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Abstract: Deformation behavior, temperature evolution and coupled effects have a significant influence on forming process and
quality of component formed, which are very complex in forming process of aluminum alloy 7075 cross valve under multi-way
loading due to the complexity of loading path and the multiplicity of associated processing parameters. A model of the process was
developed under DFEORM-3D environment based on the coupled thermo-mechanical finite element method. The comparison
between two process models, the conventional isothermal process model and the non-isothermal process model developed in this
study, was carried out, and the results indicate that the thermal events play an important role in the aluminum alloy forming process
under multi-way loading. The distributions and evolutions of the temperature field and strain filed are obtained by non-isothermal
process simulation. The plastic zone and its extension in forming process of cross valve were analyzed. The results may provide
guidelines for the determination of multi-way loading forming scheme and loading conditions of the forming cross valve

components.
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1 Introduction

With the rapid development of aerospace,
automotive and military industries, integral, light weight,
complex components by “green manufacturing” are more
and more widely wused[1-3]. Complex integral
components with light materials such as the cross valve
body components of aluminum alloy 7075 can meet
these requirements[4], and thus more attention is paid to
it. But the plasticity of aluminum alloy 7075 is poor and
the resistance to deformation is large[5]. Furthermore,
the components with cavity or flange in multi-direction
are hard to form integrally in one working cycle by
means of conventional plastic forming process. Through
multi-way loading, dies could be loaded in
multi-direction at the same time or in sequential time, so
it provides a new approach to form multi-ported valves
in one working cycle. However, the metal flow is
complex due to the complexity of loading path, which is
easy to lead to the occurrence of forming defects such as

folding. The heat transfer process is complex due to the
complex deformation behavior, which results in
temperature gradient affecting plasticity of billet
especially for material which is sensitive to deformation
temperature such as aluminum alloy. It is important to
study the deformation behavior and distribution of
temperature coupled deformation under multi-way
loading to actualize forming process and control
mechanical properties of component formed.

Physical experiment (lead is used as experimental
material) of forming process of valve drop forging with
three cavities has been done by GONTARZ[6], which
provides a verification for finite element modeling.
GONTARZ[6] also carried out a numerical simulation of
the physical experiment process, and found that the
magnitude of strain has significant influence on forming
quality and work done.

With extensive progresses in computer aided
engineering and computer technology, the finite element
method (FEM) has become a powerful approach for
solving and analyzing the problems of plastic forming
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processes[7]. XU[8] investigated the multi-ram forging
of equal diameter tees by means of 2D finite element
modeling, and obtained the metal flow law for equal
diameter tees forming. HU et al[9] presented the 2D
simulation of the multi-ram forging process of triple
valve by using the FEM program developed under
ANAYSY5.0a environment, and found that horizontal
rams are forced unbalanceably. However, the 2D model
is difficult to describe the deformation behavior
accurately, and the influence of heat transfer and heat
generated from the plastic deformation is ignored in all
presented studies. Furthermore, little has been reported in
the literature on integral forging of cross valves, besides
some research on bulge forming of cross-joint[10].

Therefore, a coupled thermo-mechanical FE model
of the process of multi-way loading for cross valve was
developed under DFEORM-3D environment. Using the
model, the influence of position of billet, sequence of
loading, and heat transfer on forming process are
investigated, and an attempt was made to analyze the
yield of material in different locations and extensions of
plastic zone in forming process. The results may provide
a basis for research and application of multi-way actively
loading forming process.

2 Finite element modeling

2.1 Geometric model and meshing

Dimensions of cross valve forging are shown in
Fig.1. The thickness of wad in the hole of the forging is
only 4 mm. The cross valve under multi-way loading is
formed by six dies, including two female dies and four
male dies. During the multi-way loading process, upper
and lower (z axis) female dies are closed firstly; then the
male dies in the plane (x and y axis) are loaded at
the same time or in sequential time until cross valve is
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Fig.1 Dimensions of cross valve forging (Unit: mm)

formed. And the billet is a bar whose diameter is 50 mm
and length is 75 mm according to volume constancy
principle.

In order to reduce computational time and save
storage capacity, the half of billet and male dies was
modeled. The nodes at the symmetry plane were
restrained in the normal direction of symmetry plane.
The geometric models of billet and dies were built
through CAD software UG, and then meshed and
assembled through DEFORM. Local mesh densification
and automatic remeshing technology were used to
improve computational efficiency and avoid mesh
distortion[11]. Meshes of billet and dies are shown in
Fig.2.
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Fig.2 Meshes of billet and dies

2.2 Material parameters

The material of dies is H-13 hot die steel. The
stress—strain relationships of aluminum alloy 7075 and
hot die steel came from material library in DEFORM-3D,
and their physical properties are shown in Table 1. In the
simulation, the die was treated as a rigid body, while the
billet as a rigid-plastic material.

2.3 Simulation parameters

The shear friction model widely used in hot plastic
finite element simulation was employed to describe the
friction at die/billet interface. According to the friction
state between aluminum alloy and die steel, the friction
factor m was set as 0.4[12].

The thermal conductivity of aluminum alloy is
much greater than that of die steel, and aluminum alloy is
very sensitive to deformation temperature[13]. So, the
die was preheated up to close initial temperature of billet.
According to handbooks[14] and the process
characteristic of multi-way loading forming, the other
processing parameters were selected. The parameters
used in simulation are summarized in Table 2.



ZHANG Da-wei, et al/Trans. Nonferrous Met. Soc. China 20(2010) 1059-1066

Table 1 Physical properties of material
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Material Coefficient of thermal expansion/K ' Thermal conductivity/(W-m "K™')  Heat capacity/(N-mm >K ")
Aluminum alloy 7075 2.2x107° 180 243
1.22x107° (200 C 3.0 (200 C
L0 0 246 (215 C) (200 )
. 1.24x10 (315 C) . 32315 C)
H-13 hot die steel s 5 24.4 (350 C) 5
1.30x107 (425 C) . 3.8(425 C)
s . 242 (475 C) .
1.31x107 (480 C) 4.5(530 C)

. Heat transfer coefficient
Heat transfer coefficient between

Material Emissivity ratio . . . 51, between workpiece and dies/
workpiece/dies and air/(kW-m K ) (W-m 2K
Aluminum alloy 7075 0.1 0.02 11
H-13 hot die steel 0.3 0.02 11
Table 2 Parameters in simulation
. Initial temperature of Initial temperature of L Loading speed of
Room temperature/‘C billet/'C die/C Friction factor male dic/ (mm-sﬁl)
20 450 400 0.4 10

2.4 Vferification of model

Through changing geometric models of billet and
dies, the finite element model established is also suitable
for simulating the multi-way loading process of other
multi-ported valves and components with cavity or
flange in multi-direction. Based on the forming condition
in Ref.[6], simulation for multi-way loading process of
valve with three cavities was carried out to validate the
model developed. The shape and dimensions of valve
with three cavities (material is lead) are shown in Fig.3.
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Fig.3 Dimensions of valve with three cavities (Unit: mm)

The loading conditions in Ref.[6] were as follows:
at the first loading stage, two horizontal (x axial) male
dies were loaded until two horizontal cavities were
formed, and then the male dies were held on that position;
at the second loading stage, vertical (y axial) male die
was loaded until vertical cavity was formed.

The comparison of numerical simulation results
with the experimental results obtained in Ref.[6] is
shown in Fig.4. It can be seen from Fig.4 that shapes of
forging in numerical simulation show a good agreement
with that obtained by experiment in Ref.[6], which

indicates that the 3D-FE model established is reliable.
3 Loading path and finite element analysis

3.1 Loading path

HU et al[9] studied the multi-way loading forming
process of triple valve based on loading condition which
was adopted by GONTARZ[6] (as shown in Section 2.4),
and found that, the extra cavum occurred at the first stage
and reached the maximum at the end of the first stage;
and the extra cavum was prone to resulting in folding
defect when vertical (y axial) male die was loaded at the
second stage. Based on the forming condition in Ref.[9],
simulation of triple valve multi-way loading process was
carried by using the established 3D-FE model. The extra
cavum is also found in the 3D-FE result, so it also
indicates that the established model is reliable. In order
to avoid folding defect, the vertical male die should be
loaded before the former loading male dies (x axial male
dies) reached the maximum displacement. Based on a
physical experiment used lead, XU[8] also found that the
metal flow and quality of component could be improved
by loading three male dies at the same time while that
was difficult to carry out in industrial processing.

The phenomenon of occurrence of extra cavum is
also found in the forming process of cross valve under
multi-way loading. Thus, in order to avoid folding, the
following loading way should be adopted: let the x and y
axial male dies reach their maximum displacements at
the same time. Based on this loading way, the forming
process of cross valve can be realized in two loading
paths according to shapes of forging and dies, which are
different in the following putting way of billet. 1) Loading
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(b)

Fig.4 Shape of forging: (a) Experimental result[6], after first stage; (a’) FEM result, after first stage; (b) Experimental result, after

second stage; (b') FEM result, after second stage

path 1. Put the billet along x axis; the y axial protrusion is
formed via lateral extrusion at the initial forming stage;
and the y axial cavity is formed via lateral and backward
extrusion. 2) Loading path II. Put the billet along y axis,
the x axial cavity is formed via lateral and backward
extrusion. The differences between the two loading paths
are the putting way of billet and the ratio of x axial
displacement to y axial displacement. The loading paths
shown in Fig.5 were used in the finite element analysis
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Fig.5 Loading path of male dies: (a) Loading path [ ; (b)
Loading path I

3.2 Comparison between non-isothermal process
simulation and isothermal process simulation

In forging process, change of temperature field can
reflect the changes of metal flow and formability of
workpiece which have a direct influence on the forging
load and quality of component formed. The temperature
evolution during the forging depends on the heat
generated from the plastic deformation, contact state
between billet and dies, heat transfer, etc. Workpiece not
only exchanges heat with the environment by means of
radiation and heat convection, but also transfers heat to
dies via contact areas between workpiece and dies. These
heat transfer processes lead to heat loss resulting in the
drop of the temperature. The majority (90% in coupled
thermo-mechanical analysis) of plastic deformation work
converts to heat to make temperature rise. However, in
the previous research, the isothermal process assumption
is adopted[6, 8—9]. In this work, the coupled thermal-
mechanical effect is considered well.

Although the forming time of cross valve is short
(which is not more than 4 s) and the initial temperature
of dies is only 50 ‘C lower than that of billet, there are
differences between non-isothermal process simulation
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and isothermal process simulation. This is because the
loading speed is high (10 mm/s) and aluminum alloy is
sensitive to deformation temperature. The distributions
of strain in two analyses are similar, as shown in Fig.6,
but the values of strain in coupled thermo-mechanical
FEA are larger than those in FEA only considering
deformation. In loading path I, the difference of the
maximum (&) and minimum (&y;,) effective strain in
the finish-forging cross valve between two FEA is about
5%.

Fig.7 shows the forging load in forming process of
Cross loading. There are
significant differences of forging loads at the latter
forming stage between two analyses. In loading path I,
the maximum load of dies in FEA only considering
deformation is larger than that in coupled thermo-
mechanical FEA: 27% for x axial male die, 36% for y
axial male die, and 42% for z axial female die. This
indicates that the heat converted from plastic
deformation work has an important influence on
deformation and flow stress in the plastic zone. Thus, the
coupled thermo-mechanical FEA should be employed to
investigate the process of aluminum alloy cross valve
forming by multi-way loading.

valve under multi-way

3.3 Influence of loading path on forming process

The displacement of male dies is different under
two loading paths due to the difference of cavity depth
on x and y axis. The displacements of x and y axial male
die are expressed as s, and s,, respectively, then s,/s,~
2.2 for loading path [ and s,/s,~1.1 for loading path II.
The loading paths are significantly different, but it can be
seen from Fig.6(a) and Fig.8 that the deformation and
strain have a little difference in both loading paths.

In loading path II, metal in center zone (shown in
Fig.2) in front of punches has the equal flow tendency
whether along x or y axial direction due to the little
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difference of displacements between x and y axial male
dies. But in loading path I, metal in the center zone is
more difficult to flow along x axial direction than along y
axial direction at the stage when y axial male dies are
loaded, because the x axial cavity is almost formed
before the y axial cavity begins to form.

The comparison of forging load between two loading
paths is shown in Fig.7. The maximum loads of x axial
male and female dies in loading path I are more than
those in loading path II. The maximum load of y axial
male dies in loading path I is less than that in loading
path II.

In loading path I, the maximum load of x axial
male die is 40% more than that of y axial male die.
However, the maximum load of x axial male die is 8%
less than that of y axial male die in loading path II, and
thus unbalanced force of dies could be decreased to
improve service of dies. Furthermore, the displacement
of male die in loading path II is less and the contact
time between dies and billet is shorter, so the energy
consumption is lower than that in loading path I .

4 Distribution of strain

The distributions and changes of strain in two
loading paths are similar when one forging rotates
around z axis for 90° due to the putting way of billet.
Taking loading path II as example, the distributions
and changes of strain in forming process are analyzed, as
shown in Fig.9.

At the initial stage, the deformation occurs in the
zones around the rounded edge (see Fig.2) of punches
(Fig.9(a)), and then the deformation zones extend
(Fig.9(b)). The extending speed along loading direction
of male die is quicker. Finally, the deformation almost
occurs in direction perpendicular to axial line of billet (y
axial direction for loading path I , and x axial direction
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for loading path II). But the metal in the ends of
cylindrical billet moves rigidly because the metal almost
does not yield (Fig.9).

There is a rigid zone in front of punch (Fig.9(a)), in
which the metal does not yield. With the punch
advancing, the size of rigid zone minifies gradually
(Fig.9(b)). Finally, the rigid zone disappears (Fig.9(c)),
that is, the whole metal in the center zone yields. The
metal in the region near the female die yields later than
the metal in the region near the male die, and the
deformation is little, as shown in Figs.9(d)—(f).

At the finish-forging stage, the deformation zones
of two loading paths are the same, but deformation
occurred in loading path I is posterior to deformation
occurred in loading path II. In loading path I , most of
deformation occurs at the latter forming stage and the
rigid zone in front of punch only disappears in finishing.

5 Distribution of temperature

Fig.10 shows the temperature evolution under two
loading paths. The distributions of temperature at the
finish-forging stage under two loading paths are similar
when one forging rotates around z axis for 90° due to the
putting way of billet (Figs.10(c) and (f)). The maximum
and minimum of temperatures in two loading paths are
almost same, the values of the average temperature and

At the initial forming stage, the temperature in and
around the contact areas between billet and dies is lower
than the initial temperature due to heat loss to the dies
that have an initial temperature 50 ‘C lower than the
initial billet temperature, as shown in Figs.10(a) and (d).
With the increase in displacement of male die, the main
plastic deformation zone is in the center zone, as shown
in Fig.9. Because the heat generated from the plastic
deformation increases and the heat loss is less than other
zones, the temperature rises in this zone. When the
forging is finished, the temperature could be 20 C
higher than the initial temperature. The little deformation
zone is the low temperature zone because the heat loss is
greater than heat generated. Especially in the rigid zone,
the temperature drops during forging, and the minimum
temperature of finishing forging is 20 ‘C lower than the
initial temperature. In the whole process, the temperature
is in the range of 430—470 °‘C, which is within the
forging temperature range of the forming material[15].

In loading path II, the temperature drops at first
and then rises quickly in the zone in front of punch, and
the temperature will be higher than initial temperature
after a short time (Fig.10(e)). However, in loading path
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Fig.9 Distributions of effective strain at chosen stages of process (loading path 1I): (a) +Z, s=(1/3)s,; (b) +Z, s=(2/3)s,; (¢) +Z, s=s,;
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I, the temperature in the zone in front of punch is not

higher than initial temperature until forging is close to
ending (see Fig.10(c)) for the reason of the low
extending speed of plastic deformation zone.

6 Conclusions

1) The simulations show that both loading paths
allow for forming the cross valve forging of the correct
shape without folding. In loading path II, the force of
male die is more balanceable than that in loading path
I . And the distributions of temperature and strain field
in loading path II are more beneficial to forming cross
valve.

2) The distributions of strain and load—time curves
between non-isothermal process simulation and
isothermal process simulation are similar. But the
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Fig.10 Distributions of temperature at chosen stages of process under loading path [ (a—c) and path Il (d—f): (a) s=(1/3)s,; (b) s=
(2/3)s; (€) s=s; (d) s=(1/3)s,; (€) s=(2/3)sy; (£) 5=

magnitudes are more different, especially the load at the
latter forming stage. It is necessary to pay attention to the
influence of heat converted from plastic deformation
work on deformation and flow stress in the plastic zone.

3) The deformation occurs in the zone around the
rounded edge of punch firstly, and then extends to the
center zone and the direction perpendicular to axial line
of billet. There is a rigid zone in front of punch. The size
of rigid zone minifies with the increase of displacement,
but the minifying speed depends on the loading path.

4) It is well possible to predict the temperature
evolution during multi-way loading forming based on the
coupled thermo-mechanical finite element model. The
analysis of simulation results indicates that the influence
of coupling strain on temperature is remarkable.

5) Taking the range of billet temperature and speed
of extension of plastic zone as object, it is well possible
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to determine an optimum loading path by means of 3D
coupled thermo-mechanical FEM simulation.
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