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Abstract
A three-dimensional numerical simulation model of cross wedge rolling (CWR) was developed to analyze the influence law of
die parameters on internal voids during CWR using a rigid-plastic finite element method (FEM), where particular attention has
been given to the internal void generation mechanism during CWR of shaft parts from the analyses of morphology, stress, and
strain. The main reason for the internal voids during CWR is the extremely uneven deformation of the core and surface of the
rolled product. By adjusting the key die parameters in CWR, the influence of die process parameters on internal voids in CWR
was studied. As a result, the larger the forming and widening angles, the smaller the diameter of the rolled workpiece after rolling,
and when the distribution coefficient of area reduction is about 1, the more difficult it is for loose defects to occur. According to
the simulation results, a new CWR die structure was proposed and rolling experiments were performed. No looseness was found
in the center, which proved that optimizing the die was feasible.
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1 Introduction

Cross wedge rolling (CWR) is an efficient method for forming
parts, which is widely used in the forming of step shaft and rod
parts, and also used as a blank-making process in the forging
process. [1–4] Compared with other machining methods, cross
wedge rolling has characteristics of high forming accuracy,
high production efficiency, good production environment, and
low equipment investment. [5] There are many kinds of CWR
methods, of which the most widely used is twice-stage cross
wedge rolling. Although CWR has many advantages, its die
design is difficult, the deformation law of the material during
rolling is complicated, and the contact state between the die and
the material is difficult to predict, which limits wide applicabil-
ity of CWR. [6] The biggest limitation is that void defects are

easily generated in the center of the billet during the CWR
process, which affects the product performance.

Since the invention of the CWR process, internal voids
have been the research focus. Scholars have conducted a lot
of research on this problem through physical simulation, the-
oretical analysis, numerical simulation, and other methods,
but its mechanism is not clear yet. There is no complete agree-
ment on the primary mechanism of internal voids. Li et al. [7,
8] summarized the primary explanations as follows: (1) exces-
sive shear stresses induced by the knifing action of the
forming dies; (2) large tensile stresses in the central portion
of the workpiece; and (3) the development of low cycle fa-
tigue during the rolling process. The analysis of metal forming
in the two-roll cross wedge rolling process using finite ele-
ment method was assessed by Wang et al. [9] Silva et al.
analyzed the damage evolution during cross wedge rolling
of steel DIN 38MnSiVS5. [10] Pater [11, 12] studied the rea-
sons for the defects in cross-rolled bars and concluded that the
cavity formations were caused by shear and tensile stresses
inside the workpiece. Zhou et al. [13] investigated a study on
central crack formation in cross wedge rolling. The micro-
mechanism of central damage formation during cross wedge
rolling was analyzed by Yang et al. [14] Liu et al. [15]
researched the influence of reduction distribution on internal
defects during the cross wedge rolling process.

* Zhi Jia
jiazhi@lut.edu.cn

1 School of Material Science and Engineering, Lanzhou University of
Technology, Lanzhou, Gansu Province, China

2 State Key Laboratory of Advanced Processing and Recycling of
Nonferrous Metals, Lanzhou University of Technology, No. 287
Langongping Road, Qilihe District, Lanzhou, Gansu
Province 730050, People’s Republic of China

https://doi.org/10.1007/s00170-021-07367-x

/ Published online: 8 June 2021

The International Journal of Advanced Manufacturing Technology (2021) 115:3579–3587

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-021-07367-x&domain=pdf
mailto:jiazhi@lut.edu.cn


From the above analysis, it can be seen that scholars’ re-
search focuses on the flow law of materials, defect generation
mechanism, and defect prediction, where each applies to the
plastic mechanics method to analyze and predict the voids.
However, these methods use mechanical parameters to indi-
rectly analyze the generation mechanism and critical void
conditions. In this paper, a three-dimensional numerical sim-
ulation model of CWR is established based on the rigid-plastic
finite element method to study the generation mechanism of
internal voids during CWR of shaft parts and analyze the
influence law of mold parameters on the voids.

2 Finite element model

When a manufacturer uses the forging process to produce
connecting rods, it first uses wedge rolling to make billets.
Figure 1a shows the model of a roll workpiece. The overall
structure belongs to the shaft parts, which is shown as half of
the model due to the symmetry. Since the area reduction of
each part of the rolled workpiece reaches 76.4%, it is neces-
sary to carry out two rolling per part. After the rolling exper-
iment, the rolled workpiece was cut longitudinally, which is
found that the voids in part 4. The billet after rolling is shown
in Fig. 1b. CWR is the process of complex, three-dimensional,
large plastic deformation. The billet is at a high temperature
and flows violently during the rolling process, from which
compression, tensile, bending, shear, torsion, and other defor-
mations occur at the same time. Moreover, the deformation is
a periodic and non-uniform alternating process and the defor-
mation time is very short, so it is difficult to observe the po-
rosity defect generation process in the actual rolling process.

To accurately analyze the causes of porosity, a three-
dimensional finite element method is used to study the defor-
mation process of CWR. The CWR has many influencing
factors, which is a process of material, geometrical, and
boundary condition nonlinearity. It is difficult to directly ana-
lyze the process of internal voids only through the stress-strain
relationship. To solve this problem, the good mesh character-
istics of the Simufact-forming software were utilized; a three-
dimensional numerical simulation model according to the ac-
tual process state was established. Using the symmetry of the
workpiece, a numerical simulation analysis is performed on
half of the structure of the workpiece. In this numerical model,
the workpiecematerial is set as a plastic body, and the material
such as a roll is set as a rigid body. After many numerical
simulations and experimental verifications, a hole with a di-
ameter of 5 mm is preset in the center of the blank. If the
diameter of the center hole is less than 5 mm, there will be
too many meshes in the numerical simulation process, which
will cause the numerical simulation time to be too long; too
large diameter of the center hole will affect the simulation
accuracy, so the center hole diameter is set to 5 mm.Then,
the change of the size of the hole was observed during the
rolling process, which is the quantitative analysis of the pro-
cess of the generation of voids. If the hole size after rolling is
larger than 5 mm, it indicates that the central part will have
void defects. The main process parameters of the manufac-
turer’s original design plan are shown in Table 1.

Figure 2 shows the comparison between the results of the
actual production and the numerical simulation. It can be seen
that the billet shape after the actual production and numerical
simulation is generally the same. To further verify the accura-
cy of the numerical simulation model, the diameters of the

Fig. 1 a Model of a rolled
workpiece. b The cross section of
actual rolled workpiece
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typical cross sections of the actual parts and numerically sim-
ulated parts were measured, respectively. The locations of the
cross sections are shown in Fig. 1a. As shown in Table 2, it
can be seen that the average error between the simulation
results and the actual production results is 1.82% and the
maximum error is 4.6%. From the perspective of the cross
section, the largest errors appear in sections E-E, and the re-
maining parts have errors less than 2%, indicating that the
numerical simulation model established is consistent with
the actual situation.

3 Results and discussion

3.1 Morphological analysis

As can be seen from Fig. 1b, the void defect at the center of the
part 4 shows a significant distribution difference in the axial
direction. On the side close to site 5, the central voids were
more serious, while on the side close to site 3, the central voids
were less. There are also differences in distribution on the

cross section, where large holes appear in the center, and with
further distance from the center, the holes become smaller.

Figure 3 shows the evolution of the voids in the numerical
model of a rolled workpiece during the rolling process when
the original design of the enterprise is simulated. From Fig. 3,
the hole diameter of part 4 starts to increase when rolling part
5 in the first pass, and when rolling part 5 in the second pass,
the hole expansion is more obvious. It is observed that when
rolling part 3 in the second pass rolling, the diameter of the
hole rapidly increases until the rolling is completed. It can be
seen that in different rolling stages, the change trend of the
hole evolution is different, and the change is related to the
degree of accumulation of the material at different parts. The
greater the resistance, the more severe the cavity expansion.

To further understand the change process, the change of the
hole diameter during rolling was calculated. Figure 3 also
shows the change in the diameter of the holes during rolling
part 4 of the workpiece. In the figure, the first stage is part 1 of
the rolled workpiece, the second stage is part 1 in the first
rolled pass, the third stage is part 5 in the first rolled pass,
and the fourth stage is part 5 in the second rolled pass. The
fifth stage is part 3 in the second rolled pass. On the whole, as
the rolling process progresses, the internal voids of the rolled
billet gradually increase. Specifically, it can be seen from the
figure that when the first rolling of part 5 is started, the diam-
eters of the holes rapidly increase compared to that of the third
stage, and then stop expanding until the rolling of the fifth
stage is completed. Therefore, the first rolling of part 3 has a

Table 1 Main parameters in the original design project

Parameter Value

Rotational speed of roll/(r·min−1) 10

Initial temperature of tools/°C 20

Roll diameter/mm 630

Forming angle/(deg) 28

Spreading angle/(deg) 8

Total area reduction/(%) 76.41

Initial temperature of workpiece/°C 1100

Convection coefficient (N/s/mm/°C) 0.02

Heat transfer coefficient (N/s/mm/°C) 11

Material of workpiece 40Cr

Material of die H13

Friction coefficient 1

Table 2 Comparison of the experimental and FEM-simulated forging
profiles

Section Finite element size/mm Experimental size/mm Error/
%

A-A 18.85 19.2 1.8

B-B 36.18 36.9 2

C-C 17.98 18.05 0.4

D-D 39.87 39.99 0.3

E-E 16.36 17.14 4.6

Fig. 2 Connecting rod workpiece after rolling. a Actual production of workpiece. b Numerical simulation of workpiece
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small effect on the expansion of the small head hole, while the
two rolling times of part 5 and the second rolling of part 3 are
the stages that have the greatest effect on the holes during the
rolling process. The formation of part 5 obstructs the material
to continue to flow in the axial direction, which causes the
material gathered in part 4, resulting in the internal voids.
Also, the greater the resistance of part 5 to the axial flow of
the material, the greater the risk of generating voids at part 4.

3.2 Stress analysis

To analyze the stress of different parts during the CWR pro-
cess, four characteristic points were taken on the longitudinal
section of part 4, as shown in Fig. 4. Figure 5 shows the

change curve of the stress of part 4 during the CWR process.
As can be seen from Fig. 5, the maximum principal stress
fluctuates around the zero line, and the amplitude of the fluc-
tuation is relatively large. At the beginning of the rolling pro-
cess, the rolledworkpiece is almost in a tensile stress state, and
the tensile stress at center point P2 is always greater than other
characteristic points. As the rolling process progresses, the
surface of the rolled workpiece is in a state of gradual com-
pressive stress, while the central part is always in a state of
tensile stress, and the stress at P3 is greater than that at P1. The
variation trend of shear stress is similar to that of principal
stress. By observing the deformation process, it was found
that the stress at characteristic point P2 reaches a maximum
value when the first rolling is performed on part 5, which was
consistent with the change law of the holes in Fig. 3. From the
above analysis, it can be seen that the stress in part 4 is very
uneven, and the stress area is mainly concentrated in the cen-
ter, while the stress on the surface is very small. Concurrently,
the center is in a state of negative hydrostatic stress for a long
time, making the center the most vulnerable position and
prone to void defect generation. During repeated rolling in
the CWR process, the cyclic alternating shear stress causes
micro-cracks to occur in the weak center of the rolled work-
piece. Under the slip action, the micro-cracks grow and gather
constantly in the rolling process. The alternating tensile stress
promotes the development of micro-cracks, which leads to
fracture separation and forms a macroscopic fracture.

3.3 Strain analysis

Strain is a variable used to characterize the degree of material
deformation. Figure 6 shows the variation law of strain at
characteristic points with respect to time in the CWR process.
It can be seen from Fig. 6 that the maximum principal strains
at the points of the small head portion are all positive values,
indicating that the deformation in the principal direction of the
portion is a tensile deformation. Themaximum principal strain
fluctuation at the center point is relatively small, and reaches
the maximum at 3.28 S. At this time, the second rolling is
started on part 3 of the workpiece. Under the action of the
oblique wedge, the material suddenly starts to flow outward
so that the outside of the small head of part 4 is in contact with
the mold, so part 4 is deformed, which indicates that the de-
gree of deformation of part 3 has a great influence on the
deformation of the part 4. The maximum principal strain at
surface point P4 gradually increased during the fluctuation,
and starting from the second pass of rolling on part 5 of the
workpiece at 2.35S, the amplitude of fluctation of the maxi-
mum principal strain gradually increased and reached a max-
imum at 3.54 S. The maximum principal strain at center point
P2 is the smallest. However, at point P1, where the material
enters the small head, and point P3, which flows out of the
small head, the maximum principal strains are both greater

Fig. 3 The change of hole diameter and void evolution in the numerical
model of the rolled workpiece

Fig. 4 Schematic diagram of the location of feature points
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than at point P2, and the deformation at point P3 is the largest,
which is consistent with the distribution pattern of the voids.

The maximum principal strain at P4 is much larger than the
center, which indicates that the surface deformation is much

Fig. 5 Stress analysis at feature
points. a P1. b P2. c P3. d P4

Fig. 6 Strain analysis at feature
points. aP1. b P2. c P3. d P4
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more severe than the center, and the shear strain also shows
similar characteristics. From the above analysis, it can be seen
that this part is in an extremely deformed and uneven state
during the CWR process. The oblique wedge corresponding
to part 5 hinders the material flow of part 4, which promotes
the sharp deformation of the surface material of part 4, but the
center shows that no deformation has occurred. The extremely
uneven deformation caused a large alternating tensile stress in
the center. When the tensile stress reached the yield limit,
micro-cracks developed and gradually became the macro-
scopic internal voids.

3.4 Effect of die parameters

From the perspective of mechanics, the internal voids during
the CWR process are caused by the local stress and strain of

the material, and the geometry and process parameters of the
CWR die are decisive in relation to mechanical parameter
change. The forming angle α, widening angle β, and area
reduction ⊿A are the key die parameters in CWR. These pa-
rameters not only determine the severity of plastic deforma-
tion but are also the decisive factors in the occurrence of in-
ternal voids.

To avoid the occurrence of internal void defects in the
CWR process, the relationship between die parameters and
material deformation characteristics must be studied.
According to theoretical research and experimental results,
the range of forming angle α is 18–34°, the range of widening
angle β is 4–12°, and the range of area reduction ⊿A is 35–
75% during the CWR process. To analyze the relationship
between the size effect of the rolled workpiece and the internal
voids, the diameter of the rolled workpiece of part 4 was also

Table 3 Simulation parameters

Experiment Forming angle (°) Widening angle (°) The distribution coefficient
of area reduction

Diameter of part 4 (mm)

1 20, 23, 26, 29, 32 8 0.96 31

2 29 4, 6, 8, 10, 12 0.96 31

3 29 8 0.53, 0.73, 0.96, 1.3, 1.56 31

4 29 8 0.96 25, 28, 31, 33, 36

Fig. 7 Influence of mold
parameters on the diameter of
hole
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analyzed as a variable in this study. In this paper, the diameter
change of the 5-mm diameter hole that is set in advance at the
center of billet was analyzed to study the influence of process
parameters on the void defects during CWR. The simulation
experiments between die parameters and material deformation
are divided into four groups, and the experimental parameters
are shown in Table 3.

Figure 7 shows the influence of CWR die parameters on
the hole diameter. It can be seen from the figure that the
forming angle α and widening angle β increase, and the di-
ameter of the hole becomes smaller, which indicates that when
these two parameters are selected to a larger value, it is bene-
ficial for the uniform deformation of the surface layer and the
center of the billet, and it is favorable to suppress the internal
voids. In Fig. 7a, when the forming angle α is in the range of

26 ~ 30°, the change in the diameter of the hole is large, while
outside this range, the change is relatively little. So, this range
should be avoided when selecting parameters. It can be seen
from Fig. 7b that the influence of the widening angle β on the
diameter of hole is basically linear, which indicates that the
diameter of the hole is relatively sensitive to the change of the
widening angle β, and the influence of the widening angle on
the internal voids is greater than that of the forming angle.
Figure 7c shows the effect of the distribution coefficient of
area reduction on the cavity diameter, which indicates that the
curve is parabolic. When the distribution coefficient of area
reduction is around 1, the diameter of the hole minimized.
When the distribution coefficient of area reduction is less than
1, the change in the diameter of the hole is relatively large,
indicating that the deformation of the second rolling has a
great effect on the internal voids, and the larger the second
rolling deformation, the more serious the internal voids. In
Fig. 7d, it can be seen that the larger the diameter of part 4
after rolling, the larger the diameter of hole, and the diameter
of hole increases linearly. As a whole, the effect of the diam-
eter of part 4 on the diameter of the hole is the largest. When
the diameter of part 4 is small enough after rolling, the diam-
eter of the hole is even less than 5 mm, indicating that the
compression deformation is strong in this case, and even
micro-cracks will be pressed together.

4 Optimization and industrial application
of cross wedge rolling die

From the above analysis of the industrial problem, it was
found that the internal void defects generated at part 4 of the

Fig. 8 Optimized CWR die

Fig. 9 Simulation results of hole
changes after CWR. a Before
deformation. b After deformation

Fig. 10 Cross wedge rolling die and equipment
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rolled workpiece originated from the severe uneven deforma-
tion of the part during the CWR process, which caused the
material to restrict outward flow. To completely solve this
problem, a new CWR die structure is proposed, and its struc-
ture is shown in Fig. 8. The characteristics of this die structure
show that the rolling sequence expands from the inside to the
outside, and the outward flow of the billet is always unhin-
dered, which greatly reduces void defect occurrences and sim-
plifies the stress of the billet during the rolling. According to
the results obtained in Section 3.4, the distribution coefficient
of area reduction of the die structure is 0.97, the forming angle
is 30°, the widening angle is 8°, and the diameter of part 4 of
the rolled workpiece is 25 mm.

The new die structure was analyzed using the numerical
simulation model established in this paper. The simulation
results are shown in Fig. 9. Analysis and simulation results
found that the diameter of the internal voids after rolling was
4.7522 mm, which was smaller than the preset hole diameter
of 5 mm, indicating that the center of the small head did not
expand, and the position met the design requirements. To
verify the results, rolling experiments were performed using
a D46-1000 wedge rolling mill, as shown in Fig. 10. The
rolled sample was cut on the longitudinal section, and no
internal voids were found in the center, indicating that the
optimization scheme is feasible, as shown in Fig. 11.

5 Conclusion

By tracking the size of the cavity inside the rolling piece, the
influence of the mold parameters on the center gap of the
rolling piece is studied. Based on numerical simulation and
production verification, the following conclusions were
drawn:

1. In the process of CWR, internal void defects are prone to
occur. The main reason is the extremely uneven deforma-
tion of the core and the surface of the rolled workpiece. At
the same time, the core of the rolled workpiece to be in a
state of negative hydrostatic stress, which was dominated
by tensile stress. The cyclic alternating shear stresses
cause micro-cracks to occur in this part. What’s more,

under the action of slip, micro-cracks continue to produce,
grow, and aggregate during rolling process. The alternat-
ing tensile stress promotes the development of micro-
cracks, which leads to fracture separation and forms mac-
roscopic fracture.

2. The internal voids are related to the size of the forming
and widening angles. With the larger forming and widen-
ing angles, the diameter of the hole in the rolled work-
piece was smaller. Also, when the distribution coefficient
of area reduction was about 1, it was difficult for the loose
defects to occur.
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