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Prediction of Recrystallization Behaviors in Hot Forging
by the Finite Element Method

W.J. Kwak, K.J. Lee, O.J. Kwon and S.M. Hwang
Abstract

In this paper, a finite element based system is presented for the prediction of the distributions
of the recrystallized grain sizes in the workpiece in hot forging. The system adopts a fully coupled
finite element thermo-mechanical model for predicting plastic deformation and heat transfer
occurring in the workpiece, and employs existing metallurgical models relating the recrystalliza-
tion behavior with the thermo-mechanical variables such as temperatures, strain, and strain rate.
The system is applied to upsetting of cylindrical preform. The predicted grain sizes are compared
with the measurements. It is further applied to forging of a complex-shaped product.

Key Words : Recrystallization, Metallurgical model, Hot Forging, Grain Size, Finite Element
Method, Steel

b . hydrostatic pressure
J|&M0 Q . deformation activation energy
T . temperature
d . Grain Size t . component of unit outward tangent
fi . body force vector
b . surface traction U . component of velocity vector
Dun . contact heat transfer coefficient X . recrystallized volume fraction
h . convective heat transfer coefficient Z . Zener-Holloman parameter
k . thermal conductivity z . discontinuous test function at the
m . constant shear friction factor element edge
Nu,Ni, H; . interpolation function(shape func- & . strain tensor
tion) g . effective strain
oy . component of unit outward normal de . residual strain after deformation
vector 5 . effective strain rate
e —— e : appz.irent strain rate (stroke rate)
** 4101 7l 8k 7] o} 4 Eij : strain rate tensor
**x g b malef shw &y . deviatoric strain rate tensor
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g3 - olH3F
Oi . stress tensor
3 . flow stress
On . normal stress
O¢ : tangential stress
oy . deviatoric stress tensor
S . kronecker delta
u . coefficient of Coulomb friction
& . penalty constant
ot . heat capacity per unit volume
oe . Stefan-Boltzmann constant multi-

plied by emissivity

34 (metal forming) ol A+
Al Ahydstol Fotska,
o ﬂi olall 727 87k
Fol AyLRe F

CIRARCN:

23
o w? rlo

BUBNCAN S
ofn
2L ofy
e
o
Yo
oi

ok

EILA
I L =

2L

=2
[yt
rw\l"
o
N
i
ok
o
2l
o,
Ha
e
do

1l hal o =3

Zo A% 2HEY ARSE FAEY @A
2ol BHelMe dATE w5 i elglst,

482 Beld dAEAE FHLsvae

ﬂ%-ﬁ%ﬂ%aaoauwﬂ-hulaﬂﬂ%

= QO

2 T

sue AEsol Aade Eeldsl oA
Z 3 stecl, Rebelo$t Kobayashi *¥+= F
t] (solid cylinder) &} & (ring) < Al & ol 4]
Aujel Had WEH 2] AN F
oug st cd, Rebelo$t Kobayashie
EES PP
S zEACE A48

shell nosing“®¢} titanium %t

starslct, Ohst

AMIIERE X /A S5H A4 E, 19964

HEE 5
9l W87 o] Dewhurst
st Dawson®-- 3ab4d A AAtelE a4 oP“ E3
Mubstol }zbel gl (square billet) ¢ <d7ksteio] A

=

ha t—ﬂ

2.4 3}k Pietrzyket Lenard?®2} Hwang

te seoldel ALFE, AT AAHA 2
glar EollMe] AAds e T 5 e A
o] o7tk °,}°4Ur”f Autsteicl, Hwang® Kang
A < mﬂi}? 1y

X oo
U EE

2
i
¥

q

)

rlo

2

-+

4

o

E

L

3

It

N rlo

es

o> 2

N

P 2
ols
ot
s

A e
of
o

,d
T o
PR
=)
XL
=3
ok
32
i

i)
2t
2 o

ok b
1o

o}ﬂ

)

f

£ 2
o ne o

ot
)
2
H
.lm
T
13
)
4
30
£
(%)
D
9
o,
olr\
B
o
O :qo

ol Zslsich,  Pietrzyk, Kedzierski
@ 7 gk s 2 4fo] A 7heked 3 Aol
01]33} 3ot
G A WHF 2
EEEREES o oot 5
o] £2 7} Z7ke] MBS n) i*LEH%— 75“
A ool ek "
2] 3hod et
A A&
E =fol e

SIS
del AAazl+3 WehE
#} Kopp®'
xL 2 LH o]

%%ﬂﬂ%
34718l ¢k whE7IY £
drbek el A -7 AIH W
AR E7 8 Saaswe zheksiA] Asfs
2%, @7kubzeld GH-7AIAAT 2 A
AAEL 379 FEearia ALRE
Aghe}, o) AlaElg AEste], A7k ATgiFe
3 dalel A A g dE syt ze
Aol el Agstel AAAAF AR o
Ze elastgch w3 o] Al&adg 7|of 5y
(gear blank) ©tlaz3T-Aol| A &3t}

o AL uliof
=
2

H«‘

o P
B ru}i-

o(

al

oy mE

HE BH2Y

M FEA A4S

vl I'Fhgoll traction 4,7 7
o £% w=u,7t 7|EHE 3
o}, .5 o] yelz] Zeoletn & [ %
4% HERES dehdoin spdac oled 2%



® .
¥ mnw ® oA s o o =
—_— o ~ i — — — o~ —
T i rdy csEaTey e s
P W E = M_w T K MW ol s pd zh X \ﬂm ol T Ho w F
2 & Qmw & oL T uﬂom:#gwfmw Ao_nwr%%ﬂ
[¥] ~ T e f<0 [ _
a i cm o & ~ 5 oo T o %oogo\%%ﬂﬂl Ex pvdw
G 5e SRR B wag ey BN X
~ oy S ] 5 S o o ! S - o .
LAY \w) .muﬂ o ~ m ﬂ_.A ~ <+ e} B u_; 53 o ‘auIT g 8 + T
— o~ I = = _ ol 5o o=
pr FR ok = = SN T b Pt o T
< L 3 & e T T &~ S T | E%ﬂn%ﬂa_a%;m%ﬂz%
=% § = 3 i o= - = U ook 20 W 2o T oo
= I S BN I Y 2, B o Kl ol To 30 oy < W of m m i o
o_a . ,w 3 v R oo "o il ) xR Tr ) ol of & oo wir E_ 5 opl ~ —
e g b _Mﬂ.ﬁ e E OB T g © F OO N MRS & i_ig
kT ..IM ~ | - -~ o WLM S = :L 1 —o _IIM. o_‘_ m-?_ o ..mu oT % gE ‘_t «nm. w o_ BT_ hm..
5 1 T & ERTEy g & T3, W S R ok S
I P T T T SRR R o_o%&iﬂﬂnlﬁﬁwﬂﬁ%w
Wﬂﬂlwanvu«d mhh {em//.\.__m_,nxno‘_fﬂn Nzrwﬂ MAK@W OF Eootwgﬂai ﬂ_u_ﬁn‘onﬁnﬁaroﬂmoﬂ
veT & T T s L&l AT T & ool W<
7~ e + 4+ + TS o S el 3 T s o % K o oo W e i o Y
kT v o Vo = X E . wq;arw.%o_aﬂﬂ%ﬁmw@%.}_m
Mo T .S = MR dv_ﬂoma?ovﬂmé?%i
) ¥ 53 PR P g Tw e "
A ~ P P P I o "
« g ~ T oAy = &4 el of
> . &l F B T ol J.La
S 18] oy = = | S =S o o o oN R
wo DS o S@Twme EHE M R
\—roE < 1 m.wu o AT o_ 0 =
I S ) el . ¥ERT
do I N | < ~ N o K oY
o A L 2 N olm < [
o g g ™ 3 G _— F ﬂ_‘ﬂ‘_._ﬂ
53 op = wn < N 4 ﬂL ny =0 RO —
o = o WM @__uﬁ. = Mm .o ~ e o} { 4o 3 ,wd
Mo 0. [ 4 s AT e ! o_aﬂWﬁa
© iT¥ss g & 3 2y zre RS
10 3 = e - ' hay o |
8 oFchy § LI £y Bao wmw® . 3 woor AN
To ~ ri ™ W p T - - o Y Ua T 2o T s ok To wr W
RN e oz~ @ PR J x GO 5 g AT
\_dl _'L c_a L i o g N T ) vm _— 3 AT - .m_l L_L (Y
wﬂﬁ_%p#% L S 2 PG TFD X mﬂ%wr
= sig = ~ = o S J i Phiy _~— -~ A v oo 1 .
wHWE R, e % j ¥ S g s s s THT Zes § 0 Z o T 5
R T e 317 38 G o F s WA v Lo oo
TE v s ag & 8 < F 0L S NTETg 254 2T =T mxgia
3 e ) .c”.v 3 = = Y 24 A 2 = T = HM 22 g = + > =) T H T iy
w_% = dlm S oA C/o,v% ;m ./..rm ﬁu,s ° % of ofp I il ! (G 2 _H.wf /~\ s 4_w oy I ! e " F oy
i x - e SN 3 _— 3 3 =
Ao,mfﬂu._ﬂtw —8 8 s =% W W quwmﬂ ST O i mafﬂﬂprqua
T3 _ i | 3 ok Al JARN 7 BT G3 ,W - o =0 Fr,» o oA
N sgiren it o7 o %
° X o o T B ™
o ET To 11»!

b Agsten,

]

AH&

BEAMIIZ S
SLYIISHER A5 A A4 E, 19963 /307



e - o) AF - ULE - AT
START
t=0
Workpiece
- -to-Die —
Iteration
o RN B
Resuit File - T Program A
| - __ 1 (workpiece) ——
S I T o] e
Velocity Solution T e
| Tangential Stress Temperature .
'~ Distributions ~ Solution iteration
at the Interface L in the workpiece
S H B | I R
Resulit File T Program B
] R — {workpiece)
P P (0] e
B | t
! Temp,Velocity, ! Temperature T T No
' Tangential stress T and velocity Converge
| Distributions Distributions . ge
| atthe Interface . at the Interface DR
T T T ST + Yes
U [N DR I Y
' Result File T ™ Program B
i L} - e {Die)
e o S ,,,,.;,,
T . No
Converge
+ Yes
t=t+ At
No
t=thna
Program A : Analysis of plastic flow S
Program B : Analysis of heat transfer * Yes
I : Input ST
O : Output stop .

T : Data transfer

Fig. 1 Iterative solution scheme for the coupled

forging

analysis of metal flow
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rocess condition
fopthe current forming PROGRAM OUTPUT
. Operation COUPLED ANALYSIS OF DEFORMATION
«|| initial effective strain §(p) & HEAT TRANSFER by FEM
initial temperature  T(p) INPUT
Effective strain &p)
Effective strain rate Hp.t)
INPUT Temperature T(p.Y)
Cooling conditions PROGRAM INPUT | [
ing inter—forming fi
dunnge:gssre t(i)r;\rgl?? me HEAT TRANSFER ANALYSIS by FEM OUTPUT
| Temperature T(p,t) 7
INPUT ]
INPUT
Initial Grain size PROGRAM INPUT
d(p) RECRYSTALLIZATION ANALYSIS
OUTPUT ;
Volume fraction
of recrystallization,
Xan(P), X u(p.t)

Grain size d(p,t)
Residual strain 5€(p,t)

N = current forming operation No.
N, = finish forming operation No.
p : Number denoting a material point in the workpiece

p=12.n

Fig. 2 Structure of the system for the analysis of the thermo-mechanical and recrystallization

behavior in multi-step forging

o

TAMIIBEEX A5 A A435, 1996 3,7309



Input

Effective Strain T (p)
Effective Strainrate T {pt), O<t<t,
Temperature T(pt, O<t<t,
Initial Grain Size d.(p)

!

t|=tf

Yes

Static

Yes
Recrystallization ?

t=t+ At

1

Grain size
1 X ayn
d? = d2

Grain size

Xs
d=dg

2
d;e

(X4 > 0.95)
& No
Grain size
1 Xoyn X Xa
F-oa et d
Residual Strain
e =X,

t
te

« = (1= Xon) X
Xo=1= Xon= Xs
d. = grain size of non-recrystallized grain
d, = grain size of the dynamically recrystallized grain, att=t, , after grain growth

d, = grain size of the statically recrystallized grain,

= time at the end of the current forming operation
= time at the end of the inter-forming time

d, = grain size of the statically recrystallized grain

att=t, , after grain growth

Fig. 3 Structure of the computer program for the recrystallization analysis
=time at the end of the current forming operation
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Fig. 5 Locations fo the material points where the
grain sizes were measured
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1000°C | 141.0

Table 3. Flow stress and thermal properties of the
preform and die

Preform & Die

Material
Thermal conductivity (k)

S45C
0, 0291 (W/mm*C)

Heat capacity ( pc) 0.005224 (J/mm*C)

Flow stress expression of preform

— -

0 35 8050 .2581 00617 exp<1_8?4> N mm>
T=TI(K)
e
z (mm)

12,5/

- — I (mm
0 10 20 (mim)

Fig. 6 Finite element meshes for the preform and the
die, used for process simulation
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Fig. 12 Preforming operation in gear blank forging
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Fig. 14 (a) Effective strain distributions, (b) Tem-
perature distributions at 05 second after
deformation, (c) Grain size distributions at 0.

Fig. 13 Finish operation in gear blank forging 5 second after deformation (Sellars’ model)
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