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Table 1 Chemical composition of AZ31 magnesium alloy
and AA6063 aluminium alloy

Mass fraction/%
Mg Si Cu Zn Mn Fe Al
AZ31 Bal. 0.05 0.01 0.63 08 005 32
AA6063 0.58 0.43 <<0.01 0.016 <0.01 0.06 Bal.
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Fig. 1 Photos of double-layer square tube PEF forming equipment(a), initial round tube billets of AZ31 magnesium alloy

and AA6063 alloy(b)

Punch

Container

Al/Mg bimetallic tube

Die

\

Upsetting stage \

PEF stage \

Sizing stage |

Mandrel

Observation hole

E2 PEF [ZHA

Transition region

Upsetting stage

ﬁ: ——>PEFstage

I‘ A Sizing stage

(© (d)

Fig. 2 Die of PEF process: (a) Integral die; (b) Enlarged views for die; (c¢), (d) Mandrel
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Table 2 Numerical simulation and experimental parameters of PEF process for manufacturing double-layer square tube

Parameter Value
Inner diameter of AZ31/mm 16.5
Outer diameter of AZ31/mm 27.5
Length of AZ31/mm 80
Inner diameter of AA6063/mm 27.7
Outer diameter of AA6063/mm 39.5
Length of AA6063/mm 80
D,/mm 40
D,/mm 18
D,/mm 26
Extrusion velocity/(mm-s™") 1,5,10, 15
Extrusion temperature/C 340, 370, 400, 430
Extrusion-shearing-expanding angle, a/(°) 150
Coefficient of linear expansion/C 26.8x107°
Friction coefficient 0.12
Thermal conductivity between billet and die/(N-C™"-S™"-mm™) 11

Simulation type

Lagrangian incremental
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Fig. 3 Load-stroke curves during PEF process at different

billet preheating temperatures
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Fig. 4 Effects of billet preheating temperatures on billet
deformation: (a) 340 C; (b) 370 C; (c) 400 C; (d) 430 C

Je s il B T e S AR O R AL U S PERRAG, 5
M) FCPERE . A DU S P BE AT 5 Ry, — 7 T A
BHES e BT B I R AR, AR T3k
MaEeaeda: B ErHREdg 2%
(PR TE] ) A& 3, AN & B e iR P i R I L R
AR B I 0 2L 4385 S 1 AT 4 v L A e
KAFHIVERE . DAL, 78 SEBRAE P2 B S 0 Id F% R 1%
RV R R T B FE 3 0 A B, iR S I
AR A BE e L5 e Y A L B 7 T T B b A 4
Gy X Roma O A 2R DL S S i &

K15 Firs AN R B% o 2R PEF i A% kL)
B AR, FEEES B O AR R 2
FREE . AR 2 IR R, A EREG SR E
STHNENSEARSE, iR N MEEAENRsiERE
Uf. BEEBREEEMIEM, SN2 A S rE o X ik
MR N RS M FHR R, M2
BESNREER RN ZaaeimE T &, IFm
BEEALE | v, SEHEE S MAS.
FEHABAALL 254 AH RIS OL R, 55 e g B2 ok}
SN IR B2 . AH IS S R = 5
BN IR ETF, 78 PEF R O A AL BN )
NAR B KT EEEAL R T AR o IX 2 FEUE U
R, ARG E R R BT B EEAL 1) 4
HEE, (R T B 21 R M N B4
M, AR B 6(a)~(d) gl v &
HEE N1 mm/s. 5 mm/s. 10 mm/s. 15 mm/s B #1
B ERRN 1R . WEAZZIBEEEEFRT



BE32EHE 11

REAT, 5F: AUMg XUR T BB 12 UV RO BUE AL S IR mT 7L 3273

Temperature/'C Temperature/C

950 950
855 I 855 I
760 760
665 665
570 I 570 I
475 475
380 380
285 I 285 I
190 190
279 Min 313 Min
> 1—»):1030 Max g l_»xll90 Max
(a) (b)

El5 B FE R RHR FE3

Temperature/'C

950 I

Temperature/'C

950 I
855

855
760 760
663 I 663 I
570 570
475 475
380 380
285 I 285 I
190 190
322 Min 144 Min
T 1250 Max 1 1320 Max
B l—,x ~ X

(©)

Fig. 5 Effects of extrusion speeds on temperature fields of billets: (a) 1 mm/s; (b) 5 mm/s; (¢) 10 mm/s; (d) 15 mm/s
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Fig. 6 Effects of extrusion speeds on equivalent stresses of billets: (a) 1 mm/s; (b) 5 mm/s; (¢) 10 mm/s; (d) 15 mm/s
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Fig. 7 Cross section photos of AI/Mg composite square tube at billet preheating temperatures of 370 “C (a) and 400 C (b),

respectively
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Fig. 8 Microstructures of AZ31 magnesium alloy in inner layer during PEF process at different billet preheating
temperatures: (a) Upsetting stage at 370 “C; (b) Straight wall of square tube at 370 C; (¢) Corners of square tube at 370 C;
(e) Upsetting stage at 400 ‘C; (e) Straight wall of square tube at 400 °C; (f) Corners of square tube at 400 ‘C
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Fig. 9 Microstructures of bonding layer and matrix of double layer square tube at billet preheating temperature of 370 °C

and distributions of magnesium and aluminum elements: (a) Photo of double-layer square tube; (b) Microstructure of bonding

layer and matrix at corner; (¢) EDS pattern at corner; (d) Microstructure of bonding layer and matrix at straight wall; (e) EDS

pattern at straight wall
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Fig. 10 Microstructures of bonding layer and matrix of double layer square tube at billet preheating temperature of 400 °C

and distributions of magnesium and aluminum elements: (a) Photo of double-layer square tube; (b) Microstructure of bonding

layer and matrix at corner; (c) EDS pattern at corner; (d) Microstructure of bonding layer and matrix at straight wall; (¢) EDS

pattern at straight wall
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Fig. 11
matrix of double layer square tube at billet preheating
temperature of 400 ‘C

Microhardness distribution of bonding layer and
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SRR RSN E Y, By EUE N
Mg Al,. Fa5E 28 MgAl, 3 EZ 9y Mg,Al,;

FaE JZ O s AR T 8=, S BRI AN
138.14 HV.
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Numerical simulation and experimental studies on progressive
expanding forming of Al/Mg double-layer square tube

ZHAO Jian-xing', HU Hong-jun', ZHANG Wei', ZHAO Hui', TIAN Ye', ZHANG Ding-fei’

(1. School of Materials Science and Engineering, Chongqing University of Technology,
Chongqing 400054, China;
2. School of Materials Science and Engineering, Chongqing University, Chongqing 400044, China)

Abstract: In order to study the influence of progressive expanding forming (PEF) process on the multi physical
field and microstructure of Al/Mg bimetallic composite square tube in the forming process, a three-dimensional
thermal mechanical coupling finite element numerical model was created using DEFORM-3D, and the simulation
based on the features of the PEF process was carried out. The microstructure characterization and hardness test
during PEF process experiment were performed. The effects of billet preheating temperature on forming load and
blank deformation, the effects of extrusion speed on billet temperature field and effective stress, the effects of
different billet preheating temperatures on Al/Mg bimetallic microstructure, and the bonding layer hardness
distribution were investigated. The results reveal that the PEF process can cause severe plastic deformation(SPD),
efficiently improve the microstructure of a double-layer square tube, and make an Al/Mg bimetallic composite
square tube with a wall thickness of 3mm in a single step. When the preheating temperature of the billet rises from
340 C to 430 C, the forming load decreases by 28.6%. The effective stress in the extrusion shear expanding zone
increases as the extrusion speed increases. Three aluminum magnesium products of Mg, Al,, MgAl and
Mg, Al, will be generated in the transition zone of the Al/Mg bimetallic composite interface, and the bonding layer
will have a high hardness. When the extrusion speed is 10 mm/s, the extrusion temperature is 400 C and the
expansion angle is 150°, the flaws of the Al/Mg bonding layer of square tube are minor, the metallurgical bonding
effect of the bonding layer is excellent, and the hardness is around 138.14 HV.

Key words: bimetallic; composite square tube; numerical simulation; progressive expanding forming;
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