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Abstract

The manuscript presents a new manufacturing technology for the production of hollow railway axle forgings. The
manufacturing technology analyzed is based on three-roll skew rolling (TRSR) using a computer numerically controlled
(CNC) rolling mill. The study focused on comparing the rolling capability of hollow products without and with a mandrel
calibrating the hole of the forging. The influence of tube billet size on the rolling process was also analyzed. FE analysis and
experimental studies were carried out. An analysis of the accuracy of the internal hole of the forging depending on the adopted
parameters of the rolling process was carried out. Based on numerical simulations, the state of strain and the flow pattern
of the material and temperature distribution during rolling were determined. The force parameters of the rolling process of
hollow forgings were also analyzed. Based on the research, a two-stage rolling technology for rolling hollow railway axle
forgings was proposed. The results obtained indicate the suitability of using a calibrating mandrel to improve hole accuracy
in hollow forgings rolled from a tubular billet. The gap ¢ between the bore diameter of the forging and the diameter of the
mandrel was measured. Increasing the tubular billet dimensions from #42.4 x 10 mm to @#48.3 X 12.5 mm reduced the gap
¢ by 49.8%. Rolling the billet @51 X 14.2 mm in two passes compared to rolling in one pass reduced the gap ¢ by 45.5%.

Keywords Hollow axle - Railway axle - Mandrel - Skew rolling

1 Introduction consists of railway wheels (overall wheel or split wheel)

and railway axles (passenger axles, freight axles, and

The term high-speed rail is used to describe railway lines
on which a travelling speed of 200 km/h or more can be
achieved [1]. The term high-speed rail refers not only to
railway lines, but also to rolling stock [2]. The adaptation
of rolling stock to high speed increases the demand for
high-speed railway wheelsets and new generation frames
manufactured by laser-arc hybrid welding (LAHW) process
[3]. The railway wheelset is the most important technical
component of a railway vehicle and ensures that the vehicle
interacts correctly with the rails [4]. A railway wheelset
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locomotive axles) [5]. The railway axle is one of the most
sensitive components, as it is responsible for transferring the
entire weight of the rail vehicle to the wheels [6]. During
the service life of a rail vehicle, its axles are exposed to
complex static and dynamic loads, particularly at its ends
[7]. Rail axles should also meet the highest fatigue strength
requirements [8], as fatigue is responsible for the majority
of rail axle failures [9]. The continuous development
of high-speed railways and the need to maintain rolling
stock in serviceable condition necessitates the continuous
production of railway axles and the search for more efficient
manufacturing technologies for these components [10].
High-speed railways also need solutions to reduce the weight
of structures to increase performance with lower energy
consumption costs [11]. One such solution is definitely the
use of lighter components such as hollow railway axles [12].
The advantage of hollow axles is that, with less weight, the
axles can to provide a bending strength comparable to that
of solid axles [13].

Currently, railway axles are manufactured from ingots
by forging or rolling technologies as solid products [14].
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Forging on swaging machines, presses and hammers is
used for manufacturing rail axles [15]. The advantages of
open forging are the possibility of forming products of large
sizes and large weights; on the other hand, the process is
limited to forming products of non-complex shape [16].
Rolling processes are used sporadically despite their many
advantages, such as high productivity, which is much higher
than forging processes. To obtain a hollow axle, a hole is
drilled in a solid axle forging. By drilling a hole, an axle
with a uniform inner diameter can be obtained, which is
required for strength reasons. The dimensions of a standard
railway axle necessitate the use of deep drilling technology
to produce the hole [17]. Deep drilling the railway axle
hole leads to longer production times, generates material
losses, creates problems with the removal of chips and heat
generated during drilling, and requires the use of specialized
machinery and tools [18].

Research work is also being carried out on lightweight
composite railway axles [19]. The idea behind composite
axles is to significantly reduce their weight, which can
be reduced by 63% compared to a typical steel hollow
railway axle [20]. A composite axle is constructed from a
steel hollow flange, on which the wheels and bearings are
mounted, while the rest of the axle is constructed from a
composite tube (carbon fiber/epoxy resin) [21]. The use of
composite railway axles is undoubtedly a very innovative
solution in the railway industry. Nevertheless, it is still at
the research stage and the possibility of its implementation
will certainly depend on the production costs of this type
of axle [22].

Technologies using hollow billets such as tubes or thick-
walled bushings can also be used to produce hollow axles.
For the production of hollow axles from hollow billets,
various rolling methods can be used. One such method
is cross wedge rolling (CWR). The concept of rolling
a hollow axis from a tubular billet with three rollers was
presented by Pater et al. [23]. Numerical simulations carried
out by these authors have shown that free rolling (without
mandrel) produces a hollow axle, the inner hole of which
has different diameters along the length of the axle. This
solution is not very advantageous because alignment of the
axle bore diameter results in a dangerous reduction of the
axle wall thickness in the area of the extreme steps. The use
of a calibrating mandrel in this case requires the use of a
mandrel slightly longer than the axle length. This solution
can cause problems with later removal of the mandrel when
the mandrel is clamped over the entire length of the axle,
which exceeds 2 m in length [24]. Also, the use of three-roll
mills alone for CWR technology can be problematic due
to the lack of availability of such solutions on the market.
The use of two-tool (roll or flat) rolling mills is also not
advantageous, due to the high ovalization of the tubular
billet during rolling. Billet ovalization makes it difficult to
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control and stabilize the rolling process, as described, e.g.,
in a study published by Shen et al. [25].

A new rolling method that enables the rolling of hollow
axles from tubular billets is the skew rolling process in CNC
rolling mills. Research into this technology was carried out by
Shu et al. [26]. The results obtained confirmed the possibility
of rolling hollow axles with this technology. Nevertheless, free
(without mandrel) skew rolling is also characterized by the fact
that the hollow axle has a non-homogeneous internal bore in
terms of diameter. An advantageous feature of the skew rolling
process is the possibility to refine the grain size of the material
from which the axle is made. The CNC free skew rolling
process using three and four rollers was also analyzed by
Pater [27]. The results of numerical simulations indicated that
the four-roller rolling process has a greater reduction in axle
wall thickness compared to a three-roller rolled axle. On the
other hand, the four-roller rolling process reduces the energy
required to roll the axle by approximately 20% compared to
the three-roller rolling process.

From the information presented, it can be concluded that a
major problem in the manufacture of hollow axles using rolling
technologies is the non-uniformity of the diameter dimension
of the axle bore. This problem can be attempted and solved
using a mandrel to calibrate the hollow axle bore. A review of
the literature has shown that, in the case of CWR technology,
the use of a mandrel is not technologically justified. In the
case of skew rolling, the use of a mandrel is technologically
more correct. This is because the skew rolling process allows
incremental forming of the axle, which allows the calibration
of the hole by the mandrel to take place only in a small rolling
zone. As a result, the mandrel is clamped over a much shorter
length than the length of the entire axle, eliminating permanent
locking of the mandrel in the rolled-off hollow axle forging.
In summary, the main objective of this work is to investigate
whether the use of a calibrating mandrel in the rolling zone
allows hollow railway axles to be shaped with a relatively
uniform bore diameter dimension.

A novelty of the ongoing research is the use of mandrel in
the production of hollow products by skew rolling. Previous
attempts to produce hollow products using this method were
carried out without the use of a mandrel. To achieve this
objective, an FE analysis of the manufacture of railway
axles using CNC skew rolling with mandrel from billets of
different sizes was carried out. The results of the FE analysis
were verified in experimental studies. Based on the analysis,
a new scheme of skew rolling with mandrel was developed
and successfully verified. Regarding previous work carried
out by Shu et al. [26] and Pater [27], this article deals with
the problem of using a mandrel to calibrate the bore of a
forging. In addition, the influence of billet size on the skew
rolling process is discussed.
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2 Objective and research methodology

The aim of the research carried out was to determine the
possibility of rolling hollow railway axles. The adopted
research objective will be achieved when the inner hole
of the railway axle forging has as constant a diameter as
possible. Based on the formulated research objective, it
was assumed that the subject of the study would be the
oblique rolling process of a hollow railway axle forging
with a mandrel, without a mandrel and for various initial
dimensions of the tubular billet. A schematic of the adopted
concept for the skew rolling of a hollow axle forging with
a mandrel is shown in Fig. 1. The selection of tube billets
assumed that the diameter of the tube bore in each of the
analyzed cases was at a similar level. This approach made
it possible to assess the possibility of reducing the inner
diameter of the tube to the mandrel size, depending on the
degree of deformation of the outer diameter. Commercial
tubes with the following outside diameter x wall thickness

a ) Mandrel
n

Hollow axle

dimensions were used in the study: &42.4x 10 mm,
48.3x12.5 mm and &51 x 14.2 mm.

Investigations into the process of rolling rail axles on a
mandrel were carried out using the finite element method
FEA and experimental tests under laboratory conditions.
The dimensions of the hollow axle forging selected for
testing are illustrated in Fig. 2. The numerical model built
in the FEM software was identical to the scheme shown
in Fig. 1. In the tests, the tubular billet was assumed to be
deformable, while the other tools were rigid objects. FEA
studies were carried out in Simufact Forming software. The
tubular billets were divided using four-node hexahedral
elements with an average size of 1.75 mm. Depending on
the size of the tubular billet, the number of finite elements
was: for the tube @42.4 X 10 mm there were 63,000 finite
elements, for the tube J48.3 x 12.5 mm there were 65,000
finite elements and for @51 X 14.2 mm there were 68,700
finite elements. In the rolling process analyzed, large plastic
strains occur, resulting in excessive distortion of the finite
element mesh. To eliminate excessive distortion of the
finite element mesh, remeshing was considered during the

Fig. 1 Concept of skew rolling on a mandrel of hollow railway axles: a isometric view, b axial section view
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Fig.2 A hollow forging of a railway axle in the hot state on a scale of 1:5
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calculation, which was activated each time the strain value
increased by 0.4. The seamless tubes used in the tests were
made of S355]J grade steel. Steel S355J used in the study is
a non-alloy structural steel with good strength properties.
The ultimate tensile strength of S355J steel ranges from
470-630 MPa. The minimum yield strength is 355 MPa. Its
properties are on a par with EA1N steel, from which railway
axles are manufactured. There is a large availability of
seamless tubes made from S355] steel on the market, unlike,
for example, typical railway steel. S355] steel also has good
weldability. S355]J steel can be machined, forged and rolled.
S3557 steel is widely used in construction, metallurgy, heavy
and transport engineering, engineering, power generation
and bridge construction [28]. The flow stress for S355] steel
is expressed by the following equation:

op = 2478.72 X 8_0'00298T X 5(—0.000423T+O.3658)

—7.508¢—057+0.0315 (1
X e . x 6-0.00026T—0.137’

where O'fiS the flow stress, ¢ is the effective strain, € is the
strain rate, T is the temperature. The hollow billets were
heated to 1180 °C before the rolling process. The tool
temperature, on the other hand, was fixed at 100 °C for
the rollers and chuck, while the mandrel temperature was
assumed to be 500 °C. The forming rollers performed rotary
motion at a constant velocity n, of 60 rpm. The trajectory of
movement of the forming rollers, determined by the velocity
V,, and the chuck, determined by the velocity V_, is shown in
Fig. 3. The contact conditions between the forming tools are
described by the shear friction law. For the rollers and the
chuck, the friction factor was 0.8. For the mandrel, which
was lubricated with a mixture of Molykote HTP paste and
graphite, a friction factor of 0.1 was assumed. The heat
transfer conditions between the tools and the hollow billet
were described by a heat transfer coefficient of 20 kW/m?K.
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Fig. 3 Trajectory of movement of rollers and chuck
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The experimental investigations were carried out using
a CNC-controlled skew rolling mill, which is shown in
Fig. 4. The rolling mill was equipped with an additional
rotating head mounted on a hydraulic cylinder, which is
shown in Fig. 4b. A mandrel (Fig. 4c) was attached to
the rotating head to calibrate the inner hole of the hollow
forging. To obtain the forging shown in Fig. 2, the skew
rolling mill was programmed to produce a tool movement
trajectory consistent with the diagram shown in Fig. 3.

Fig. 4 Equipment used in the experimental tests: a CNC skew rolling
mill, b view of detail A, ¢ view of detail B
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During the experimental tests, forgings were obtained and
used for analysis. The skew rolling mill used was equipped
with a set of pressure sensors and a torque sensor, which
were used to record the energy parameters of the rolling
process.

3 Results

The experimental tests carried out produced hollow
railway axle forgings, which were analyzed. Examples
of the forging after the rolling process are shown in
Fig. 5. In the forgings obtained, it can be seen that the
chuck allowance is the same length in both cases. The
allowances for the rolls output of the billets are longer for
the billet with a larger wall thickness. This confirms that
the forging is elongated in the axial direction as a result
of the mandrel blocking the radial flow of the material.
Therefore, when mandrel rolling tubes with larger wall
thicknesses, the length can be shortened to reduce the
size of the roll’s output allowance. Using disk rollers, axle
forgings with good external surface quality were obtained.
However, pronounced helical grooves were observed in
the area of the largest forging steps (the smallest cross-
sectional reduction during rolling). Shu et al. [29] rolling
a mandrelless hollow shaft using disk rollers obtained
helical grooves for the maximum degree of cross-sectional

Fig.5 General view of
examples of skew rolled hollow
forgings on a mandrel

reduction. The authors' study shows that using disk rollers
when rolling with higher cross-sectional reductions on the
mandrel, unfavorable helical grooves on the surface of
forgings can be eliminated.

Based on the results of numerical simulations, the
material flow pattern during the rolling of hollow
railway axle forgings was analyzed. The state of strain
was determined, and the factors that can negatively
influence the process of skew rolling with mandrel of
hollow forgings were analyzed. The shape progression of
the hollow axle forging determined by the finite element
method is shown in Fig. 6. The forming process starts
from the chuck side towards the other end of the forging.
One end of the forging is clamped in a hydraulically
clamped chuck. The chuck rotates freely, and its rotation
is forced by the forging clamped in it. In addition, the
chuck forces the axial movement of the shaped forging at
a preset velocity. Successive diameters of the forging are
formed by rotating rolls that can move in a radial direction
according to a preset trajectory. Based on the numerical
simulation carried out, no process disturbances such as
bending of the forging were found.

The numerical model built in Simufact Forming software
was verified by comparing the force characteristics of the
rolling process obtained from the FEM and the experiment
[30]. Figure 7 shows a graph showing the radial force,
axial force and torque courses obtained from the FEM and

51 x 14.2 mm

(242.4 x 10 mm

Fig.6 Progression of the shape of a hollow railway axle forging during skew rolling
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Fig. 7 Force characteristics of the hollow axle rolling process without
mandrel from the billet &42.4x 10 mm

experiment. All force results obtained from the FEM have
a very high qualitative agreement with the experimental
results. The quantitative agreement was assessed using
the coefficient of determination R?. The highest value of
the coefficient of determination was found in the case of
the axial force, R?> was 0.93. In the case of the torque, the
value of R’ was 0.86. The lowest value of R? was obtained
for the radial force, at 0.63. In the case of the radial force,
the greatest discrepancy between the FEM and experiment
occurred during the formation of the largest forging steps.
During the forming of these steps, the material was not
compressed by the rollers and therefore the radial force
decreased to 0 in the case of the FEM. During the rolling in
the experiment, the radial force during the forming of the
largest forging steps was about 20 kN. The high value of
the radial force in this rolling case after despite the lack of
compression of the material is due to the continuous control
of the roll position by the control system, which forced
the roll to be held in the set position. This phenomenon
obviously does not occur during FEM calculations, which
is why there is such a large discrepancy between the radial
force values from FEM and experiment. The match between
force characteristics from FEM and experiment is: excellent
for axial force, good for torque and satisfactory for radial
force. The validation of the numerical model carried out
indicates a good agreement between the FEM model and the
experimental conditions.

4 Analysis and discussion of results
4.1 Geometry of axle forgings

The mandrel was used to calibrate the diameter of the
forging bore. Obtaining a hole with a uniform diameter

@ Springer

Fig. 8 Axial cross section of railway axle forgings rolled from tubular
billets: a @42.4x10 mm without mandrel, b &42.4x 10 mm with
mandrel, ¢ @48.3x12.5 mm with mandrel, d @51 x 14.2 mm with
mandrel

increases the accuracy of the resulting forging and
minimizes the allowance removed during finishing. An axial
cross-sectional view of the rolled forgings is shown in Fig. 8.
In the area of the largest step of the forging, two grooves
can be observed whose diameters are larger compared to
the rest of the forging bore area. Similar observations were
made by Wang et al. [31] analyzing the rolling accuracy of
hollow products using the skew rolling method without a
mandrel. Cao et al. [32] conducted a study on the process
of flexible skew rolling of hollow shafts. A rolling mill with
two rollers and a mandrel was used in the study. The results
also indicate the problem of obtaining a hollow forging with
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a diameter-homogeneous hole. Measurements were taken
of the diameter of the forging bore at locations marked A to
L. Measurements were carried out at these locations, where
the outside diameter of the forging and thus the deformation
ratio of the cross-section changes. In addition, in the case
of dimensions A, B, C, E, H, and K, their location was
determined at the point where this dimension reaches the
highest value. A summary of the results of the measurements
carried out is included in Table 1. The use of a calibrating
mandrel definitely increased the dimensional accuracy of
the forging bore. However, for the J42.4 x 10 mm billet,
an increased hole diameter size of 23.73 +0.13 mm was
still recorded in the area of the largest forging step. In other
areas, the forging bore diameter takes on a value close to
the assumed diameter of 19 mm. Increasing the billet size
to J48.3x 12.5 mm reduced the maximum size of the
forging bore diameter in the area of the largest step of the
forging to 21.38 +0.26 mm. Further increasing the billet
size to &51 x 14.2 mm did not homogenize the forging bore
diameter.

4.2 Strain state

The hollow railway axle forgings obtained by numerical
simulation, with the distribution of effective plastic strain
highlighted, are shown in Fig. 9. Comparing the results of
rolling with and without a mandrel (Figs. 9a and 9b), it can
be seen that higher values of plastic strain were recorded
for rolling with a mandrel. This is since during mandrelless
rolling, the material flows freely in the radial direction, and
thus there is an increase in the wall thickness of the rolled
railway axle forging. In mandrel rolling, the flow of material
in the radial direction is blocked and the wall thickness at
the individual forging steps is reduced. Increasing the wall
thickness and outer diameter of the tubular billet leads to
a marked increase in plastic strain. For the largest tubular
billet (Fig. 9d), plastic deformation of the material was
recorded throughout the entire volume of the forging. For
all rolling cases, the largest plastic strains are located in the
outer layers of the forgings that are in direct contact with
the forming rolls. This is a result of the intensive flow of
material in the circumferential direction due to the intense

frictional forces in this area. This distribution of strain is
conducive to the formation of unfavorable residual stresses
in the axle forging [33].

4.3 Thermal conditions

The temperature distribution in the rolled forgings is shown
in Fig. 10. The resulting distributions are characterized by
high-temperature inhomogeneity. The largest temperature
reduction occurs on the drawing chuck side. As a result
of the temperature decrease in this area, the ductility of
the material decreases, thereby reducing the risk of wall
thinning or complete forging rupture. The temperature
distribution in these rolling cases will depend on the heat
capacity of the billet, the amount of heat generated during
plastic deformation and the amount of pressure of the
shaped material on the mandrel. Comparing the cases of
rolling without and with a mandrel (Fig. 10a and b), it can
be seen that the use of a mandrel intensifies the temperature
decrease, which is the result of heat transfer to the cooler
mandrel. Increasing the wall thickness and outside diameter
of the tubular billet shows a smaller temperature decrease

(-

| I S I |
012 3456 7
Fig.9 Rail axle forgings with marked distribution of effective plastic
strain rolled from tubular billets: a &42.4 x 10 mm without mandrel,
b @42.4x 10 mm with mandrel, ¢ 48.3x12.5 mm with mandrel, d
@51 x 14.2 mm with mandrel

&42.4x 10 mm &48.3%12.5 mm @51 x14.2 mm

with mandrel

with mandrel

with mandrel

Table 1 Summary of axle Billet @42.4% 10 mm
forging bore diameter without mandrel
measurements

Dimension A

Value 16.84+0.23 mm

Dimension B

Value 22.63+0.13 mm

Dimension C

Value 10.07 £0.38 mm

D
19.07+0.11 mm
E
23.73+0.13 mm
F
19.45+0.34 mm

G

19.04 +0.15 mm
H

21.38+0.26 mm
I

19.06 +£0.32 mm

J

19.03+0.11 mm
K

21.46+0.15 mm
L

18.95+0.12 mm

@ Springer



145 Page 8 of 15

Archives of Civil and Mechanical Engineering (2024) 24:145

TIH
]

N | ]
850 865 880 895 910 925 940 955 970 985 1000

Fig. 10 Rail axle forgings with marked temperature distribution (°C)
rolled from tubular billets: a @42.4x10 mm without mandrel, b
42.4x 10 mm with mandrel, ¢ &48.3x12.5 mm with mandrel, d
51 x 14.2 mm with mandrel

in the rolled forgings. The smallest temperature decrease
recorded when rolling from a &48.3 x 12.5 mm billet.
Increasing the wall thickness and outside diameter of the
tubular billet will increase the heat capacity of the rolled
material and the amount of heat generated during plastic
deformation. Consequently, a smaller temperature decrease
should be observed with larger tubular billet sizes. A
deviation from this reasoning are the last two rolling cases,
in which a larger temperature decrease occurred for the billet
with the largest size. Consequently, the value of the pressure
of the rolled material on the mandrel can have a decisive
influence on the temperature distribution.

An example of a thermogram of a forging after rolling
from a &J48.3 x 12.5 mm billet with a mandrel is shown

693,7 °C oC
504,8 °C

Fig. 11 Thermogram of a rolled axle forging

J48.3 % 12.5 mm billet with mandrel

@ Springer

from a

in Fig. 11. The temperature on the surface of the forging
after rolling is less than 1000 °C. A clear decrease in
temperature can be observed at the extremes of the forging.
The greatest temperature decrease is observed in the area
of the extreme step of the forging on the drawing chuck
side. The thermogram obtained during the experiment is
in good agreement with the thermogram obtained from the
FE analysis. The temperature of the mandrel after rolling
was also recorded in the thermogram shown. Before rolling,
the mandrel was at ambient temperature. During rolling,
the temperature on the surface of the mandrel increased
to about 700 °C. This is a very unfavorable phenomenon,
as it will significantly affect the lifetime of the mandrel.
For industrial applications, the mandrel should be cooled
intensively during rolling or immediately after the rolling
of the forging is completed.

4.4 Force parameters

Figures 12—-14 summarize the force parameters of the
rolling process of hollow railway axle forgings from billets
of different initial sizes. The force parameter distributions
shown were recorded during experimental tests of the
rolling process. The distribution of the torque measured on
the forming roll (Fig. 12) shows that increasing the wall
thickness of the billet increases this parameter. Considering
the case of rolling with and without a mandrel, it can be
observed that the use of a mandrel to calibrate the internal
hole causes an increase in torque.

The distribution of the axial force on the drawing chuck
is shown in Fig. 13. From the distribution shown, it can be
seen that the axial force increases as the wall thickness of
the tubular billet increases. Comparing the case of rolling
from the J42.4 x 10 mm billet with and without a mandrel,

1600 -

—— without mandrel 42.4 x 10 mm
with mandrel 42.4 x 10 mm

— with mandrel 48.3 x 12.5 mm

—— with mandrel 51 x 14.2 mm

1400 -

1200

[
o
o
o

Torque, Nm
(2]
o
o

600

400

200

Time, s

Fig. 12 Torque distribution on the roll
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— without mandrel 42.4 x 10 mm —— with mandrel 48.3 x 12.5 mm
25 - — with mandrel 42.4 x 10 mm

~—— with mandrel 51 x 14.2 mm
20
15~
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Axial torce on the chuck, kN

0 45
Time, s
Fig. 13 Distribution of axial force on the drawing chuck
100
— without mandrel 42.4 x 10 mm —— with mandrel 48.3 x 12.5 mm

90 -|—— with mandrel 42.4 x 10 mm —— with mandrel 51 x 14.2 mm

Radial force on the roller, kN

Time, s

Fig. 14 Distribution of radial force on the roll

it was observed that when rolling the center step of the axle
forging, a higher axial force occurs when rolling without
a mandrel. This situation is probably due to the free flow

Fig. 15 Distribution of

material flow velocity V}, in
mm/s in radial direction: a
J42.4 % 10 mm with mandrel, b
J48.3 % 12.5 mm with mandrel,
¢ 51 x 14.2 mm with mandrel

of the material in the radial direction, which results in an
increase in the wall thickness of the forging. This is because
that with greater forging wall thickness, there is an increase
in the resistance to deformation of the material in the axial
direction, which induces the material to flow in the radial
direction.

The distribution of the radial force on the roll during
rolling is shown in Fig. 14. The course of the radial force
is not as stable as in the case of the axial force and torque,
where it is clear at what time each step of the forging is
rolled. The instability of the radial force may be the result
of disturbances due to changes in the position of the rolls
during rolling, resulting from the rolls striving to maintain
a preset position. Nevertheless, it can be observed that
the lowest value of the radial force during rolling of the
central step of the forging occurs during rolling without
a mandrel. On the other hand, the highest values occur
when rolling with mandrel from billets 42.4 x 10 mm and
@51 % 14.2 mm. In the first case, with a smaller tube wall
thickness the material can be pressed intensively into the
mandrel, resulting in an increase in radial force and contact
pressure on the mandrel. In the second case, the greater wall
thickness of the tubular billet will also result in an increase
in plastic deformation resistance, which will translate into
higher radial force values. The increased radial force values
in these two rolling cases will have a significant effect on
the increase in contact pressure between the rolled material
and the mandrel. The increase in contact pressure between
the rolled material and mandrel will result in intensive
cooling of the rolled forging and, thus, greater heating of
the mandrel, as confirmed by the temperature distribution
of the axis forgings shown in Fig. 10.

4.5 Material flow pattern

The pattern of material flow during the rolling of the middle
stage of the forging (Z37.5 mm) in the radial direction in
the same direction as the roll’s velocity V, (Fig. 1) is shown
in Fig. 15. It can be seen from the presented distribution
that an increase in the external diameter of the tube and its
thickness causes an increase in the material flow velocity

===
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— tube
20 -16 -12

12 16 20
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in the mandrel direction. For all the rolling cases analyzed,
significantly more intensive flow of material in the radial
direction occurs in the area immediately adjacent to the
forming roll. In the area near the mandrel, the material
flow velocities are considerably lower. In summary, the
material flow velocity varies along the radius of the formed
tube from maximum velocity at the largest tube radius to
minimum velocity at the smallest radius. An increase in the
material flow velocity in the radial direction causes the tube
to contact the mandrel over a longer distance. The greatest
problems with material detachment from the mandrel occur
in the area of the largest step of the @43 mm diameter
forging. It was, therefore, decided to analyze this rolling
stage in more detail.

Figure 16 shows the successive stages of rolling a step of
a forging with a diameter of @43 mm from a tube with initial
dimensions of &48.3 x 12.5 mm. In stage 1 of rolling, it can
be seen that the material flows towards the mandrel. In stage
2, in which the roll moves outwards to achieve the assumed
diameter of the largest step of the forging, a lack of flow of
material towards the mandrel is observed. In stage 3, a gap
can be observed due to the outward movement of the roll. In
stage 4, as the roll moves towards the mandrel, an increase
in the intensity of material flow towards the mandrel can be
observed. In summary, it can, therefore, be concluded that
the improper forming of the forging bore is the result of a
change in the spacing of the forming rolls for a change in the
diameter of the rolled forging.

4.6 New concept for rolling hollow railway axles
on a mandrel

Based on the material flow analysis shown in Fig. 16, a new
concept for the rolling of hollow railway axles on a mandrel
shown in Fig. 17 was proposed. The new rolling method
consists of a two-stage forming of the hollow railway axle.
In the first pass, the outside diameter of the billet is reduced

no flow of material
towards the mandrel

on the mandrel to a maximum rail axle forging diameter
of 43 mm. In this stage of rolling, the forming rolls do
not change their position to obtain an internal hole with a
constant diameter. In the second pass, the final shape of the
railway axle forging is rolled on the mandrel.

To verify the new rolling concept, experimental tests were
carried out under the conditions described in Chapter 2. The
resulting hollow railway axle forging rolled in two stages
is shown in Fig. 18. The application of two-stage rolling
technology made it possible to obtain a hollow railway axle
forging with better internal bore parameters. The two-stage
rolling did not eliminate material detachment from the
mandrel in the area of the largest step of the forging. The
largest dimension of the forging bore in this rolling case
is &20.34 mm. Compared to the single-pass rolled forging
shown in Fig. 8d, the two-pass rolled forging has a more
uniform hole diameter. The use of two-pass rolling has
made it possible to reduce the maximum size of the grooves
formed in the area of the step of the largest diameter forging
by 1.12 mm, compared with one-pass rolling. The results
obtained will significantly reduce the amount of allowance
needed to be removed by machining. In the case of rolling a
1:1 scale hollow axle forging, this will reduce the allowance
on diameter by 5.6 mm.

4.7 Gap between the bore diameter
and the mandrel diameter

To summarize the results obtained, the gap ¢ between
the bore diameter of the forging and the diameter of the
mandrel was measured. After the tests, it was found that
there were two gaps in the area of the largest step of the
forging (Fig. 8. and Fig. 18.). In the measurements carried
out, the focus was on the gap with the larger size in each
case, as this determines the accuracy of the forging. The
results of the measurements carried out are summarized in
the form of the graph shown in Fig. 19. The largest gap ¢

direction of the process progression

L | | I

-20 -16 -12 -8 -4 0

4 8 12 16 20

Fig. 16 Distribution of material flow velocity V}, in mm/s in the radial direction during the rolling of a step forging with a diameter of 43 mm

from a tube (J48.3 x 12.5 mm with a mandrel
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Fig. 17 Schematic of a two-stage rolling process for a hollow railway axle forging

Fig. 18 Axial section of a
railway axle forging rolled in
two passes from a tubular billet
@51 x 14.2 mm with mandrel

between the axle bore, and the mandrel was recorded for
the case of rolling from a billet of &42.4 x 10 mm and is
2.37+0.07. The smallest gap ¢ was recorded for the case
of rolling from a billet of @51 X 14.2 mm in two passes and
is 0.67 +£0.11. By modifying the rolling system, the size of
the gap c is reduced by 71.7%. An increase in the billet size
above J48.3 x 12.5 mm did not result in a clear reduction
in the gap ¢ formed between the axle bore and the mandrel,
but even a slight increase. A definite reduction in the gap
¢ between the axle bore and mandrel occurred in the case
of two-stage rolling. Increasing the billet dimensions from
42.4x 10 mm to &48.3 X 12.5 mm reduced the gap ¢ by

49.8%. Rolling the billet &51 x 14.2 mm in two passes
compared to rolling in one pass reduced the gap c by 45.5%.

4.8 Microstructure and mechanical properties

Axle forgings were subjected to hardness tests to measure
mechanical properties. The forgings for testing were in
the as-rolled condition and free cooling in air. The results
of the hardness measurements using the Vickers HV10
method are shown as a graph in Fig. 20. The hardness
measurements were taken at 10 measurement points
distributed over the entire thickness of the forging
wall. The hardness distribution for all cases analyzed is
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Fig. 20 Distribution of hardness HV 10 over wall thickness

similar. The smallest hardness values were recorded in
the outer area of the forging wall (point 10). The highest
hardness, on the other hand, is found in the area located
approximately in the middle of the wall thickness in the

Table 2 Average hardness values and hardness scatter

neighborhood of points 3 and 4. In the inner area of the
forging wall (point 1), the hardness takes on intermediate
values. In the case of forgings rolled from billets
48.3x 12.5 mm and 51 x 14.2 mm in two passes,
the hardness takes on significantly smaller values in the
middle of the wall thickness than in the other rolling cases.
The results obtained indicate inhomogeneity of hardness
across the forging wall thickness. Table 2 summarizes the
average hardness values along the wall thickness, together
with the standard deviation values from the average value.
The highest average hardness value of 189.5 HV10 was
obtained for rolling from a billet of &48.3 x 12.5 mm. The
smallest average hardness value of 182.4 HV10 occurred
when rolling from a billet of @51 x 14.2 mm in two
passes. The scatter in hardness along the wall thickness
was measured by standard deviation. The measurements
show that the greatest homogeneity of hardness (smallest
standard deviation s=5.9) occurs when rolling from a
billet of &51 x 14.2 mm in two passes. On the other hand,
the smallest homogeneity of hardness (largest standard
deviation s=10.5) occurs when rolling from billet
42.4 x 10 mm without a mandrel.

The axle forgings were subjected to metallographic
testing to estimate the microstructure. The forgings for
metallographic testing were in identical condition to those
for hardness testing. Observations of the microstructure
were carried out after grinding and polishing of the
metallographic scrap and etching with nital 2% reagent.
The metallographic specimens were taken from the same
part of the axle forging where the hardness measurement
was carried out. Figure 21 shows, in graph form, the
average grain size of the axle microstructure for the rolling
cases analyzed. The largest grain size of 10.25+1.03 pm
occurred in the case of rolling without a mandrel. On
the other hand, the finest grain size of 7.59 +0.96 was
possessed by the axle forgings rolled from the billet
@51 x 14.2 mm in two passes. Forgings rolled from the
48.3x 12.5 mm and J51x 14.2 mm in two passes
have similar microstructure grain sizes. Furthermore,
in these two cases the scatter of the measurement error
is the smallest, indicating a rather high homogeneity of
grain size compared to the other cases. It can, therefore,

Billet 342.4x 10 mm 342.4x 10 mm J48.3 % 12.5 mm 51 x14.2 mm 51 x14.2 mm
without mandrel with mandrel with mandrel with mandrel with mandrel
2 passes
Average hardness, HV10 187.3 189.5 182.6 188.0 182.4
Standard deviation s 10.5 9.8 6.3 8.9 5.9
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Fig.21 Average grain size of the microstructure of railway axle
forgings

be concluded that the homogeneity of the grain size of
the microstructure is reflected in a homogeneous hardness
distribution along the wall of the axle forgings (Fig. 20).

Figure 22 shows an example of the microstructure
of a forging with the largest and smallest grain size.
In both cases, the microstructure is ferritic-perlite. In
the microstructure of the rolled axle without mandrel,
the perlite grains have a less regular shape compared
to the perlite grains in the microstructure of the rolled
axle from the billet @51 x 14.2 mm in two passes. Thus,

the distribution of perlite grains in the microstructure
of the two-pass rolled axle is more uniform than in the
case of the mandrelless rolled axle. Regardless of grain
size, grain shape, and grain distribution, both structures
are typical of the microstructure of S355J steel in the
state after normalization [34]. In the analyzed area of
the microstructure, the typical characteristics of the
microstructure after overheating with too little plastic
deformation, which is typical of skew rolling processes,
were not observed [35].

5 Conclusions

A study was carried out on the three-roll skew rolling
(TRSR) process of hollow railway axle forgings. Based
on the numerical and experimental studies performed, the
following final conclusions were obtained:

e The TRSR method allows the manufacture of hollow
railway axle forgings on a mandrel.

e The use of a calibrating mandrel increases the uniformity
of the bore diameter of the forging.

e The rolling of hollow forgings with a mandrel should be
carried out from tubular billets with larger dimensions,
i.e., outside diameter and wall thickness.

Fig.22 Microstructure of the axle forging in the analysis area: a &42.4 X 10 mm.without mandrel, b @51 x 14.2 mm with mandrel 2 passes
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¢ Increasing the spacing of the forming rolls during rolling
is responsible for the increase in the diameter of the
forging bore.

e The two-stage TRSR method increases the uniformity of
the forging bore diameter.

The geometry of the rollers used in the TRSR process
can have a significant impact on the bore accuracy of
hollow forgings, including railway axles. Future studies
would need to consider the effect of the taper angle of the
forming roll. Another issue is the possibility of using rolls
of a different shape, e.g., with a radius in the shaping part
of the roll.
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