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Effects of Loading Conditions and Temperature Fields on Warm Hydroforming
of SA06 Aluminum-magnesium Alloy
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ABSTRACT: The paper aims to explore effects of liquid chamber pressure, drawing speed and temperature field distribution on
forming properties. A special finite element simulation platform for warm hydroforming of SA06 Al-Mg alloy was set up in
general finite element software MSC.Marc to simulate warm hydroforming of typical parts. The forming effect was the best
when the liquid chamber pressure was 5 MPa and the drawing speed was 5 mm/s. The optimum temperature field distribution
was 250 °C for the die and sheet, 20 °C for the punch, and 300 °C for the bead ring. When the punch diameter was 100mm, the
ultimate drawing depth could reach 161.4 mm. Liquid chamber pressure, drawing speed and temperature field distribution have
significant impacts on the formability.
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Fig.1 Schematic diagram of warm hydroforming
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Fig.2 Finite element model

1 5A06

Tab.1 Thermal conductivity of SA06 aluminum-
magnesium alloy at different temperatures

it &£ /°C 25 100 200 300 400
(Vjﬂi?fiil) 17 121 126 130 138
-
2 5A06

Tab.2 Specific heat capacity of 5A06 aluminum-
magnesium alloy at different temperatures

HRE/,C 100 200 300 400
e /(T-kg™1-°C™t) 921 1005 1047 1089

3 5A06
Tab.3 Thermal expansion coefficient of 5SA06 aluminum-
magnesium alloy at different temperatures

IR /°C 20 20~200  20~300  20~400
MRk R A
22.8 24.7 25.5 26.5
(x 1076)/°C!
4 5A06

Tab.4 Elastic modulus of 5SA06 aluminum-magnesium
alloy at different temperatures

HREE/°C 20 100 200 250 300
PRI E/GPa 71 65 57 55 43

2.2 MEEHEMR

2 BT E 45 AT, 5A06 SREE G 4Ry
O FEIRRIE ) B TR B 3 8 - M S5 HORHELBE 250 °C .
YRR E 20 °C . JEILIBIEE 300 °C., TERIEIREY
™, WFSEIREE TR 7 R IR HE FE X TE : BE A 52
221 "EEHRIEI

PEGRIRFE BRI % R S 728 e ph e an i8] 3 Fios o AN
Tz B R IR IR A 55.3 mm, HREE SN
5 MPa i, FIEREREE RS i RMH 161.4 mm, 5 17T



124 fio# R B

T # 2019 4F 7 H

2o A 4 FIEL S B B AN S B0 T B REE 5y
A B R AZ 53 AT AT LA L S T 5 MPa i, 5
BE LY J5EIE oA B AR S AT RS T 3550, o T s i IR
VA 0 2 5 R 22 S Ul , 72 TR A
FEMASOY PERE o 1202 R A T FA Y B SRR U I, Sk
TR R TT A AR SRR A, RSB H TA
IRV TARK BRG] G2 T AORHEE (AR 4 A B
AR RN T, SEi T IR EAE Ty 5 [l
TLAATE PR RS TR 5 £ Ab 77 A — o i AT T AR A
DY 2k R TS BRI R PR R O S o Y A [
PN AR T R O R o P 23 R T
i —E R PR, AR UE i B B ROE | il K
S AT SR AN, i 1A IRAE A R R, T
BRI 1 HALIRIRE

222 R EHIR N

PEWPIREE R 0.1, 1, 5 mm/s, TEREES RS
MPa (155 B 5% 0% 488 %o BT A B 114 5 1 45
TR E T A SIE IR EE 2 an &l 6 FrR, 4R i
5 mm/s FEZE 0.1 mm/s i, FIEEREH 161.4 mm [F1IK
% 105.7 mm. HE 7 PRS- 5K 8 Frs AR

180

160

140

120

FIEHENE /mm

100

80

60

L. : f b f .
0 2 4 6 8 10 12
W% E1/MPa

&3 NIRRT PR R R
Fig.3 Drawing depth under different liquid pressures
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Fig.4 Thickness distribution diagram under different
liquid pressures
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Fig.5 Strain distribution diagram under different
liquid pressures
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Fig.6 Drawing depth at different forming speeds
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Fig.8 Strain distribution diagram at different forming speeds
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Fig.9 Ultimate drawing depth and ultimate drawing coeffi-
cient at different temperatures
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Fig.10 Section thickness distribution diagram
at different temperatures
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Fig.11 Strain distribution diagram at different temperatures
2.3.2 MR EHIE G R EX R AT
PABORHEFE Ay 250 °C R, 76 HAD T 2 240 [
(I2AFF (PIGSHEEE S mm/s, WE KT 5 MPa, #k}
HAR 250 mm ), PUR AR EE , 8HE HEOOHR IR R Y
SN AN 12 B fPE 12 iTRAE B O
UL BE B T iR, LTRTR BE BT R B, 4T B iy 20 °C
THZ 300 °CH, HIIRTRE H 140 mm [ 2 25.3 mm,

140

SERAENAR

T4=250 °C

PGB /mm
S

60 -

40|

0 50 100 150 200 250 300
IR B/ C

P12 IR T O RO I
Fig.12 Drawing depth at different punch temperatures



126 wmo®m N B T R 201947 A

F AL 13 BT/ SR 455 P 14 BT 25 3 7T LA 1Y o —
R IR R 2 MR IR R I JE 877 R ) £ B
SR W, R AR TE IR £ B 2R 1 TE B 1207
T3 — K AR BRI . Y TR A T BORHE R g 100
i W X 2 2 (VAR BREE , ELJSE 35 40415 5 0 78 2ol
53 A SRR T . 332 PR SR 2 R R IG T AR HEL = Ty=250
FERT, AR ), TRBERRAS, (A% AL b ® o6or
FHAS I AR, AR TR R A, I — a0t I
SHRTET WBRBIARE i, R IRIER, ik ol
B AL IR, A R (R 30

0 50 100 150 200 250 300 350

20 , FESH PR B/ C
1.8 + |
1.6 . d K15 AT PE R RE T A R
1.4 2 Fig.15 Drawing depth at different binder temperatures
E .
= 1.2
& 10 [ 1 16 77 5 R 3 5 1 17 7 B3 T A 2
% 0.8 0 2 1 320 B i A T MO B I, JE 37 e A [ £ R
06| e Toe150 T TR T W, RS S A A BRI 2B LT, B
04 —+— =200 C PHAE 3 — DXCIRAR PRl S0 o 4 320 P L 32 v T AORHIRL
02} B RER, T AE IS DX BREL 5 B 2 DL M B, LIS
e T EETERT JEG oA 5 A Gy o A AR 22 0 X2 Dy, AR
- AR R, et BB A AR B R B3
R Sk, BEERETS, MR ARIE R R, R T
P13 ASTR) R FEE T G T 5 43 A BHR S, R, 7822 UL I, ik B e B 8O0
Fig.13 Section thickness distribution diagram at different o 31 P L s TR R
punch temperatures o ’
2.4 1.8
22t —— Tp=20 C
20} —o— Tpuna=150 C tor
18l —+— Tpp=200 C 14 L .
| v =250 C
B 1’2 I e Tpy=300 C g 1.2
e i 1.0
#Ho12¢ J%
%‘g 1.0 - E 0.8
s o o =
041 04 e T200
0.2+ 02 L —v— Th010e=250 C
0 —<— Thoiae=300 C
. R IR 0 20 40 60 80 100 120 140
PR HRLC B /mm BERAF O BEE/mm
& 14 AS[E) PR BE R 1 1 AR S A B 16 AN R 320 Bl 5 T ) A R 3 e A
Fig.14 Strain distribution diagram at different punch Fig.16 Section thickness distribution diagram at different
temperatures binder temperatures
2.3.3 [EihBEREHIEH R E X R 234 BEHSHEEITRMAMNL
PABSCRHIR BZ 2 250 °CoRfai], 1 HoAl T 20 2 KA ] H DA b 3 2D 2 R R 1 e AR B2 3 A A

BT (R 5 mm/s, W E S 5 MPa, #F HMERE 250 °C. (WEGEREE 20 °C. iR E
B 250 mm), SRR BREE , OH HOGHIRIRE 300 °C, {REFHAL T A SEORE (FIIEBEE 5 mm/s,
fszm e nid 15 o, mIE 1S aTRE S, MRS WE R 5 MPa), 7EM R B2 100 mm (15 40 T
P T8, 5 ARG T ASORHIR BE B, AR BB 1 RE 2 ) T R FERPIRIREE RS T 161.4 mm. KRS T R
MR R 300 °CREZE 20 °CHF, iR H VAT AR | SERUN AR 43 AT R I R A ] 18 AR
148.2 mm F&ZE 32.3 mm, 19 fT7R -



11 %

%4l

RS . R SR U FE R U I 28 2% 1 B L E 5 ma i 5

127

ERIBPERAR

3

SERBE R AR

FRH B /mm

3.0

- Tholdcr=20 C

—o— Thotae=150 C
25 L holder

— Tholder:200 C
20 L —v— Thoue=250 C

—<— Thoue=300 C

1.5
1.0

0.5

0 20 40 60 80 100 120 140
R AU B S /mm

1 1 1 1 1

P17 ASTR] 3 Pt T ) R A8 A
Fig.17 Strain distribution diagram at different binder
temperatures
1.8
1.7 +
1.6 |
1.5}
14+
13+
12 +
—* — Tsie— Tpunor—Thorea=250 C-20 C-300 C

11 | | | 1 1 1

0 20 40 60 80 100 120 140
PR AP0 B B/ mm
K18 fedEil B b i 5 B o3 A
Fig.18 Section thickness distribution diagram under
optimum temperature field

160
- 140
- 120
- 80

0 20 40 60 80 100 120 140
FEZ AL FE B /mm
B 19 de il B T i S R0 AL 45 L 23 A

Fig.19 Equivalent strain and temperature distribution
diagram under optimum temperature field

2
TRTHT L E/ °C

iR

1) WS O PR & W 5w, R

AR BE A RO SR A W VR, AT 2 ORI K,
WERE, A —IGFEE, MREE T
—{HI, RMARFIF I . FERERES T, WEE
J124 5 MPa Bt U SR Bef:

2) PLUREE X I RE LA RN . A A
FERES T, MPOGRE R /N, B2 A5 R A
FEWIE TR E W Rl 8IE , AT b
Ao AEAS IS FLVF Y S BE YR L P, BB BN 5 mm/s
WA ESTEEN

3 ) 38 Ak X B o A R B AT R B, SA06 G
A RPN T O, 78 SR RS O IR
250 °CHY B SR cdT, B E A 100 mm B (4%
FRPLRIRE R 129.1 mm; EZERPIREH T, WA
IYARRE B T, BB MERE B T, HLY R R
JEMR T HCRHEBE RS, 2 pUE PERE R T, fefd:
T BE 53 A Sl S 5 ORI BE 250 °C . AR TR
20 °C., JEIREEE 300 °C, MM E 2N 100 mm
A B FR PRI 15 3 T 161.4 mm.,

SE -

(11 WIbE. 5A06 & SHEIE PHAIR UL S FEHESE[D].
IR R Tl K2, 2015.

HU Xiao. Study on Deep Drawing Process of 5A06
Aluminum Alloy Frame Parts[D]. Harbin: Harbin Insti-
tute of Technology, 2015.

[2] S €. AALERN SA06 FAf 4 TIG K ka2
SYEREMBTSE[D]. KA KRR, 2011
JIN Peng-fei. Study on Microstructure and Properties of
CMA Welded Joint of SA06 Aluminum Alloy[D]. Tai-
yuan: Taiyuan University of Science and Technology,
2011.

(3] ZE¥h, FME, kM. 5 BEG BRHEE ROE
HOR K F[I]. B TR 24, 2012, 48(18): 35—43.
LI Luo-xing, ZHOU Jia, ZHANG Hui. Advanced Extru-
sion Forming Technology and Application of Aluminum
and Magnesium Alloy for Body[J]. Journal of Mechani-
cal Engineering, 2012, 48(18): 35—43.

[4] XUedh, FEI8, SFrfh. SRBEA A UM AR el

GE B9 BOE AL [D). b A 66 8 o 4, 2008,
18(4): 698—702.
LIU Xiao-jing, YAN Wei, GUO Li-wei. Numerical
Simulation of Liquid-filled Deep Drawing of Alumi-
num-magnesium Alloy by Double Path Loading[J].
Chinese Journal of Nonferrous Metals, 2008, 18(4) :
698—702.

[5] LEE Mun-yong, SOHN Sung-man, KANG Chang-yong,
et al. Effects of Pre-treatment Conditions on Warm Hy-

droforming of 7075 Aluminum Tubes[J]. Journal of
Materials Processing Technology, 2004(155/156):
1337—1343.

[6] KEIGLER Mixhael, HERBERT Bauer, HARRISON



128

fi

o

T #

2019 4F 7 H

[10]

David, et al. Enhancing the Formability of Aluminum
Components via Temperature Controlled Hydroform-
ing[J]. Journal of Materials Processing Technology,
2005, 167: 363—370.

ZHANG S H, REN L M, ZHOU L X, et al. Warm Hy-
droforming of Magnesium Alloy AZ31 Sheets[J]. Mate-
rials Science Forum, 2007, 546/547/548/549: 333—336.
XN G2, MR, 20, . @R RS S iR
A R FTRAIE 5T (7). SPE T2, 2009, 16(1):
31—-36.

LIU He-jun, LANG Li-hui, LI Tao, et al. Study on Hy-
droforming of Warm Media of High Strength Aluminum
Alloy Sheets[J]. Journal of Plastic Engineering, 2009,
16(1): 31—36.

STEFFEN Novotny, MARGARETHE Geiger. Process
Design for Hydroforming of Lightweight Metal Sheets
at Elevated Temperatures[J]. Journal of Materials Pro-
cessing Technology, 2003, 138: 594—599.

SHAH M, BILLUR E, SARTKULVANICH P, et al. Cold
and Warm Hydroforming of AA754-O Sheet: FE Simu-
lation and Experiments[C]// International Conference &
Workshop on Numerical Simulation of 3d Sheet Metal
Forming Processes, 2011.

[11]

[12]

[13]

[14]

[15]

HO Choi, MUAMMER Ko, JUN Ni. A Study on the Ana-
lytical Modeling for Warm Hydro-mechanical Deep Draw-
ing of Lightweight Materials[J]. International Journal of
Machine Tools & Manufacture, 2007, 47: 1752—1766.

HO Choi, MAUMMER Koc, JUN Ni. Determination of
Optimal Loading Profiles in Warm Hydroforming of
Lightweight Materials[J]. Journal of Materials Pro-
cessing Technology, 2007, 190: 230—242.

KIM B J, VANTYNE C J, LEE Mun-yong. Finite Ele-
ment Analysis and Experimental Confirmation of Warm
Hydroforming Process for Aluminum Alloy[J]. Journal
of Materials Processing Technology, 2007, 187/188:
296—299.

FRANK Vollertsen. Hydroforming of Aluminum Alloys
Using Heated Oil[C]// Proceedings of the Ninth Interna-
tional Conference on Sheet Metal, Leuven, 2001.

PR EE, ERFIHE, AL, 55 5A06 HHEEG SRR
B AR L HLB A B 5T (9], kS % OB T8, 2019, 1103):
104—110.

SHAO Tian-wei, LANG Li-hui, ZHAO Xiang-ni, et al.
Deformation Mechanism of 5A06 Aluminum-mag-
nesium Alloy Sheet in Warm Environment[J]. Journal of
Netshape Forming Engineering, 2019, 11(3): 104—110.



