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Abstract: The internal void of cross wedge rolling (CWR) part can be treated as porous material due to their similar physical
property and deformation characteristics. Aiming at the CWR process of aluminum alloy 7075 workpiece, the numerical simulation
model for internal void was established by means of the rigid-plastic FEM method for the porous material. The relative density was
used to research the influence of three primary parameters on the internal void in CWR process, including the forming angle a;, the
stretching angle f and the area reduction A4. The experimental results show that the expansion of internal void occurs in the
stretching zone, and the knifing zone just has a little influence on it. The stretching angle has a great influence on the internal void,
while the area reduction has a small influence on it. The size of internal voids decreases with the increase of area reduction,
stretching angle and forming angle. When designing the CWR tool geometry and operating conditions, to prevent the internal void,
the area reduction is suggested to be 55%—65%, the stretching angle to be 8°-10°, and the forming angle to be 29°-32°.
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1 Introduction

Presently, aluminum alloy has been widely used in
aerospace, aviation, military and automotive industries.
This tendency is caused by the fact that the use of them
can reduce the mass and save the energy [1—4]. The cross
wedge rolling (WR) process belongs to advanced method
of forming aluminum alloy part. But most of the research
about CWR usually focused on the steel, and few of
those are applied to the aluminum alloy [5].

The cross wedge rolling is a new method to make
metal plastic deforming by using a pair of co-rotating
parallel rollers with external surface of wedge-type scab
rolling metal in the cross feed field [6]. The simplified
model is shown in Fig. 1. CWR has many advantages,
such as high productivity, saving material and energy,
high precision product, and good working conditions
[7,8]. Despite these advantages, CWR is not widely used
throughout the manufacturing community. One of the
primary problem is the difficult tool design because of
internal defects (voids and cracks) encountered in the
CWR process.
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Fig. 1 Schematic diagram of simplified model of CWR tool
structure

There is no complete agreement on the primary
mechanism of internal voids. LI et al [9,10] summarized
the primary explanations as follows: 1) large tensile
stresses in the central portion of workpiece; 2) excessive
shear stresses induced by the knifing action of the
forming dies; and 3) low cycle fatigue that develops
during the rolling process.

It is very important to establish the ecritical
conditions under which the internal void will not occur in
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the CWR process. Many researchers have paid much
attentions to the internal void with physical and
numerical simulation methods, and all of them use the
plastic mechanics method to analyze and predict the
internal void [11-16]. But this method cannot directly
observe the generation process of the internal void, let
alone obtain the critical conditions.

In this study, a 3D simulation model is developed to
research the general evolution of internal voids during
cross wedge rolling of aluminum alloy parts. Based on
the property of porous material, a new method is
presented to analyze the forming process of internal void.
According to the density fluctuation of the porous
material, the forming mechanism of void is analyzed,
and the impacts of the various tool parameters upon the
relative density are discussed.

2 Finite element model

In this research, the internal void of CWR part can
be treated as porous material due to their similar physical
property and deformation characteristics. Now, the
porous material is seen as compressible continuous body.
The model of porous material is expressed as [17]:

ATy + B} =Yg =Y (1)

where 4=2+R?, B=1-4/3=2R*-1, R is the relative density;
Ji' is the second invariants of the stress deviator; J; is the
first invariant of stress tensor; Y is the yield stress of
porous material; ¥; is the yield stress of solid material.

In order to further understand the reasons of the
defects, the finite element method was employed to
simulate the cross wedge rolling process. Because of the
symmetry of CWR tool structure, only half symmetry
model was selected. The model consists of a billet, two
tools and two guide plates. The center of workpiece is set
to the porous material with the relative density of 0.5,
and the rest area is 1.

The deformation of rolling axial part with large
diameter by cross-wedge rolling has not only a radial
compression and an axial extension, but also a
transversal expansion. Therefore, when setting up the
finite element model, many factors need to be considered,
which are non-linear in material (between stress and
strain), in geometry (between strain and displacement)
and under boundary condition, etc [18].

In order to reduce CPU processing time and
eliminate the effect of irrelevant factors, the following
assumptions have been developed.

1) Due to the negligible elastic deformation of tools
and guide plates, the tools and guided plates are defined

as rigid bodies.

2) In the simulation, the workpiece material is
aluminum alloy 7075. It is assumed that the material is
isotropic and that the yielding behaviour follows the von
Mises yield criterion. The flow stress, on which plastic
deformation occurs in the metal, is influenced by the
equivalent strain, equivalent strain rate, and temperature
[71.

3) The friction coefficient on the material—tool
interface is constant. The frictional force in the constant
shear model is defined by:

Jemk (2
where f; is the frictional stress, & is the shear yield stress,
m is the friction coefficient. Equation (2) states that the
friction is a function of yield stress of the deforming
body.

4) It is assumed that the friction between guiding
plate and workpiece is ignored.

5) The rotational velocity of the roller is constant
during the rolling process.

6) Higher mesh density can increase the accuracy
and resolution of geometry. However, the calculating
time required for solving the problem is increased as the
number of nodes increases. Thus, in this finite element
model, it is desirable to have a relatively larger number
of small elements in the regions where the material is
defined as porous material.

Simulations were performed by applying equal and
same direction velocities to the forming tools in the
horizontal (x) direction. In the numerical analyses, the
workpiece was left unconstrained and the forming tools
were held in the vertical (y) and out-of-plane (z)
directions. The finite element model for the two-roll
CWR is shown in Fig. 2, and the main rolling conditions
and the information of billet are listed in Table 1.

’A

Workpiece

% Y
K Guiding plate
<

Tools

Fig. 2 Finite element model of CWR
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Table 1 Main parameters of rolling of aluminum alloy 7075

Table 2 Calculating parameters in simulation

Parameter Value
Workpiece initial diameter/mm 35
Workpiece length/mm 150
Workpiece temperature/°C 430
Initial temperature of tools/°C 20
Environment temperature/°C 20
Heat transfer coefticient/ (N's7'~mm7"°C7') 11
Convection coefficient/(N's ''mm -°C™") 0.02
Friction coefficient 1
Roll diameter/mm 630
Rotational speed of roll/(r-min ") 10
Number of element 50000

In order to verify the effectiveness of the FEM
model, two simulations were carried out. Simulation 1
used the FEM model mentioned above, while in
simulation 2, the plastic material was used to replace the
porous in workpiece. Through detailed
comparison between the two simulation results, it was
found that the deformation of workpiece during this two

material

roll processes were identical. This means that the plastic
material and porous material have similar physical
property and deformation characteristics, and the internal
void of CWR part can be treated as porous material
under the given model. So the FEM model is effective
and reliable.

3 Experimental

Although the mechanisms of the void formation are
driven by the localized stress and strain of the central
portion of the workpiece, the formation of internal void
is ultimately determined by the CWR tool geometry and
operating conditions [19]. For the final geometry of the
workpiece, the forming angle o, stretching angle S, and
area reduction A4 are the most important parameters in
the CWR process. These parameters not only determine
the level of plastic deformation experienced by the
workpiece, but also play an important role in determining
whether the internal defects will occur.

Subsequently, in order to avoid the emergence of
potential defects in the process of CWR, according to the
theoretical research and practical experience, the range
of forming angle a, stretching angle § and area reduction
AA should be ascertained. Accord to the research of steel
material, the range of these parameters is defined. The
range of forming angle a is 18°-34°, the stretching angle
pis 4°=12°, and the area reduction A4 is 35%—75% [19].
The simulation is divided into three groups and the
parameters are listed in Table 2.

Item Forming Stretching Arf:a
angle/(°) angle/(°) reduction/%
1 20, 23, 26, 29, 32 8 55
2 29 4,6,8,10, 12 55
3 29 8 35, 45,55, 65,75

4 Results and discussion

The initial void first generates in the center of
workpiece, and then expands to the surrounding area
during CWR process. So the central points at the middle
section of workpiece were used to measure the density
change with different area reductions A4, forming angle
o and stretching angle £. In general, for greater density
after CWR process, the size of internal void is smaller.

4.1 Effect of area reduction

The area reduction A4 is a measure of the amount
of the radial reduction of the workpiece. The larger the
value of AA,
experiences, and the longer the overall length of the

the larger the radial compression

workpiece. Figure 3 shows the relationship between area
reduction and relative density under the condition of
0=29° and p=8°. It can be seen from Fig. 3 that the
density rises with the increase of area reduction.
Therefore, smaller area reduction can accelerate the
formation and enlarge the size of internal voids. This is
consistent with the results by HU et al [19]. The reason is
that when the area reduction is too small (A4=35%), the
deformation occurs mainly on the surface of the
workpiece, and the deformation in the centre is
extremely difficult, which leads to the accumulation of
larger tension at the centre of workpiece. But when
AA=T75%, the value of the density increases rapidly,
because of the fracture caused by the plastic instability of
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Fig. 3 Relationship between area reduction and relative density
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workpiece. So, when it comes to large area reduction
(greater than 75%), the multiple-stage cross wedge
rolling with different tools is necessary.

It can be found from Fig. 3 that the variation trend
of void size is the most significant when A4 is 65%.
When the area reduction is ranged from 55% to 65%, the
relative density after rolling is almost the same. So, the
area reduction is suggested to be between 55% and 65%.

4.2 Effect of stretching angle

The stretching angle f is a primary tool parameter in
the CWR process. It determines the degree of axial
deformation experienced by the workpiece. Larger
stretching angle of the tool leads to more elongation of
the workpiece. In this section, the relationship between
stretching angle and density was investigated. Figure 4
shows the relationship between the stretching angle and
relative density under the condition of «=29° and
AA=55%. It can be seen from Fig. 4 that when the
stretching angle S is 4°—10°, the density increases with
the increase of stretching angle, while when f is 12°, the
minimum density is obtained. The reasons for this trend
can be explained as follows. When the stretching angle is
very small (5=4°), the amount of the workpiece rotation
increases, and this leads to the accumulation of larger
tension in the center of workpiece, which will make void
growth. When the stretching angle is too large (5=12°),
the deformation of workpiece is very severe during the
CWR process, which also can accumulate larger tension
in the centre of the workpiece.
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Fig. 4 Relationship between stretching angle and relative
density

From Fig. 4, a significant difference in the void size
is observed at p=10°. When the stretching angle
increases from 8° to 10°, the density increases by about
28.1%. It is helpful to prevent the internal void. Hence,

when the area reduction is in the range of 55%—65%, the
stretching angle is suggested to be between 8° and 10°.

4.3 Effect of forming angle

The forming angle o controls the size of the contact
area between the tools and the workpiece. In these zones,
a relative small forming angle can increase the contact
area and produce a more localized plastic deformation. In
the stretching and sizing zone, the forming angle
establishes the geometry of workpiece such that a larger
value leads to a larger draft angle [9]. Figure 5 shows the
relationship between the forming angle and relative
density under the condition of f=8° and A4=55%. It can
be seen from Fig. 5 that the density increases with the
increase of forming angle. Therefore, smaller forming
angle can accelerate the formation and enlarge the size of
internal voids. This phenomenon results from the
decrease of the contact area and the workpiece axial
deformation with the increase of forming angle. This
trend leads to the decrease of tension in the central part at
the same time.
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Fig. 5 Relationship between forming angle and relative density

It can also be seen from Fig. 5 that the maximum
density is obtained when the forming angle is 32°.
However, when the forming angle is too large (greater
than 40°), the workpiece tends to experiment necking or
fracture [20]. For this reason, when the value of area
reduction is 55%—65%, the forming angle is suggested to
be between 29°and 32°. Due to the reasons mentioned
above and the range of density with the change of
forming angle, it can be concluded that the stretching
angle has a great influence on the internal void, while the
area reduction has a small influence on it.

After many times of trials, the same law is found
from Figs. 3, 4 and 5. The density can hardly fluctuate in
the knifing zone, and then it increases rapidly in the
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stretching zone and finally reaches the maximum values.
This means that the expansion of internal void occurs in
the stretching zone, and the knifing zone just has a little
influence on it. This is because large tensile stresses are
the primary factor for initiating internal defects. If the
tensile stresses of workpiece are large enough in the
knifing zone, they can cause cracks in the center. As the
workpiece rotates, the compression and tension regions
alternate every 90°. Depending on this cyclic loading, the
cracks can merge to create macroscopic void after
several rotations of workpiece in stretching zone.

5 Conclusions

1) The porous material is used in this simulation,
and the density during CWR process is applied to predict
the internal void. Large density after CWR process
means that the size of internal void is relative small.

2) During the forming process, the spread of
internal void occurs in stretching zone, and the knifing
zone just has a little influence on it. As for the process
parameters, the size of internal voids decreases with the
increases of area reduction, stretching angle and forming
angle. The stretching angle has a great influence on the
internal void, while the area reduction has a small
influence.

3) In order to prevent the internal void of workpiece
when design the CWR tool geometry and operating
conditions, the area reduction is suggested to be between
55% and 65%, when the stretching angle is 8§°—10°, and
the forming angle is 29°—32°.
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