identified 
based on the workpiece shape
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to determine the effect of selected rolling parameters on 
forces and torques in this process, which was indispensa-
ble for launching design works connected with the con-
struction of a rolling test stand [23]. Given its potential 
benefits, this technique attracted interest from Chinese 
researchers [24], who also used numerical modelling to 
investigate force parameters in the skew rolling process 
for a hollow railway axle. Research was also conducted to 
model structural changes in the skew rolling of axles [25]. 
It should be stressed that previous studies have not been 
verified experimentally, which fully justifies the necessity 
of designing and constructing a laboratory skew rolling 
mill.

The development of information and electronic tech-
nologies in recent years has contributed to the creation of 
industrial controllers allowing precise control of machine 
actuators (stepper motors, servo drives, fast hydraulic dis-
tributors), and therefore enable accurate control of tool 
motion based on the trajectory parameters of a work-
piece envelope. As a result, the technological capabili-
ties of machines equipped with CNC drive systems have 
increased significantly. Owing to the material flow pat-
tern in 3-roller skew rolling, this technique can be used to 
produce parts with high cross-sectional reduction without 
the risk of material cracking; it is also an effective roll-
ing method for solid and hollow parts. The feasibility 
of rolling different parts with the use of only one set of 
tools is of significant importance, too. These advantages 
prompted the authors to undertake research related to the 
development of a skew rolling technique for producing 
elongated stepped axles and shafts [20, 21, 26].

2  FEM analysis of a skew rolling process 
for stepped axles and shafts

Numerical modelling was performed to determine initial 
design assumptions for the skew rolling mill in question, as 
well as to determine the kinematic and force parameters of 
the rolling process. The first stage of the study was a numeri-
cal analysis of a skew rolling process for stepped shafts. The 
objective of the analysis was to investigate the possibility 
of skew rolling solid and hollow parts, identify the metal 
flow pattern in this process, determine force parameters, 
as well as to identify potential failure modes in skew roll-
ing. Numerical simulations of rolling both solid and hollow 
shafts were performed by the finite element method using 
the Simufact Forming 15 software. Shapes and dimensions 
of the shafts are shown in Fig. 2.

For purposes of the FEM analysis, geometrical models of 
a skew rolling process for both solid and hollow parts were 
designed (Fig. 3). Every model consisted of three identical 
tools—tapered rollers (1, 2, 3), a chuck (4), and a billet (5). 
The solid part was formed from a bar section of 51 mm in 
diameter and 320 mm in length, whereas the hollow part 
was formed from a tube with a diameter of 51 mm, a wall 
thickness of t = 8 mm and a length of 320 mm. The billets 
were modelled as rigid-plastic objects made of steel grade 
S355 using 8-node, first-order cubic elements. The material 
model of S355 steel was taken from the Simufact Forming 
material database library and is described by Eq. (1) [27].

where T is the temeprature (ranging from 700 to 1250 °C), 
ε is the strain, �̇� is the strain rate.

(1)

𝜎p = 2549.49 ⋅ e(−0.00339069⋅T) ⋅ 𝜀(−0.000323044⋅T+0.19313)

⋅ e

(

−0.0000490382⋅T+0.0117754

𝜀

)

⋅ �̇�
(0.000117244⋅T+0.0438333),

Fig. 2  Shapes and dimensions of billet materials and produced parts: a solid billet, b tubular billet, c solid stepped shaft, d hollow stepped shaft
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The initial diameter of the billet and the type of mate-
rial were selected based on the available stock of metal-
lurgical materials, as well as due to the fact that S355 is a 
very popular steel grade, widely used in machine design. It 
was assumed that the billet material would be thoroughly 
preheated to 1170 °C and that the temperature of the tools 
would be maintained constant at 100 °C.

The proposed rolling method is characterized by a rela-
tively long time of process realization and thus a drop in 
material temperature due to the fact that the heat is carried 
away to the tools and the environment. To prevent exces-
sive cooling of the material (below the lower limit of the 
hot forming temperature range), it is recommended that the 
material be preheated to elevated temperatures. Therefore, it 
was proposed that the billet should be preheated to 1170 °C, 
which is a high value, but it is within the hot forming tem-
perature range for the analysed grade of steel. The starting 
point for selecting the kinematic parameters of the skew roll-
ing process was the determination of the rotational velocity 
of the tools. It was assumed that the tools would be rotated 
with a constant velocity of 60 rev/min, in order to ensure 
that the forming velocity is high enough to prevent the risk 
of both excessive temperature drop in the workpiece mate-
rial and stability loss of the rolled parts which—due to their 
considerable slenderness—exhibit low rigidity and suscepti-
bility to bending and torsion. The tool geometry was selected 
depending on the type of rolled parts. It was assumed that 
the diameter of the tools would be equal to D = 150 mm, 
which makes it possible to roll steps with a minimum diam-
eter of d = 24 mm. Therefore, during the rolling process the 
tools (rollers) are rotated in the same direction with a veloc-
ity of n = 60 rev/min. The chuck, in which the workpiece 
is mounted, can rotate freely around the rolling axis. The 

radial motion of the tools and the axial motion of the chuck 
were defined based on a velocity table to obtain the desired 
envelope shape of a rolled part. Figure 4 shows the tool and 
workpiece velocities applied in the simulations. The axial 
velocity of the chuck with the workpiece was determined 
based on the vector of the component of the axial tangen-
tial velocity of the tools along the axis of rolling and the 
expected value of workpiece elongation. It was assumed that 
the axial velocity of the chuck should be similar to the axial 
velocity of the workpiece (resulting from the tool kinematics 
and material elongation). The material-tool contact surface 
was described by a constant friction model, with the fric-
tion factor set equal to m = 0.8. Although this value is very 
high, our previous studies on rotary forming processes have 
demonstrated that the friction forces in rolling processes are 
considerably high. This results from the fact that the tools 
are not lubricated in the rolling process; and what is more, 
to improve the stability of the process (prevent slip between 
the tools and the material), the surface of the tools is made 
rough on purpose to increase friction. Thermal phenomena 
were considered in the simulations, with the heat exchange 
coefficient between the material and the tools set equal to 
20 kW/m2K, while that between the material and the envi-
ronment to 0.35 kW/m2K.

FEM-obtained shapes of stepped shafts as well as dis-
tributions of effective strains, temperature and Cockcroft-
Latham ductile fracture criterion are shown in Fig. 5 (solid 
part) and in Fig. 6 (hollow part). The results demonstrate 
that the metal flow pattern depends on the type of billet used. 
With a hollow billet, the metal flows radially to the axis of 
the workpiece, which leads to an increase in the wall thick-
ness of the workpiece and merely a slight elongation of the 
workpiece. When rolling a solid billet, however, the length 

Fig. 3  FEM model of skew rolling a multi-stepped shaft: a start of the process, b end of the process; 1, 2, 3—tools, 4—chuck, 5—billet, 6—
rolled part
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of the workpiece is increased to a considerable extent. This 
material flow pattern affects the distribution of effective 
strains (Figs. 5a and 6a). In the case of solid parts, the strains 
in the cross section of rolled steps are highly non-uniform. 
The maximum values   (effective strain is 5) are concentrated 
in the surface areas and decrease concentrically toward the 
axis of the workpiece. When hollow parts are rolled, the 
non-uniformity of strains is much smaller (about 3), and 
their extreme values are much lower. The observed differ-
ences primarily result from the resistance to deformation of 
the material, which affects the redundant strains generated 
by the friction forces on the surface of the workpiece.

The type of billet material also affects the distribution of 
temperature in the rolled part (Figs. 5b and 6b). A higher 
thermal capacity and strains of the solid billet allow the 
compensation of heat losses resulting from the contact with 
the tools and environment, which leads to a significantly 
higher temperature   of the workpiece. This information is 
vital when rolling semi-finished products for further process-
ing. It can be observed that in solid parts the temperature 
decrease occurs on the surface, with the temperature drop-
ping to even approx. 980 °C. In the central region of the 
workpiece the temperature remains high (above 1000 °C). 
In the case of hollow parts the decrease in temperature is 
much more considerable (the temperature of the surface of 
the workpiece drops to approx. 940 °C, while in the region 
of the hole it drops to approx. 960 °C). This is due to among 
others, from a smaller thermal capacity of the material and a 
significantly larger area of heat radiation. However, it should 
be noted that, in most cases, such parts are already finished 

products and the temperature of the workpiece is higher than 
the recrystallization temperature, which should not affect the 
strength properties of these parts later on. Cracking in the 
analysed rolling process was predicted with the use of the 
Cockcroft-Latham ductile fracture criterion. This criterion 
was primarily selected due to its wide use in the analysis of 
forming processes, which allows comparison of our results 
with results obtained by other authors. Moreover, the predic-
tion of cracking based on a given fracture criterion is only 
possible when one knows the limit values for this criterion. 
Unfortunately, however, the specialist literature lacks data 
regarding the limit values for different models of fracture in 
rotary forming processes. The authors have recently con-
ducted research which resulted in the determination of the 
limit values of the Cockcroft-Latham damage function in 
skew and cross rolling processes. Therefore, the Cockcroft 
–Latham ductile fracture criterion was used in this study. 
The distribution of the Cockcroft-Latham ductile fracture 
criterion provides very interesting information (Figs. 5c and 
6c). It turns out that performing the rolling process with the 
use of three tools leads to reducing the value of the Cock-
croft-Latham criterion. When parts are skew rolled with 
two tools [28, 29], the Cockcroft-Latham criterion is very 
high (above 2), which poses a high risk of material crack-
ing. By changing the rolling pattern (three tools are used), 
the Cockcroft-Latham criterion can be reduced by several 
times, and therefore the probability of internal cracking in 
the steps of rolled shafts can be reduced, too. For solid parts, 
the Cockcroft-Latham criterion does not exceed the value of 
1, whereas for hollow parts it is even lower and does exceed 

Fig. 4  Radial velocity of the 
tools and axial velocity of the 
chuck with workpiece applied in 
the FEM analysis
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0.7. In both cases, the limit values of the criterion are con-
centrated in the surface layers of the tapered section of the 
workpiece connecting the sections of different diameters. 
In other regions of the part this criterion is lower, its value 
not exceeding 0.8 for solid parts and 0.5 for hollow parts. 
The low limit values of the damage function indicate that 
the probability of internal crack occurrence in this rolling 
process is lower than in two-roll skew rolling processes [28].

Apart from the verification of the possibility of rolling 
parts by the proposed skew rolling process and the identi-
fication of phenomena occurring during this process, the 
main objective of the numerical analysis was to estimate 
force parameters in this process, on the basis of which the 
rolling mill design assumptions were made. FEM-modelled 
radial force of the tools, axial force of the chuck and torque 
are shown in Fig. 7. Data given in the figure reveal that the 

forces and torques rapidly increase when the tools cut into 
the material. After that, the force parameters become sta-
ble, and in the steady-state rolling of individual steps on the 
shaft one can observe a gradual increase in the forces and 
torques, which can be explained by a drop in the workpiece 
temperature.

A slightly different behaviour is observed for the axial 
forces of the chuck. As the tools cut into the material, the 
forces take negative values (− 2.7 kN for the solid part and 
− 3.5 kN for the hollow part). This means that the workpiece 
is pushed by the tools towards the chuck. This is caused by 
the skew position of the tools (the axes of the rollers are 
twisted relative to the rolling axis at an angle of γ = 5°), 
which leads to axial displacement of the workpiece during 
rolling. During steady-state rolling, the forces become stable 
too, showing only a slight increase resulting from a drop in 

Fig. 5  FEM results of a solid part: a effective strain, b temperature, c 
Cockcroft-Latham ductile fracture criterion

Fig. 6  FEM results of a hollow part: a effective strain, b temperature, 
c Cockcroft-Latham ductile fracture criterion
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the workpiece temperature. The highest forces and torques 
affecting the magnitude and power of the machine drive sys-
tem are observed toward the end of rolling steps on the ends 
of the part (solid and hollow alike). It should also be stressed 
that the forces and torques are over two times higher when 
solid parts are rolled than those observed in the rolling of 
hollow parts. For solid parts, the tool load is 33 kN and the 
axial load stretching the material on the chuck is 18.5 kN. 
For hollow parts, the maximum tool load is 26 kN and the 
axial load on the chuck is 13.5 kN. The maximum torque 
also depends on the type of rolled part. The maximum torque 
is measured toward the end of the rolling process, its value 
being approx. 720 Nm for solid parts and below 270 Nm for 
hollow parts.

3  Design of a CNC skew rolling mill

A CNC skew rolling mill was designed and constructed 
at the Lublin University of Technology for the purpose 
of research on rotary forming processes for axisymmetric 
semi-finished products [30]. The machine can be used to 
produce elongated axisymmetric parts according to the pro-
posed skew rolling process. A fundamental element of the 
developed machine is its computerized control of rolling, 
which makes it possible to perform any sequence of tool and 
workpiece motion.

The developed skew rolling mill has a segment structure 
and comprises 9 basic units: a support frame—1, a power 
unit—2, mill stand—3, axial displacement unit—4, a drive 

(a)

(b)

Fig. 7  FEM distributions of force parameters (forces and torques) in rolling stepped shafts: a) solid, b) hollow
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unit—5, workpiece holding unit—6, a chuck unit—7, prod-
uct holding unit—8, and power and control system (not 
shown in Fig. 8). A 3D model of the rolling mill is shown in 
Fig. 8. In the rolling process, a bar is placed in the head of 
the workpiece support unit. The bar is mounted by one end 
in a four-jaw chuck of the chuck unit. It is moved together 
with the chuck unit by means of an axial displacement ser-
vomotor to the initial position. Then, three rollers mounted 
on tool shafts are rotated by three electric engines and plan-
etary gears. After that, three slides begin to move in a radial 
direction, their translational motion being generated by the 
servomotor spindles. Simultaneously, in accordance with the 
adopted control algorithm, translational motion of the axial 
displacement servomotor spindle is started, causing axial 
displacement of the workpiece-holding chuck unit.

The workpiece is rotated by the rollers that rotate in the 
same direction. At the same time these radially moving tools 
reduce the cross-section of the workpiece. As the tools cut 
into the material, the workpiece is moved axially by the 
chuck unit between the rotating tools, which leads to the 
formation of successive steps on the shaft. The radial motion 
of three slides with the tools is correlated with the transla-
tional motion of the chuck in such a way that a resulting 
trajectory of the tool motion and chuck axial displacement 
corresponds to the envelope profile of a part rolled. Toward 
the end of the rolling process, the product holding head 
moves towards the rolling axis; the head holds the rolled part 
and thus prevents it from bending. Torque is measured by a 
torque gauge located in front of one of the jointed shafts. In 
addition, tool load is measured using a load gauge located 
in one of the slides. In addition to that, chuck load is meas-
ured with a strain gauge mounted on the servomotor spindle. 

Technical specifications of the CNC skew rolling mill are 
listed in Table 1.

The rolling process is performed in a mill stand (Fig. 9) 
whose frame consists of two pillar plates 1 in which mount-
ing holes are made. Three sets of slides 2 are mounted in 
these holes every 120° symmetrically to the rolling axis. 
Every set of the working slides consists of an outer frame 
3, inside which an inner slide body 4 with the slide 5 is 
mounted rotationally.

In the upper part of the slide is mounted a load gauge 6 
connecting the slide with a servomotor spindle 7. During 
rolling this gauge measures the tool load on the workpiece. 
In their lower part, perpendicular to their axis, the slides 
have holes in which tool shafts 8 are bearing-mounted. 
Working rollers 9 are mounted on shaft necks. The angular 

Fig. 8  3D model of a CNC 
skew rolling mill (description in 
the text)

Table 1  Technical specifications of a CNC skew rolling mill

Technical specifications of CNC mill

Power rating kW 3 × 7.5
Rotational speed of tools rev/min 60
Torque of roller Nm 1200
Maximum diameter of billet mm 55
Minimum diameter of rolled part mm 25
Maximum length of billet mm 600
Maximum length of rolled part mm 1000
Maximum tool load kN 50
Maximum load of axial servomotor kN 50
Tool angle adjustment range °  ± 10
Overall dimensions D × S × W m 5 × 2.5 × 2.5
Machine weight kg 5000
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position of the tools in the mill stand can be adjusted using 
a screw mechanism 10 which is located in the outer slide 
frame 3; this mechanism allows rotation of the inner slide 
frame with the slide and the tool shaft in a range ± 10°. Once 
the angular position of the tools is set, the inner frame of the 
slide is prevented from automatic rotation by a clamping 
eccentric mandrel 11.

The desired tool and chuck motion is ensured by servo 
drives. This solution allows the precise identification of tool 
and workpiece position at any moment of the process. The 
servo drives are powered and controlled by an electronic 
system. The power and control system consists of 4 ser-
vomotors (KOMPAX), an industrial automation controller 
PAC, a personal computer and devices preventing overload 
of the system components. A scheme illustrating the control 
and management of the rolling process is shown in Fig. 10. 
The most important element of the system is the industrial 
controller PAC that communicates with the servomotors and 
controls their operation based on the defined envelope of a 
rolled part. For a precise definition of the current position 
of the tools and workpiece, the servomotors are in a cou-
pling loop with the servo drives and the PAC controller. Data 
loading to the PAC controller and process visualisation are 
made by a PC computer that is used as the control system 
operator’s panel. Force parameters during rolling are meas-
ured by a torque gauge installed on one of the tool rotating 
output shafts of the moto reducer and by the load gauges 
located in one of the slides in the mill stand, in front of the 

workpiece holding chuck. Signals recorded by the gauges are 
uploaded to the computer using a measuring system based 
on the National Instruments USB-6008 measuring card. This 
special control and measuring application was developed in 
the LabVIEW environment. A scheme illustrating the drive 
and servomotor control systems in the rolling mill is given 
in Fig. 10.

The design process of a rolling mill involved a compre-
hensive analysis of the strength of the main units of this 
machine. This was done using engineering methods based 
on fundamental principles of materials strength to determine 
the minimum sections of critical members of the machine. 
Next, numerical methods were applied to verify the devel-
oped design with respect to its strength and rigidity. Numeri-
cal calculations were performed for linear strength charac-
teristics of the material in the NX Nastran environment by 
the finite element method. Initial results demonstrate that the 
mill stand is the most loaded unit of the machine and that 
its rigidity and strength are of key importance for the reli-
able operation of the rolling mill and the dimensional accu-
racy of rolled parts. For this reason, this paper will focus 
on presenting the strength analysis results of this particular 
unit. All parts of the mill stand were assigned the following 
material properties: Poisson’s ratio ν = 0.3, Young’s modu-
lus E = 2.1 ×  105 MPa. The boundary conditions between 
the mill stand plates, servomotors and slide components 
were described by a default function for screw joints, which 
corresponded to real screw joints of these members. Other 
joints were described by linear contact without penetration 
and distance. A discrete model of the mill stand for FEM 
analysis was created using 4-node elements of 2 mm in size. 
The size of the structure-describing elements depended on 
the dimensions of the discretized members. The accuracy 
of this method greatly depends on the finite element size. 
Given its dimensions and shape, the analysed structure was 
initially discretized using 4-node finite elements of 5 mm in 
size. After that, the calculations were repeated for the twice 
smaller elements (2.5 mm), and then the size of the mesh 
elements was again reduced to 2 mm. Results obtained for 
the two last repetitions are similar, which demonstrates that 
both quality and accuracy of the calculations are satisfactory 
for the structure under analysis. The numerical analysis was 
performed for maximum loads (pre-estimated in the FEM 
simulation of the rolling process and increased by 50%). The 
concentrated forces of Fr = 50 kN were applied axially to 
the three rollers mounted on the working shafts, in compli-
ance with the direction of motion of the slides. These forces 
were applied to the surfaces of the sizing shafts, and their 
sense corresponded to the resistance of metal during the 
rolling process. In addition to that, concentrated axial forces 
of Fz = 16.5 kN were applied to the surfaces of the sizing of 
three tools; the forces were applied in accordance with the 
rolling direction. Additionally, each of the rollers was loaded 

Fig. 9  Mill stand system of a CNC skew rolling mill (description in 
the text)



 Archives of Civil and Mechanical Engineering (2021) 21:72

1 3

72 Page 10 of 17

a torque of Mo = 1200 Nm applied to the mill shafts that was 
counterbalanced by the circumferential force Fo = 16 kN and 
Fr = 50 kN applied to the surface of every roller. The load 
scheme of the rolling stand is shown in Fig. 11.

FEM results served for determining the distributions of 
reduced stresses according to the Huber–Mises hypothesis 
and the displacement of the mill stand components under the 
applied external loading. Obtained stress and displacement 
results are plotted in Fig. 12. The distributions of reduced 
stress were used to evaluate the degree of material effort 
in critical members of the structure; primarily, the yield 
point of the most loaded mill stand components was deter-
mined. Results of the mill stand component displacement 
were used to evaluate the machine’s rigidity, as this param-
eter affects the accuracy of rolled parts. An analysis of the 
results reveals that the working shafts on which the rollers 
are mounted are the most loaded members of the structure. 
The reduced stresses at their support reach 100 MPa. These 
values are acceptable (the yield point of 42CrMo4 is about 
Re = 900 MPa) because they will not cause any permanent 
strains in these elements. The effort of other components of 

the mill stand, including the support plates, slide housings 
and slides, is considerably lower. The maximum reduced 
stresses in the support plates of the mill stand are below 

Fig. 10  Drive and servomotor 
control systems in CNC skew 
rolling mill
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Fig. 11  Tool load scheme in a skew rolling
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30 MPa. In contrast, the loading of the slide housings and 
slides is higher than that of the support plates, with the maxi-
mum stress amounting to 70 MPa. Nevertheless, these values 
are several-fold lower than the yield stress of their material 
(it was assumed that the slide housing would be made of 
S355 steel, the yield stress of this steel grade being equal to 
355 MPa), which indicates that there is no risk of damage of 
the machine components if the rolling process is conducted 
with the assumed technological parameters. It turns out that 
the key parameter ensuring the correct operation of the roll-
ing mill is the rigidity of the mill stand. This is confirmed 
by quite high elastic strains identified in displacement analy-
sis. It can be observed that the main shaft necks in the mill 
stand travel by approx. 0.3 mm. This is the total value of 
tool travel connected with the elastic strain of the support 
plates (by approx. 0.05 mm), the slides and their housings 
(by approx. 0.15 mm), and the main shafts with tools (that 

move by a total of 0.3 mm). It should, however, be stressed 
that in the case of hot rolling, the FEM deflection is within 
the manufacturing tolerance range for semi-finished products 
and will have no significant effect on the accuracy of rolled 
parts (only finish allowance may be higher). The relatively 
high elastic deflection of the shafts results, among others, 
from the applied pattern of tool support (the type of tool 
mounting). In the mill stand, the necks on which the shafts 
are mounted are supported on one side. This solution con-
siderably improves the functional properties of the machine 
and facilitates frequent tool exchange when testing new solu-
tions. Nevertheless, it has a negative effect on the rigidity 
of the entire system. The industrial version of the machine 
should be provided with a two-side support of the working 
shafts, which will allow reducing elastic deflection of the 
rollers by several times while at the same time maintain-
ing the cross sections of the working shafts identical. The 

Fig. 12  FEM strength results of 
a mill stand: a reduced stresses 
of the entire mill stand, mill 
stand unit without pillars, and 
tool shafts only, respectively, b 
total displacement of the entire 
mill stand, mill stand without 
pillars, and tool shafts only



 Archives of Civil and Mechanical Engineering (2021) 21:72

1 3

72 Page 12 of 17

effect of elastic strains of the mill stand components on the 
accuracy of rolled parts can be minimized by correcting tool 
displacement to consider the frame’s elastic strain caused by 
the rolling forces, which is relatively easy to implement in 
the case of the employed control system.

4  Rolling stepped shafts (solid and hollow) 
in a CNC skew rolling mill

Given the satisfactory results of both FEM modelling of the 
proposed skew rolling process and strength analysis of the 
designed machine, the authors decided to construct a CNC 
skew rolling mill based on the developed design. Shown in 
Fig. 13, the constructed rolling mill can be used under real 
conditions.

To validate the FEM numerical models and to verify 
the technological capabilities of the skew rolling method 
and rolling mill, experimental rolling tests were conducted. 
Solid and hollow stepped shafts were rolled, their param-
eters being identical to those applied in the FEM modelling. 
Billet materials for the experiments were S355 steel bars 

and tubes with the same dimensions as those applied in the 
FEM analysis (Fig. 4). The billet material was first preheated 
to 1170 °C in a chamber furnace and then mounted in the 
chuck of the machine. On transferring the billet from the fur-
nace to the rolling mill, the temperature of the material was 
measured with an infrared camera. The temperature results 
obtained at the beginning of the rolling process demonstrate 
that the temperature drop is insignificant (it does not exceed 
10 degrees Fig. 14a), which can be explained by the pres-
ence of scale and its insulating role. Next, it was fed between 
the tools that were rotated in the same direction. The rolling 
process was started once the billet assumed its initial posi-
tion. During the rolling process, the radial motion of the 
tools and the axial motion of the chuck and workpiece are 
controlled based on the workpiece envelope that was intro-
duced earlier via the operator’s pulpit (laptop) to the PLC 
controller. Successive stages of rolling parts in a CNC skew 
rolling mill are shown in Fig. 14.

Once all steps are formed, the rolled part in the chuck is 
taken beyond the forming zone, removed from the chuck and 
subjected to low-rate air cooling. Rolled parts are cleaned; 
their longitudinal and cross sections are made and visually 

Fig. 13  CNC skew rolling mill 
constructed based on the cre-
ated design (a) and workspace 
of mill stand (b): 1—support 
frame, 2—power unit, 3—mill 
stand, 4—axial displacement 
unit, 5—drive unit, 6—work-
piece holding system, 7—chuck 
system, 8—product holding 
unit, 9—power and control 
system
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inspected for any internal defects. Shapes of the experimen-
tal solid and hollow parts (together with their longitudinal 
and cross sections) are shown in Fig. 15. The experimental 
parts show a good geometrical and dimensional agreement 
with the initial assumptions and FEM results. Although the 
cylindrical surfaces of the rolled parts are free from defects, 
on the tapered surfaces between the steps one can observe 
spiral grooves that are characteristic of this process and 
result from the specific motion of the tools and workpiece.

The axial sections are free from internal cracks, while 
the cross sections show a high geometrical accuracy of the 
circular profiles of individual steps on the rolled parts. When 
rolling a solid part, there occurs some material pile-up and 
a local increase in the workpiece diameter in the vicinity of 
the step rolled, which results from an axial flow of the mate-
rial. The phenomenon of material pile-up is not observed in 
the hollow parts, which can be explained by the fact that the 
material predominantly flows radially when the tools cut 
into the workpiece. Obviously, the cross-sectional reduc-
tion causes the material to flow axially, which—in turn—
causes an increase in the length of the workpiece. The length 
increase when rolling solid parts is easy to calculate and 

results from the constant volume principle. When hollow 
parts are rolled, the material predominantly flows radially, 
and thus increases the workpiece wall thickness, which leads 
to a relatively small elongation of the workpiece. This is 
characteristic of this type of process. It must be stressed 
that the wall thickness increase is quite homogenous over 
the length of individual shaft steps, which is beneficial and 
ensures obtaining parts with the desired shape. The inspec-
tion of the rolled parts reveals the presence of cavities on 
the end faces of both solid and hollow parts. The end-face 
cavities results from a non-homogenous flow of the material 
in an axial direction. The surface metal layers flow more 
rapidly than the central layers, which causes the formation 
of end-face cavities. The rate of cavity formation greatly 
depends on the rolled part type (solid or hollow) and the 
cross-sectional reduction ratio. Solid parts are rolled with 
the metal flow being primarily axial, and the highest strain 
rate is observed in the surface layers, which leads to the 
formation of quite deep cavities on the end face of the work-
piece. Hollow parts are rolled with a predominantly radial 
material flow and relatively small workpiece elongation. 
It can be observed that the strains are concentrated in the 

Fig. 14  Successive stages of 
rolling a stepped shaft in a CNC 
skew rolling mill: a billet mate-
rial is fed into the workspace 
of the tools, b rolling a shaft, c 
rolled part
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surface layers; however, these strains are several times lower 
than those observed in the solid parts. Consequently, the 
depth of the end-face cavities is definitely smaller.

Steps on the rolled parts were examined for dimensional 
accuracy. Diameter measurements were made in three sec-
tions over the length of the formed steps. Additionally, to 
estimate shape accuracy, measurements were made in two 
mutually perpendicular planes for every analysed cross 
section. The way in which the measurements were made is 
shown in Fig. 16, and obtained results are listed in Table 2. 
Surface roughness was measured on the formed steps. The 
results show high dimensional and geometric accuracy. 
Manufacturing deviations from the nominal dimension for 
individual steps do not exceed 0.3 mm for solid parts and 
0.45 mm for hollow parts. The mean deviation from the 
circularity of the cross sections for individual steps does 
not exceed 0.10 mm for solid steps and 0.2 mm for hol-
low steps. In addition, the profilometry results of surface 

roughness point to the high surface quality of the rolled 
steps. For solid parts, the surface roughness is approx. 
29 µm for the 43 mm diameter step and 25 µm for the 
38 mm diameter step. The surface quality of hollow parts 
is slightly lower. The surface roughness is 29 µm for the 
bigger diameter step and 35 µm for the smaller diameter 
step. The reduced surface quality of hollow parts can be 
explained by predominantly radial flow of the material 
and lower elongation of the material. As a result, in spite 
of the same axial velocity in rolling solid and hollow 
parts, the quality of hollow steps is reduced. Manufactur-
ing accuracy also depends on the rigidity of a rolled part 
(this rigidity being lower for hollow parts), which leads 
to reduced quality of hollow parts. It should, however, be 
stressed that in both cases the quality of parts produced 
by this analysed process is significantly higher than that 
obtained with other hot forming processes. Consequently, 
it can be claimed that the proposed technique can be used 

Fig. 15  Stepped shafts rolled in 
a CNC skew rolling mill a solid, 
b hollow

Fig. 16  Measurement scheme 
of forgings
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to produce parts by the near net shape method, leaving 
minimal finishing allowance.

Force parameters (torque, radial and axial forces) were 
measured during the rolling tests. The results are plotted in 
Fig. 17. As expected, the forces and torques are higher when 
solid parts are rolled, which results from a higher material 
flow resistance than in the rolling of hollow parts. It is worth 
emphasizing that the radial forces and torques in all analysed 
cases rapidly increase as the tools cut into the material. At 
the same time, the axial force on the chuck decreases. The 
axial force decrease results from a higher rate of workpiece 
elongation compared to the chuck velocity, which even leads 
to the occurrence of negative force values indicating mate-
rial compression. Next, in the steady-state process stage 
when the tools do not change their radial position, the forces 
and torques become stable.

A comparison of the FEM and experimental results shows 
their relatively high qualitative and quantitative agreement 
with respect to the shape of rolled parts. As for the force 
parameters, small differences can be observed regarding the 
FEM (Fig. 7) and experimental results (Fig. 17). The experi-
mental maximum forces and torques are about 15% higher 
than the FEM results. It is also worth stressing the different 
behaviour patterns of the forces and torque. One can observe 
that the experimental forces and torques are on a similar 
level when parts are rolled without changing the reduction 
ratio (steady-state rolling). In contrast, the forces and torques 
obtained by FEM are higher. This can be explained by the 
resistance to the motion of the machine components that was 
not considered in numerical modelling. In effect, the force 
and torque measurement sensitivity is reduced, which may 
affect their results. Importantly, this trend is not observed 

for the axial force of the chuck. It should be emphasized that 
the obtained maximum forces and torques are lower than 
the nominal parameters of the machine, which confirms the 
correctness of the applied design assumptions.

The technological capability of the CNC skew rolling mill 
is not limited to producing simple parts. Positive results were 
obtained when rolling more complex parts, too. Examples 
of parts rolled in this CNC skew rolling mill are shown in 
Fig. 18. An analysis of the produced parts and semi-finished 
products indicates that the proposed skew rolling method 
can be used to produce elongated axisymmetric parts with 
practically any shape of the envelope. The rolled parts have 
a relatively good surface quality and high dimensional accu-
racy. In addition, they are free from internal cracks in spite 
of the application of a very high reduction ratio, with its 
value exceeding 2.

5  Summary and conclusions

The results of this study have shown the vast potential of 
rolling elongated stepped axles and shafts as well as pre-
forms in a CNC rolling mill. The main advantage of the pro-
posed skew rolling technique is its high versatility allowing 
the production of parts with different profiles with the use of 
only one set of tools (rollers). Owing to this feature, the pro-
posed technique is very attractive to smaller forging plants 
that manufacture small batches of products, infrequently 
on an alternate basis. Another advantage of the proposed 
process is the possibility of rolling both solid and hollow 
parts, which—in the case of conventional rolling methods—
requires the use of additional machines and specialist tool-
ing. The skew rolling mill developed for the purpose of this 
study has a simple and compact design, which means that 
it can be used to produce parts having a wide dimensional 
range. The applied machine design solutions such as the 
use of electronically controlled servomotors for driving the 
slides and controlling the chuck make it possible to per-
form any motion of the tools and material, which adds up 
to a higher technological potential of the rolling mill. This 
solution is an attractive alternative to conventional solutions 
based on the use of template systems.

The results of this study lead to the following conclusions:

• CNC skew rolling mills make it possible to produce elon-
gated stepped axles and shafts using only one set of tools.

• The performance tests of the machine have confirmed 
that the proposed design solutions can be implemented 
in industrial machines.

• The developed skew rolling mill can be used for skew 
rolling elongated solid and hollow parts in compliance 
with the process design assumptions.

Table 2  Results of measurements of forgings rolled in a CNC rolling 
mill

Section no. dA, mm dB, mm Δd = dA−
dB, mm

d, mm Rz, µm

Solid shaft
 1 43.10 43.15 0.05 43 29
 2 43.20 43.25
 3 43.25 43.30
 4 38.05 37.95 0.10 25
 5 38.20 38.10
 6 38.25 38.15

Hollow shaft
 1 43.15 43.35 0.15 38 29
 2 43.25 43.45
 3 43.05 43.20
 4 38.20 38.05 0.20 35
 5 38.10 38.35
 6 38.30 38.10
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• The strength test results of the mill stand have shown 
that there is no risk of failure of the structure or defor-
mation of its critical components under the assumed 
loading.

• The mill stand components may undergo quite high 
elastic strains during operation. Nevertheless, these 
strains should not have a negative effect on the accu-
racy of rolled parts because the machine control system 
is capable of compensating for elastic deflection.

• The machine performance tests have confirmed the cor-
rectness of both design and technological assumptions, 
as well as the suitability of the PAC control system 
used in the rolling mill for performing any sequence of 
tool motion.

• Given a growing interest of forging plants in this rela-
tively cost-effective rolling method, it is justified to 
conduct further studies on the development of the skew 

(a)

(b)

Fig. 17  Force parameters (forces and torques) measured during rolling of stepped shafts: a solid, b hollow

Fig. 18  Examples of parts rolled in a CNC skew rolling mill
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rolling technique and skew rolling mills that can be 
implemented in the industry.
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