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Fig.2 Schematic diagram of tensile specimen(a) and compression specimen(b) sizes (Unit: mm)
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Deformation 7/ 7/ ho/ vo/ - i
mode MPa MPa MPa st 9

Basal- (a) 20 50 250 0.001 1.4 0.7 100

Pri-(a) 75 115 250 0.001 14 0.7 100
Pyr-{a+c) 95 160 250 0.001 1.4 0.7 100
Ten-Twin 50 75 100 0.001 14 — 100
Com-Twin 120 155 450 0.001 14 - 100




2529 B 8 W

WiAKEE, . FET IR LA BRGSO B AT e SRS R 0 B

1667

EAFHE H 12, FI X AR A S HO AT HUE R,
FATATLAR BRI T 7 PR /- Az 2k, &
B FR I 2H 2 B AT 21 P SRR far el R 45 P 2 7 AR
ik 5ulie s R ILRWI & -

5 SLIGEER

51 HESHMFMERMETHERELTA

B 7 s b I Bk it IR 7 [l hr R 4 in
BRIV ARG A 28 . ELACIE Pt
K SR 2w AL, P A2 AT A &
XA 5 e it 2 BEAT LU M, W] DA HE S AR
AR MEAT N B BENZER, RWBEGEM L
FATNHA W RS AR ERE . WA ARG
FLPARTE BT N EER AR LS, Prid
R BN AR -2 . TR AR AR T R4 AT A 28
LRSS, BARKRYL, ERGTT0 R B, 2
WA FER AR T T, AR IT IR 2 PG
e, HERBAIMER, LRI —BERLKT 1
LBl B MRS ARG I, 2R B AR AL th B
Y8, ARAARIIEEE > BRI . BN I7KT
e, WRRRRIFESRESENZE, KHik, 245
A AR TEAAT AR I AT H B “S” sk, W
W, $AR 5 46 2 IR A AT D K 22 57 2 28 AR TEAL

(0001)

B8 HrEALEA S AZ31 ML )
Fig. 8 Pole figures of as-extruded AZ31 magnesium alloy™"!: (a) Simulated; (b) Measured

HE B DA & R o BRI, SRR FEH A L
il IR BR AR & < % 1 S R PR (1 B A

400

300

<
&
2 ,
3 20017
° Tension measured
E Tension predicted

100 o Compression measured

f Compression predicted
0 0.05 0.10 0.15 0.20 0.25
True strain

B 7 B AZ31 SRR S RGN 08— A e
WL R

Fig. 7 Comparison of simulation and experimental results for
loading direction stress—strain response of polycrystalline

AZ31 in uniaxial tension and compression

5.2 RMEHESERLS T

BAEF R RA BB E R4, B e #i71mh
ZHOLIEE T ED J7 m(FEI7H), i 8(a)fis.
K 8 1 ED. RD. TD 7 alfREH R GhZ) 771 42
JrAYIA T . i 8 Fian, 2 A B A 23

14
10

'(ioTbg



1668

hEA O RYR

2019 4 8 A

5 SCHRI4S T & (1 i AR SR B AR W) 45

Bl 9 B i al S BB AR AL R U IRAS T % dekiz
(1) ¢ Fld R BB R AR SRR SR A B
AL, #kTa 9 ¢ 37 m. MW 9 T LA
i, S MR A ) SRR RS ¢ Bl R R 43 3 LR
i HE H ED J7 Il (z Bil), SXAE 0 A0 75 G SEBR BT R
MR R A STt B9 T Geth 2 30 & obE 1) it 1%
A 25 [B) B[] 43 A

Bl 10 BT NEEA S et R BUTE IR 46 N4k T B
A2 53 IR F] 5.5%H1 10% ] & ek 1 B 7] 73 A7 R 1
F B R0001) 7 [ AL AT, BLK (1010) J7 [
. ME 10a) T UE H,  (0001)77 ] E AR
AT T B L A8 Ry e v ) G oA s
T (10 10) 77 17 D) B Bk A 5 30 A oo 1) RS L 409
Ao IXE A ) AR Ak 32 B DR D R A AR T 5 | S L 1) (1)

LE

S—wWANIO——
oo™

(@ TD

(0001)
RD

(o )

\

@mﬁ

N B

o
O—WAANAIO—r—
NS

(0001)
RD

(O]

(d) TD

(0001)
B 10 7E ED J5 ) AN R 46 5228 AU R a2 A ] 1491

TD

TD

0.07-0.01
Bl 9 &Rt SR AR A% AL B SoRL ¢ BT Al (L
BRI R %, #7 Sk RoR ¢ BT 1))
Fig. 9
microstructure model (Each sphere represents crystal nucleus,

Crystal nucleus position and c-axis of grains in

arrows represent c-axis)

l12
{ 11
5
= 6.0 Simulated
4.5
3.0
1.5
0
(1070)
RD
22
18
i Measured
10
6
2
(1010)
12
11
9.0
3 7.5
6.0 «;
45 Simulated
3.0
1.5
0
(1010)
RD
Measured

(1010)

Fig. 10 Simulated and measured pole ﬁgures[45] during compressive deformation in ED at different strains: (a), (b) 5.5%; (c), (d)

10%



2529 B 8 W

WiAKEE, . FET IR LA BRGSO B AT e SRS R 0 B 1669

KA BEREBIE R o SOl M SR IE 0L 45 SR 5 STk
(4510 B 25 IRV A . B 10(b) TR A &R
10%0 (8 1 B, 51 10(a) e, HEHR AR LIt
AR KRR EAE BT R 5.5%H0F, K5 i
R ZE AR T HE AR TE R, 35 T Rt — D 7R £ 22
SR 2 R B N SN o % I I i R k2
B F RN AR TR S BUNRINE R 2, H R )
FFELLEUN, RIESH BB UASIHE, X5
FIREAAT 1 53 W 45 SRAH — L

53 NA. MERFENTESMIEH SN

B 11 B A R4 TR 5.5% 0 In#k 77 ) b
Bi7] S33. RiAR 133 K2R dib R o H i A 18] 43 A 2 B o
M 11 ATLLE H, N 833 WAF L33 [ 28 ik %

a

Stress/MPa @
1.752% 10"
-1.565% 10"
-4.881X 10"
-8.198X 10!
-1.151%10°
-1.483 % 10°
-1.815X10°
-2.146 X 10
-2.478X 10
-2.810X 10?
-3.141 X 10
-3.473X10°
-3.805 X 10?

(b)

Strain

-2.706X 107
-1.548X107?
-2.826X1072
-4.104X1072
-5.382X1072
-6.660X 1072
-7.938X107?
4 -9.215X 1072
— -1.049% 10
4 -1.177X10"!
-1.305%x107"
-1.433X107!
-1.560X 107!

(©)
Volume fraction

1.000 X 10°

9.167X 107!
8.333X 107!
7.500< 107!
6.667X 107
5.833X107!
5.000% 107!
4.167%X 107
3.333X107"
2.500% 107!
1.667 X107
8.333 X102
6.411x107"

B 11 nEorm BRI T SR AR (] 53 AT = BN e Ad o)
e a5 A = 18l

Fig. 11
stress(a), loading direction strain(b) and volume fraction of

Spatial distribution contours of loading direction

twinning(c)

FE2 A AR 5] 7R 1), R4E R 1A%
1S B —-380~17 MPa, V¥R 1#£)°8-190 MPa. [
FI7BA W IE N A 3 5N S 7R A5 R S50 A, YIRS
P N FBAEAE B SR (S RIS BRRE, XA B EUR B4
BRI A IS ARIRE) f1 . 5N AR AL, 1E
Bl 11(b) B ARAE 2 [A] IR A0 A 2 AR AN 50, AR AR,
g 3 30 B A —0.2%~—15.6% . 5 80 F186 I3 Afi 0 N, 52
ity A RS AEE 2 R R P o T 11 (o) R 28 e Ak 23 B
(s 18 oA, AN SRR A, SRR 2R AR
TEA R AR AR AR KN 2 57 o B 11(c)PT LA
BE, AR RR DB O LA REIL 100%,
T e H — 307 SR 2R S AR A BOE A B 10%. X R I
TG AR N B SR 2 (2R AR AR TR AR AN 5], i s
e TEZE AR AN E], TR I 22 b P i b 45
MITEAS ST AR, X 2 AR ) Sk Re . Pl
L7 A= A TR Dbt 2 A 5 5 o R i

DA A S I G080 H 5 b R A 7 AR AR TE AL AS
AR R BRI/ . 5 A A S A
P AT RS M0 2 A2 AR AR T R RS BT 5 3, 24
IR RS LI SR S AN R 2 U 5E T 2 SR
ZEFAEE AL DL B 2 A AT M

54 BHRTS&RNA. ME. FROEE XY

PaLiil

P 12~14 Frons 73 5N ES A R v bR S5 T
AENLTT S AR AN AR B GEit R A B 12
ST T 0 4R 7 S33 B dl L RS AR AT
BHIR AR NEL 12 FATBLE Y, P& Z A TR
IRENELLGIR R, TR AE — 58 Tl N E R R A2 4K
AT X (VR i€ T Y A NN W T S A

350

300 |

250
200

150

100 |

Compression stress S33/MPa

i
(==}
T

0.02 0.03 0.04 0.05 0.06
Grain diamter/mm

B 12 RiAEJy 5.5%0 BT 1A (R ) S33 5 hki ELAR 5K &
K

Fig. 12 Relationship between calculated stress S33 in loading

0 0.01

direction for average strain of 5.5% and grain diameter



1670 A 05 R AR 2019 4 8 JJ
200 o is
° i
0g° =]
160F 0% °4 o £
ﬁ? °8 ° ° =)
0069, o° o0 g) ° ° o Z 0.6
g ° o% ° 000 g ° ° E o
2 120 Somar Do s
g °og>9°% % 8 ¢ o g
17 8,° ®o0 § & o ° S 04}
3 o ©® o000 o 3]
72} o 4 o 3
E 80 I %% ° o < =
o o ° [ ° ?E’
g ° g 0.2+ o
= a0t S
. . . . . . 0 0.01 0.02 0.03 0.04 0.05 0.06

0
20 30 40 50 60 70 80 90
Grain radius/um

Bl 13 SERUNTT oy B SRR AR AR AL
Fig. 13 Variation of oy, with grain radius at different
strains!*®!
RIRF GBRLIIRE 7353 A7 A3 58 4 — 2, WANG %54
KA =4 X SFRBORME T 1000 24> SR SE RN
715 EREAR IR R AT, W 13 B, S8 RN A AE
—EVEH ARSI A, B SRR A T U R
Bk Ao

B 14 B inagos 1A (4 42 133 Bl dik R
PRI AR I O R IE . I 14 FTLLE H, 57
IMAGAEL, I Z AR A TR R LIS &, T2
FE— VG Bl N AU AR A, 7R /N RS SRR AR 73
At EE R RUT AL A AR 7 A th BE A vp— 6 & 15 i
N RLAR SRS R BAR R R T 1S R LR
RS AR 2R AR B DRSS IO T R
FLRERMER AR, AR S A B R R AR A T AR
e, HARHIE L ELBARAL,  AARVE I £E 0.1~0.8 Z [Hl;
P A R AR — RS ¥ Bl 3 22 e R B A2
TR -

s o
— —_
(e [\
T T
o
[e)

=

(=]

oe]
T

Compression strain L33
o o
(e} [
E
T T

=

S

[\S]
T

0 0.01 0.02 0.03 0.04 0.05 0.06
Grain diamter/mm

El 14 InEosm A L33 5 R EEK R
Fig. 14 Relationship between calculated strain in loading

direction for average strain of 5.5% and grain diameter

Grain diamter/mm
B 15 dnkizR i S ek EAR R R
Fig. 15 Relationship between volume fraction of twinning in

each grain for average strain of 5.5% and grain diameter

P EXHEES R GE T BT B, ok RS X
T3 Wi e 2R A o B o A AN AEAE DD R R 2R
VLR D 18 4% 753 1 2R R AR TR AT B AEALLS
EIRBENG IR N ) NARE 2 A5 4 R R IR A
SURFE, (BAERMIRZE AT 5 @R R II R &R B S
W GAAFAE BRI ZE 5% T3 75 T P ] RBURE A
WHE I HE— P IR .

55 mANEASRAMEHNTEHRS. NE. FHE
R B R ERME 7 4
SE SRR R R ST AR TT 1) 55 00 8l 4 £
FRA T o B 16~18 43 S5 iR A v iy
L1 8 S 170 -5 i AR g+ AR AR it A AR
DGR R B 16 PR INETT A 48 /)

350 +

[+

[=¥)

=

@ 250 F

n

s

% 150 F

=}

R

5]

a2 50t

g

o

O o)
_50 1 1 1

0 40 80 120 160 200

Misorientation between grain boundary
plane normal and loading direction

Bl 16 S FEBIINETT A AR F) S33 55 & S ) 1 9% &
Fig. 16 Relationship between calculated stress in loading
direction for average strain of 5.5% and misorientation between

grain boundary plane normal and loading direction



2529 B 8 W

WiAKEE, . FET IR LA BRGSO B AT e SRS R 0 B 1671

0.14

S o o o o
o o o —_— —
N (o)} oo S [\
T T T T T

Compression strain L33

=

<=3

2
T

S

0 40 80 120 160 200

Misorientation between grain boundary
plane normal and loading direction

B 17 AR T 1R N3 L33 55 8 FUAL R A G
Fig. 17 Relationship between calculated strain in loading
direction for average strain of 5.5% and misorientation between

grain boundary plane normal and loading direction

< o e =
£ (o)} [ (=4
T T T T

<
[\
T

Volume fraction of twinning

S
T

0 40 80 120 160 200

Misorientation between grain boundary
plane normal and loading direction

B 18 5 SRR AR AR A B B AL ) A SR R
Fig. 18 Relationship between volume fraction of twinning in
each grain for average strain of 5.5% and misorientation

between grain boundary plane normal and loading direction

S33 A Mrk R K. IWE 16 ATELEH, 24
90°FH] s ST 7] 1 0 2R B2 JJ4E 125~260 MPa 2 [H] 43
i, ML) 20°88 160° & ST ] F KR N 77840 ZI7E
160~225 MPa Z [B] 5341, BEAN 53 A Y6 ] BRI T X
B, BERL 90°H dh FALal oty , W) AR A4 Bl Bl
st S [ £ 1] 7 i A2 A 17 AR /)N o

B 17 B RNy a R 4E AR L33 5 d i r
AR RE . IWE 17 FTELE L, BT i S ) A 6
NI R4 N AR AL 205 0.025~0.075, 34 K 46 v A8 A
0.055. 5 EARSL I3 A AL, AR 537 % i SR ]
FVAT RER A DR AN 23 A7 Y0 B S K 7 T X3

Bl 18 B NI 1] )28 i AR 4 405 it A 1)

IR A W 18 FTLAE Hh, FITAT i L 1] X o2
(28 A OB 0.2~0.7, FHIMELHN 05. 5
JSEAEFR) 3 AT AR AL, 25 i A7 B 7 A1 0 o8 S5 0 A1 38
ARG PRI BEAS 73 A7 ¥ ) IR LT TR X
1k

56 mAMASRFTEOTFAINS. HE. Falk
DEEIRERE DT

SE SCPR AR it R FRD ey A0 A P A AR ek B )
Z I L, MRAE RGO AT HPIAAT &AL AL B
Z[E) D i T o

6=min |cos™ {—tr(gAiBl )= 1} (36)

Bl 19~21 Pt g R AR b (o f o S A 5
A AT R AN ) 48 N AR R 2R S AR AR B 4t
THRAR. B 19 BN m 48 1 833 5 i
S /. IWE 19 ATLLEH, &S A1
0°~90°Z [FIAZ k., s T 71 6T 7 1) R 48 B 71 7 125~260
MPa Z [8] 534, BEA D ATEE R TT T . (HE4E R
IR A %o i FGTA PR R /N A H IR R A )

B 20 AT Ay i ST AR -5 038 77 190 7 48 AR 133
MR B 20 FTCAE H, BT i S0 6 B &
AENAELE 0.03~0.07 Z A28 4k, ~PIIRNAEH 0.055. 5
st ST I AR 3 A A H IR R, R
A AT ZILKTTTE .

B 21 BioR o dh S f 5 R ) 2 g AR AR 23 B
KA. WNE 21 TUEH, 5K 17 FI50045 R AL,
A il S Ff 0 L 1) 28 it A 23 BB A AE 0.02~0.08 22
4347, FRMEAN 0.50 2= S AAAR 43 Hi o0 A ot s A /1

350 |

<

=¥

2

@ 250 |

n

8

@» 150

=

R

(5

a 5S0r

=

o

o @]
_50 1 1 1 1 1

0 20 40 60 80 100
Grain boundary misorientation angle/(°)

B 19 S BN 7 BNy S33 55 T K A
Fig. 19 Relationship between calculated stress in loading
direction for average strain of 5.5% and grain boundary

misorientation angles



1672 hEA O RYR

2019 4 8 A

0.14 —

012} s SR L,
Py A A A A Ag N #&
= 0.10 | NN & 8 N
R= A IN A, £ A
g -V AmAA&? éAAM_\A £ AAQ
Z 0.08 - éM P %
.2
Z2 0.06 o
L
2 0.04 |
3

ARA
0.02 | &éA o2 Sa%hn %Aﬁﬁ Ai
O 1 1 1 1 1
0 20 40 60 80 100

Grain boundary misorientation angle/(°)
B 20 & FAENE T A FRAR L33 5 d S A 8 R
Fig. 20 Relationship between calculated strain in loading
direction for average strain of 5.5% and grain boundary

misorientation angles

1.0}

0.8

0.6

04r

02+

Volume fraction of twinning

AR @ﬁ%%“% o

0 -'Ji‘
o
&'o DDD Yo g @ E’C%BE%
1

0 20 40 60 80 100
Grain boundary misorientation angle/(°)

21 AT A B I B R 2R AR

Fig. 21 Relationship between volume fraction of twinning in

each grain for average strain of 5.5% and grain boundary

misorientation angles

BOARE IR, DR A 73 A1 i B 2 B AL 7 77
DX 45k o

LA LA T, BEXERDRT . B AR
GERSN S AR 2R AR B RIS R AT T
Gt REED BT D HTE R IIZAE R RENE BN T
NAAE R R A 104, FEGETT B S SRREs RIEA
WG, (BAEGH A 52 R B ik 2 B
WIS L R AEA T BT L -

6 SIS

HITHT 472 21 % SCRR S A SCHT TR AR AR 3 # 45 SR3R

B, MIABCrF B EEALRE , Dl R A
—ERE L L RES A RA t 2R A AR TR SR A AR ST
JINAREA . AR AR 2 S 2Rk
S St s Y S R R S el S EPNINECE S PN
WUAEAAT 95 SRR (KA SS SR 55 16 L) 5
IR, HE— PG TR B, A SRR AT 2
[l Z B DI G, X5 SCHR[12] A S 80 Ak 46 2L
FIA—E RN, AT WAL R L0t
JRF R L fe R BT, fae i B th £ R
TR 3 FEE R, AR R d AR
sy i N B £ S I8 2% it 7 B DRV R I A A
Fro ALE SIS N R R AL . ZRAE TR A
HHERR SRR U R, fEUEIEAE R ahE AR
SLLY A S A § T AR A o 8 T R DRt T AN
B EERE . Uk, ARd IR BGE RE R 2 AR
ENp A P =R SNV

RS mATR T, k. Bk, AR R R
GetAT, BERVBAS SRR KA, B A E
[0 NBL ERBEEIRE, Dy AR 2R AR R
HARRR A R A EA M. SR, T2 RIEA R E)
JIWUEIREIE, AEZRAETT im RS B b Bt 2R AR T 5
Ji BRI AR ELAR FH 5 SR 50K LA XE . Dy A
IS TR X 22 de A% R S ARk S A% AL AT
SRS AL ISR BE 77, 405 R SBOHE DA 28 it il 45
PR AEHEAT VORI MR B IO R s TR A RO AR ST = ) 7
ATHEAT T, BUERE GRS R R A —E.
RWRY IRk Z R B & & 2 MR T4
KIgES1, HARI ST K I S B ARy B R 53R
SIFAREZEAEARY SIS 5 R HRTE I RN . 4K,
2R AT T S 5D i D 1 R AE [ DL K R B
AN, SSRGS M A NG5 R 2 TR AF AR A 45
ARIRAR, PR TR E TR AZML S R I ST
ZIE) 5% AT — TR B A

7 Z5ip

1) SCH A S R AN A S TR I A i 8 4 3 B R i 4
TS EM BN EREAT Y, FFRET WAL AL T
WUBI R BE & < 12 PR RE R % 1) VRS

2) ST e 2 AT i 2 5, LR A
REANFINBE 3 BUE B 522 AR AN R 4L A 38 1
i

3) A eZ RMAMK A T E R AR5 R
Ar R R R A BE L PRI BhiE B, T A AT 5



2529 B 8 W

WiAKEE, . FET IR LA BRGSO B AT e SRS R 0 B

1673

L ) AR AR TR SR . N EE R BN

4) EEXFEARLRGT S R AR AR A R S R
AR AR AR BN G5 SR BEAT T GEit AT . 0T
LERRY, SRR I NN T AR
[ AN I S o Ak, ARG | S Ie s RE A &,
DR D 8 A A 30 2R A AR JEA ORI R ik 2 5 B
KGR

5) Giik MR, TG RS AR AR U SR Sy
A SIS L GAFAEAARFT G DL, Ui IR i A4
AR AL AT T IR 2, ek — ik
EZ AT X R WA 510 # T 3 £ g
R A AR SRS ARG AP A AR 5 A w5 e
HRTE A o

REFERENCES

[1] AGNEW S R, YOO M H, TOME C N. Application of
texture simulation to understanding mechanical behavior of
Mg and solid solution alloys containing Li or Y[J]. Acta
Mater, 2001, 49(20): 4277-4289.

[2] YOO M H, AGNEW S R, MORRIS J R, HO K M.
Non-basal slip systems in HCP metals and alloys: Source
mechanisms[J]. Mater Sci Eng, 2001, A319/321: 87-92.

[3] XIN Y C, WANG M Y, ZENG Z, NIE M G, LIU Q.
Strengthening and toughening of magnesium alloy by
(1012) extension twins[J]. Scripta Mater, 2012, 66(1):
25-28.

[4] LIUGD,XINRL,LIUFY,LIU Q. Twinning characteristic
in tension of magnesium alloys and its effect on mechanical
properties[J]. Materials and Design, 2016, 107: 503-510.

[5] ZHOU G W, JAINM K, WU PD, SHAOYC,LIDY,
PENG Y H. Experiment and crystal plasticity analysis on
plastic deformation of AZ31B Mg alloy sheet under
intermediate temperatures: How deformation mechanisms
evolve[J]. Int J Plast, 2016, 79: 19-47.

[6] =E% B % HETF, FuHE, £ 9, ke ik

BAZ3 B iR AR YE RS 5 ) RN P EA G
& J@AR, 2017, 27(1): 57-63.
WU Guo-hua, XIAO Han, ZHOU Hui-zi, WANG Rui-xue,
CHENG Ming, ZHANG Shi-hong. Anisotropy of warm-
temperature tensile properties of extruded AZ31 magnesium
alloy[J]. The Chinese Journal of Nonferrous Metals, 2017,
27(1): 57-63.

[71 PANDEY A, KABIRIAN F, HWANG J H, CHOI S H,
KHAN A S. Mechanical
mechanisms of an AZ31 Mg alloy sheet under dynamic and
simple shear deformations[J]. Int J Plast, 2015, 68: 111-131.

[8] DONG S, YU Q, JIANG Y Y, DONG J, WANG F H, L1 J,

responses and deformation

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

DING W J. Characteristic cyclic plastic deformation in ZK60
magnesium alloy[J]. Int J Plast, 2017, 91: 25-47.

PARK S H, HONG S G, LEE C S. Activation mode
{1012}
polycrystalline magnesium alloy[J]. Scr Mater, 2010, 62:
202-205.

GODET S, JIANG L, LUO A A, JONAS J J. Use of Schmid
factors to select extension twin variants
magnesium alloy tubes[J]. Scr Mater, 2006, 55: 1055—1058.
BARNETT M R, GHADERI A, QUINTA DA FONSECA J,

ROBSON 1] D. Influence of orientation on twin nucleation

dependent twinning  characteristics in a

in extruded

and growth at low strains in a magnesium alloy[J]. Acta
Mater, 2014, 80: 380-391.

BEYERLEIN 1 J, TOME C N. A probabilistic twin
nucleation model for HCP polycrystalline metals [J]. Proc R
Soc A Math Phys Eng Sci, 2010, 466: 2517-2544
KNEZEVIC M, BEYERLEIN I J, LOVATO M L, TOME C
N, RICHARDS A W, MCCABE R J. A strain-rate and
temperature dependent constitutive model for BCC metals
incorporating non-Schmid effects: Application to tantalum-
tungsten alloys[J]. Int J Plast, 2014, 62: 93—104.

JONAS J J, MU S, AL-SAMMAN T, GOTTSTEIN G,
JIANG L, MARTIN E. The role of strain accommodation
during the
magnesium[J]. Acta Mater, 2011, 59: 2046—2056.
KNEZEVIC M, CAPOLUNGO L, TOME C N,
LEBENSOHN R A, ALEXANDER D J, MIHAILA B,

variant selection of primary twins in

MCCABE R J. Anisotropic stress-strain response and
microstructure evolution of textured a-uranium[J]. Acta
Mater, 2012, 60: 702—715.

GHADERI A, BARNETT M R. Sensitivity of deformation
twinning to grain size in titanium and magnesium[J]. Acta
Mater, 2011, 59: 7824-7839.

YU Q, MISHRA R, MINOR A. The effect of size on the
deformation twinning behavior in hexagonal close-packed Ti
and Mg[J]. JOM, 2012, 64: 1235-1240.

ABDOLVAND H, DAYMOND M R. Multi-scale modeling
and experimental study of twin inception and propagation in
hexagonal close-packed materials using a crystal plasticity
finite element approach; part II: Local behavior[J]. J] Mech
Phys Solids, 2013, 61: 803—818.

KNEZEVIC M, LEVINSON A, HARRIS R, MISHRA R K,
DOHERTY R D, KALIDINDI S R. Deformation twinning in
AZ31: Influence on strain hardening[J]. Acta Mater, 2010, 58:
6230-6242.

NIEZGODA S R, KANJARLA A K, BEYERLEIN I J,
TOME C N. Stochastic modeling of twin nucleation in
polycrystals: An application in hexagonal close-packed
metals[J]. Int J Plast, 2014, 56: 119—138.



1674

hEA O RYR

2019 £ 8 H

(21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

[32]

FERNANDEZ A, JERUSALEM A, GUTIERREZ-
URRUTIA I, PEREZ-PRADO, M T. Three-dimensional
investigation of grain boundary-twin interactions in a Mg
AZ31 alloy by electron backscatter
continuum modeling[J]. Acta Mater, 2013, 61: 7679—7692.

MAREAU C, DAYMOND M R. Micromechanical modeling

diffraction and

of twinning in polycrystalline materials application to
magnesium[J]. Int J Plast, 2016, 85(3): 803—818.

JUAN P A, BERBENNI S, BARNETT M R, TOME C N,
CAPOLUNGO L. A double inclusion homogenization
scheme for polycrystals with hierarchal topologies:
application to twinning in Mg alloys[J]. Int J Plast, 2014, 60:
182-196.

MAREAU C, DAYMOND M R. Study of internal strain
evolution in Zircaloy-2 using polycrystalline models:
comparison between a rate-dependent and a rate-independent
formulation[J]. Acta Mater, 2010, 58: 3313—3325.
WARWICK J L W, JONES N G, RAHMAN K M, DYE D.
Lattice strain evolution during tensile and compressive
loading of CP Ti[J]. Acta Mater, 2012, 60: 6720—6731.

XI B L, FANG G, XU S W. Multiscale mechanical behavior
and microstructure evolution of extruded magnesium alloy
sheets: Experimental and crystal plasticity analysis[J].
Materials Characterization, 2018, 135: 115—123.

COGHE F, TIRRY W, RABET L, SCHRYVERS D, VAN
HOUTTE P. Importance of twinning in static and dynamic
compression of a Tie6Ale4V titanium alloy with an equiaxed
microstructure[J]. Mater Sci Eng A, 2012, 537: 1-10.
KNEZEVIC M, NIZOLEK T, ARDELJAN M, BEYERLEIN
I J, MARA N A, POLLOCK T M. Texture evolution in
two-phase Zr/Nb lamellar composites during accumulative
roll bonding[J]. Int J Plast, 2014, 57: 16—28.

ARDELJAN M, BEYERLEIN I J, MCWILLIAMS B A,
KNEZEVIC M. Strain rate and temperature sensitive
multi-level crystal plasticity model for large plastic
deformation behavior: Application to AZ31 magnesium
alloy[J]. Int J Plast, 2016, 83: 90—109.

KNEZEVIC M, MCCABE R J, LEBENSOHN R A, TOME
C N, LIU C, LOVATO M L, MIHAILA B. Integration of
self-consistent polycrystal plasticity with dislocation density
based hardening laws within an implicit finite element
framework: Application to low-symmetry metals[J]. J] Mech
Phys Solids, 2013, 61: 2034-2046.

KONDO R, TADANO Y, SHIZAWA K. A phase-field model
of twinning and detwinning coupled with dislocation-based
crystal plasticity for HCP metals[J]. Comput Mater Sci, 2014,
95: 672—683.

WANG H, WU P D, WANG J, TOME C N. A crystal

plasticity model for hexagonal close packed (HCP) crystals

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

(44]

[45]

including twinning and de-twinning mechanisms[J]. Int J
Plast, 2013, 49: 36-52.

QIAO H, AGNEW S R, WU P D. Modeling twinning and
detwinning behavior of Mg alloy ZK60A during monotonic
and cyclic loading[J]. Int J Plast, 2015, 65: 61-68.

BIELER T, WANG L, BEAUDOIN A, KENESEI P,
LIENERT U. In situ characterization of twin nucleation in
pure Ti using 3D-XRD[J]. Metall Mater Trans A, 2014, 45:
109-122.

JUAN P A, PRADALIER C, BERBENNI S, MCCABE R J,
TOME C N, CAPOLUNGO L. A statistical analysis of the
influence of microstructure and twin-twin junctions on twin
nucleation and twin growth in Zr[J]. Acta Mater, 2015, 95:
399-410.

CHENG J H, GHOSH S. Crystal plasticity finite element
modeling of discrete twin evolution in polycrystalline
magnesium[J]. J Mech Phys Solids, 2017, 99: 512—-538.
KALIDINDI S R. Incorporation of deformation twinning in
crystal plasticity models[J]. ] Mech Phys Solids, 1998, 46(2):
267-290.

HUTCHINSON J W. Bounds and self-consistent estimates
for creep of polycrystalline materials[J]. Proc Roy Soc Lond,
1976, A348: 101-127.

PAN J, RICE J R. Rate sensitively of plastic flow and
implications for yield surface vertices[J]. Int J Solids Struct,
1983, 19: 973-987.

LAN Yong-ting, ZHONG Xian-ci, QUAN Gao-feng, LIN
Ruo-cheng, ZHANG Ke-shi. Crystal anisotropy of AZ31
magnesium alloy under uniaxial tension and compression[J].
Transactions of Nonferrous Metals Society of China, 2015,
25:249-260.

STEINMANN P, STEIN E. On the numerical treatment and
analysis of finite deformation ductile single crystal
plasticity[J]. Comput Methods Appl Mech Engrg, 1996, 129:
235-254.

ZHANG K S, WU M S, FENG R. Simulation of
microplasticity-induced deformation in uniaxially strained
ceramics by 3-D Voronoi polycrystal modeling[J]. Int J Plast,
2005, 21: 801-834.

EEHE, BACF. AN ML dba: Bl AL,
1995: 120.

WANG Zi-qiang, DUAN Zhu-ping. Meso-mechanics of
plasticity[M]. Beijing: Science Press, 1995: 120.

HUGHES T J R, WINGET J. Finite rotation effects in
numerical integration of rate constitutive equations arising in
large-deformation analysis[J]. Int J Numer Meth Eng, 1980,
15: 1862-1867.

KABIRIAN F, KHAN A S, GNAUPEL-HERLOD T.

Visco-plastic modeling of mechanical responses and texture



H29 B8 M WiAKEE, . FET IR LA BRGSO B AT e SRS R 0 B

[46]

[47]

evolution in extruded AZ31 magnesium alloy for various [48] WANG J, BEYERLEIN I J, TOME C N. An atomic and

loading conditions[J]. Int J Plast, 2015, 68: 1-20. probabilistic perspective on twin nucleation in Mg[J]. Scr
WANG LY, HUANG Z H, WANG HM, MALDAR A, YI S Mater, 2010, 63(7): 741-746.

B, PARK J S, KENESEI P, LILLEODDEN E, ZENG X Q. [49] CHUN Y B, DAVIES C H J. Twinning-induced negative
Study of slip activity in a Mg-Y alloy by in situ high energy strain rate sensitivity in wrought Mg alloy AZ31[J]. Mater
X-ray diffraction microscopy and elastic viscoplastic Sci Eng A, 2011, 528(18): 5713-5722.

self-consistent modeling[J]. Acta Mater, 2018, 155: [50] PRAKASH D G L, DING R, MOAT R J, JONES 1,
138—152. WITHERS P J, FONSECA J Q D. Deformation twinning in
WANG J, HOAGLAND R G, HIRTH J P, CAPOLUNGO L, Ti-6A1-4V during low strain rate deformation to moderate
BEYERLEIN I J, TOME C N. Nucleation of a (1-012) twin strains at room temperature[J]. Mater Sci Eng A, 2010,
in hexagonal close-packed crystals[J]. Scr Mater, 2009, 61(9): 527(21/22): 5734-5744.

903-906.

Constitutive model based on slip and twinning of
AZ31 Mg alloy and analysis of microstructural relatedness

LAN Yong-ting', CHEN Yuan®, REN Yi-fang’, ZHANG Ke-shi*, WANG Shuai’

(1. School of Vocational and Technical Education, Guangxi University of Science and Technology,
Liuzhou 545006, China;
2. School of Mechanical Engineering, Guangxi University of Science and Technology, Liuzhou 545006, China;
3. School of Mechanical Engineering, Guangxi University, Nanning 530004, China;
4. College of Civil Engineering and Architecture, Guangxi University, Nanning 530004, China)

Abstract: In order to discover the relationship between the twinning deformation and microstructure in Mg alloy,
describing twinning by pseudo-slip mode, the crystal plastic constitutive relation including slipping and twinning was
established. And the Newton-Raphson iteration method was developed with the shear strain rate directly as the basic
variables of iteration. The deformation behaviors of extruded Mg alloy loaded by uniaxial tension and compression along
the extrusion direction were simulated using the finite element model of polycrystal based on voxel algorithm. The
simulation results show that the macroscopic hardening behaviors predicted using the proposed model are in good
agreement with the experimental results, and there are the same evolutions of polycrystalline texture during testing and
simulating for Mg alloy. The statistical analyses of principal physical variables show that the proposed constitutive model
is available to demonstrate the inhomogeneous characteristic of spatial distribution of stress-strain, the fraction of
twinning in polycrystal, but there is a short age of the explicit relatedness of the volume fraction of twinning with respect
to grain size, the misorientation between grain boundary plane normal and loading direction, the grain boundary
misorientation angles in polycrystal, respectively. It is shown that the inhomogeneous state of unique stress resulted from
the inhomogeneity of microstructure is not the reason for the strong relatedness between twinning deformation and
microstructure.

Key words: magnesium alloy; twinning deformation; microstructure; plastic constitutive model; texture
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