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Abstract: The hollow axle is the key basic component of high-speed trains. How to realize its produc-
tion with short process and high-quality precision plastic forming is the frontier of current research
and a major problem to be solved. On the basis of analyzing the advantages and disadvantages of the
existing forging process of the hollow axle, this paper expounds the principles and characteristics of
multi-wedge synchrostep cross-wedge rolling (MSCWR) technology, multi-roll cross-wedge rolling
(MCWR) technology, three-roll skew rolling (TRSR) technology, and tandem flexible skew rolling
(TFSR) technology in detail, and discusses the feasibility and key technical problems of these tech-
nologies to form the hollow axle. It is concluded that tandem flexible skew rolling (TFSR) technology
has the advantages of short process, high quality, high efficiency, energy saving, and material saving,
and this technology is the development direction of precision plastic forming of the hollow axle. The
research results provide technical guidance and research directions for promoting global high-speed
rail development.
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1. Introduction

High speed and heavy load are the long-term goals of high-speed transportation. The
key to achieving these goals is the light weight of components. The hollow axle contributes
an important part of being lightweight. It is a new axle structure, as shown in Figure 1. The
hollow axle can not only meet the strength requirements of the axle, but also greatly reduce
the unsprung weight of the train and improve the stability and safety of the train operation.
Therefore, hollow axles are widely used in high-speed trains.
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reduce the unsprung weight of the train and improve the stability and safety of the train 
operation. Therefore, hollow axles are widely used in high-speed trains. 
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Figure 1. Hollow axle of high-speed-train.

At present, the forming processes of hollow axle blanks include mainly open-die
forging and radial precision forging. The open-die forging forming process is that the
solid billet is forged with 2~4 arc anvils under the open-die forging machine at the same
speed, and after one side is pressed down, it continues to be forged along the axis to make
it form radially. This proceeds as the workpiece is fed along the axis until finally being
formed. The working principle is shown in Figure 2a. After the solid axle is formed,
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the hollow axle meeting the requirements can be produced by drilling. Although the
process of forming the hollow axle by open-die forging is simple, the forming quality
is poor, in that the unilateral allowance is large (generally 10~15 mm), and the material
utilization is low (58~65%). Moreover, the cost of subsequent finishing is high, and the
production environment is poor (the noise is greater than 100 dB). At the same time, with the
increase in billet size, the forging qualities such as ovality, machining allowance, axis offset,
and internal quality are difficult to control. The radial precision forging forming process
consists of conducting high-frequency radial forging of thick-wall hollow tubes through
multiple hammers on a radial precision forging machine, and the hollow tube blank is
circumferentially rotated and axially fed at a certain rate throughout the production process.
The production of hollow-stepped shafts is realized by controlling the radial feed rate of
hammers. Its working principle is shown in Figure 2b. The production line is characterized
by two aspects, including equipment and process. The equipment mainly includes an
annular heating furnace, a radial forging machine, a hot saw, a cooling bed, a typewriter, a
heat treatment furnace, etc. In the process aspect, it is determined by the forming process
data package consisting of both forging and heat treatment. As the core equipment of the
production line, the radial forging machine is mainly designed and manufactured by GFM
and SMS MEER, especially GFM, which has accumulated rich experience because of its
early development of the radial forging machine. The SX series mechanical radial forging
machine has stable and reliable performance, convenient maintenance, and low use cost. At
present, most axle production lines based on the radial forging machine are manufactured
by GFM, with its RF series being newly developed in recent years. This is a new type of
radial forging machine driven by the main force machinery and driven by the hammer
adjustment hydraulic system. On the other hand, SMS MEER developed the radial forging
machine late, and its full hydraulic radial forging machine has a certain market among
large tonnage radial forging machines because of its large reduction and good forging
permeability [1]. Compared with the open-die forging forming process, the radial precision
forging forming the hollow axle has better forming quality and higher production efficiency,
and the forging processing precision is high, leaving only the finishing allowance, and the
material utilization rate is high (65~73%). Although the radial precision forging process in
forming the hollow axle has many advantages, the large radial precision forging machine
technology limited by the forging force of more than 10 MN has been monopolized by a
few manufacturers in developed countries, especially the large radial precision forging
machine technology used in manufacturing high-end pipes such as the high-speed railway
hollow axle, nuclear tube, and gun tube.
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Industrial applications have proven that, although open-die forging and radial preci-
sion forging are the main processes for the production of train axles at present, these two
processes still have a number of limitations, including adverse pollution, large investment,
low efficiency, etc. Therefore, it is necessary to develop other forming processes. In recent
years, scholars at home and abroad have carried out a lot of research on the forming pro-
cess of the hollow axle, and have made some beneficial progress. To further enhance the
development of this research, this paper points out the development direction of precision
plastic forming of the high-speed train shaft by analyzing the principle and characteristics
of multi-wedge synchrostep cross-wedge rolling (MSCWR) technology, multi-roll cross-
wedge rolling (MCWR) technology, three-roll skew rolling (TRSR) technology, and tandem
flexible skew rolling (TFSR) technology, the feasibility of forming the hollow axle by these
processes and the key technical problems, and provides technical guidance and research
directions for promoting the development of global high-speed railway.

2. Cross-Wedge Rolling Forming Technology of High-Speed-Train Axle
2.1. Multi-Wedge Synchrostep Cross-Wedge Rolling

Multi-wedge synchrostep cross-wedge rolling is a kind of advanced shaft part forming
process [2] with multiple wedge-shaped dies simultaneously performing radial compres-
sion and axial extension of the rolled piece. Two multi-wedged rolls rotate in the same
direction and drive the circular roller piece to rotate, as shown in Figure 3. The workpiece
is rolled into shaft parts of various shapes and lengths under the action of the hole shape in
the die, and subjected to external forces of the roll, namely, the radial rolling force P, the
tangential friction force T, the axial force Q, and the axial friction force considering when
the rolled piece is long. The continuous radial compression deformation of the rolled piece
is maintained by the radial rolling force P that makes the radial compression deformation
and the tangential friction force for rotation. The rolled piece is also subjected to an axial
force Q, which promotes or prevents the rolled piece from extending. Under the action of
these external forces, the deformation process and metal flow law inside the rolled piece
are very complex, and there are complex mutual constraints between the wedges.
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The advantages and disadvantages of cross-wedge rolling compared with the tradi-
tional forging process are shown in Table 1.

Table 1. Comparison between MSCWR process and forging process.

Advantages Disadvantages

High efficiency Larger die
High material utilization Low roundness
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Rotating condition is the primary condition to determine whether the cross multi-
wedge synchronous rolling hollow shaft can proceed smoothly. Figure 4 is the mechanical
model, where (a) is the solid shaft, and (b) is the hollow shaft.

Based on the rotation condition of solid shaft multi-wedge rolling [3], Zheng et al. [4,5]
calculated the rotation condition of hollow shaft multi-wedge rolling by considering the
deformation characteristics, and obtained the stable rolling condition of the hollow shaft
by introducing the concept of the plastic hinge and calculating the average unit positive
pressure. These results laid an important theoretical foundation for hollow axle rolling by
cross-wedge rolling.
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tanα tanβ ≤ 2dµ2

nkπdkm2(1+ d
D

) (1)

where α is the forming angle, β is the spreading angle, d is the diameter of the rolled
piece, D is the roll diameter, µ is the friction coefficient, n is the wedge numbers, k is the
instantaneous spread coefficient of the rolled piece (0 < k < 1), dk is the rolling radius, and
m is the ellipticity parameter.

t
µb

(e
µb
λ −1) <

λξ

(1 − λ)
(

sinγ− 2γ
π

) (2)

where t is the workpiece thickness, µ is the friction coefficient, b is the tangential width of
the contact area, γ is the central angle of the contact area, ξ is the correction coefficient, and
λ is the initial relative wall thickness of the rolled piece.

Li et al. established the finite-element model of a cross multi-wedge rolling railway
RD2 axle in DEFORM.3D software. By analyzing the metal flow law and the internal stress
state of the rolled piece when the three wedges are simultaneously wedged into the blank,
it was found that when the process parameters are reasonably selected, the equal-section
shaft section of the multi-wedge rolling is smoothly connected, avoiding the phenomenon
of stress concentration during the transition connection, and the rolled axle is equivalent to
the loose grade of the raw material. The above research results initially verify the feasibility
of cross-wedge rolling railway axles [6].

By combining the finite-element simulation and experiment, Shu et al. found the
optimal design parameters of the axle multi-wedge die (as shown in Figure 5) [2], and
obtained the effect of process parameters on the stress of the railway axle by MSCWR.
A three-dimensional rigid-plastic finite-element model of the MSCWR was established,
and the influence law of the die process parameters such as the spreading angle on the
force and energy parameters of the hollow axle was analyzed. The 1:5 multi-wedge rolling
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hollow axle experiment was carried out, and the relative error between the experimental
rolling torque and the numerical simulation results was within 10 %. The correctness of the
finite-element model is verified [3,7].
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Zheng et al. established a rigid-plastic FE model of MSCWR in DEFORM-3D, and
explained the deformation mechanism and forming process. After that, a 1:5 ratio hollow
axle was rolled by a cross-wedge rolling mill (as shown in Figure 6). It can be seen from the
figure that the finished hollow axle has a satisfactory imaging quality, which verifies the
accuracy of the proposed FE model [5]. Huang et al. established the mathematical model of
the deflection angle of the hollow axle by MSCWR, and obtained the deflection angle of each
wedge of the hollow axle by MSCWR, which provided a method for selecting the deflection
angle, and can be used as a reference for the design of multi-wedge die [8]. The above
research results provide a theoretical basis for promoting cross multi-wedge synchronous
rolling technology, realizing the efficient material-saving production of railway axles, and
improving the quality.
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2.2. Multi-Roll Cross-Wedge Rolling for High-Speed-Train Axle

Pater et al. proposed a variety of ideas for cross-wedge rolling of railway axles, one of
which consists of forming the axle in two steps with two sets of rolls (as shown in Figure 7).
The first step includes forming the central step, while the other step involves forming
the end step of the railway axle. The FE simulation results(as shown in Figures 8 and 9)
show that the load and torque of the process are low, and the process can prevent material
cracking in the axial area [9].
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In addition, the hollow axle is rolled by the three-roll cross-rolling process by using a
specific roll shape. The three rolls are distributed at 120◦ in the circumferential direction of
the rolled piece (as shown in Figure 10). The formation of cracks in the rolling process is
analyzed, and the wall thickness variation law, equivalent strain (as shown in Figure 11),
distribution of damage (as shown in Figure 12) and temperature distribution of the rolled
piece are determined, as well as the rolling mill power required to produce hollow axles by
this process. These new ideas break through traditional thinking and provide a new idea
for the cross-wedge rolling train axle [10].
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3. Three-Roll Skew Rolling Technology for High-Speed Train Axle
3.1. Forming Principle of Three-Roll Skew Rolling Shaft Parts

Shu et al. proposed to use the three-roll skew rolling method to produce the high-
speed train hollow axle, and carried out systematic research on it [11], pointing out that the
three-roll skew rolling process belongs to the local loading axial continuous plastic forming
technology. The principle is shown in Figure 13. Three disc rollers are distributed 120◦

around the blank, and the roller axis and the blank axis deflect at a certain angle (deflection
angle). During rolling, the three rollers rotate in the same direction synchronously to drive
the rolled piece to rotate reversely. At the same time, the rolled piece is driven by the
clamp to move along the axial direction, and the three rollers feed radially synchronously
to achieve the formation of the stepped shaft.
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Zhang and Pater made many contributions to the velocity vector analysis of the
deformation zone of the rolled piece during stable rolling, as shown in Figure 14 [13,14].
Point O is defined as the rotation center of the roller around the rotation when the feed angle
is adjusted, and the vertical line of the rolling line (the rolling line is generally coincident
with the axis of the rolled piece) is the rotation axis. The plane composed of the rotating
axis and rolling line is the main rolling plane, and the plane composed of the rotating axis
and roller axis is the main roller plane. Taking any point P in the deformation zone as the
coordinate origin, the crossing point P is the x-axis along the rolling direction, the crossing
point P is the y-axis along the tangential direction of the rolled piece, and the vertical line
of the crossing point P as the rolling line is the z-axis. The A-A view is the projection along
the rolling direction perpendicular to the main plane of the rolling, and the B-B view is the
projection along the roll axis perpendicular to the main rolling plane. β is the feed angle, γ
is the angle between the z-axis and the main rolling plane, and j is the angle between the
line connecting the P point and the roller axis (the roller radius passing the P point) and the
main plane of the roller.
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At the stable rolling stage, the point O is set at the interface between the roller and the
rolled piece, and the point P is located on the rotation axis of the roller. The relationship
between the roller rotation speed nb and the rolled piece rotation speed nr can be expressed
as:

nb =
ρmax

ra
nrηycosβ (3)

where ρmax is the maximum radius of the roller, ra is the exit section radius of the rolling
deformation zone of the rolled piece, and ηy is the tangential slip coefficient of any point P
in the deformation zone of the rolled piece, and its axial slip coefficient ηx is selected from
the measured value or empirical value, ranging from 0.5 to 1.3 [15].

The lead Zx and pitch zx of the rolled piece along the rolling direction are:

Zx =
60uxra

ρmaxnrηycosβ
(4)

zx =
20uxra

ρmaxnrηycosβ
(5)

It can be seen from Equations (4) and (5) that the method of controlling the pitch of
the rolled piece to be equal or less than a certain value in the variable diameter section of
the rolled piece consists of adjusting the axial traction speed of the fixture or the rotational
speed of the roller. In the diameter-increasing section, it is necessary to reduce the axial
traction speed of the clamp or increase the roller rotation speed. In the diameter-reducing
section, it is necessary to increase the axial traction speed of the clamp or reduce the roller
rotation speed.

The advantages and disadvantages of TRSR compared with the traditional forging
process are shown in Table 2.

Table 2. Comparison between TRSR process and forging process.

Advantages Disadvantages

Low energy consumption Poor workpiece surface quality
Universal die

Small equipment size Low material utilization

3.2. Feasibility Analysis of Three-Roll Skew Rolling Axle

Pater et al. verified the feasibility of three-roll skew rolling light truck spindles, laying
an important foundation for subsequent research [12]. Later, Pater et al. conducted a lot
of research on the feasibility of applying this technology to the rolling of the train axle,
including finite-element simulation of the process of rolling the train axle with the three-roll
skew rolling process, and analysis of the temperature field and strain field of the train axle
(as shown in Figures 15 and 16). It was found that the train axle has good forming quality,
the strain mainly occurs on the surface of the axle, and the temperature of the rolled piece is
always in the appropriate range during the rolling process [16]. Xu et al. proposed to apply
this technology to the production of the high-speed train hollow axle, clarified the forming
mechanism of the process, and theoretically proved the influence of process parameters
on the force and energy parameters [17,18]. Wang et al. analyzed the influence of process
parameters on the average grain size and microstructure uniformity of the rolled piece. The
results showed that the grain size was obviously refined and the distribution was relatively
uniform. The optimum rolling temperature is 1050 ◦C, the optimal deflection angle is 9◦,
and the optimal roller rotation speed is 90 rad/min [19].
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Figure 16. Distribution of strain intensity in the three-roll skew rolling rail axle [16] (Reprinted from
ref. [16]).

Pater et al. tried a 1:5 scale train axle using a CNC three-roll skew rolling mill (as
shown in Figure 17). From the experimental results, it can be seen that the spiral lines and
stacking appeared on the axle surface. In response to this defect, the impact was evaluated.
Then, through the optimization of process parameters, the occurrence of spiral pattern and
stacking phenomenon was effectively controlled [20–22]. Through rolling experiments,
Shu et al. found that the grain size of the rolled piece gradually increases from the outer
surface to the inner surface. It can be seen that at higher rolling temperatures, the initial
grain size and the final average grain size are larger than that at lower temperature (as
shown in Figures 18–20). By increasing the axial traction speed, not only can the rolling
time be shortened, but the coarse grains can also be avoided. Therefore, the mechanical
properties can be improved [23].
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4. TFSR Technology of Hollow Axle
4.1. Two-Roll Rotary Piercing

Because the machining process of the hollow axle inner hole is very complex and
inefficient, and the required equipment is very expensive, many internal hole machining
alternatives have also been proposed, especially rotary piercing. Rotary piercing refers to
the process in which two or three rolls with the same rotation direction bite the heated
tube blank (the center line of the piercing and the center line of the roll form a certain
spatial intersection relationship), and the solid tube blank is threaded into a blank under
the interaction of the roll and the plug. The rotary piercing actually uses the cracked and
unbroken loose state of the metal in the core area of the tube blank under the action of the
piercing tool to place the plug in the loose area for piercing, as shown in Figure 21.
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Figure 21. Schematic diagram of the rotary piercing process: (a) front view; (b) top view [24]
(Reprinted from ref. [24]).

Compared with the traditional machining hollow axle bore, the rotary piercing process
has the following advantages: Since the step of cutting the inner hole is omitted, this process
can reduce steel consumption and save about 100 kg of materials. The rotary piercing
reduces the difficulty of machining and saves the cost of boring. The tube rolled by this
process is more compact, the fiber flows along the rolling direction, and the main working
stress is perpendicular to the fiber distribution direction, which is conducive to improving
its working stress and fatigue life.

Yuanrui et al. obtained 35CrMo super-thick-wall seamless steel pipes of a certain size
with a Pilger mill. After analyzing the metallographic structure and mechanical properties
and conducting other tests on the seamless steel pipes, it was confirmed that the quality
of this batch of steel pipes met the technical requirements for hollow axle blanks [25].
Romanenko et al. studied the method of preparing hollow axle blanks for railway vehicles
by using a two-roll rotary piercing machine, carried out experimental rolling in the rolling
device (as shown in Figures 22 and 23), and compared the mechanical properties of the
hollow axle and the solid axle. It was found that the average impact strength and minimum
impact strength of the hollow axle produced by this method were 34.6% and 63.2% higher
than the GOST standard [26,27] respectively. Smk et al. analyzed the stress and deformation
state of the axle blank with the roll feed angles of 6◦ and 12◦, and found that the stress
intensity distribution in the longitudinal section is uneven, and the maximum stress appears
at the end of the mandrel and the extrusion area. When analyzing the deformation state of
the rolled piece under a large feed angle, the surface of the rolled piece was found to form
spiral stripes [28].
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4.2. Tandem Skew Rolling

Tandem skew rolling is a new process for hot rolling seamless steel tubes (Figures 24 and 25),
which is suitable for rolling metal materials with small rolling temperature intervals and
difficulty in deformation [29]. This process is a multi-step process of piercing and rolling
on two groups of rolls. The principle diagram of tandem skew rolling is shown in Figure 26.
This process is proposed on the basis of the three-roll combination piercing process [30,31].
Fujie et al. [32,33] put forward the tandem skew rolling and expounded the forming
mechanism of the process. Feilong et al. [34–36] analyzed the kinematics of the forming
process and carried out tandem skew rolling experiments on hard deformed metals such as
AZ31 magnesium alloy, 42CrMo high-strength steel, TC4 titanium alloy, etc., by using a
tandem skew rolling machine.
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4.3. Tandem Flexible Skew Rolling

Tandem flexible skew rolling of the hollow axle refers to the two processes of rotary
piercing and rolling the stepped axle, which are completed in one stage. There are two
sets of rolls in this process, namely, piercing roll and disc roll, which are used to form the
inner hole and stepped axle, respectively (as shown in Figure 27). The working principle
of this process is: first, the billet is pushed by the pusher to the deformation area of the
piercing part and bitten by the piercing roll. After passing through the deformation area
of the piercing part, the billet becomes a capillary, then the capillary reaches the rolling
deformation area and is bitten by the disc roll. The capillary is rolled into a stepped shaft
with a certain size through the radial movement of the roll. When the whole workpiece
passes through the deformation area of the piercing part, the chuck behind the disc roll will
bite the workpiece and make the axial move at a certain speed with the radial speed of the
disc roll until the rolling process is completed.
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Compared with the traditional manufacturing process of the hollow axle blank, the
tandem flexible skew rolling technology of the hollow axle has the following advantages:
locally loaded axial continuous forming; the rolled parts are placed outside the equipment,
significantly saving the rolling space of the equipment, reducing the size of the equipment
body, and solving the problems of large forming contact area; large forming force; large
and complex dies; large and complicated equipment costs; etc. The problem that the rolled
piece size is limited by the die size in the traditional process forming is overcome. Dieless
flexible forming integrates the forming manufacturing technology with digital technology
and automation technology. Through multi-degree of freedom active control of tooling
and variable roll pitch, it can flexibly realize the precision forming of different shape steps
of axles. It can quickly respond to manufacturing needs and solve the problems of the
high cost of die processing, long die adjustment/repair cycle, and large die storage space
requirements existing in traditional die forming manufacturing technology. The inner
hole and shape of the hollow axle are formed synchronously. Because tandem flexible
skew rolling consists of completing the inner hole forming and step shaft forming in one
process, it is not needed to drill the inner hole separately in the later stage, which avoids
unnecessary waste of materials and effectively improves the utilization rate of materials.
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The advantages and disadvantages of TFSR compared with the traditional forging
process are shown in Table 3.

Table 3. Comparison between TFSR process and forging process.

Advantages Disadvantages

High efficiency Poor workpiece surface quality
High material utilization
Low energy consumption Complex equipment structure

As shown in Figure 28, the piercing roll and disc roll are, respectively, aligned with
the central axes α1 and α2, where α1 can be taken within 7◦~10◦, and α2 can be taken from
8◦ to 12◦. It is understood that there must be a continuous rolling relationship between
the two sets of rolls in the process of rolling hollow axles. At this time, the metal flow in
the deformation zone of the two sets of rolls needs to meet the rule of volume flow rate,
namely:

∆1 = ∆2 (6)

F1v1 = F2v2 (7)

where ∆ is the metal second flow volume of the two stands, F is the cross-sectional area of
the rolled piece at the outlet of the two stands, and v is the exit speed of the rolled piece of
the two stands.
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Figure 28. Design of the process for producing hollow axle [37] (Reprinted from ref. [37]).

Caoqi et al. [37] creatively put forward tandem flexible skew rolling on the basis of
tandem skew rolling, clarified the value range of the tandem flexible skew rolling deflection
angle of two sets of rolls and the principles to be followed, simulated the process of
rolling the hollow axle with finite-element software, and analyzed the change law of force
parameters in the rolling process, as well as the strain and temperature distribution of the
rolled axle blank (Figures 29–31), The simulation results verify the feasibility of rolling the
hollow axle with this technology, and lay a theoretical foundation for the short process of
forming hollow axle blanks.
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5. Conclusions and Outlook
5.1. Conclusions

1. The structure and performance of the hollow axle formed by radial precision forging
are fine, but the process is long, the investment is large, the efficiency is low, and the
core technology is monopolized by some companies;

2. Although cross-wedge rolling has the advantages of high efficiency, material saving,
and energy saving, it is difficult to industrialize due to the complexity and huge size
of dies, high equipment cost, etc.;

3. Three-roll skew rolling can realize the dieless forming of the train shaft profile, but for
solid billets, the deep hole process needs to be added after forming the profile, which
still cannot solve the problem of the short process;

4. Tandem flexible skew rolling has the advantages of dieless flexible forming and inte-
grates the forming manufacturing technology with digital technology and automation
technology and synchronous forming of the inner hole and shape of the hollow axle.
Because tandem flexible skew rolling consists of completing the inner hole forming
and step shaft forming in one process, it is not needed to drill the inner hole separately
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in the later stage, which avoids the unnecessary waste of materials and effectively
improves the utilization rate of materials. However, the coordination of two sets of
roll speeds is an urgent problem to be solved.

5.2. Outlook

Tandem flexible skew rolling is the best process for forming hollow train shafts with
short process and high quality, and is the development direction for realizing high-quality
manufacturing of high-speed train shafts. However, how to match the rotating speeds
of two sets of rolls during stable and coordinated rolling is the key and difficult point of
this technology. Therefore, future research should focus on the following two points: the
exploration of the shape coordination control mechanism under the piercing composite
forming process and the exploration of the interaction mechanism of the piercing process.
Facing the future, the establishment of an intelligent decision-making platform for axle
piercing synchronous forming and the establishment of an ultrasonic flaw detection mecha-
nism under high temperature are also necessary conditions for realizing short process and
flexible digital precision forming of the high-speed train axle. These studies can provide
technical support for establishing a digital high-quality forming production line for hollow
axles.
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tion, J.W. and Y.X.; formal analysis, S.Z. and Y.D.; writing—original draft preparation, X.S. and C.Y.;
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the published version of the manuscript.
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