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Fig. 2 Schematic diagram of finite element simulation and local amplification of square tube forming
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Table 2 Parameters of numerical simulation

Parameter Value
Billet length/mm 80
Billet outer diameter/mm 39.8
Billet of internal diameter/mm 16.5
Extrusion temperature/C 340, 370, 400
d,/mm 40
d,/mm 20
dy/mm 26
Extrusion velocity/(mm-s™") 5,15
Coefficient of linear expansion/'C™"' 26.8x107°
Friction coefficient 0.2
Thermal conductivity between billet and die/(N-‘C™!-S™-mm™) 11
Diameter of extrusion container/mm 40
Number of mesh 32000

Simulation type

Lagrangian incremental

B3 BIBRIBE G 7 S e A

Upsetting zone

Transformation zone

Extrusion-shear zone

Forming zone

Fig. 3 Photos of magnesium alloy square tube and tensile samples: (a) Cross section of square tube sample;

(b) Longitudinal section of square tube sample; (c) Tensile sample; (d) Tensile fracture specimen; (¢) Forming thin-walled

tube; (f) Observation position of microstructure
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Fig. 5 Forming load evolution of extrusion-shear forming

process at different preheating temperatures
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Fig. 4 Extrusion-shear forming process and flow grids change of round tube billet extruded into square tube
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Fig. 7 Microstructures of billets in different forming regions during extrusion—shearing process: (a) Upsetting region; (b)

First extrusion —shearing deformation region; (c¢) Second extrusion —shearing deformation region; (d) Forming square tube
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Fig. 8 Polar diagrams of Mg alloy tube at different extrusion temperatures: (a) 340 ‘C; (b) 370 C; (c) 400 C

5 4
250}
200} W
2]
=
3150' 1—400C >
4 2—400°C
2100} 3—370°C 1
4—370°C
5—340C
50 6— 340 C
0 0.05  0.10 0.15 0.20 0.25
Strain

B9 [l L B v A B o e A 1R 8 - A 2
Fig. 9  Stress — strain curves of thin-walled hollow Mg

alloy at different temperatures

2.7 BROFSROHR

PN [EIY H il T T (R85 A 7 A ik AT T
e, B0 B A S R RE 86807
BEW OES . A =R TR AN, ffhl
25 B R S Zy A . T R AR
fh, WIS R S L B R AT T DS AT . AR
PR R AT I AR T IR, o] LK W 2 o Ak e
SR W 2EB0, P 10 7T, 340 CHFEEA &
BRI O 9 BA B R 2, B T30 S B
PRI ABMTRT AU () S B R B W LR RFAE s 7E 370 °C
i, BE A a5 R A T 1 R0 BT A A A
AU AR o Ak, FLIBPEARXS T 340 CH8E
HETER TN, XREZERE LY



F32BHIW BB, S5 BrR-sybImeE s B S UM BOE I R R S ROR AR 2541

10 AR el B2 T 85 <07 8 BRI 50
Fig. 10
different temperatures: (a) 340 ‘C; (b) 370 C; (¢) 400 C

Fracture morphologies of Mg alloy tube at

PR R T —EMIRTh: MR H400 TR, BE
7 BB AR IR LR 2 B B R A, AR
A—HINEAAL I, RS T AR 3] T
WY 5O, e R T7 SR R R O o i B

b 1361
:l: ~
3 én 'l«%

1) L - U T 20T Lok 8 & 4 [ k)
i 4 AR T R AR RE R 47 TR R BB S e
B, I TR T A A R AR TR R RS B
A UNERES T o

2) {EHF - By P RE 77 4 ORI AR, o dar
SRR EMIC, FRRERE, BTk
N, YRR A 340 'C_ETF 400 CHAH L
WNT 50%, 2 THBERIM Y B REEX T
HEWBILE £ EEER, FREEBRR, EHE
BYYIIX BT BRI S 3R AR R K, AN 07 8 (13
SITE R I PR AR TR T R R AR TR Ui B T AR
BRIOMRENSEEETE .

3) i R AR AT AT A, BEAE BRI T
B, BEESHEREYERIEN; 7E 400 CHFERIE
B LSS 3 T R AR TR, L ARG 208 230
MPa, i ERZ1820%, Wizl 7 X oM.
[FIW, BEE R RGN, BE a7 B SR B
RAMWEFM, 1400 CHIERIER, EohSHE%
m AR BT UIER T, S B i v, 4
558 BH 2 55 1k

REFERENCES

(11 E#gF, 22 B, &, 5 B RIREE 85 &

BB ¢ F B (R BB A0 S S50 01 7E ). vh B A )R o
f#, 2020, 30(12): 2809-2819.
WANG lJin-feng, PENG Xing, WANG kui, et al. Numerical
simulation and experimental study on extrusion forming of
ultra-large size wide thin-walled hollow magnesium alloy
profiles[J]. The Chinese Journal of Nonferrous Metals, 2020,
30(12): 2809-2819.

(2] g, WAL B < I A A B Y FER P R SR A

3. EA 483, 2019, 29(9): 2050-2063.
LIU Ting-ting, PAN Fu-sheng. Development and application
of "solid solution strengthening and ductilizing" for
magnesium alloys[J]. The Chinese Journal of Nonferrous
Metals, 2019, 29(9): 2050-2063.

[3] ZHANG Jing-huai, LIU Shu-juan, WU Rui-zhi, et al. Recent
developments in high-strength Mg-RE-based alloys:
Focusing on Mg-Gd and Mg-Y systems[J]. Journal of
Magnesium and Alloys, 2018, 6(3): 277-291.

[4] TOCIL, REAE, R & R RS BT R A
FERT RS U S I, _EHERLR, 2019, 36(2): 1-8.
DING Wen-jiang, WU Guo-hua, LI Zhong-quan, et al.
Development of high-performance light-mass magnesium
alloys and applications in aerospace and aviation fields[J].
Aerospace Shanghai, 2019, 36(2): 1-8.

[S] HONG S G, PARK S H, CHONG S L. Role of {1012}

twinning characteristics in the deformation behavior of a



2542

T A e E SR

2022 £ 9 H

(6]

(7]

(8]

9]

[10]

(1]

[12]

[13]

polycrystalline magnesium alloy[J]. Acta Materialia, 2010,
58(18): 5873-5885.

MBI, TN, SR AZ31B B 4R 35 R AR A4
IIT[I). BUERIAR, 2016, 41(1): 61-66.

SUN De-he, WANG Li-wei, XIE Wen-ke. Simulation
analysis on thin sheet of magnesium alloy AZ31B in the
extrusion process[J]. Forging & Stamping Technology, 2016,
41(1): 61-66.

FIARZE, REWR . RS AZIL 64T H LB
i [J]. ARHAARHE AR, 2017, 38(1): 43-49.

HE Jie-jun, WU Lu-shu. Microstructure evolution
mechanism of extruded AZ31 magnesium alloy during
deformation[J]. Transactions of Materials and Heat
Treatment, 2017, 38(1): 43-49.

MA Li-na, YANG Yan, ZHOU Gang, et al. Effect of rolling
reduction and annealing process on microstructure and
corrosion behavior of LZ91 alloy sheet[J]. Transactions
of Nonferrous Metals Society of China, 2020, 30(7):
1816-1825.

LIU Di, LIU Zhu-yan, WANG Er-de. Evolution of twins and
texture and its effects on mechanical properties of AZ31
magnesium alloy sheets under different rolling process
parameters[J]. Transactions of Nonferrous Metals Society of
China, 2015, 25(11): 3585-3594.

GUO  Fei, ZHANG Ding-fei, YANG Xu-sheng.
Microstructure and texture evolution of AZ31 magnesium
alloy during large strain hot rolling[J]. Transactions of
Nonferrous Metals Society of China, 2015, 25(1): 14-21.
R, A, RRE, F L HRIE ZK60 B a4 21
FVERE B 20 HE (D). P EA B4R F W], 2014, 24(2):
310-316.

WU Yuan-zhi, YAN Hong-ge, ZHU Su-qin, et al.
Homogeneity of microstructure and mechanical properties of
ZK60 magnesium alloys fabricated by high strain rate
triaxial-forging[J]. The Chinese Journal of Nonferrous
Metals, 2014, 24(2): 310-316.

SRR, ARG, VNI, . 2 RGN AZA0 B A 2
SRy 5 1 B8 A S2 0 [J]. A4 R AL 312 4R, 2020, 41(9):
132-138.

ZHI Sheng-xing, YUAN Jia-wei, LI Xing-gang, et al. Effect
of multidirectional forging on microstructure and properties
of AZ40 magnesium alloy[J]. Transactions of Materials and
Heat Treatment, 2020, 41(9): 132-138.

SUTNTE, 503 4, R, 45 . ZK60 856 & b s B M H i
T PR TR S 2 2R RE[T]. A RT3, 2020, 34(2):
2072-2076.

GUO Li-li, YUAN Qing-ru, WANG Jian-qiang, et al. Finite

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

element simulation of extrusion process of ZK60 magnesium
hollow profile and its microstructure and properties[J].
Materials Reports, 2020, 34(2): 2072-2076.

M o, X ETE, oRAEAE, & R O AR UM B i R AUE
B BB ARALT]. HLbk TRE2EHE, 2010, 46(24): 34-39.
CHEN Hao, ZHAO Guo-qun, ZHANG Cun-sheng, et al.
Numerical simulation of extrusion process and die structure
optimization for a hollow aluminum profile with thin wall[J].
Journal of Mechanical Engineering, 2010, 46(24): 34-39.
NI, 2206 HR, FRBKR . AZ31 G & 07 8 57 R BB I 3
TEAEAN[T]. HLBE TREATEL, 2015, 39(10): 84-89, 94.

SUN Ying-di, LI Guang-zhen, CEHN Qiu-rong. Numerical
simulation of square tube extrusion for AZ31 magnesium
alloys[J]. Materials for Mechanical Engineering, 2015, 39(10):
84-89, 94.

WV, s G, B K, & . FE T Deform BB G i BE TS
FHEB AR5 0], BAE SN THEA, 2016, 44(10):
41-45.

LIN Tao, LIU Yun-teng, TANG Shou-qiu, et al. Design and
improvement of the extrusion die for the thin-walled square-
tube of Mg alloy based on Deform[J]. Light Alloy
Fabrication Technology, 2016, 44(10): 41-45.

AR, B . SR AN ZK60 B A 4 T5 B A I B R U
Foma[)). # R AR, 2016, 41(7): 46-50.

MA Jun, LIANG Sheng-long. Influence of welding line on
magnesium alloy ZK60 square tube in shunt extrusion[J].
Forging & Stamping Technology, 2016, 41(7): 46-50.
PES, AE B, Bk . KRR & SR i A M 1
PEAGESGEI]. 450 T, 2020(3): 58-61.

ZHU Zhi-rong, FU Jie-qiong, DENG Ru-rong. Improvement
for die structure of the large Al alloy flat tube[J]. Aluminium
Fabrication, 2020(3): 58-61.

KW RS BRI E SR L2 A (D] £K: &
KR, 2011.

ZHANG Jun-ping. Study on extrusion-shearing composite
deformation process of magnesium alloys[D]. Chongqing:
Chongqing University, 2011.

I fik, #0°:%, B30 . 5T DEFORM-3D X AZ31 644
RS SN A BT M (). EE TR, 2019,
26(3): 17-24.

MA Jian, GUO Xue-feng, YANG Wen-ming, et al. Finite
element analysis of uniformity deformation of reciprocating
extruded AZ31 magnesium alloy by DEFORM-3DI[J].
Journal of Plasticity Engineering, 2019, 26(3): 17-24.
ZRIRIL . ZK60 B BB A S IR B IR T JT L), B
EHAR, 2013, 38(6): 170-173.

LI Rong-bing. Numerical study of isothermal extrusion



332 BEE 9 H H

s PE-BIIE R s B S S M U

TR EL I R AROM 2 2543

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

process for ZK60 magnesium alloy thin-wall rectangular
tube[J]. Forging & Stamping Technology, 2013, 38(6):
170-173.

wEdl, T AR, &= OB, &L BRI A AZ3 1 BE A
SR RE M RZ R [T]. 4R AR BE 224, 2019, 40(12):
159-168.

FENG lJing-kai, ZHANG Ding-fei, YUAN Yuan, et al. Effect
of extrusion-shear angle on microstructure and properties of
AZ31 magnesium alloy[J]. Transactions of Materials and
Heat Treatment, 2019, 40(12): 159-168.
IRBEA, BRI, T4, 55 LaflCe
PR SE A ISR S N A AN
2021, 31(6): 1463-1474.

LE Tai-he, CHEN Meng-ru, WANG lJin-hui, et al. Effect of

TR RS AB44-
] P EE LR R,

La and Ce contents on microstructure, texture and
mechanical properties of extruded AE44-2magnesium
alloy[J]. The Chinese Journal of Nonferrous Metals, 2021,
31(6): 1463-1474.

XU Yan, HU Lian-xi, SUN Yu. Dynamic recrystallization
of as-cast AZ91D alloy[J].
Nonferrous Metals Society of China, 2014, 24(6): 1683-1689.
TERE R, FRANAN, T A0 . AZ31 B4 S0 4t 25 T AR A 4
FE 48 (RO ZH 2T ], Hh B A 4 8 42 4, 2020, 30(1):
48-59.

WANG Jian-qiang,

kinetics Transactions of

GUO Li-li, WANG Chang-feng.
Dislocation density model of AZ31 magnesium alloy and
microstructure prediction of thermal compression[J]. The
Chinese Journal of Nonferrous Metals, 2020, 30(1): 48-59.
DU Yu-zhou, LIU Dong-jie, GE Yan-feng, et al. Effects of
deformation parameters on microstructure and texture of Mg-
Zn-Ce alloy[J]. Transactions of Nonferrous Metals Society
of China, 2020, 30(10): 2658-2668.

RITHE, 5, kR, G5 BES S M LA T I 2
HLAILI]. P A 48 440, 2020, 30(7): 1574-1583.
SONG Guang-sheng, NIU Jia-wei, ZHANG Shi-hong, et al.
Twinning mechanism of magnesium alloy rod torsion[J].
The Chinese Journal of Nonferrous Metals, 2020, 30(7):
1574-1583.

WIAL%E . AT B & Bt B - BT U0 & & i &8 BOR W 5L (D]
HR: KK, 2010.

HU Hong-jun. Studies on a new composite preparation
technology of wrought magnesium alloy by extrusion-
shearings[D]. Chongqing: Chongqing University, 2010.
o, HEREE, U TR AZIIBEES S B R R
PERE 5 AR M ], P EA SR ), 2015, 25(2):
293-300.

WU Zhang-bin, GUI Liang-jin, FAN Zi-jie. Mechanical

[30]

[31]

[32]

[33]

(34]

[35]

[36]

properties and constitutive analysis of extruded AZ31B
magnesium alloy[J]. The Chinese Journal of Nonferrous
Metals, 2015, 25(2): 293-300.

TRIBSE, TR, AT . b AR el b i e A T
[T, P EA 4R 2R, 2015, 25(6): 1471-1479.

SU Juan-hua, ZHOU Tie-zhu, REN Feng-zhang, et al. High-
temperature tensile properties and fracture morphology
analysis of commercially pure titanium[J]. The Chinese
Journal of Nonferrous Metals, 2015, 25(6): 1471-1479.

5 E, 2 OB, B, . T4 R T6 # Ak FE S KUK Mg-
12Zn-2A1 65 4 2H AN e (2 W (1], o B A 646 s %
i, 2020, 30(10): 2322-2330.

ZHANG Yu, LI Ming, YANG Wen-long, et al. Effects of T4
and T6 heat treatment parameters on microstructure and
mechanical properties of Mg-12Zn-2A1 magnesium alloy[J].
The Chinese Journal of Nonferrous Metals, 2020, 30(10):
2322-2330.

AL, OB, 2 A, A BREES SE R ORIP RIS Y
R B 5 R[], 1 E A R R, 2021, 31(7):
1774-1785.

XU Shi-hao, WEN Lu, PENG Xiang, et al. Research status
and prospect of Mg-Li alloys melt protection and
purification[J]. The Chinese Journal of Nonferrous Metals,
2021, 31(7): 1774-1785.

M, FRGE, 7 B . PR AL A St Al
25 O TR, 2020, 12(5): 20-27.

ZHA Min, WANG Si-qing, FANG Yuan, et al. Advancement
with high

JE[J].

in research of rolled magnesium alloys
performance[J]. Journal of Netshape Forming Engineering,
2020, 12(5): 20-27.

SIAHSARANI A, FARAJI G. Processing and
characterization of AZ91 magnesium alloys via a novel
severe plastic deformation method: Hydrostatic cyclic
extrusion compression (HCEC)[J]. Transactions of Nonferrous
Metals Society of China, 2021, 31(5): 1303-1321.

BB, RIMEE, f9SL s, & SR e SRS - B M2 &
G T R BRI 5[], B A s E 1), 2018,
28(5): 923-930.

HU Zhong-ju, LIU Yan-feng, LU Li-wei, et al. Continuous
deformation technology and extrusion load calculation of Mg
alloys fabricated by direct extrusion and bending shear
deformation[J]. The Chinese Journal of Nonferrous Metals,
2018, 28(5): 923-930.

WANG Bo-ning, WANG Feng, WANG Zhi, et al
Fabrication of fine-grained, high strength and toughness Mg
alloy by extrusion-shearing process[J]. Transactions of

Nonferrous Metals Society of China, 2021, 31(3): 666—678.



2544

AT 8 R SR 2022 49 A

Physical field and microstructure of extrusion-shear thin-walled
hollow magnesium alloy profiles during forming

TIAN Ye!, HU Hong-jun', GAN Song-lin', ZHANG Ding-fei’, DAI Qing-wei®, OU Zhong-wen*

(1. School of Materials Science and Engineering, Chongqing University of Technology,
Chongging 400050, China;

2. School of Materials Science and Engineering, Chongqing University, Chongqing 400044, China;
3. School of Metallurgy and Materials, Chongqing University of Science and Technology,
Chongqing 401331, China;

4. School of Chemistry and Materials, Army Service College, Chongqing 401311, China)

Abstract: In order to study the feasibility and properties of magnesium alloy round tube extrusion forming thin-
walled hollow square tube, the round tube billet of AZ31 magnesium alloy was directly prepared into thin-walled
hollow square tube with thickness of 2 mm by extrusion-shear composite forming process in this paper. DEFORM-
3D software was used to simulate the forming load, extrusion speed and equivalent strain of the square tube
forming at different temperatures. The results show that the temperature has great influence on the distribution of
forming load, and the proper extrusion speed is beneficial to the formation of magnesium alloy square tube. The
thin-walled hollow square tubes can be directly fabricated by one-pass with extrusion-shear composite process,
and the grain size of square tubes can be effectively refined. At 400 C, the yield strength of square tube is about
230 MPa, the elongation is about 20%, and the fracture mode is quasi-cleavage fracture. And due to dynamic
recrystallization and large shear effect, the dispersion degree of basal plane texture of square tube is higher, the
strength is obviously weakened, and the comprehensive performance is obviously improved. The thin-walled
hollow square tube with good properties can be obtained by reducing the extrusion speed and increasing the
deformation temperature during the extrusion—shear composite forming process.

Key words: magnesium alloy; thin wall hollow profile forming; extrusion-shear; numerical simulation
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