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Multi-directional Die Forging Forming Process and Grain Structure
Evolution Prediction of Large High-pressure Valve Bodies
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School of Mechanical Engineering, Yanshan University, Qinhuangdao, Hebei, 066004

Abstract: A multi-directional die forging forming processes would proposed for a 7-15K large gate
valve bodies made of 4130 steel, and the evolution of the internal microstructure of the forging processes
was predicted by numerical simulation. Based on the true stress-strain data of 4130 steels, dynamic recrys-
tallization volume fraction and grain size models were constructed, the reliability of these models was vali-
dated through comparisons between the model predictions and metallographic experimental measurements,
the calibrated models were integrated into the finite element analysis software to simulate the multi-
directional die forging processes of large high-pressure valve bodies. Based on the coupled analysis of tem-
perature and strain fields, the evolution of microstructures in 4130 steel valve body was systematically inves-
tigated, and two different methods for evaluating the homogeneity of grain structure were proposed for the
fully recrystallized and incompletely recrystallized regions. The results demonstrate that compared with con-
ventional forging processes, the multi-directional die forging process may effectively enhance material plas-
ticity » improve the mechanics properties of the forgings, and increase the uniformity of internal deformations.

Key words: large high-pressure valve body; 4130 steel; dynamic recrystallization; multi-directional
die forging; grain structure evolution
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Fig.1 3D model of the valve body
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Fig.2 Valve body forming process diagram
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Tab.1 Chemical compositions of 4130 steel for testing

(mass fraction) %

w(C) [ w(Mn) | w(Si) | w(Cr) | w(Ni) | w(Mo) | w(Fe)

0.29 0.557 | 0.319 1.04 0.04 0.261 AhE
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Fig.3 Original microstructure of 4130 steel
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Tab.2 The processing parameters of hot deformation
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Fig.4 Rheological stress curves under different

conditions
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Fig.5 Curve of work Fig.6 Critical strain under

hardening rate and different conditions
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Tab.3 Deformation conditions of the sampling
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Fig.8 Grain structure under different conditions
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Tab.4 Comparison of dynamic recrystallization

parameters
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Fig.9 Schematic diagram
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Vg A B AP A 1 9 I3 FL AT A T8 AL T 2 45 A
ST B 3 22 50 e B R — SE ok s BEDUA
B R R A5 52 B iR AR B BE B . 5T R A
10070 « 15 25 1] S5 88 O] 1 1A I B A 1 B Al &
S5 o A B R AR O TR AR R
3.2 KRE@EERGMEST S

e 18 A A BB JSCIES I kB2 AR A48 o 6 B
14 e A B R . R R R . 2 B AR
SR BE s R R E KA L 2 3 SR 1 R IR, b
HAE S8 AR T 3o At o A7 A M S RO B 2 I A
R a2 B A N o 57 5 3 B8 A 2 K 8l 14 ok B A
F ML R 32 5 2l 25 14 45 it 7 B 208 T 4
AN S N U R A T D VA S AN 1§
T 1l SR IR A3 R T I AR AN DAk e e 4 A
i+ 3 B Gl 2 2 B U ML 5 R A0 3 AT
(AR 2 21 RRAIE

V] A BB A7k 2 37 R0 A5 S50 0 78 37 2 Sl T ) 14
F15 B .

C ‘C
1240I 124OI
1010 1010

781 781

SSOI

() 55— B BB 4

SSOl

(b) 58 - BURIE A K

12400C 12400c
I —
1010 }‘ 1010
~ hd

550I 550I

() =Br BB RN ED (d) 58 =i BB 45 M i
E14 REBREEED
Fig.14 Temperature field of valve body forgings

J

()55 —Fir BB 4SS (b) 5 — B B4 K

4.00
|

'iii zml

1.33

|
() SE =M BB SS AT (d) 58 =R BB 4 A iR
B 15 REBFEERRTS
Fig.15 Equivalent strain field of valve body forgings
55— B B, BRORHRIRE L 09 ) 46 IR R 43 0 R
1220 “CH1 350 “C. & 14a ff 7w o 76 B IE o A op
- 721 -




hE LM T AR 28 37 B 2 33 2026 4 3 H

Rk 5 T L AT A L AL B 2 fish s AN
] AR A B o HIOR e DX ISR IR R A
700 °C o 0> 5 K Ry 98 P Ty 4 VB de o IR T &
1240 °C, W 15a iz » 3085 T 15 28 FL B 12 f
TS AE I AR A A s e R Ny A S A7 AR o A A A
[ FLAL

5 B B B PR S AEEL A fid 1 B A G K
P2 fol 35 00 0 I R A BT T R L L AR AR R 2 R
680°C ., L 5 Y Fic ey it FEE BEAS PR A5 AN, 8] 15b
JIT7R « 4 Ja B 1] 90 20 DX 3881 o0 38 0 A7 A R G A R
(4 0 AE

55 =B B, Bl A KT8 e Sk B Bl B TR A
W A% 22 1] 55 68 56 B o B B BT 1) ) A it s o} 1Y)
T A A Ak, B IR BE 24 R 600 °C fi e Ui
FEZy 1230 °C, Bl KT 85 1 3k 21 3k FU 47 &
A A0 9 2 7 A8 TSR A, By R AR X

4 KA R ARG PUE R T

41 BEBEARET

W 55 2 79 v 8 ST A% o R T AR AR i A
DEFORM-3D 4, %f 4130 #9078 #4015 7 v 4
2V AT AL . F & 16 AT 1 AR B
PRR I 92 %8 By IX 8k A 2T €0 L B 3l 25 745 F AR Ly
BOAF100% . Z X T & 42T %2 &4
ftr s RS A7 72 58 A IR 4R Sk . L 17 TR 5 1
PR B R 8 2k 92 %6 /Y DX I WE €6, B3R 4% i 4
BLRSF N E S5 AR 14 R 15 AL B Ak A e
X I Bh A PG R TS 4 B4 S A L - k) B i
AL 0N % YDA 56 9% X AE Y 1o 8 b RR ek
T fih AR S BOR B AE 700 “CLE A B IV 0 fig
IEE AFK 50 47 468 285 8 o Ak 52 B L 3 A5 T 45 i B

1.00 1.00

| |
0.667 0.667
| | | |
0.333 | 0333
A A

El16 ME4HEBERERIE
Fig.16 Dynamic recrystallization volume fraction of

formed parts
pm pm
100 100
| |
67

|

33 ‘l' 33

J ‘-‘ol
17 BE4ERKERBBANRT

Fig.17 Residual original grain size of formed parts

- 722 -

P T W i 2 S B XS T 45 R R A B
% AE TR B AR AR SR oRL o IR TR 1 G Al 307
TR R AL A A A AT 2 1 R R AR
LR R T 58 s A A R .

P 18 T 7 oAy 1R MR ST 1 8l 25 4 45 i i b R
SO AT O . TR S e i ORI R AR B L
SB A A1 3 TRV 1o L DX I8 20 2 P45 ok R R
/NT 30 m s A7 BB ER AL i TN AR BN R T B A
P45 ARORL Y R PRI AR RO L B/ . R
BB O 0 DX A8 AN K A 2 Bl 2 45 (] 45
B o AH R T R A B Oy AR A O R
JE S T 1200 °C HRREE 5 A RLTE TR A S 2 PRk
KRB AR T B A5 45 A ARz RS 240 55 pm,

pm pm
100 " 100 "
67 67
[ | -
33 33

. .
0 0
E18 MEGHEFERBURT
Fig.18 Dynamic recrystallization grain size of
formed parts

1 19 Bt 78 2y 18 R )80 JE P8 - 32 i i IS o3 A
0L o SBCPE 5T AL B T S ) 0 00 v 8 X o
DRl oAy A7 A il JEE 6 T 8 728 AN DR 19 B 5 B0 X
SRR LS B 5E A B AS A . DI IX SR ] A
TE R AT JELUG AfoRL 1 30 25 P 45 & ok 501 1 ok
RSP 8K, 25209 85 um., #2141 3 1T 3 Al DX 31
IR RSN T 30 pme B R A SRR R 4 B
A AL R S 2 R RO BN L LR RN T
30 pm Ty XU A7 A R AR ) . -3
st L OS] DU A X B R 249 2 55 pm

um pm

100 100

(> 67 67
H H
: 33 - 33
9 0
19 HE4TFHRERT
Fig.19 Average grain size of formed parts
Kl 20 T 71 A 1 MR ST 1 8l 2 4 4 i 1A BR 0%
BOh s oL . Al R O i B R IR ) 22 B0X
SR AR 2T 58 A B A5 TR b R OR 7 &
DA 9206 (9 XA LA Ol it 9000, AUA 2.2
4 DX I Bl 25 P25 R AR B BOR X 2 1004 .
21 J7 7 Ay 1R A ST 1 5l 2 7 5 o ok R
SF T HERE O o PR AR RS SRR B AR LB



R AR e T W K 2 1) ASE 8B T 1 22 e o 2 49 A8 Pl ——

SR BB FLE F

Hov A5 8 2 8596 1 X 8P &5 & AR R E /N

60 pm

= 5
2100 240
R R
I 80 4130
£ G
@ 60 ]:KZO
u ;

= 20 g

£,

P L 0 20 40 60 80 100
¥ 0 02 04 06 0.8 1.0 ¥ 3haSFEERERR/um
® AT IR B R

E20 shEBHERER E21 #HEFERERA

R~T &t
Fig.21 Proportion of

SEG
Fig.20 Proportion of

dynamic recrystallization ~ dynamic recrystallization

volume fraction grain size

Pl 22 JIT 7 Ay A BT AP 38 4% D s il ot AR R
S RS, TEARTE R b 2 RO AR SRR R
I TE A TP 4 AR ORE L U 2 6% Y IX S8R AT A
BRAXELIG i

Pl 23 T 7 A WA O A ks RO o B 0
COFEATE S Suy il e Al R NORTE Az e
Horpiad 85960 By DX 24 ok RO Sf /2 60 pm .,

< 100 40

8 X 35

:% 80 £330

% 60 o 25

124 & 20

& 40 5w

£ 20 = 10

g ;S

4 B+

| 0 20406080100 0 20 40 60 80 100
BRAE IR AR R S/ um -3 SRR S /um

B 22 BRFEHGEN E23 THRBRT&EE

R~ &tk Fig.23 Proportion of

Fig.22 Proportion of average grain size

residual original grain size

T 5 VA BB R R R AT A o O
16 5 A2 7 S B w2 R R SE S AR L
JE AR G X e R AR BN P B E LR
o AL 4130 H9 1 P4 72 RO T 3o e o R
JEAAL . P 24 Fr 7 O R BB P ook 4 G o0 A
0L, SEPFAPRMIBR T 5 T BEE S04 fioh fr) v 750
DX 3ok B2 J3E 45 S AT, DR B T LR A D A R
At DX 358t R A5 R s o Ol R e 8 L X
DI 5 A PR A5 . #h T AT BB O el L IX I
18 R B R 22 3k T 8 2 SR A 0 DXl L
2950 59, R P BB 8 A it oA E R

NSRS D = R (%, P o e s
TR OLAF AR 2R PF B 22 5 X S LS T B 2 145
i AR R ARORL RO 1 W 28 . TR I PR

9.0 9.0
| |
] ]
N 3.0 ‘ 3.0
0 0

24 ABREBRERNESERSH

Fig.24 Grain size distribution of large valve body
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Fig.26 Relationship curve be-
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position zone nodes and grain size
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