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A Study on the Asymmetric Forging Process
Using Building Block Method
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1. Introduction

There are many components of cross section
of rib -~ web type in the airplane and various
other vehicle structures. A lot of research was
done about rib — web type forging, most of which
was about plain — strain or axisymmetric prob-
lems. Few studies were done about asymmetric
shape because of the difficutties in analysis
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Several studies were performed about asym-
metric shapes. The asymmetric forging prob-
lem having side flash was analyzed by
Kiuchi"® with UBET. The material was divided
into various elements which were then possible
to analyze. In the analysis of asymmetric forg-
ing, a UBET simulator{FORMS)® was devel-
oped by Kiuchi to study the velocity fields of
complex shapes integrated by the easy forging
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processes (upsetting, extrusion etc.). In addi-
tion Kiuchi et al”* performed a study on devel-
oping generalized 3 - dimensional kinematical-
ly admissible velocity fields by using the upper
bound method for the forward extrusion prob-
lems having various cross section shapes. It
was difficult to formulate the 3 — dimensional
velocity fields which were very complicated.
Wada et al® applied an upper bound method
dividing the 3 — dimensional shape into rectan-
gular parallelpiped, prismatic, right angle
tetrahedron and right angle pentahedral ele-
ments. But because of the difficulties in opti-
mizing many variables, it is not adequate to
apply to complex shape.

In studies by FEM, Argyris et al” analyzed
the airplane turbine blade at no friction condi-
tion, Pillinger et al® analyzed the forging pro-
cess of aluminum connecting rod at constraint
friction condition. In addition, for the asymmet-
ric problem of ring, Marques et al® analyzed
the forging process, where a circular cross sec-
tion was formed by rectangular billet after
dividing the entire material into plane - strain
and axisymmetric parts.

In the present study, for the process design of
asymmetric forgings of rib — web typed cross
section, the asymmetric shape is divided into
the plane - strain and axisymmetric parts.
Then the building block method, which com-
bines the two parts, is used. As a simulation
method, we will adopt the UBET (Upper Bound
Elemental Technique). In the case that the
ratio of rib height to width is 1 : 1, the kine-
matically admissible velocity fields of each part
is determined by minimizing the total energy
which is the summation of the energy at the
plane - strain deformation part, the axisym-
metric part and the boundary of these two
regions. By predicting the die cavity filling pro-

cesses and the forging loads from various ini-

tial billet, we will study the characteristics of
each billet.

To check the validity of this theory, a model
material test was performed at MTS(Material
Testing System).

2. UBET(Upper Bound Elemen-
tal Technique)

The analysis model in this study is shown in
Fig. 1. An asymmetric shape of rib - web type
is analyzed by dividing the total material into
the plane - strain and axisymmetric parts and
then by combining them again.

The plane - strain and axisymmetric parts
are divided again into a few simple elements.
The velocity field of each divided element
should satisfy the velocity boundary condition
between adjacent elements and volume con-
stancy condition. For velocity fields we used
those suggested by Oudin™ and Kiuchi'. For
the plane — strain deformation part, rectangu-
lar and trapezoid elements, which are suggest-
ed by Oudin', and for the axisymmetric part,
rectangular and triangular ring elements
which are suggested by Kiuchi'", are used. The
work hardening of the material is considered
under the assumption that flow stress is depen-
dent only on effective strain. Fig. 2 shows the

flow chart for forward simulation.

Plane—slrain part

Axisymmetric part

Final product

Fig. 1 Analytical model of asymmetric forging

(118)



A Study on the Asymmetric Forging Process Using Building Block Method 21

( Start )
Input data

i |
Recognize )
non-axisymmetric geometry

1

Guess initial values of
pseudo—-independent
parameters

|

i

Calculate energy on
axisymmetry, plane-strain and
shear boundary between them

T
L l
Minimize total ‘energy —
dissipation by F.P.S. method Uli’lfg:;eﬁ‘;‘;‘:"
Reduce
stroke length parameter
check NO f

Convergent—limit

I Calculate forging load J

KN

I Update coordinates J

Satisfy
initial setting

NO

Output

Fig. 2 Flow chart for forward UBET simulation

2.1. Kinematically admissible velocity J*=ZW+ZW,+ LW, (1)
fields .
where, W, is the internal power of the
The total power consumption rate in a forg- plane - strain and axisymmetric parts, W, is
ing process is as follows ; the shear loss at the interface of two adjacent
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elements. This includes the shear loss between
plane - strain and axisymmetric parts. W;
means the friction loss.

Internal power at each element, W is,

W.=f,06,8&dV (2)

where, effective strain - rate, ¢ = V"%g“ £,
In eq (2) G, is the effective stress of each ele-
ment at time t, and we assume that ¢, is the

function of only effective strain.
g, =Cg, 3)

V'Vi means the shear loss along the velocity
discontinuity surface and we can express it as

follows ;

Ql

W, = 2 1AV, s, + W dur )
where, G, is the mean value of flow stresses of
two adjacent elements. | AV, | is the velocity
discontinuity along the shear surface in
plane - strain and axisymmetric deformation
parts, Wb(,undary means the shear loss at the
interface between plane - strain and axisym-
metric deformation parts.

Also, the friction loss, Wf is as follows.
W, =m -3-3— 5,1 AV, s, (5)

where, m is friction constant, | AV;| means
the velocity discontinuity along the surface
between the die and material.

The total power consumption rate, J*=J*
{(P1; P2s Py - Py @y, 8y, Ay, -
by FPS(Flexible Polyhedron Search) method'

which is a kind of direct search method. Here,

., a,) is minimized

p;, a; are the pseudo - independent paramen-
ters at the plane - strain and axisymmetric
parts respectively. By minimizing J*, we can
determine the kinematically admissible veloci-

ty fields at time t.

And the forming load, L, is given as follows ;

J*
L=—— (6)
VI)

where, Vj is the die velocity.
2.2. Element regeneration

To investigate the die cavity filling process,
the total forming time is divided according to
time incremental At. At each step, the coordi-
nate of the deformed shape of each element is
determined by the kinematically admissible
velocity fields after minimization.

The coordinate of each element after time

incremental At is as follows ;
X'=X+At-U (7Y

where, X' is the position of each element after
deformation and X, U means the position and
velocity of elemental boundary before deforma-
tion respectively.

After deformation, the sliding occurs between
adjacent elements, resulting in the discontinu-
ity of elemental boundary. Therefore, in order
to proceed to next step, we use the element
regeneration scheme'® by vertical and horizon-

tal projection.
2.3. Building block method

Products of a complex shape like an asym-
metric problem can be approximated into the
combination of a simple shape which can be
easily analyzed. Fig. 1 shows schematic dia-
gram of the final products. To simplify the
analysis we assume that the two rounded parts
of both ends deform axisymmetrically and the
linear parts between the two rounded parts are
a plane - strain problem because the length of
them is much larger than width. Marques et
al” also based their research on this kind of

assumption. As the die proceeds, the plane —
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strain and axisymmetric parts have different
deformation patterns which result in the dis-
crepancy of the elemental boundary. The ana-
lytical model of calculating the shear loss due
to this boundary discrepancy is shown in Fig. 3.

The shear loss of the interface of plane -

strain and axisymmetric parts is calculated as

follows ;
. 60
Whnundary = f{ I' AV IdS (8)
and’ I AV = \/(Uaxi. R~ Uplune. ;32+(Vdm 7 U;;I;ne, Y);2

where, ds means the infinitesimal elemental
boundary area owned by plane - strain and
axisymmetric element at the same time, Uy,
V.iyz mean R— and Z - directional velocity
components of axisymmetric elemental bound-
ary respectively. U .. x, Vjjuney mean X— and
Y - directional velocity components of plane -
strain elemental boundary respectively.

In Fig. 3, the element system is superposed
along the boundary of each deformed part
when the height reduction reaches a certain
point.

As is shown in this figure, when the die pro-

L, 1
Axisymmetric Part t

-——- Plane—=strain Part

///zzww;

ceeds, there is a boundary discrepancy between
the plane - strain and axisymmetric parts
owing to the difference of flow pattern at both
parts. In this case the shear loss at each step is
calculated as followings ;

Along the x — axis the node of each element is
assigned the coordinate AX(1), AX(2), AX(3),--,
AX(N). And the computer program will per-
ceive the number of plane - strain or axisym-
metric element corresponding to these assigned
values. For element A, both the plane — strain
and axisymmetric elements have element num-
ber, (1,1). Then the shear loss of element A is
obtained from the boundary velocity and
strain - rate value of element, (1,1) of both
parts. For the element B between AX(3) and
AX(4), the element number of plane - strain
and axisymmetric parts are (3,1) and (2,1)
respectively. Therefore for the plane — strain
and axisymmetirc parts, the data of element
number, (3,1), (2,1) are used to calculate the
shear loss, respectively. For the case of element
C, the shear loss is not calculated because only
the element of plane - strain part exists. Each
of every other element is included in one of the
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Fig. 3 Overlap of flow pattern of boundary between plane - strain and axisymmetric parts
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element type, A, B, or C and analyzed likewise.
3. Experiment

For the forging experiments of the asymmet-
ric products of rib - web type, we use pure plas-
ticine. To obtain the flow stress and strain
characteristics, the cylindrical billet, whose
height and diameter are equal, is used. In the
experiments using the vaseline lubricant(m=
0.1) which shows comparatively little bulging
phenomenon, the cylinder is compressed up to
50% of its initial height with constant die veloc-
ity(0.5mm/sec) at room temperature. Fig. 4
shows the material characteristics from this
experiments. The relationship of flow stress

and strain of the material is as follows ;
0=0.178 £**(MPa) (9)

To get information about material flow in the
workpiece we use plasticine as model material.
The billets are laminated with two colors(white
and black), after being kneaded to remove air
inside the material. Initially rectangular shape
of billets are made into rounded shape at the

8.3
Lubricant : Vaseline (n=0.1}
Tewperatue : 17 °C
0.24 Die Velocity : .5 mm/sec
‘o
£ o8
)
&
y 0.12
=
8.96
G G i 1 1 1 i
%] 8.1 8.2 8.3 0.4 8.5 8.6

True Strain

Fig. 4 True stress - true strain curve of plasticine

ends.

The material of the die is S45C. To make it
easy to divide the plasticine product from the
die, the upper dies are divided two parts. And
those are joined with pin and volt.

The experiments are performed with a MTS
at a constant die velocity (0.5mm/sec). The
lubricant is tale powder(m=0.4). By using the
X - Y plotter attached to MTS the load curve is
obtained.

To keep the temperature of billets constantly
during experiments, we put the die and billets
in the oven for 24 hours, and the room temper-
ature is kept constantly by using a thermo -

hygrostat.
4. Results and discussion

When the ratio of height to width of rib is 1 :
1(H/B=1: 1), three billets in Fig. 5 are used.
Fig. 6 show the numerical results of the billets
in Fig. 5, those are final die — cavity filling by
forward simulation. Here, when Billet 1 is
used, at the plane — strain part the die cavity is

filled and the flash is made adequately, but at

Dimension of initial billets(H/B=1 : 1) (unit : mm)

Biule)tmension T W L R R,
Billet 1 244  30.0 120.0 15.0 0
Billet 2 244  30.0 120.0 184 2.0
Billet 3 24.4 36.8 120.0 184 0

Fig. 5 Dimensions and configuration of initial bil-
let for asymmetric forging(H/B=1: 1)
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(a) Billet 1
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(b) Billet 2

L d

(c) Billet 3

Fig. 6 Die - cavity filling of final step for various
initial billets in Fig. 5.

the axisymmetric part material filling around
the rib part is not completed. To enhance the
die — cavity filling in axisymmetric rib part, the
dumbbell - typed Billet 2 which is made by cal-
ibrating the volume to the outward direction of
axisymmetric part, fills the die - cavity of
plane - strain and axisymmetric parts, and also
the amount of flash is adequate.

However, it is difficult to use the dumbbell -
typed Billet 2 as a initial billet because it
requires another process. Accordingly, the bil-
let, which can ensure the die — cavity filling at
the axisymmetric part and is comparatively
simple shape, is needed. So we will extend the
outside boundary dimension of axisymmetric
part of Billet 2 up to the plane - strain part.
The extended billet is Billet 3. In the case of
Billet 3 even if quite more amount of flash than
Billet 2 at the plane - strain part is made, the
simplicity of the configuration is recognized.

Fig. 7~8 show the die — cavity filling and
grid distortion processes of the plane — strain

and axisymmetric parts of Billet 3 from initial

Axisymmetric . Plane-strain
part part

4

]

Fig. 7 Die - cavity filling process of element sys-
tem for Billet 3 in Fig. 5(H/B =1 : 1)

Axisymmetric

Plane-—strain

part [—L— part

Fig. 8 Die —cavity filling process of grid distortion
pattern for Billet 3 in Fig. 5(H/B=1 :1)

to final step. Fig. 9 shows the die - cavity filling
process at several steps of plasticine experi-
ments by cutting one fourth of the billets. From
the Fig. 7~9, it is noticed that the boundary of
plane - strain and axisymmitric parts is out of

agreement because, as the process goes on, the
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Fig. 9 Material flow pattern of multi -layered
plasticine for Billet 3 in Fig. 5(H/'B =1 : 1)

material flow to the upper and outward direc-
tions becomes different. This can be verified by
the experiments whose results are in Fig. 9. So
to analyze this boundary, the building block
method of section 2. 3 is used. Besides, the
flash at the plane - strain part is made first
and at the moment when the die - cavity of the
axisymmetric part is filled completely, the
plane — strain part already has much amount of
flash. Fig. 10 shows the forging load variation
for the case of Billet 3. In this diagram the fact
that the results of numerical analysis are a lit-

tle higher than those of experiments, is due to

2
— Theor
- Experiment

16
g
- 12 -
S|
3
g
B 8l
&

4 +

g 1 1 L

) 20 40 60 82

Reduction in Height (%)

Fig. 10 Comparison between theoretical and
experimental forging loads for Billet 3 in
Fig. 5(H/B =1 : 1)

the upper bound analysis. However, as a whole

it is acceptable.

5. Conclusions

In this study, to predict the initial billet of
asymmetric forging procuct, upper bound ele-
mental technique has used. In the analysis, the
material is divided into plane - strain and
axisymmetric parts. And the total power con-
sumption rate including the shear loss at the
boundary of both parts is optimized to
approach the asymmetric problem easily. The
excellence of dumbbell - typed billet is varified
by the plasticine experiment and numerical
analysis. There is a good agreement between
the simulation and experiment in forging load
and material flow. Yet, to design the initial bil-
let of asymmetric forgings, more developed
design method is needed.
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