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Automatic Simulationof a

Sequence ofHot Former

Forging Processes by a

Rigid Tliermoviscoplastic

Finite Element Mettiod

A fully au tomatic forging simulation technique in hot-forme r
forging is presented in

this paper. A rigid-thermoviscoplastic finite element method is
employed together

with automatic simulation techniques. A realistic analysis model
of the hot-former

forging processes is given with emphasis on thermal analysis and
simulation automa

tion. The whole processes including forming dwelling ejecting
and transferring are

considered in the analysis model and various cooling conditions
are embedded in

the analysis model. The approach is applied to a sequence of
three-stage hot former

forging process. Nonisothermal analysis results are compared
with isothermal ones

and the effect of heat transfer on predicted metal flows is
discus sed.

1 I ntr oduc t ion

In developing a process plan for a multiple sequence of manu

facturing processes, which include forging processes, a
great

deal of time and cost is spent in developing the most
desirable

forging sequences. Even experienced process design engineers

frequently fail to predict the metal flows and temperature
distri

butions, leading to design failure or increased scrap ratio.
Some

times process design failures in forging give no solution
for

4esign improvement to the process design engineers. In
forging

by a hot-former forging machine, sometimes called multi-sta

tion hot forging machine, which has been increasingly used
for

mass production of small-size forgings, a design failure can
be

much more crucial because it is extremely time-consuming and

thus very costly. It may take several mo nths to test a new
design

in the hot-former forging industry shopfloors.

Design failures in hot-former forging are very diverse and

frequent since the whole forging processes are
simultaneously

operated with high speed and thus design and process parame

ters including both mechanical and thermal ones are
complicat-

edly correlated. It should be emphasized that thermal
conditions

in hot-former forging change a great deal beca use it is
inevitable

to expose material to coolant or coolant spray environments.

It is very difficult to extract experimental design or
process

information from the actual processes due to the extreme
work

ing conditions of high temperature, high pressure, and high

speed.

Therefore, finite-element based simulation techniques Lee

and Kobay ashi, 19 73; Zienkiew icz et al., 1978) may be
helpful

for the process design in hot-former forging if proper
analysis

model and its associated simulation technique are assisted.
In

hot former forging simulation, temperature is to be
considered

for detailed prediction of microstructural phenomena and die

life as well as metal flows because it changes from time to

time and from position to position. In spite of its
practical

significance, it is not easy to find its related works from
the

literature even though several researchers studied the
non-iso

thermal analysis of conventional hot forging processes. In
the
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late seventies, Zienkiewicz et al. 197 8) carried out a
pioneering

work on the non-isothermal analysis in metal forming. They

solved a plane-strain steady-state extrusion by a thermovis-

coplastic finite element method and presented an iterative
solu

tion strategy that has been widely employed in nonisothermal

analysis. In 1980, R ebelo and Kobayashi 1980 ) presented a

rigid thermoviscoplastic finite element solution for
axisymme-

tric upsetting processes compre ssed by two flat dies. A fter
their

pioneering works on the nonisothermal analysis, several re

searchers Coup ez et al., 1991; Cho et al., 1992; Joun et
al.,

1995;

Shen et al., 1995) have studied application-oriented hot

forging processes . H owe ver, until now, hot-former forging
pro

cesses have never simulated due to their complexity and
diffi

culty in dealing with process conditions.

In this paper, an analysis model for automatically
simulating

hot-former forging processes together with its related
automatic

simulation technique is presented with a realistic
application

example.

2 Ana lys i s M o de l o f Ho t For me r For g ing Pr oc e s s e
s

H ot-former forging machines are automatically operated w
ith

high speed. In usual, the number of forging stages in
hot-former

forging is larger than the conventional one. A s can be seen
from

a typical example in Fig. 1, each forging stage has almost
the

same processes because all the forging stages are simultane

ously operated. Due to high speed, the die set should be
cooled

during transferring and dwelling and thus the material is ex

posed partially or entirely to coolant or coolant spray
environ

ments. During forging, a certain region of the material is
con

tacting with coolant spray and the material near die-ejector

cleavage or parting line may contact directly with coolant
fluids

exiting out with high speed as the material is filling the
die

cavity. Thermal conditions thus vary from position to
position

as well as from process to process. From the standpoint of

thermal conditions, each forging stage can be divided into a

series of processes of transferring, water or water spray
cooling,

dwelling, forming, dwelling, ejecting and water or water
spray

cooling. A s can be seen in Table 1, forming time is short
com

pared to total process time, indicating that all processes
should

be considered to predict thermal histories of the material.

Therefore, simulation problem of a sequence of hot-former

forging processes is too complicated and thus a proper
analysis
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cutting

water

transfer r ing-^ cooling -

dwelling - ^

1st forming

- ^ dwelling - ^ ejecting - i.- coo

transferring

tran sfer ring -* oofmg - ^ dwelling 3rd forming - ^ dwelling -
- ejecting - ^ air cooling

Fig. 1 Schematic description of a sequence of hot former forging
processes and an analysis model

model with associated automatic simulation techniques should

be made or assisted to disentangle the difficulties. Based
on

experiences in both analyses and experiments, several experi

ence-based assumptions were made for an analysis model of

the examp le in Fig. 1 as follows:

1 The thermal boundary conditions of material and dies are

axisymmetric and thus the effect of unsymmetric contacts of

material with moving fingers, conveyer belts, and the like
is

neglected.

2 Tem perature of initial material is uniform just after cut

ting and die temperature is uniformly distributed just
before

dwelling prior to forming.

3 The material is cooled by natural convection during trans

ferring and then a part of the material is exposed for a
short

time to coolant sprayed for cooling dies just before
forming.

4 During forming, a certain region of the analysis boundary

is immersed in coolant fluid, and the other region is exposed
to

coolant spray or air. Heat transfer along die-material
interface

is governed by temperature difference. Assume that die
velocity

varies with time during forming.

Table 1 Time schedules

Process

Transferring

Water spray cooling

before forming

Forming

Dwelling

Ejecting

Water spary cooling

before transferring

Time (sec)

0.25

O.U

0.10

0.15

0.11

0.03

Percent ( )

33

15

13

20

15

4

5 During dwelling just after forming, the lower die keeps

on touching the material and the other boundary is assumed
to

be exposed to hot coolant spray environments.

6 During ejecting, upper side of the material is exposed to

air and lower side to water spray environments.

7 After the ejecting process, the material rests for a short

time. During resting, the lower side of the material is
exposed

to water spray environments and the other side to air.

It is also assumed that the tangential stress along the die-

material interface is determined by the Coulomb frictional
law.

It is also assumed that 90 percent of the plastic work done
is

dissipated into heat and the remaining is accumulated as
internal

energy in the material.

3 A Rig id-Th ermo viscoplas t ic Fini te Element

Formulation

A plastic flow analysis problem in metal forming is to find

the veloc ity field u,- wh ich satisfies the following boun dary
valu e

problem: The material is denoted as the domain fi with the

boundary

F.

The boundary

F

can be divided into the velocity-

prescribed boundary r., where i>, = tJ; is given, the
traction-

prescribed boundary

F .

where f,

=

Ti

is

given, and the die-

material interface r^.. It was assumed that the material is
incom

pressible, i.e.,

Vij =

0, isotropic and rigid-thermoviscoplastic

and obeys the Huber-von Mises yield criterion and its
associated

flow

rule,

that is.

e

(1)

where the effective stress u is a function of effective strain
e,

effective strain-rate and temperature T. ajj an d ej j are
the

deviatoric components of stress tensor

ay

and strain-rate tensor

Cy, respectively. It w as also a ssumed that the effect of
inertia

and body forces on force equilibrium is negligible.
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When the penalty method forthe incompressibility condition

is employed, weak-form

of the

above plastic flow problem

Joun, 1997) can

be

written

as

a tjLo ijdO. +

Jn

Jn

eii Uiidil

I

itOidT

a,uj,dT

= 0

2)

where u/y=j (tOij+ UJJJ)and the weighting function

U JJ

is

arbitrary except that it vanisheson r. and that uj = 0 on
F,..

K h & penalty constant that maintains the
incompressibility

condition approximately and has a meaning of Ke,,=
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Dwelling

(0.15 sec)

650

a) After forming

^ ^ 1020 980 880 Bio

b) After dwelling

930 850

c) After tran sfer ring d) Just before forming

Fig. 7 Temperature variation between tlie second and tliird
forming proc esse s

fied constant, a obtained by multiplying the original value
by

1.2.

The convective heat transfer coefficient at the surface ex

posed to air was assumed to be h^ = 2.95 W/m^C. The convec

tive heat transfer of coolant spray environments was assumed

to be 10-100 times of h^ . At the cleavage between die
insert

and ejector, water drainage takes place and it has been
observed

that this region is much cooled compared to the other
region.

Therefore, the convective heat transfer coefficient at this
region

was assumed to be 1000-10000 times of he . The heat transfer

coefficients are specified either by input d ata file or by use
r s

subroutines. The u ser s subroutines are used to define the
heat

transfer coefficients as functions of temperature, position,
and

time.

A set of mesh systems during simulation (Joun and Lee,

1997) is seen in Fig. 3. The other process parameters and
ther

mal conditions used, found from related literatures and
modified

a little based on experiences, are summarized as follows:

Initial tempe rature of material: 1100C;

Initial tempe rature of dies: 150C;

Coefficient of Co ulom b friction: /U = 0.3;

h^ k

= 30 .0 kW/ m C ;

K

= 3 .0 ~ 30 .0 kW/ m C

Predicted temperature distributions for the whole process
are

given in Fig. 4-Fig. 6. Just before forming, the lower side
of

material at the first and second stages and the upper side
of

material at the third stage were cooled down due to water
spray

cooling and short-time dwelling. At the second stage, the
cool

ing effect due to the coolant contacted boundary near
die-ejector

cleavage can be seen distinctly. Maximum temperature rise of

material just after forming process of the final stage relative
to

the initial temperature is relatively small compared to a
common

hot forging process (Joun et al, 1995). The reason lies in
high

cooling-rate environments in hot former forging. In Fig. 7,
heat

transfer of material from dwelling to transferring between
the

second and third processes is visualized. From the results,
it

can be seen that the detailed heat transfer conditions were
re

flected during automatic simulation. Figure 8 shows the
temper

ature distribution of material in 5 seconds later after
finishing

the final dwelling process, indicating that the material was

cooled down to about 1000C from its initial temperature of

1100C.

It should be emphasized that the metal flow lines in the
forged

parts are of great importance because they are deeply
related

to not only mechanical strengths but also interfacial
phenomena

such as wear, lubrication and corrosion of the product
during

service. The non-isothermal solution of metal flows was com

pared in Fig. 9 with an isothermal solution. It can be seen
from

the figure that global metal flows are nearly similar.
However,

the traced corner point marke d by * or in the figures,

which is of practical importance in process design, are
quite

different. In addition, internal metal flows in the
non-isothermal

930
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