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ABSTRACT: The work aims to propose an 18-flap annular vector extrusion die for one-time forming reduction process by an-
nular vector extrusion to solve the problem that the mechanical properties of hollow thin-walled parts are difficult to observe in
the reduction forming process and the reduction forming processing efficiency is low and study the elastic-plastic deformation
law of thin-walled tube shells under this process. A small-sized thin-walled tube shell made of Q255, with an outer diameter of

6.3 mm, a wall thickness of 2 mm, and a necking width of 1 mm was used as the object of study. Based on Barlat'96 yield crite-
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rion and M-K groove theory, combined with L.H. Donnell's theory, a plastic micro-element stress model was established for the
annular vector extrusion reduction of the tube shell, and a finite element model of the annular vector extrusion reduction process
was established by ANSYS software. Then, the numerical simulation was carried out to obtain the stress distribution variation
law of the inner wall surface and the thickness direction of the necking zone during the annular vector extrusion of the tube shell.
Finally, experiment was carried out to verify the accuracy of the simulation results under this process by measuring the outer
diameter with micrometer and measuring the stress at the centre with stress measuring instrument. The larger the width to di-
ameter ratio of the necking zone is, the further away from the elastic zone the reduction forming is. The overall stress on the in-
ner wall surface is convexly distributed. After unloading, the residual stress in the wall thickness direction shows a linear distri-
bution trend of gradually increasing from the outer wall to the inner wall, and the maximum residual equivalent stress at the cen-
tre of the necking zone is 319.76 MPa, which is distributed on the inner surface of the extruded part. The maximum residual
stress at the centre of the inner wall surface at point E is verified to be 183 MPa, which is in good agreement with the simulation
results (202.5 MPa) by 91.5%, verifying the accuracy of the simulation results. The annular vector extrusion die can effectively
contribute to the one-time reduction forming of the hollow thin-walled tube shell, improving the manufacturing efficiency. The
results of this study provide a reference for the process design and engineering application of annular vector extrusion reduction
forming of thin-walled tube shells.

KEY WORDS: thin-walled tube shell; annular vector extrusion; reduction forming; elastic-plastic deformation; stress distribu-
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Fig.1 Three-dimensional model and principle of the annular
vector extrusion reduction of the tube shell
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Tab.1 Mechanical parameters of materials

Young's Poisson's Yield Shear
Name modulus/ ratio strength/ modulus/
GPa MPa MPa
Metal shell 210 0.274 255 942
Extruded body 212 0.291 314 —
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Fig.4 Dimension of thin-walled tube shell

1.3 BERBRXFEREEREERIHT

ERAR RSB EGAR JF AN 5 FR . LVE5E
2z Hhm A ARl . AR r RAR I AR BRSNS 0
Ja Aeby, HSIAEAARR (r, 6, z)s

do
D,

A
A

Y

A

A
z(Axial)
A4

o B0 S
- r(radial) f E N
P q / 0
B /
Metal shell

Kl s SRR R B A fe s
Fig.5 Principle of the annular vector extrusion reduction
of the tube shell




232 o%® R B L B 2023 427 A
Wou. v, o 30l 8RR OT AR | (8) PR,
R BRSBTS BAE A, W ey S
=1 (x)cosnd Ger _ 3388 R[22
" ) | 7L R ®)
v=v,(x)cosn (D =312

® = w,(x)cosnd
Kb n IREPE IR, BUEIA S
D, E NRESCOR AR WIS x=L/2 (L A4ifEX
i) B, A
w=u=v=0,/0, (2)
MR [ 4 572 P44 L.H.Donnell £&4%: 5 2 20 4%t oh
BETH AR T qo BEATSRAE, N3 (3) P

o*u, 1—un® 1 0

u, l-pn”, +u, 00,
o’ 2 R 2 o
1+yn8L_R(l—,u)82a)n n?

L St —V, +—®, =0
2 ox 2 ox R n

=0

ot o
e ) e
X X
d
J(nvn +w, +,uRﬂJ+
ox
62
q.R %Rz aaz)”—nza)n =0
X

P w MIARSEE; ROVE FelhEA. X (3) M
N -

u; = 2.2
(r; —n%)
4)
n[ @+ ;= |
h=————=,i=123,4
(r; —n%)

A r BEFIEDTRR (5) B9 4 R

2
2.4 2[R 1 2 22 Qo | 2
r—n")" +12(1- — | X|=r+n"(r—-n") ——=+r" |=0
( ) A-n )(Lj {2 ( ) E,o

Q)
Ko O N FEIREER; E, R
Bih Factr (2) A (4), BITT155] 8 44k
PEFFIRREOTT R . 45 f25 MR b2k 0=t (6)
FIR
det(Z, B, K ,,u) =0 (6)

2

AP Z N Bathorf 28, z:ﬂ-#%; B A
Ky, WS IR BHE n B g K0S 4
12(1-u*)q, R
K =—— — Zd’7"

p n2E053

L

P
izt (7) 5T Bathorf S 4 R IR, 4

Z<10, Bl L <10R5 i}, H K,=exp1.61, f=exp0.18,
A (7) "15IE FEANE 5 R TR B Ery ik = an =X

(7

A(8) HuE T orkEyam, R seik ik sk
ART RSN, AR RN, a0 .

—0390 o0

=TTR R1—k, + 12
A g NMIBIRINE 5 0y N FE A E AR A 3R 18]
Fi5r i kg MIBIRN 150 b o A 72 IR B N
Tio M qu>q B, BFRAREABHEBE, BT
ESPIRGIE S LSS
3

(©))

(5/R)? elo E,

>

(LIR)  0.883\/Z(1—k, +k>)

4G X IR IR TE RS N IR 0y<0, HlIA] 0.=
0, otz ol anE 6 s o

M (10) BF, etk —e kA SR .
F IR O/R PRFFANAS S04 X S FE A Le L/R BOR( 4
IR X IR TEAR L L/R RFFAE, JEARLEE O/R KR ),
A4 P B B R X, e 22 B T R X F g
P53 2P S N AT HE R B B AR LR,
X (11) PR,

a Og Og
oy = | Ly _[—]__ &
H+h)0g; Ogy

a\of o
. =M., +| — |———|o
/ { o [h]aa,.j aaj “

At a AFESHE; Hzé’ﬂ(ﬁay)Cykz'@g/(aoy),
Hrp Cgkdﬂ%ﬁﬁwﬁ?{é%; Lijklﬂ‘j{/(&itﬁéﬁ; Mijk/ﬂ‘j
W 0. o WA o . ey MRS
sy g MINARRERREL; SO ERE b I RERLE R
TEEBIE N a=1, FEFPARE SN a=0.

(10)

(h#0) (1)

K6 ooz itsil
Fig.6 Forces on micro-elements

2 BEREIRXRFEHEEUS

21 BEKRRNA
TR IR AR U i B S5 8800 T = N 7



B1SE £

FANTT, A MERER SRR BT R AR T L BT SIS 233

Type: Equivalent
(von-Mises) Stress

Type: Equivalent
(von-Mises) Stress

Unit: MPa Unit: MPa

Time: 15 Extruded Time: 15

2021/9/3 19: 52 body 2021/9/3 20: 03
319.76 Max 319.76 Max
284.23 284.23

1248.71 248.71
213.19 213.19
177.66 177.66
142.14 142.14
106.62 106.62

= 71.096 = 71.096
35574 35574 .
0.050747 Min S 0.050747 Min

B 7 S
Fig.7 Cloud map of equivalent stress
iV

FH R 7 AT SR ANRE R ) e B R B R
P FR HL 2 R A, A e (AR o g g 2 2R 4
A, HLImAMNRWIR/N o 4648 X d5 R AR A 3N 1 R
319.76 MPa, 434 FEH BT N1 .

2.2 IMGEXNEEH ORI S

S X P BETE HD A (S s E AL ) R
BB R S B 2 A S BN 8 BT . YRR ST F<
300 N i, 7 S REHE HeE . HEF R kR
310 N B, ZER00 138 3 eyl B KAE 280 MPa J5 28 1%
T W% 255 MPa, Jf7E 320~580 N i35, 580 N
Z 05 R PR R I K B R R {E 650 MPa ( F=
874 N), Fibfig EIFGE AT, LM TS 150 MPa

(F=180 N ), DUHFR J7 H B ] Rl 86 IR 42, 58 4
VR 5 5 AN IR FELE 200 MPa 245 .

700
600}
< 500}
400}
;ﬁ 300}
200}
100}

1
()
|
1
1
1
|
|
|
|
|
1
1
1
|
|
|
|
1

0 200 400 600 800 874 800 600 400 200 0
Circumferential pressure/N

P8 U4 DX PN BE T o ] 43 1 ) AR Ak
Fig.8 Stress variation on the inner wall surface at the
middle of the necking zone

23 NEENN

TEMRRBY R it ad A b, PN BE TaT 1 1 77 728 Ak an &
9 Fim. 24k 1—6 NEFEIMEMBL, 44 7—10 A
BT EHI BB

G ST AR LSRR R, Y F<
435N B (464 2), i MIBabFiptep B, ke
i OF B I R KRN 1 BEST T ()3 in
AW A

et fed, 24 435 N<F<470 N i (44
2—3), IR ST R PR 255 MPa 247, {H

S O O
oS O O
T T T

(=
(=]
T

Equivalent stress/MPa
S
S
T

— N W A UV A
(=1
(=]
T

(=]
(=]
T

(=}

2 4 6 8 10 12
Profile path of Thin-tube/mm
B9 PEEE LY )28k

Fig.9 Stress variation on the inner wall surface

N 1355 255 MPa [O46 48 XSk, T 5048 7 4
RASAL TR IR B . 24 F>561 NI (2845 4), B4
NS BN, LRS5O 3G e K
FENN IR B B 2645 6 ), e RAEA400 J1( 648.13 MPa )
AL R SR B R A o

e E R, W AR W, Y 2
407 N B (2845 9), 3045 X ek v o0 (5 17 sk /)N i
ok, FEES 45 X I, 2 mm( 5 448 X 8 56 B L=1 mm
A ) Ab I BE T N T WEGRORN, PRFETE 230 MPa A2
Fio EaHEE (4% 10), W3R R =0k,
4 TN 7 H BT R A [ s R B S, Rk
AL 7 45 AR B 45 A LA B B BS 4 SR, 2 mm )
g,

P O RIS, PAVRE T DX 38 14 15 77 43 A 5 46 4 IX 5k
HITEREA K, YRR O/R IRFFAZERE, Lok (B
L/R F8K ), 4afa DX Igks iz 125 o ik DXk, B3k 318
JIR R B LA L ) X 35 2 1 K o 58 A 38R A7 TR R 1 98
IR, X S5E R RIS 4518 —3 .

2.4 EBERFEMNT

TERESERINR BT IR i A R i AR A, S0 DX Sk
BERPBE (BEJRE 0.2 mm ) AR HZZ NI 10 F7s o

700 | (Loading): 1-234 N 2-317N 3-470 N 4-569 N 5-855N 6-973 N
(Unloading): 7-777 N 8-595N 9-341 N 10-223 N 11-110N 12-0N

Equivalent stress/MPa

1 1 1
0 0.04 0.08 0.12 0.16 0.20
Profile path of thin-tube/mm

K10 A FCiARE STy i I ) A8 Ak

Fig.10 Stress variation in the wall thickness direction
of the tube shell



234 K #® B

T & 202347 H

FEBTE I ME B B (4% 1—6), fEHT R
(F<234 N W} ), N JJUEERIEA RL MM, gk
5 2—3 a4 F>234 N 200 75k 3 i IR 0% R
255 MPa J& , I JJ 7T 43 BE JRE IX 30 A8 2 7 255 MPa /£
fis M F>569 NRF (2655 4), N8R LU K Ei
A IX (AME RN IR ) AR A MR 2045 o

TEBT R IR B (4% 7—12), BEJETy [N
TR NI, I3 TR FEE 3R n B B
(2625 10—12), MUBJEHRZ#msMET M sh, H
TEREJEL 0.05~0.2 mm A4 B W A9 R 7 [l gl 4 58
SHIEE, BER T mFRA N S B A SRR I 4 A
PUBETHI N Sy R, e RBRAXN 714 202.5 MPa.

3 BEREINRBERLINE S

3.1 HEHEVIRIE

Br R Aafe LA b s B S se i an i 1 po . T
PEVRARANT « 7EWBEAE FCik 6 iz BHBTHU A X = 4710
Brie TR, [ e b iR G- e 4 Sy 2, HfE
ShAETI G S 3 [ Bas sl D6 S 3 R HE B
FEAL 4 X BEHAT 5 09 Loy R 8F IR, By 5 1
Ui 1) A LR -5 T EBE 2 Jm e 6, (ol WERE G S A 5 )
FEIAYEARIY , B IR AR SE MR UG Rz sl, SE
WERE 5 A e AR AR OE T

6—Thin-walled tube shell\L

S5—Extrusion die _—

!

4—Thrust extrusion hole

3—Thrust movable plate \!\ ! ol | d=7 mm
' ' 1
2-Hydraulic cylinder thrust 4\[ T T
1-Fixed platej\ |

B shsgaiedlastafaid (a) RSpiE (b)
Fig.11 Sketch (a) and physical drawing (b) of the structure
of the extrusion and reduction machine

3.2 LR

HERE A T R PR G AR R AR 56 5 0 B4 R An R
12 FiR. WTRAEE], A RICH BEodrd R 548 7k
PR B R 45 48 I A 00 S %) T R A 570 R 39 4 JE 550 AT
W4, BT SR XN RIS, AR I e ]
B ARASRE [f 7 1) FIRE JE 5[] (4 17 J1 AR Ak imi £ A8 1k
MR, ERT RL3E A 0 AR R AR e R 4 42 X P BE Tf]
HUD SR RBRA I 1, B RERAYR F1°4 183 MPa,
505 BTSSR 202.5 MPa W) & w5k 91.5%, X
L5 B0 E T 15 B2 R Pk

Type: Equivalent
(von-Mises) Stress
Unit: MPa

Time: 15
2021/9/3 19: 52

319.76 Max
284.23

248.71

213.19
177.66
142.14
106.62
71.096
35.574
0.050747 Min

K12 HRAEIE RS 507 BA R T
Fig.12 Comparison between test and simulation results of
annular vector reduction forming

4 ZHig

T o0 X YR A AR A O 5 A T R AT B AT
BB T2, v 2L T4 8.

1) EFMIAK G172 WY A S S M AR —
H, MIER AR AR, Fi4E XIS A ok, 46
1 ST e s s X, sz 22 DU A T s X

2) SRR KB R AR B A B, P RE
() 10 7 3R R A A, 2 i K RION g 3k 31 e R
71255 MPa B, & FEAR IR R BF 46 12 A8 30F A it i By
B, BoRAERUN i BAR R R e, (38 B AR 1 1)
R T X a2 T 1A A

3) TEE T KRB AR L R, TEA R
PEASRILBY B IR, 045 DX RE VS ) 4 Ry 43 A 3
A DL T A A IS B UDIR 4 A 5 AR EIERBY B, MTBT
1) JES R Bl % 7 s/ N2 e ) S BE RS By 5 S8 A IR
R JEL 5 ) (4 5% A 7 77 5 DA AINEE 1 Py B 28 P ) A 14 17
MR AR S, PIBETIGR RN T K

4) AT AT AT, SR BUE S
B KFRAR N 185 55 05 FLAHE A — B, B0 UE T 05 B4
TR HERATE

IR B B B A S5 AT 25 0 T RE AT ST AR



B1SE £

FANTF, A WEEE

TR KBRS R T2 AT B T SRS

235

B — R MEB TR 46 A2 W, 2 v T BE A5 1R 40 42 iU 3%
R MG LE ] R R IR S B R AR A OB B T
S R TR N RS

B 3Tk

(1]

[10]

BRUSH D, ALMROTH B, HUTCHINSON J. Buckling
of Bars, Plates, and Shells[J]. Journal of Applied Me-
chanics, 1975, 42(4): 911.

YOSHIDA K. Purposes and Features of the Yoshida
Wrinkling Test[J]. Journal of the Japan Society for
Technology of Plasticity, 1983, 272(24): 901-908.

CAO J. Prediction of Plastic Wrinkling Using the En-
ergy Method[J]. Journal of Applied Mechanics, 1999,
66(3): 646-652

SR AR Ve B R 46 R U
1995(3): 32-35.

GUO Shun-xian. Cold Extrusion and Reduction Forming
of Reducers[J]. Petrochemical Design, 1995(3): 32-35.
SR, RPN, BRI, S5 difeid b i BE R AR L
SCER[T). ¥AME T REZAHR, 2012, 19(3): 60-63.

PENG Jun-yang, FU Yuan, CHEN Jing-song, et al. Ex-
perimental Investigation on Thickness Changes during

U1 A fe T,

Necking Process[J]. Journal of Plasticity Engineering,
2012, 19(3): 60-63.

RO, R/, W, AR WERERETIE 1R ) i
A BRI @R KA A HT [T SRR AR, 2014, 39(9):
137-142.

MIAO Pei-zhuang, ZHU Xiao-bing, HU Cheng-liang, et
al. Finite Element Modeling and Optimization Analysis
on Power Spinning of the Thin-Wall Cylinder[J]. Forg-
ing & Stamping Technology, 2014, 39(9): 137-142.
DOMBLESKY J, SHIVPURI R, PAINTER B. Applica-
tion of the Finite-Element Method to the Radial Forging
of Large Diameter Tubes[J]. Journal of Materials Proc-
essing Technology, 1995, 49(1/2): 57-74.

FIBRAR. 7075 SR £ 4 i RE 78 (R e T R T A5
[D]. £F: KEMT K, 2019: 29-33

SI Lin-lin. Study on Hot Spinning Forming Process of

7075 Aluminum Alloy Thin-Walled Shell[D].Changchun:
Changchun University of Science and Technology, 2019:

29-33

Z, mEHR, BEE, 55 TC4 MR )+
FErERFFE ). Hl3E b A i1k, 2021, 43(1): 17-20.

LI Tong, TANG Ai-jun, ZHAO Yan-hua, et al. Study on
Dynamic Characteristics of TC4 Bending Thin-walled
Parts[J]. 2021, 43(1):
17-20.

sk, BRI, vk, S M YRR R SR R BUE R
AN, EA 4 JE 2R, 2020, 30(8): 1855-1865
ZHANG Xin, ZHAO Chang-cai, DU Bing, et al. Nu-
merical Simulation on Wrinkling Instability of Tube

Manufacturing Automation,

outer Pressure Compression[J]. The Chinese Journal of
Nonferrous Metals, 2020, 30(8): 1855-1865.

[11]

[14]

[15]

[16]

[17]

[18]

[19]

A, BIMIE, E/% 4.
HA S B BT
27-29.

TENG Hong-chun, JIA Shu-sheng, WANG Xiao-xin, et
al. Optimize Design of Forming Parameter to
Net-sinking with Thin-walled Cylinder[J].
Stamping Technology, 2004, 29(2): 27-29.
AN, Bl EREE, OB T A0
BERAR, 2015, 40(6): 50-55.

YUAN lJie, LI Jian, DOU Feng-lou, et al. Simulation
Analysis of Pipe Reduction Process[J].
Stamping Technology, 2015, 40(6): 50-55.
FRUk, WA, SRWE, A G R ERE A 1 AP IR 4 A
e LIt )] A 6w i, 2018,
28(3): 586-593.

DU Bing, XIE Jun, GUAN Feng-long, et al. Theory and
Experimental Research on Outer Pressure Compression
Forming of Thin Metal Tube Part[J]. The Chinese Jour-
nal of Nonferrous Metals, 2018 28(3)' 586-593.

KRk, KW, 5K, M A T W RE
H&ﬁﬁ%%hﬂﬁﬂﬁﬁﬁU il NES 8
2017, 41(6): 510-515.

DU Bing, GUAN Feng-long, ZHANG Xin, et al. Study
on Common Rules

THLRE 5] 55 46 42 BUE 8
. HEFE AR, 2004, 29(2):

Forging &

Forging &

in  Wrinkling Instability of
Thin-walled Parts Forming Based on Tube Outer Pres-
sure Compression Technology[J]. Journal of Yanshan
University, 2017, 41(6): 510-515.

HEG, G®RN, B, % WS RS g sEm
A S T 28 [0]. SR TR, 2014, 21(5):
52-56.

XIA Ju-chen, JIN Jun-song, DENG Lei, et al. Deforma-
tion Rule and Process Design of Extrusion and Iron-
ing[J]. Journal of Plasticity Engineering, 2014, 21(5):
52-56.

I, M@ BN, S R A U 2 3 T
Mok hEZ AR R, 2019, 15Q2):
70-76.

SHUAI Yi, SHUAI Jian, LUO Xiao-jun, et al. Evalua-
tion Method of Rerounding by Pressure Increase for
Dent on Long-distance Pipeline[J]. Journal of Safety
Science and Technology, 2019, 15(2): 70-76.

KNS, K, IEL ARSI E SR AN
JIAT BRIC I BT [J]. 2 Ak P RE R, 2018,
14(7): 141-147.

ZHANG Peng, HUANG Yun-fei, WU Ying. Finite Ele-
ment Analysis on Residual Stress of Dented Pipeline
under Different In-denters[J]. Journal of Safety Science
and Technology, 2018, 14(7): 141-147.

B, AAIEX, BHAKR. 45005 5 s B BROT M
57501 Hlﬁ&j:%%aLiﬁ,zoo9,45(6).304-308

LI Tao, ZUO Zheng-xing, LIAO Ri-dong. Meshing
Method of High Precision FEM in Structural Simula-
tions[J]. Journal of Mechanical Engineering, 2009,
45(6): 304-308.

ETW, km, TE, & BTV RARITHN )58



236

K

M

T

202347 H

[22]

FERFIHRRE EERF T[], At R2=2E 4, 2019, 55(3):
361-369.

WANG Zhe-cheng, ZHANG Yun, YU Jun, et al. Calcu-
lation of Stress Intensity Factor Based on the Extended
Finite Element Method[J]. Journal of Nanjing Univer-
sity, 2019, 55(3): 361-369.

FIK, XA, XHFR, G EA B IC A% AL
TFERFFET]. B HLA, 2009, 30(7): 44-46.

WANG Xu-fei, LIU Ju-rong, LIU Chun-rong, et al.
Study on Finite Element Mesh Generation Method of
Pipeline[J]. Coal Mine Machinery, 2009, 30(7): 44-46.
FEMS, AR TRHLER Rl AR IO i w45 F i 2k
AR I B8RS T/, 2021, 21(10):
4255-4259.

REN Peng, DU Xing. Application of Large Curvature
Curved Surface Structure Loading Technology in Air-
craft Strength Test[J]. Science Technology and Engi-
neering, 2021, 21(10): 4255-4259.

B, WS, BOVE. B 2 TR TR B A L
HAERITTAI]. BHEHEARS TR, 2021, 21(14):
5877-5885.

[23]

(24]

[25]

LUO Liang, PAN Zhi-cheng, LYU Hui. Finite Element
Analysis for Pseudo-static of Square Steel Tube Con-
fined RC Columns[J]. Science Technology and Engi-
neering, 2021, 21(14): 5877-5885.
A%, PREAR, JHMmER, 5. TP2 44 OB 41
Jie M OB ML ST )], il il A 3h ik, 2021, 43(12):
182-184.
HAO Yong-xing, CHEN Jun-wei, ZHOU Yu-yue, et al.
Research on Forming Mechanism of Mandreless
Neck-spinning on TP2 Copper Tube[J]. Manufacturing
Automation, 2021, 43(12): 182-184.
REISSNER H. Discussion: "Plastic Flow as an Unstable
Process" (Donnell, LH, 1942, ASME J. Appl. Mech., 9,
pp- A91-A95)[J]. Journal of Applied Mechanics, 1943,
10(1): AS1.
PRk, BRH. RORIK, & kS M= M.
Jent: i E ST B ek, 2004: 14-23.
CHEN Hui-fa, SALIP A F, YU Tian-qing, Translate.
Elasticity and Plasticity[M]. Beijing: China Architecture
& Building Press, 2004: 14-23.

SALG A LR



