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Superplasticity behavior of ZK60 alloy sheet prepared by
high strain rate rolling process
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Abstract: The superplastic deformation characteristics of the high strain rate rolling ZK60 magnesium alloys at
temperature ranging from 523 K to 673 K and at an initial strain rates ranging from 1X 107 s 'to 1X10" s' were
investigated. The results show that the maximum elongation to failure of 650% is obtained at 648 K and the strain rate of
1X 107 s "in the as-rolled ZK60 magnesium alloys and its strain rate sensitivity () is high up to 0.53. An excellent high
strain rate superplasticity with the elongation to failure of 584.5% is obtained at 623 K and the strain rate of 1X10 % s
and its strain rate sensitivity (m) is 0.47. The microstructure and theoretical analysis shows that, at temperature above 573
K, the dominant deformation mechanism in high strain rate superplasticity is grain boundary sliding (GBS), which was
studied systematically. The dislocation creep controlled by grain boundary diffusion was considered the main
accommodation mechanism, and high strain rate superplasticity was also accompanied by a certain degree of
inter-granular liquid phase aiding mechanism, which was observed.
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Table 1 Superplastic properties of ZK60 alloys processed

using different techniques

Processing d/pm  T/K éls! 0/%  Reference
ECAP 0.8 473 2X10* 1310 [6]
ECAE 1.4 473  1X10° 1083 [7]
ECAP 0.5 493 3X10* 2040 (8]

Extrusion 2 450 1X10° 220 [9]

RE 5 523 33X10* 270 10]
FSP 3598  1X10° 1800 11]

P/M 2.2 523
HRDSR 1-2 553
TMP 3.7 523

1X107° 1000 13]

[

[
1X107° 450 [12]

[

[14]

1.4X107* 1330

ECAE—Equal channel angular extrusion; RE—Reciprocating
extrusion; FSP — Friction stir processing; P/M — Powder

metallurgy.
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Fig. 1 Microstructure of ZK60 alloy after high strain rate

rolling process
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Fig. 2 Macrographs of ZK60 magnesium alloy before and

after tensile: (a) 1 X107 s™"; (b) 623 K
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Fig. 3 Typical true stress—true strain curves of ZK60 alloy in
superplastic deformation: (a) 1 X107 s™"; (b) 623 K
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Fig. 4 True stress—true strain curve of ZK60 alloy obtained

by strain rate jump test at 623 K
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Fig. 5 Relationship between true stress and strain rate of

ZK60 alloy by strain rate jump tests at various temperatures
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Table 2  Strain rate sensitivity m at various temperature

Temperature/K 523 573 598 623 648 673

m 036 041 044 047 053 0.57
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IR, MR, WIMNASHE R 1X107 s i)
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Fig. 6 Relationships among elongation-to-failure and strain

rate(a) and temperature(b) in superplastic deformation of ZK60

alloy
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Fig. 8 Microstructures in grip and gauge sections of ZK60 alloy tensiled to fracture at given strain rate of 1 X 10 s ' and different

temperatures: (a), (b) 573 K; (c), (d) 623 K; (e), (f) 673 K
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Fig. 9 Morphologies of fracture surfaces of ZK60 alloy after
obtaining best superplastic deformation with elongation to
failure of 650% at 648 K and 1 X107 s™
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Fig. 10 Fracture profile surface morphologies of ZK60 alloy
after best superplastic deformation at 648 K and 1X107 s
(a) Macroscope; (b) Microscope; (¢) Filament morphology
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Fig. 11 Element content of Zn detected at points 4, B, C, D, E
and F'in Fig. 10(c)

3 Zig

1) 1 B AR ELHIAN 5 ZK60 B A M 78 i
AN B B IAEB I B . 7 648 K NHJHA N
AR 1X107 s ISR IR R K 650%, I AR TH
HRIPUBPEFRE m 1y 0.53; 1F 623 K FAHIGA N AR R K
1X1072 s I, HKRIBH]T 584.5%, AR MUK
PEFEEL m K 0.47,

2) 1£523~673 K Z[a], 4ilin ZK60 B S A
AR TR UK SR A m (A IR T Enn e o, A
623 K. 648 K N #21T 0.5, HHB I FIEGGRE A 107
kJ/mol £ 4.

3) e AR R AL ZK60 5 4 AR AR
JE R ZMHLBIZE G IS R, Hoh e e
FEASTEHLE], Y PBLEA o S s e A7 4
WA, (Rl A B P AL

REFERENCES

(17 BReefE, feanss, BRse, 28, £88, B &M 864
M]. dbnt: 2 Tk R £, 2004: 1-100.

CHEN Zhen-hua, YAN Hong-ge, CHEN Ji-hua, QUAN Ya-jie,
WANG Hui-min, CHEN Ding. Magnesium alloy[M]. Beijing:
Chemical Industry Press, 2004: 1-100.

2] & ®H, B0, EHW, DIEE. RS ERUIIL. R

KNI, w4 23], 2003, 13(2): 277-288.
YU Kun, LI Wen-=xian, WANG Ri-chu, MA Zheng-qing.
Research, development and application of wrought magnesium
alloys[J]. The Chinese Journal of Nonferrous Metals, 2003,
13(2): 277-288.

[B1 & H, B, EHA. BEASREREHEIT. PEA S
4JE AR, 2005, 15(7): 1081-1086.

YU Kun, LI Wen-xian, WANG Ri-chu. Plastic deformation
mechanism of magnesium alloys[J]. The Chinese Journal of
Nonferrous Metals, 2005, 15(7): 1081-1086.

[4]  TOCI, B W, ROCHE, HEON. ARBEEE SIS SO
ALETI[I]. P EE 4 2440, 2011, 21(10): 2371-2381.
DING Wen-jiang, JIN Li, WU Wen-xiang, DONG lJie. Texture
and texture optimization of wrought Mg alloy[J]. The Chinese
Journal of Nonferrous Metals, 2011, 21(10): 2371-2381.

[51 BRI, xR, B &, ML B S AR L
B WHHUR SR 0], A )R A3, 2008, 18(2):
193-202.

CHEN Zhen-hua, LIU Jun-wei, CHEN Ding, YAN Hong-ge.
Deformation mechanisms, current status and development

direction of superplastic magnesium alloys[J]. The Chinese



524 %5 4 B

v, &

i AR AR L ZK 60 UM AT A

847

(6]

[11]

[13]

[14]

[16]

[17]

Journal of Nonferrous Metals, 2008, 18(2): 193-202.

FIGUEIREDO R B, LANGDON T G. The development of
superplastic ductilities and microstructural homogeneity in a
magnesium ZK60 alloy processed by ECAP[J].
Science and Engineering A, 2006, 430(1/2): 151—-156.
WATANABE H, MUKAI T, KOHZU M, TANABE S, HIGASHI

Materials

K. Low temperature superplasticity of a fine-grained ZK60
magnesium
extrusion[J]. Scripta Materialia, 2002, 46(12): 851-856.

LAPOVOK R, THOMSONP F, COTTAM R, ESTRIN Y.

alloy processed by equal-channel-angular

Processing routes leading to superplastic behaviour of

magnesium alloy ZK60[J]. Materials Science and Engineering A,
2005, 440/441: 390-393.

BUSSIBA A, BEN A A, SHTECHMANA, IFERGANS,
KUPIEC M. Grain refinement of AZ31 and ZK60 Mg alloys
towards superplasticity Materials Science and
Engineering A, 2001, 302: 56—62.

YANG Wen-peng, GUO Xue-feng, YANG Kai-jun. Low

studies[J].

temperature quasi-superplasticity of ZK60 alloy prepared by
reciprocating extrusion[J]. Transactions of Nonferrous Metals
Society of China, 2012, 22(1): 255-261.

XIEG M, LUO Z A, MAZ'Y, XUE P, WANG G D. Superplastic
behavior of friction stir processed ZK60 magnesium alloy[J].
Materials Transactions, 2011, 52(12): 2278-2281.

MABUCHI M, ASAHINA T, IWASAKI H, HIGASHI K.
Experimental investigation of superplastic behaviour in
magnesium alloys[J]. Materials Science and Technology, 1997,
13: 825-831.

KIM W J, KIM M J, WANG J Y. Superplastic behavior of a
fine-grained ZK60 magnesium alloy processed by high-ratio
differential speed rolling[J]. Materials Science and Engineering
A, 2009, 527: 322-327.

GALIYEV A, KAIBYSHEV R. Superplasticity in a magnesium
alloy subjected to isothermal rolling[J]. Scripta Materialia, 2004,
51:89-93.

ZHU S Q, YAN H G, CHEN J H, WU Y Z. Effect of twinning
and dynamic recrystallization on the high strain rate rolling
process[J]. Scripta Materialia, 2010, 63(10): 985—988.

YU ZH, YAN H G, CHEN S J, CHEN Z H, ZENG P L. Method
for welding Highly crack susceptible magnesium alloy ZK60[J].
Science and Technology of Welding and Joining, 2010, 15(5):
354-360.

R, BRAYERE. L AL A S ROR A o SE ).
FARF2E22R, 1995, 13(1): 103-107.

ZHAO De-wen, TIE Wei-lin. Method for accurate calculation of

rolling strain rate parameters[J]. Journal of Applied Sciences,

(18]

[19]

[20]

[21]

[22]

[24]

[25]

[26]

[27]

[29]

1995, 13(1): 103—-107.

SHERBY O D, WADSWORTH J. Superplastic-recent advances
and future direction[J]. Prog Mater Sci, 1989, 33: 169.

RV, &AL B R M. dbat: [E5 Tl A A,
1997: 34-104.

WU Shi-chun. Metallic superplastic deformation theory[M].
Beijing: National Defence Industry Press, 1997: 34—104.
FIGUEIREDO R B, LANGDON T G. Strategies for achieving
high strain rate superplasticity in magnesium alloys processed by
equal-channel angular pressing[J]. Scripta Materialia, 2009, 61:
84-87.

KIM W J, LEE B H, LEE J B, LEE M L, PARK Y B. Synthesis
of high-strain-rate superplastic magnesium alloy sheets using a
high-ratio differential
Materialia, 2010, 63: 772-775.

GALIYEV A, KAIBYSHEV R, GHOSH A K, BIELERT R. Low

speed rolling technique[J]. Scripta

temperature superplastic in a magnesium alloy[C]// Proceedings
of Superplasticity and Superplastic Forming Supplementary.
Warren-dale, PA: TMS, 1998: 20—29.

WATANABE H, MUKAI T, HIGASHI K. Superplasticity in a
ZK60 magnesium alloy at Low
Materialia, 1999, 40(4): 477-484.
WE Y H, WANG Q D, ZHU Y P, ZHOU H T, DING W J,

CHINO Y, MABUCHI M. Superplasticity and grain boundary

temperature[J]. Scripta

sliding in rolled AZ91 magnesium alloy at high strain rates[J].
Materials Science and Engineering A, 2003, 360: 107-115.
WATANABE H, MUKAI T, KOHZU M, TANABE S, HIGASHI
K. Low temperature superplasticity in a ZK60 magnesium
alloy[J]. Materials Transactions, JIM, 1999, 40(8): 809—814.
FATEMI-VARZANEH S M, ZAREI-HANZAKI A, BELADI H.
Dynamic recrystallization in AZ31 magnesium alloy[J].
Materials Science and Engineering A, 2007, 456: 52-57.
CHANDRA N. Constitutive behavior of superplastic materials[J].
International Journal of Non-Linear Mechanics, 2002, 37:
461-484.

TAN J C, TAN M J. Superplasticity and grain boundary sliding
characteristics in two stage deformation of Mg-3Al-1Zn alloy
sheet[J].
81-89.
FRLLL. Mg-Al-Zn B B WA IEAT AW D]. L L
AT, 2002: 82-84.

Materials Science and Engineering A, 2003, 339:

YU Yin-hong. Superplastic behaviors of Mg-Al-Zn magnesium
alloys[D].
82-84.

Shanghai: Shanghai Jiao Tong University, 2002:

(4mig  FTHBLD)



