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Table 1 Corresponding relationship between order parameters

and Euler angles in crystal coordinate system

Order parameter, 77, @1/(°) D/(°) 92/(°)
" 0 0 0
" 10 5 10
" 20 10 20
s 340 170 340
6 350 175 350
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Table 2 Values of model parameters at different temperatures
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Fig. 1 Simulated results of grain growth in AZ31 alloy with and without applied stresses for different time at 400 C: (a), (b), (c)

Stress-free; (d), (e), (f) 400 MPa
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Fig. 2 Average grain size of AZ31 magnesium alloy by
simulation as function of annealing time under different values
of applied stress at 400 ‘C
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Fig. 3 Grain size distributions of AZ31 magnesium alloy grown for 100 min at 673 K under different applied stress: (a) Stress-free;

(b) 200 MPa; (c) 600 MPa; (d) 1200 MPa
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Fig. 4 Simulated grain growth in AZ31 alloy with and without
applied stress for comparison with experiments at 350 “C>20
(Curves 1, 2, and 3 are simulations in nucleation rate of equal
to 0.010 and the growth rates are different by fitting the
simulation data to Eqn.(12); Curves 2 and 3 become curves 4
and 5, respectively, if nucleation rate is varied accordingly)
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Fig. 5 Simulated texture of AZ31 alloy before and after annealing at 400 C for 100 min with and without applied stress: (a) Initial

texture; (b) After annealing with stress-free; (c) After annealing under 600 MPa applied stress; (d) EBSD experiment texture

corresponding to AZ31 samples dynamically loaded at 250 ‘C in compression along the normal direction to strains of 0.17%%;

(e) Direction of applied stress
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Fig. 6 Texture evolution upon grain growth in AZ31 alloy
with and without applied stress: (a) Without applied stress;
(b) 600 MPa applied stress

=it

w

1) LT MRS R AZ31 Bea A
et AR R R R R A ORI U 35 A 1) — 2 A 3 15

R RS i SCAN TR H ) ks BTG . (R I E R R, TH
R Y S AN RV R A I AR LA R
S SERAT T e, AR 5 S g 45 )
H R

2) BEAUBFFORIN, AR 7 IR R 0o I ok
Ko AN FIKT 600 MPa i, 43 & A ffokr 1) 7 K
Ko

3) BRI, M4 T KT 400 MPa I, 7E
mn RO I R, AN ) A AZ31T BEAE e
(0001) & [n) AT T4 77 1) IR RS 2R

REFERENCES

(11 X PR BEA AR TE LT O RE[T]. 4 244, 2010,
46(11): 1458—1472.

LIU Qing. Research progress on plastic deformation mechanism
of Mg alloys[J]. Acta Metallurgica Sinica, 2010, 46(11):
1458-1472.

[2] AGNEW S R, DUYGULU O. Plastic anisotropy and the role of
non-basal slip in magnesium alloy AZ31B[J]. International
Journal Of Plasticity, 2005, 21(6): 1161-1193.

[3] ZHANG J, JOSHI S P. Phenomenological crystal plasticity
modeling and detailed micromechanical investigations of pure
magnesium([J]. Journal of The Mechanics and Physics of Solids,
2012, 60(5): 945-972.

[41  HACE, 8. SR SR AZ3 1B A AR RO P fE
fsZmap]. b EA B E AR, 2012, 22(9): 2424-2429.

HU Shui-ping, WANG Zhe. Effects of texture and grain size on
press formability of AZ31 magnesium alloy sheets[J]. The
Chinese Joumal of Nonferrous Metals, 2012, 22(9): 2424-2429.

[5] KIM W J, LEE Y G High-strength Mg-Al-Ca alloy with
ultrafine grain size sensitive to strain rate[J]. Materials Science
and Engineering A, 2011, 528(4/5): 2062—2066.

[6] KOUADRI-HENNI A, BARRALLIER L. Mechanical properties,
microstructure and crystallographic texture of magnesium
AZ91-D alloy welded by friction stir welding (FSW)[J].
Metallurgical and Materials Transactions A, 2014, 45(11):
4983-4996.

[77 SUWAS S, RAY R K, Crystallographic texture of materials[M].
London: Springer, 2014: 128—133.

81 X Mg, % & VR, KO, AL, AZ31 BREEE

245 1 T v ORI AT U PR AR D] A (0 4 e SR A
2012, 22(8): 2141-2147.
LIU Xiao, LOU Yan, LI Luo-xing, ZHU Bi-wu, HE Feng-yi.
Grain orientation and texture evolution of AZ31 magnesium
alloy during hot compression[J]. The Chinese Joumal of
Nonferrous Metals, 2012, 22(8): 2141-2147.

O] JEFEZE, k%R, JUBERE, ZFA0K, ZHL. AZ31 A S
K LTy 22 PERE RS2 R (). b AT (i 24, 2010, 20(3):



1090

hEA SR R

2018 4F 6 A

[10]

[11]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

371-377.

TANG Wei-qin, ZHANG Shao-rui, FAN Xiao-hui, LI Da-yong,
PENG Ying-hong. Texture and its effect on mechanical
properties of AZ31 magnesium alloy[J]. The Chinese Joumal of
Nonferrous Metals, 2010, 20(3): 371-377.

WEN Y H, WANG Y Z, CHEN L Q. Influence of an applied
strain field on microstructural evolution during the o, —
O-phase transformation in Ti-Al-Nb system[J]. Acta Materialia,
2001, 49(1): 13-20.

GUO W, STEINBACH I, SOMSEN C, EGGELER G. On the
effect of superimposed external stresses on the nucleation and
growth of NisTi; particles: A parametric phase field study[J].
Acta Materialia, 2011, 59(8): 3287—-3296.

KIM D U, CHA P R, KIM S G, KIM W T, CHO J, HAN H-N,
LEE H-J, KIM J. Effect of micro-elasticity on grain growth and
texture evolution: A phase field grain growth simulation[J].
Computational Materials Science, 2012, 56: 58—68.

DARVISHI KAMACHALIR, KIM S J, STEINBACH I. Texture
evolution in deformed AZ31 magnesium sheets: Experiments
and phase-field study[J]. Computational Materials Science, 2015,
104: 193-199.

LU Yan-Li, ZHANG Liu-Chao, ZHOU Ying-Ying, CHEN Zheng.
Phase-field study of the second phase particle effect on texture
evolution of polycrystalline material[J]. Chinese Physics B, 2014,
23(6): 639—643.

BHATTACHARYYA B, HEO T W, CHANG K, CHEN L Q. A
phase-field model of stress effect on grain boundary migration[J].
Modelling and Simulation in Materials Science and Engineering,
2011, 19(3): 035002.

EUE, B, £ WL MR AZ31 A A A
FAOR[]. o EA 48 2R, 2009, 19(9): 1555-1562.
WANG Ming-tao, ZONG Ya-ping, WANG Gang. Simulation of
grain growth of AZ31Mg alloy during recrystallization by phase
field model[J]. The Chinese Joumal of Nonferrous Metals, 2009,
19(9): 1555—-1562.

HE Ri, WANG Ming-tao, ZHANG Xiang-gang, ZONG Ya-ping.
Influence of second-phase particles on grain growth in AZ31
magnesium alloy during equal channel angular pressing by phase
field simulation[J]. Modelling and Simulation in Materials
Science and Engineering, 2016, 24(5): 055017.

WU Yan, ZONG Ya-ping, ZHANG Xiang-gang, WANG
Ming-tao. Grain growth in multiple scales of polycrystalline
AZ31 magnesium alloy by phase-field simulation[J].
Metallurgical and Materials Transactions A, 2012, 44(3):
1599-1610.

WANG Ming-tao, ZONG Ya-ping, Wang Gang. Grain growth in
AZ31 Mg alloy during recrystallization at different temperatures

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

(29]

by phase field simulation[J]. Computational Materials Science,
2009, 45(2): 217-222.

TRAEN, I, EWVE, & R KR AT AR
FH ek BRI T]. ByPE2E4R, 2011, 60(6): 755-763.
ZHANG Xiang-gang, ZONG Ya-ping, WANG Ming-tao, WU
Yan. A physical model to express grain boundaries in grain
growth simulation by phase-field method[J]. Acta Physica Sinica,
2011, 60(6): 755-763.

F ST, RIENL 49K AZ31 B S R AL
HIAHSHFERRITT[T]. &R, 2013, 49(7): 789-796.

WU Yan, ZONG Ya-ping, ZHANG Xiang-gang, Microstructure
evolution of nanocrys-talline AZ31 magnesium alloy by phase
field simulation[J]. 2013, 49(7): 789—796.

KHACHATURYAN A G. Theory of structure transformation in
solids[J]. New York: John Wiley & Sons, 1983, 198-212.
GANESHAN S, SHANG S L, WANG Y, LIU Z K. Effect of
alloying elements on the elastic properties of Mg from
first-principles calculations[J]. Acta Materialia, 2009, 57(13):
3876—3884.
CHEN L Q, SHEN J. Applications of semi-implicit
Fourier-spectral method to phase field equations[J]. Computer
Physics Communications, 1998, 108(2): 147—-158.

MG, s, W, O, AZ31B B SRR KT
SRR RO BT S )]. A< LEOR, 2004, 32(2):
22-25.

LIU Rao-chuan, WANG Ling-yun, GU Lei-gang, HUANG
Guang-sheng. Study on annealing technique for wrought
magnesium alloy plate and modeling research on the changing
law of its grain size[J]. Forming Technology of Light Metals,
2004, 32(2): 22-25.

ZHANG X P, CASTAGNE S, LUO X F, GU C F. Effects of
extrusion ratio on the ratcheting behavior of extruded AZ31B
magnesium alloy under asymmetrical uniaxial cyclic loading[J].
Materials Science and Engineering A, 2011, 528(3): 838—845.
JOHNSON W A, MEHL R F. Reaction kinetics in processes of
nucleation and growth (Reprinted from transactions of the
American Institute of Mining & Metallurgical Engineers, vol
135, pg 416, 1939)[J]. Metallurgical & Materials Transactions A,
2010, 41(11): 2713-2775.

SAINTOYANT L, LEGRAS L, BR CHET Y. Effect of an
applied stress on the recrystallization mechanisms of a zirconium
alloy[J]. Scripta Materialia, 2011, 64(5): 418—421.

DUDAMELL N V, ULACIA I, G LVEZ F, YI S, BOHLEN 1J,
LETZIG D, HURTADO I, P REZ-PRADO M T. Influence of
texture on the recrystallization mechanisms in an AZ31 Mg sheet
alloy at dynamic rates[J]. Materials Science and Engineering A,

2012, 532: 528-535.



55 28 425 6 U] il L S AN AZ31 B G AR ORI L WA R AH 7 540 1091

Effect of applied stress on grain growth and texture in
AZ31 magnesium alloy by phase-field simulation

HE Ri, WANG Ming-tao, JIN Jian-feng, ZONG Ya-ping

(Key Laboratory for Anisotropy and Texture of Materials, Ministry of Education,
School of Materials and Engineering, Northeastern University, Shenyang 110089, China)

Abstract: A 3D phase-field model was established to investigate the effect of applied stress on grain growth and texture
evolution in AZ31 magnesium alloy at elevated temperatures. The order parameters were given a physical meaning of
lattice orientation of grains represented by three angles in spatial coordinates. The stiffness tensor for different grains was
suggested different because of elastic anisotropy of the magnesium lattice by transforming the standard stiffness tensor
with different degrees of the (0001) plane angle with respect to the direction of applied stress so that different grains
contributed different amounts of work under applied stress. The results reveal that the simulation results are explained
using the limited existing experimental data, and the texture results are in good agreement with the experimental
observation. The grain-growth rate increases with the applied stress, which may lead to abnormal grain growth when the
stress is greater than 600 MPa. Moreover, the applied stress will also result in an intensive texture of the (0001) axis
parallel to the direction of compressive stress when the applied stress is greater than 400 MPa.

Key words: magnesium alloy; phase-field simulation; applied stress; grain growth; texture
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