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Abstract
Cross-wedge rolling (CWR) hollow shafts with mandrels can control the hole contour and reduce internal defects so that the
working conditions for the shafts can be met. The diameter of the mandrel plays an important role in this forming process. In this
study, numerical simulations and experimental trials were conducted as part of a detailed investigation on the mechanism of a
mandrel and its influence on the forming quality of CWR hollow shafts. The contact areas between the mandrel and workpiece,
the rolling forces of the mandrel, stress-strain fields, metal flows and temperatures were analysed in detail. The gaps on the
surface of dies designed to prevent torsion failure of the rolled piece lead to noticeable steps on the surface of the rolled piece, as
the relative diameter of the mandrel is too large. The diameter and non-circularity of the outer and inner surface increase with the
increase of the relative diameter of the mandrel. The results can provide theoretical guidance for the production application of
cross-wedge rolling hollow shafts with mandrels.
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1 Introduction

Cross-wedge rolling (CWR) is a near-net-shape forming pro-
cess, capable of reducing costs and improving the quality of
the axis and shaft parts [1]. With the increasing demand for
lightweight construction in the automotive industry, hollow
shafts are needed in large numbers. The polar moment of
inertia and the section modulus in torsion of a hollow shaft
is greater than that of a solid shaft under the same amount of
material. The material of a hollow shaft is more widely dis-
tributed in high-stress areas that can make full use of the ma-
terials. Themajor plastic processingmethods of a hollow shaft
are radial forging [2, 3], extrusion [4, 5], and rotary compres-
sion [6, 7]. The CWR process is a new forming technique for

the production of hollow shafts that reduces costs while im-
proving the quality.

There have been several theoretical and experimental stud-
ies on the production of hollow shafts by CWR. Zhang et al.
[8, 9] studied the wall thickness of hollow shafts rolled using
cross-wedge rolling using rolling experiments and presented
the impact rules of the main factors on the wall thickness of a
hollow workpiece. Wang et al. [10] simulated the sizing pro-
cess of CWR in various conditions and revealed the relation-
ship between the wall thickness of hollow parts and the strain
and stress fields. Pater et al. [11–13] explored the influence of
process parameters on the forming process stability using a
three-roll cross-wedge rolling method and analysed the depen-
dences between process stability, deformation ratio and wall
thickness of the material formed by flat cross-wedge rolling.
Urankar et al. [14, 15] investigated the limits of forming hol-
low products with CWR via experiments and the explicit
finite-element method. By varying the billet wall thickness
and material, area reduction, and tool geometry, a dimension-
less crushing parameter was introduced for predicting operat-
ing conditions that lead to part failure. Furthermore, a criterion
was developed for the crushing of hollow billets in the CWR
process. An analytical model was developed for determining
the critical friction condition in the cross-wedge rolling of
hollow shafts. Peng et al. [16] derived the deflection angle
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equations of side-wedges applied at the multi-wedge cross-
wedge rolling of hollow shafts and verified the feasibility of
producing large and long thick-walled hollow shafts with
double-wedge CWR. Ji et al. [17–19] analysed themechanism
of material flow, the temperature distribution and the strain
and rolling force in CWR for a hollow engine valve without
a mandrel, explored the influence of various process parame-
ters on ovality and the inner diameter of the hollow valve

billet, and significantly improved the inner hole reaming phe-
nomenon at both sides of the wedge position by way of the
variable stretching angle design of the die.

The aforementioned studies on hollow parts were per-
formed on cross-wedge rolling hollow shafts without man-
drels. However, the hole contour of the cross-wedge rolling
hollow shaft without a mandrel was formed in an uncon-
trolled manner because the material was able to freely flow
into the hollow. Cross-wedge rolling hollow shafts with a
mandrel can control the inner contour and improve the inter-
nal defects to meet the working conditions for the shafts.
However, it has rarely been applied to the production of
hollow shafts because of insufficient theoretical and techni-
cal knowledge of the effect of a mandrel on the forming
quality of a rolled piece. Yang et al. [20] assembled a middle
support roller into a shaft middle hole during 3-roller CWR
to achieve internal and external precision forming for a hol-
low motor shaft. Landgrebe et al. [21] presented a modified
CWR process, which enables the manufacturing of hollow
shafts from solid cylindrical billets in which the actively
driven mandrels pierce axially into the workpiece.
Neugebauer et al. [22–24] proposed two approaches of ap-
plying a stationary mandrel or the relative motion of moving
mandrels to form the inner contour of the hollow shafts by
CWR, and analysed the effect of a rolling parameter on
rolling force and rolling limit for hollow parts. Jiang et.al.
[25] investigated the process of cross-wedge rolling for

Fig. 1 FEM model of cross-wedge rolling

Fig. 2 Stress-strain curves of 40
MnBH. a T = 950 °C. b T =
1000 °C. c T = 1050 °C
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manufacturing thick-walled hollow axles and determined
the influence rules of forming angle, stretching angle, pro-
cessing temperature and area reduction on the non-
circularity of a rolled piece. Peng et al. [26, 27] proposed a
laminated shaft production formingmethod involving cross-
wedge rolling. The deformation characteristics of the lami-
nated shafts were obtained and the formationmechanisms of
the stress distributions were analysed. Ji et al. [28] applied
the method of combined CWR and forging process to the
production of a hollow valve and analysed the distributions
of effective strain, force, torque,metal flow and temperature.
Yang et al. [29, 30] investigated the relationships between
the process parameters and ovality by analysing the influ-
ence of the helical and circular contact area between the
roller and workpiece on the metal flow using the finite-
element method, established a method for predicting the
ovality of rolled piece and developed the process of cross-
wedge rolling axle sleeves proximately without a stub bar.

There is no doubt that mandrel diameter plays an important
role in the CWR process with a mandrel. However, this factor
has been neglected in previous studies. In this study, numeri-
cal simulation and experimental trials were conducted to in-
vestigate the mechanism of a mandrel. The contact areas be-
tween the mandrel and workpiece, the rolling forces of the
mandrel, stress-strain fields, metal flows and temperatures
were analysed in detail, and the influence of mandrels on the
forming quality of the inner and outer surface of the rolled
pieces was also discussed.

2 Numerical modelling of the cross-wedge
rolling process

Given the mirror symmetry of the selected geometry and
dies, only one half of the workpiece is considered by
applying a constraint at the symmetry plane to reduce
CPU processing time. The simplified geometric finite-
element model of a cross-wedge rolling hollow shaft is
shown in Fig. 1. The finite-element model was built based
on the following assumptions: (1) The dies, guide plates
and mandrel were considered to be rigid owing to their
negligible elastic deformation. The workpiece was defined
as a deformable body because of the large deformation
and the ignorable elastic deformation. (2) The roller speed
was set as a rotation velocity of 10 rpm in the numerical
simulation to replicate the actual condition of the H630
rolling mill. (3) The material of the workpiece, 40 MnBH,
was assumed to be isotropic and the yielding behaviour
followed the von Mises yield criterion. The stress-strain
curves, shown in Fig. 2, were measured by hot compres-
sion tests in a Gleeble-1500D mechanical simulator. (4)
The contact between dies and workpiece was described
using a shear friction model, which is used mostly for
bulk-forming simulations. The friction coefficient be-
tween workpiece and mandrel was described similarly
by shear friction model [31]. The friction between the

Table 1 Parameters of cross-wedge rolling simulation

Parameter Value

Speed of roll (rpm) 10

Workpiece temperature (°C) 1000

Tools temperature (°C) 20

Environment temperature (°C) 20

Contact heat transfer coefficient (W/m2·K) 40 × 103

Convection coefficient (W/m2·K) 20

Emissivity (W/m2·K) 700

Friction factor between workpiece and die 1

Friction factor between workpiece and mandrel 0.3

Mesh number for billet 100,000

Billet material 40 MnBH

Outer diameter of billet (mm) Φ50

Inner diameter of billet (mm) Φ24

The forming angle (°) 38

The stretching angle (°) 4

Fig. 3 Experimental equipment.
a H630 mill. b Forming wedge
tools, α = 38°, β = 4°
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workpiece and guiding plate was neglected. The detailed
parameters of the FE simulation are listed in Table 1.

3 CWR experiments

The experimental trials on the CWR process were conducted
using the H630 mill as shown in Fig. 3a. The forming wedge
tools are shown in Fig. 3b. In this study, the used hot rolled bar
of 40 MnBH was produced by the Baosteel Corporation. To
investigate the mechanism of a mandrel on CWR process, the
relative diameter of the mandrel is defined by:

i ¼ d
D

ð1Þ

where d is the diameter of the mandrel and D is the inner diam-
eter of billets. Five different relative diameters of the mandrel
were selected: 0.6, 0.7, 0.8, 0.9 and 0.98. The billets were heated
up to 1000 °C and soaked for 30 min in an electric tube furnace,
then quickly transferred to the H630 rolling mill to be rolled. The
temperature of the rolled piece was recorded using infrared ther-
mography. The quality of the rolled part, including the surface

quality and internal quality, was checked after water cooling.

4 Results and discussion

4.1 Contact areas between workpiece and mandrel

The contact areas between the workpiece and mandrel reflect
the range of the effect of the mandrel. Figure 4 shows the
contact areas between the mandrel and workpiece at different
times. At the beginning of rolling, the contact areas increase
with time. Then, the contact areas remain stable after increas-
ing to a certain value. The contact surface appears to be semi-
circular. Figure 5 shows the changes of the contact area be-
tween the mandrel and workpiece with time at different rela-
tive diameters of the mandrel. The contact area increases with
the increase of the relative diameter of the mandrel. The value
of contact area increases first and then decreases slightly to a
stable value. The value of the radius reduction in the half circle
is an important indicator to demonstrate the slight decrease of
the contact area. Generally, the reduction in the half circle h is
determined by the forming angle and stretching angle:

h ¼ πrktanαtanβ ð2Þ
where rk is the rolling radius of workpiece, α is the forming
angle and β is the stretching angle. Compared with the
stretching stage, the rolling radius of the workpiece in the
knifing stage is larger. The larger reduction in the half circle
caused by the larger rolling radius leads to significant metal
circumferential flow and insufficient metal axial flow, and a
larger contact area appears between the mandrel and the
workpiece.

To effectively analyse the change of the contact area,
contact lengths in circumferential and axial direction were
measured (as shown in Fig. 6a). Figure 6b shows the time
history of the contact lengths during the cross-wedge

Fig. 4 Contact areas between mandrel and workpiece at various times (i = 0.8)

Fig. 5 Changes of contact area between mandrel and workpiece with
time at different relative diameters of the mandrel
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rolling process. It can be seen that the time histories of
contact lengths are nearly identical qualitatively to the
time history of the contact area. However, the contact
length in the axial direction is almost twice that in the
circumferential direction. Figure 6c shows the contact
lengths at different relative diameters of the mandrel at
2.4 s. With the increase of relative diameter, the contact
length in the axial direction increases much faster than
that in the circumferential direction. During the process
of cross-wedge rolling of hollow shafts, changing the rel-
ative diameter of the mandrel may lead to a change of
contact area. The influence of relative diameter on the
contact length in the axial direction is greater than that
in the circumferential direction.

4.2 Reaction force of the mandrel

The effect of the mandrel on the forming quality of the
workpiece during cross-wedge rolling is achieved by re-
action force. Figure 7 presents the distribution of the re-
action forces of the mandrel on the workpiece during the
CWR process. According to the data in Fig. 7a, the time
history of the axial force of the mandrel is nearly identical
qualitatively. The axial forces increase rapidly when the
inner hole of the billets comes into contact with the man-
drel, then drop quickly to a stable value as the rolling
process enters the stretch stage. According to the time
history of the radial force of the mandrel shown in
Fig. 7b, the radial forces of the mandrel on the workpiece

Fig. 6 Contact lengths between
workpiece and mandrel. a
Contact lengthsmeasured. b Time
history of contact lengths during
cross-wedge rolling process (i =
0.8). c Contact lengths at different
relative diameters of mandrel at
2.4 s

Fig. 7 Distribution of the reaction
forces of mandrel on workpiece. a
Axial forces of mandrel. b Radial
forces of mandrel
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increase rapidly at the beginning of the rolling process
and remain stable until the end of the rolling process.
Both the axial force and the radial force increase with
the increase of the relative diameter. However, the maxi-
mum value of the axial forces is lower than 800 N, where-
as the maximum value of the radial force is more than
5000 N and even exceeds 20,000 N when the relative
diameter of the mandrel is 0.98. The axial forces are much
smaller than the radial forces. Thus, it can be inferred that
the main effect factor of the mandrel on the workpiece is
radial force.

4.3 Stress and strain fields analysis

Figure 8 presents the stress field in the stretching zone at 1.5 s.
The radial stress, circumferential stress and axial stress of the
contact area between the mandrel and workpiece are compres-
sive. The region of the radial compressive stress of the contact
area increases when the relative diameter of the mandrel in-
creases. When the relative diameter exceeds 0.8, greater radial
compressive stress permeates the entire deformation zone.
The circumferential stress near to the contact area is tensile
stress when the relative diameter of the mandrel is 0.6. With

Fig. 8 Stress field distribution in
the stretching zone. a i = 0.6. b
i = 0.7. c i = 0.8. d i = 0.9. e i =
0.98
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the increase of the relative diameter, the tensile stress de-
creases gradually. This can be attributed to the increased cir-
cumferential flow of metal caused by greater radial compres-
sion. The axial tensile stress outside the deformation zone
spreads over the inner surface with the relative diameter of
the mandrel ranging from 0.6 to 0.98. The effective stress of
the deformation zone increases when the relative diameter of
the mandrel increases.

Figure 9 presents the strain field in the stretching zone at
1.5 s. The radial strain of the contact area between the mandrel
and workpiece is compressive. The circumferential strain and
axial strain are tensile. The radial compressive strain, circum-
ferential tensile strain and axial tensile strain of the contact
area increase with the increase of the relative diameter of the
mandrel. Meanwhile, the axial strain is more heterogeneous
when the relative diameter of the mandrel is 0.98. The axial
tensile strains of the inner and outer surfaces are significantly
lower than that in the middle area.With the increase of relative

diameter of the mandrel, the effect of the mandrel is intensi-
fied, and the greater radial compressive strain results in greater
metal flow along the circumferential and axial direction. The
effective strain shows that the strain on the outside surface is
higher than that on the inner surface. The larger relative diam-
eter of the mandrel leads to an increase of the effective strain
on the inner surface.

4.4 Material flow analysis

Material flow has considerable influence on the forming qual-
ity of the rolled piece. Figure 10a shows the initial lateral grid.
Figure 10b shows the lateral grid after deformation. The ma-
terial shows considerable twisting in the rotational direction.
The twisting degree increases from the inner surface to the
outer surface of the rolled piece. Figure 10c shows the initial
longitudinal single grid, and Fig. 10d shows the single longi-
tudinal grid after deformation. Parallel element mesh

Fig. 9 Strain field distribution in
the stretching zone. a i = 0.6. b
i = 0.7. c i = 0.8. d i = 0.9. e i =
0.98
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deformation also occurs. The axial flow of the material in-
creases first and then decreases from the inner surface to the
outer surface, and the difference increases as the rolling length
increases. Axial uneven deformation is significant in the
cross-wedge rolling process of hollow shafts with mandrels.

Inhomogeneous deformation is mainly attributed to the sur-
face friction of the inner wall and outer wall.

To analyse the influence of the relative diameter of the
mandrel on the metal flow, fourteen points (the sequence of
which is from the outer surface towards the inner surface) on
the section 10 mm from the symmetrical cross section were
selected (Fig. 11a). Figure 11b shows the point in the axial
displacement after rolling. The axial flow of metal varies as
the relative diameter of the mandrel changes. As the relative
diameter of the mandrel increases, the axial displacement of
the entire cross-section increases, and the inhomogeneous
flow of metal increases as well.

4.5 Temperature field analysis

Figure 12 presents the temperature distribution of the work-
piece in the stretching zone. The result shows that the

Fig. 11 The axial displacement in
the CWR process. a The location
of the tracing points. b The axial
displacement of the tracing points
after rolling

Fig. 12 Temperature distribution of the workpiece in the stretching zone

Fig. 10 Deformation grid during
the CWR process (i = 0.8). a
Initial lateral grid. b Lateral grid
after deformation. c Initial
longitudinal single-layer grid. d
Longitudinal single-layer grid
after deformation
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Fig. 13 Temperature distribution
of rolled piece on the outside
surface (i = 0.8). a FEM results. b
Photograph recorded using
infrared thermography

Fig. 14 Temperature distribution
during the CWR process of
hollow shaft. a The location of the
tracing points. b The temperature
of the tracing points during CWR
process (i = 0.8)

Fig. 15 Temperature distribution
during the CWR process of
hollow shaft. a P1. b P2. c P3

Int J Adv Manuf Technol (2019) 102:443–455 451



temperature field is poorly homogeneous under the effect of

heat exchange with air, dies and mandrel. The low-
temperature regions are located mainly in the contact areas
between the workpiece and die, as well as the contact areas
between the workpiece and mandrel. The temperature in the
entire deformation area is lower than that in the other regions
of the workpiece. Figure 13 presents the temperature distribu-
tion of the rolled piece on the outside surface as per FEM and
experimental tests, in which the results have good consistency.

During the CWR process, the temperature of the workpiece
drops because of the heat exchange with the dies, the mandrel
and the environment. Heat deformation causes the tempera-
ture to increase to a certain extent. To analyse the rolling
temperature, three points (the sequence of which is from the
outer surface towards the inner surface) on the symmetrical
cross-section were selected for analysis. The locations of the
points were presented in Fig. 14a. Figure 14b shows the time
history of rolling temperature for three different tracking
points. The trends of the time-temperature history vary widely.
The temperatures of points 1 and 3 decrease rapidly and reach
the minimum value when the points come into contact with
the surfaces of the die and the mandrel. However, the temper-
ature of point 2 increases with the process of rolling. The
decrease of temperature at points 1 and 3 is mainly attributed
to the heat exchange between the inner wall and outer wall,
and the increase of temperature at point 2 can be ascribed to
the heat deformation of metal. The temperature on the outside
hole drops faster than the one on the inner surface owing to the
larger contact area with die. The temperatures of points 1 and

Fig. 16 Comparison of outer surface quality of the experimental and
numerical results (i = 0.8)

Fig. 17 Surface quality of the rolled piece for various relative diameters
of the mandrel

Fig. 18 Diameter and non-
circularity of outer surface of the
rolled piece. a The location of the
sections. b The maximum
diameter. c The non-circularity
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3 rise in the later stages of the rolling process owing to the lack
of surface contact and the heat exchange with the middle area,
and the temperature of point 2 decreases because of the heat
exchange with the inner and outer surfaces.

Figure 15 presents a comparison of the time history of
rolling temperature during the CWR process when using dif-
ferent relative diameters of the mandrel. It can be seen that all
temperatures of the three tracing points decrease with the in-
crease of the relative diameter of the mandrel. Larger relative
diameter results in larger contact area between the mandrel
and billet, which leads to the increase of heat transmission.
This can be verified by the large temperature drop of point 3
under larger relative diameter of the mandrel as shown in
Fig. 15c. In addition, the wall thickness reduction of the rolled
piece caused by larger relative diameter increases the temper-
ature drop under the action of heat exchange with the
environment.

4.6 Influence of mandrel on the surface quality
of the rolled piece

The comparison of outer surface quality of the experimental
and numerical results is shown in Fig. 16. The experimental
and numerical results show high agreement. Obvious steps
appear on the surfaces of the rolled pieces. Figure 17 shows
the surface quality of the rolled piece rolled using different
relative diameters of the mandrel. When the relative diameter
of the mandrel is 0.6, the steps are not obvious. However, with
the increase of relative diameter of the mandrel, the steps keep
increasing. The defect can be attributed to the gaps on the
surface of dies. To prevent torsion failure of the rolled piece,
the gaps on the surface of dies were designed (as shown in
Fig. 3b). This design is feasible when the relative diameter of
the mandrel is small. However, with the increase of relative
diameter of the mandrel, the large radial force of the mandrel
on the workpiece leads to significant circumferential flow of
metal and large ovality of cross-section during the CWR pro-
cess. Repeated compression of tools caused by large ovality
leads to metals flowing into the gap regions of dies.

To study the forming dimension of the rolled piece, an
indicator for the non-circularity should be defined. The fol-
lowing formula was used to calculate the non-circularity:

e ¼ 2 Dmax−Dminð Þ
Dmax þ Dmin

ð3Þ

Fig. 19 Comparison of inner surface quality of the experimental and
numerical results (i = 0.8)

Fig. 20 Diameter and non-
circularity of inner surface of the
rolled piece. a The location of the
sections. b The maximum
diameter. c The non-circularity
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where Dmax is the largest diameter, Dmin is the smallest
diameter and e is the calculated non-circularity from the
largest and smallest diameters of the rolled piece. Ten
equally spaced cross-sections shown in Fig. 18a were se-
lected in this study to analyse forming dimension.
Figure 18b shows the maximum diameter of outer surface
of the rolled piece. Figure 18c shows the non-circularity
of outer surface of the rolled piece. The diameter and non-
circularity of outer surface both increase with the increase
of relative diameter of the mandrel. When the relative
diameter is lower than 0.7, the maximum diameter of
the outer surface is lower than 37 mm and the non-
circularity is lower than 2.3%. And the dimensions of
the formed parts are near the target diameter of 35 mm.
However, when the relative diameter exceeds 0.9, both
the diameter and non-circularity of outer surface increase
rapidly. It is obvious that the rolled piece is squashed.

4.7 Influence of the mandrel on the inner diameter
of the rolled piece

The comparison of inner surface quality of the experimental and
numerical results is shown in Fig. 19. The experimental and
numerical results show high agreement. To study the inner di-
ameter, the rolled pieces were cut along the axial direction. Ten
equally spaced cross-sections shown in Fig. 20a were selected
in this study to analyse forming dimension. Figure 20b shows
the maximum diameter of inner surface of the rolled piece. The
inhomogeneity of the diameter along the axial direction in-
creases with the increase of relative diameter of the mandrel.
When the relative diameter is 0.6, the hole expansion areamain-
ly focuses on the region 10 mm near the symmetrical cross-
section. With the increase of the relative diameter, the length
of the hole expansion region and the value of the hole expansion
increase. When the relative diameter exceeds 0.9, the hole ex-
pansion extends throughout the entire inner hole. Figure 20c
shows the non-circularity of inner surface of the rolled piece.
The non-circularity of inner surface increases with the increase
of relative diameter of the mandrel. When the relative diameter
is lower than 0.7, the non-circularity is lower than 5%.
However, when the relative diameter of the mandrel exceeds
0.9, the non-circularity of the inner surface increases rapidly.

5 Conclusions

Investigation on the mechanism and the influence of a man-
drel on the forming quality of hollow shafts in cross-wedge
rolling was performed via experiments and numerical analy-
ses, leading to the following conclusions:

1. The contact area and rolling force between the mandrel
and workpiece increases with increasing relative diameter

of the mandrel. The maximum contact area appears at the
end of the knifing stage. The influence of the relative
diameter on the contact length in the axial direction is
larger than that in the circumferential direction.
Compared with the radial force of the mandrel, the axial
force of the mandrel is negligibly small. The main effect
factor of the mandrel on the workpiece is radial force.

2. A larger relative diameter of the mandrel leads to greater
radial compressive stress and strain, and the axial dis-
placement of the entire cross-section increases. The effec-
tive strain and stress permeate into the inner surface of the
billet as the relative diameter increases. Axial inhomoge-
neous deformation is significant. The inhomogeneous de-
formation increases as the relative diameter increases.

3. The temperature of the billet decreases with the increase
of the relative diameter of the mandrel. A larger relative
diameter results in a greater contact area between the man-
drel and billet, which accelerates the temperature drop of
the inner hole. The wall thickness reduction of the rolled
piece caused by a larger relative diameter increases the
temperature drop under the action of heat exchange with
the environment.

4. The gaps on the surface of the dies lead to noticeable steps
on the surface of the rolled piece. With the increase of the
relative diameter of the mandrel, the step defect becomes
more obvious.

5. The diameter and non-circularity of the outer and inner
surface increase with the increase of the relative diameter
of the mandrel. The diameter and non-circularity increase
slowly when the relative diameter is small. However,
when the relative diameter exceeds 0.9, the diameter and
non-circularity increase rapidly, and the rolled piece is
squashed noticeably.
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