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Abstract

The finite element method, based on rigid-plastic formulation, is widely used to simulate metal

forming processes. In order to improve the computational efficiency of the rigid-plastic FEM,

one-point integration is used to evaluate the stiffness matrix with four-node rectangular elements

and eight-node brick elements. In order to control the hourglass modes, hourglass strain rate

components were introduced and included in the effective strain rate definition. Numerical tests

have shown that the proposed one-point integration scheme reduces the stiffness matrix evalua-

tion time without deteriorating the convergence behavior of Newton-Raphson method. Simula-

tions of a ring compression, a plane-strain closed-die forging and the three-dimensional spike

forging processes were carried out by using the proposed integration method. The simulation

results are compared to those obtained by applying the conventional integration method in terms

of the solution accuracy and computational efficiency.
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Fig. 1 Quadrilateral and its displacement modes
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Table 3 The proportion of C. P. U. time to the total simulation time in the simulation of two-dimensional
ring compression test with 4-point integration scheme

Number of elements 200 800 1800
Plastic stiffness matrix evaluation 66.3 % | 61.0 % | 53.4 %
C. P. U time ratio
Matrix solver 126 % | 24.0% | 334 %

2ol 14 Hpez dAatn, 18 H¥e) Bl
o3 walsl: hourglass modesE &Aooz A
ojsho] A AAAZS 50%e1A 70%2) wFE
Az sta Qv A AAALTE Fele AS
5oz g,
Table 35 2 2 atZ24)& Mol &
42 2eEe W), 4d Aeyel g
H T £gsE A7 P AL Fe
A vl

B>
lo

285)% Azke] A A4 Trel g wgE o
ERERICH

Fig. 4ol AEAE 44 A¥eoz & 7ot
hourglass controle] A3 14 #H¥oz 3 7%
of] thaled, A L44d thit AP 13] A
A e AR deh ol dlel F el
g Agoldeld & HA4 54 (total
number of iterations) 7} Zctm ZpA s 44 A
3 vlElez @ Agdoldold o|EHoz 3
A A 61.9%%, 14 AEde =9

onA BEY 4 oot AL delw @4,

29 47} FABEE 4R ARA QA A4 Lol

o
o
a

o
3
.

o
[

o
2}
s

time ( seconds )
o
rS

0 500 1000 1500 2000
number of elements

Fig. 4 The plastic stiffness matrix evaluation time in

(a) 4-point integration and in (b) 1-point

integration scheme with HGC

g, 14 AP ALgol o8 da AlapA 2ol &
ol Azt ZFoj=gul, ol Table3ollM o 4
e uhel o] 249 F7} FrhEel whel 443
B Ao L8 == A4z v Fe] £
ANe Fabr] Hte] AAUAHAE F=u 4oH =
A AR ko] wi o] thBted AAH o B FolEr] o
Folvh, A4H22 7|&dle] FAYH T £
a5 AZHe 249 F7t Frhel whel vle A
07 Zyishe b, P YAAE Fedo 425
= Alzke #HAe o AA e F(ban

dwidth) | A Fol vlelsted F7haket, wheba,
o) Zlol wk Fape] A4zt F7HA
AL AAAYe FAYERSG dAHo
Age] Tol AFe ZrHzatE o] acge £
o Az Aol AL Hazweld
HP9000/730°] o},

Fig. 5ol 4= ztzbel A 2o
AA HHEA A B gol thatel £ A5
Aol e Aggozs sao
o ulated 23

rlr l-*
oL o

e 32

Lo
St
o >

ot
Tl
3
fo
ey
o

N
N
— (o3
i
lo
oF

A
&
2
R
N,
52
dlo
tjo
mO
>
0,
I

300 -

250 A

200 1

150 1

- - ()

100 4

number of iterations

50 o

0 T T T d
0 500 1000 1500 2000
number of elements
Fig. 5 The number of iterations by (a) the 4-point
integration scheme and by (b) the 1-point
integration scheme with HGC



1296 A A -

X 10
8.40
6.72 -
E 5.04 4
E
)
Y
i
5 3.36
1.68 4
0.00 T T T - X 10'
0.00 1.68 3.36 5.04 6.72 8.40
X-axis [mm]
(a) Initial state
X 10!
8.40 -‘
6.72
E 5.04
E
0
>
¥ 236
o 3.36 4
1.68
0.00 : . . — X 10'
0.00 1.68 3.36 5.04 6.72 8.40
X-axis [mm]
(b) 25.0 mm stroke
X 10!
8.40 1
6.72
E 5.04 J————‘——"
E
E
s
5. 3.36
1.68
0.00 X 10
" 000 1.68 3.36 5.04 6.72 8.40

X-axis [mm]}
(¢c) 28.8 mm stroke
Fig. 6 Comparison of flow patterns:solid line, 4-point
integration;dash line, 1-point integration with
HGC o=1.0

3.2 & ct=EX siAMollM hourglass control

thols) gabol Qe Folxl A, Hwow
hourglass control-&- o]£3 1 HEL =P
W oo ez AU 4ol wAHER s
olslk7] flake] cholef #HAabo] ot
TAE A, wlmetoich, Hw

L=
strain condition) . & 4] d|5-&

o, et A sdee, cAe A
aluminumo| 2, $5%¥L 5, WHE, WYE
S5e @4z vkl vPRAS me 0322,
hourglass control 2 938 7}Fx o= 1. 002 3
Ak

Fig. 6(a)= =71 A& =A3tx gleh ¥

a2, Fig. 6()2} Fig. 6(c) strokez} 25.0 mm<

.
wish 288 mmel W) FEHeAET, ALY 4
q AP (Ao @ 7399 14 "ol hour
glass control (R A1) 3l A& uwmdle] A5 x
oleh, mglol Mol A4 BAe] Fel <bd
ez % Aydel o S5 % AT
z)

she) vl #5342 veb oot
AAAIZE Eedol A 4 A Fol] 9fd A5 o

hourglass
Al ARA 2R

67.0% 24 33% A AAAIZLE whEe] anE 7

Stroke - Load

X 104
2.00 - ’

1.60 -

1.20

0.80

Yioad [N/mm]

0.40

0.00 T T v T X100
0.00 0.60 1.20 1.80 2.40 3.00

Stroke [mm]
Fig. 7 Comparison of load curves:solid line, 4-point
integration;dash line, 1-point integration with
HGC ¢=1.0



A #3832 48] ol 4 Hourglass Control 1297

Table 4 The proportion of C. P. U. time to the total simulation time in the simulation of two-dimensional
closed-die forging with 4-point integration scheme

Number of elements 399 800
Plastic stiffness matrix evaluation 49.4% 52.4%
C. P. U time ratio
Matrix solver 17.5 % 14.4%
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Table 5+ AAAEwS g4 Aiog g 75  AHEWeR 14 HEYe AH&stdds A A4k
2o} 14 = Ho| hourglass controlgt 7%eo] 74 A BF Axst T3 wlwlsieh, 2z, Ad A
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Table 62 A2 tho]l= a4+ 85570, A 1150  Spike forging ] 4oll4 14 22w Alg9 Zo]o
A, B8 cholr g4 70870, A 99544, FAE & WHHoE HojFa gldh
= 84 T4, BA 972l E Yol 4 Al A Table 7= AA AlFalo]d A7bg AH el 4
Eg 8d HEHE Age e a9 AHA AEd AR dEhia e, o] EAlY A fele 237
ol Al 7tell ok ZAA#E FA £8sl= A7k 14 A Fol hourglass controlg H-§3& wiel A
3} PEgAg Fiad AgsE Azke wgS A Akel, 13 AR At Ak Fdeels
et s ok Fold M wbs} o] 2] Fa)  ETEE o] FFekES R o olwe H

o gy FAel snsE A4 &3 o] AT 4 ch Implicit codes 54
8] o] A8 g ok & Ak 238 FAClA A el M2 AFe HAe] o, WHY ¥
v AAYE T csEE Az wFol A AAel AXT Wil AFEabE A

W e Feo zose A4z NE F AZE Frgel 5 T3] Ashed AE A
simebel 282} o 2ok 2348 TAlAE AR AW "ok adH) o BAY ASE HA o
ez 14 4298 Agdond Zddu A FAEol U Paols Wil Be %
Tl £esE A7E Folk Aol Ad Aa  olel x4 AHEL FAlel cold) FF3
oM A7k whEel = d3Fe mA 4 UMW, 3 Ak AA, FARA4Y LHE <l 2E
A9 FACIAE AW FAol 2Rt A4 oo AR WPEe] FAle) tholo] Al
Azkel wEol 111% HEol 2AE WAL A7 BE ANY ARG P FAHL 8d Ay

Table 5 Plastic stiffness matrix evaluation time in 3-D analysis

Volumetric integration scheme Average C. P. U. time (relative )
8-point integration 100 %
1-point integration with hourglass control 350 %

Table 6 The proportion of C. P. U. time to the total simulation time in the simulation of three-
dimensional spike forging with 8-point integration scheme

C. P. U. time ratio

Plastic stiffness matrix evaluation 111 %

Matrix solver 61.3 %

Table 7 Total C. P. U. time in 3-D spike forging problem analysis

Volumetric integration scheme Total C. P. U. time (relative)

8-point integration 100 %

1-point integration with hourglass control 121 %
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