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[ Abstract] The evolution of microstructure seriously influences the forming processes and the quality of forgings in metal

hot forming processes , it is therefore desirable to gain information on the microstructure evolution of a process by means of

computer simulation, not by conventional trial and error method that is time consuming, expensive and does not always

lead to optimum results . Models for microstructural simulation and prediction were set up according to the evolution of mi-

crostructure during hot forming and cooling processes . The expanding-extrusion complex hot forming and cooling process-

es, as an example , were simulated.
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1 INTRODUCTION

In recent years, there has been growing need in
the metal forming industry to improve quality and de-
crease costs of products . Effective control of mechani-
cal properties and quality of products can be achieved
by the understanding of deformation conditions and
microstructural changes during hot deformation. But
during industrial forming process, workpieces are
generally subjected to complex temperature time
straimrstrain rate histories and inhomogeneous distri-
bution of deformation occurred, which make it unre-
alistic to investigate the influence of all possible vari-
ables on the microstructure of the material by means
of industrial trial on the spot. However, the con-
stantly expanding capacities of modern computers
make it possible to simulate the forming process with
even great accuracy . The finite ele ment method has
been proved to be the most suitable numerical method
for accurate prediction of these parameters. Many re-
searches have predicted the microstructure during de-
formation and the final mechanical properties of steel

(161 Most of these models are

[

after hot deformation
based on the work of Sellars Kopp et al has pre-
sented an model for integrated process and mi
crostructural simulation in hot forming, used FEM
for multilevel simulation of hot compression and pre-
dicted the grain size of 50CrV4 steel and improved
microstructure in forging of a connecting rod by
means of finite ele ment simulations successively[3 w51
Xu et al'®! simulated the microstructure in the ring
rolling of hot steel , which is a steady-state process .
In this paper, simulation models for dynamic recrys-
tallization in the nomsteady state process and static
recrystallization after deformation are presented by
analyzing the evolution of microstructure during hot
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forming and cooling processes. The microstructural
changes of the retaining ring during the expanding

]

and extrusion complex hot forming[7 and air cooling

processes are simulated .

2 SIMULATION OF DYNAMIC RECRYSTAL-
LIZ ATION PROCESS

2.1 Dynamic microstructural changes during hot
forming

Hot forming is characterized by work hardening
due to increasing dislocation density , which is simul-
taneously relieved by dynamic softening processes .
The dynamic stress-strain curve is shown in Fig .1 .
Following initial work hardening, the stress-strain
curve attain a peak associated with dynamic recrystal-
lization . At this maximum, a small proportion of the
structure has already recrystallized , so that the strain
for the onset of dynamic recrystallization & is lower
than & . In this process, existing grain boundaries
represent preferred nucleation sites , at which the ra-
tio of process energy to surface energy permits nucle-
ation once & is attained. Recrystallization continues
by means of repeated nucleation, so that the initial
grain boundaries are quickly saturated and the bound
aries bet ween the nomrecrystallized and the recrystal-
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Fig.l Dynamic stress-strain curve
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lized zones become nucleation sites. The result is an
inward cascade growth of transformed zones into the
grain interior, until these meet in the center of the
former grains. This point coincides with attain ment
of the strain for steady-state stress & . Because zones
which have already recrystallized will renucleate , the
flow stress levels are steady value .

The kinetics of dynamic recystallization can be
described by the following Eqn. :

1 f| & " (1)
@ =1-ex .

A pr &- &

where @ is the dynamically recystallized volume
fraction .

The equivalent strain & and & characterizing the
recystallization process may be described by the fol-
lowing Eqns . :

&=k & (2)

&=k, d% Z& (3)
where  Zis the Zener- Hollomon parameter, d is the
grain size .

&=k, d%Z5 (4)

In the steady-state range , the grain size dgis a
function of Z, and not dependent on the original
grain size . It may be described by the following Eqn.

dq= kg Zh (5)

The coefficients k; ~ k;; must be determined
empirically .

Using the Eqns. given above, the characteristic
variables for recrystallization of a steel can be deter
mined. By integrating these models in a plastic me-
chanical simulation model ( FEM) , it is possible to
determine the beginning and degree of dynamic re-
crystallization and the size of steady-state grain.

2.2 Simulation model for dynamic recrystallization

When dynamic recrystallization occurs , there are
strain hardening and recrystallization. The degree of
recrystallization and grain size are changing, there-
fore , it is difficult to describe this complex process .
In order to simplify the simulation process, the
growth process of recrystallized grain is neglected.
This means that the recrystallized grain has the
steady-state grain size when dyna mic recrystallization
occurs .

After recrystallization initiated , the primary mi
crostructure is subdivided into volu me fractions differ-
ing in residual stress, effective strain, grain size etc
from the matrix they derived from. Eqn.(1) can be
used to determine the dynamically recrystallized vol-
ume fraction ¢;. Here the index i characterizes the
strain incre ment and jis the number of the ele ment.
Therefore, the volume fraction A @; of a newly re-
crystallized structure can be calculated by

Agi= @i- Ri-1yj (6)
and the corresponding ne wly grain size is

Adij= kg VAl (7

Therefore , the mean grain size in element j can
be obtained by weight mean of the volume fraction
and its corresponding grain size

dij = IZAd,-,»A @+ do(1 - @) (8)

It is assumed in the simulation that if the effec
tive strain lies below the critical effective strain for
onset of dynamic recrystallization, or the recrystal-
lized fraction is smaller than ¢u;,(1 %) , there is no
recrystallized structure . If both the newly recrystal-
lizing and the nomr recrystallized fractions of the struc
ture are larger than the given value ¢,,, two sepa-
rate structure are then considered. The non-recrystal-
lized structure continues to work harden, whereas the
ne wly recrystallized structure is completely softened
and have the steady state grain size . If the fraction of
the structure not recrystallized during an incre ment is
less than ¢,;,, the recrystallization is regarded as
completed. The next increment is restricted to the
ne wly recrystallized structure .

3 SIMULATION OF STATIC RECRYSTALLIZ A
TION PROCESS

3.1 Static microstructure changes after hot defor-
mation

The metal structure undergoes work hardening
and dynamic recovery/ recrystallization determined by
effective strain and the Zenerhollomon parameters
during hot forming process. The microstructure oc-
curred in this process is nomrsteady, and the “static”
changes will take place during cooling process after
deformation or between deformation steps. As a re-
sult , the stored energy has been released. These stat-
ic processes include static recovery/ recrystallization,
meta- dynamic recrystallization and grain growth.
When the effective strain of deformation structure is
lower than the onset strain of the static recrystalliza-
tion &, the static recovery will take place, other
wise , the static recrystallization will take place after
deformation. The metadynamic recrystallization,
that is a special static recrystallization process, will
take place in the dynamic structure. In a word, the
recrystallization bahavior after deformation is of great
influence on the metal structure, the softening of the
material in different degree, and the final structure
and property of products .

3.2 Simulation model for static recrystallization

The static recrystallization is a process by which
a large number of dislocation is simultaneously annihi-
lated. The recrystallization kinetics are well described
by the Avrami Eqn. and the recrystallized fraction is
determined using the Eqn. :

@ =1- exp|- 0.693(i)"1 (9)
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where @ is the volume fraction recrystallized in
time t, n is the time exponent and ¢, s is the time
for recrystallized 50 % .

Similar to simulation of the dynamic recrystal-
lization process, the static recrystallization process
was simulated by using the integrated process for sim-
ulation model . But its integrated variable is time oth-
er than strain in the dynamic recrystallization simula-
tion model . The static recrystallization time is divided
into several steps. At each step, the te mperature is
considered to be constant. Thus, the recrystallized
volume fraction after a time interval Af is calculated

as
1 0693 (LT AL 10
@ =1 - expl- 0.693C 7 1" (10)
The static-recrystallized grain size is given by
di = f(dgq, ® e< &
or
di = f(2) E> & (11)

During simulation of the static recrystallization
process , the grain growth will take place when the
static recrystallized volume fraction is larger than
0.95. Therefore, the time necessary to achieve the
recrystallized volume fraction of 0.95 in isothermal

conditions at that te mperature is t/,- and is given as
L
’, 1 1 n
Fi=l0693m1 005 *os(T) (12)

If ¢ i < t;, the recrystallization is completed and

the grain growth occurs , otherwise , the iterative pro-
cedure is repeated until the total time reaches the giv-
en time or until the recrystallized volume fraction
reaches 0 .95 .

Although the static recrystallization re moves the
relatively high internal energy imparted by the hot
deformation, the structure is still meta-stable. Fur
ther reduction in the overall internal energy occurs by
a reduction of the total grain boundary area. It is ap-
parent that high te mperature growth starts immedi-
ately after the completion of recrystallization in the
short time . The dependence of grain growth on time
and te mperature is written as

d'’ = d'{ + Atexp(- Qg/ RT) (13)
A
]| e t/T
1-05 | 1-1221
2-08 2-u9B
2-12 | 3urs
4-17 | 4-1152
S-ap | 3129

7,

(a)

where A and Qgg are constants determined by ex-

perimental data.

4 EXAMPLE OF MICROSTRUCTURE SIMULA
TION

of Mnl8Crl8N

in the expanding-extrusion complex forming

The microstructure changes
steell 8
and cooling processes were simulated by using the
above recrystallization models. The process data and

ring blank dimensions are listed in Table I .

Table 1 Process data and ring-blank dimensions
Na me Value Unit
Outer radius of ring blank 400 mm
Inner radius of ring blank 110 mm
Axial height of ring blank 868 mm
Initial grain size 250 um
Velocity of punch 150 mm/s
Friction coefficient 0.35
Forge reduction 1.3

Original te mperature of ring blank 1250
Te mperature of dies 200

The results of simulation are as follows :

The distribution of grain size d and dynamic re-
crystallization volume fraction ¢ after hot forming of
ring are shown in Fig .2('b) . It can be seen that dy-
namic recrystallization in ring is very unevenly dis-
tributed , which is similar to that of the distribution of
strain in Fig .2(a) , that shows the distribution of ef-
fective strain and temperature in the formed ring.
The greater the strain, the larger the volume fraction
and the refiner the grains. All of those indicate that
the refining and uniform grains can not be attained by
forming of the ring .

Subsequently , control cooling after hot forming
is important to the homogeneities of grain size . Fig .3
shows the distribution of grain size on the cross sec-
tion of the ring at different time . In the early stage of
air cooling , grain size is fined with static recrystalliza-
tion process . When large strain zone is fully recrystal

(b)

Fig.2 Parameter distributions of deforming and recrystallization in formed ring
a) —Strain and te mperature ; (b) —Grain size and volume fraction of recrystallization
p y
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Fig .3

Grain size distribution on cross section of ring at different cooling times

(a) —0s; (b) —120s

lized, the grains begin to grow. Except of the four
corners of the cross-section, grain distribution tends
to be welldistributed and the mean grain size is
about 150 um by 210s of cooling time. These agree

[9,10]

with the experimental results of research on con-

trol forging and control cooling of Mnl8Crl 8 N.
5 CONCLUSION

The evolution of the microstructure of metals
during hot forming can be simulated by models for
microstructure simulation,
mathe matical relations obtained from laboratory tests
into a coupled thermo mechanical finite element

which incorporates the

method, and gives meaningful results on the micro
variables of the process .
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