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Fig. 1 True stress—strain curves of AZ91D alloy at different strain rates and temperatures: (a) 200 C; (b) 250 C;

(¢) 300 C; (d) 350 C
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Fig. 2 Working hardening rate curves under strain rates: (a) 0.001 s™'; (b) 0.01s™';(c) 0.1s™"; (d) 1 s



E3EE S W Metmak, 25 AZ91D BEG 4 BB EAT F R AR L I FE 7 45 i A OB 1293
70 _(a) 105 F(b)
350 C \J 350 C
6ol 90}
75}
® 50 s o
s
T 2ol U300 T roasr
30+ .
20} 300 °C \/ 200 °C
250 C \/200 °C\/ 15¢ 550 ﬂc\%/
10+
1 1 1 1 1 O 1 L L 1 1 1 1
40 60 80 100 120 60 75 90 105 120 135 150
o/MPa o/MPa
(©) 21+
20F 350 °C .
350 °C
200 °C 18+
15}
15}
§ 10 S 250 °C
D I o . S 12}
© 300 C 250 °C < 300 C
5t ot 200 C
6 L
0 L
1 1 1 1 1 1 3 1 L 1 1 1 L
60 80 100 120 140 160 180 80 100 120 140 160 180 200
o/MPa o/MPa
B3 REKMET 60/60 5 o6 Z 2k

Fig.3 Relationship between 00/0c and ¢ under different conditions: (a) 0.001 s™'; (b) 0.01s™; () 0.1s7'; (d) 1 5!

Ing,

&4

2.4

Ing

In(Z/4)

Ing,

B AR 5 In(Z/4) 2 7] 5% %

In(Z/4)

Fig. 4 Relationships between typical strains and In(Z/4): (a) Ine_~In(Z/4); (b) Ine ~In(Z/4); (c) Ing, s~In(Z/4)



1294 T A e E SR

2022 45 H

PG AR, TSR R AR R AN
£,=0.0661(Z/4)" %
g,=0.1126(Z/4)"" (6)
€05 =0.0453(Z/4)""!
A H: Z N Zener-Hollomon Z#(; A AL T ¢,
NI FRIAS s 6,58 50% P45 f R AR o
VAR T I R R, A 1 B R n B — e R
B, HR TG FERASI), Zhas 4k i A TR X
JE A6 AL s TR TEAZ AR R o MR SR A8 1) i 7 7 A%
E AT, I 5 R AR b5 WA R AR 3 2R 1 LU G &R
FIEK N e,=0.3956,. BN P45 i AT 2 BT AR
VAR
X,=1-exp{ —k[(e—e,)eos 1"} (7)
A X, NE S mEBDEG b m MR
WAL
MPLUR A A G, WM TR, B
PAAT DA 3t 30 B 7 238 2 (8) 2K Tl I 2 7 P 45 it 1
R4
Xy=(o,—0)(o,~0,) (8)
Xof 2 (7)HEAT B 1) Kb 38 I oF 5 12 [ B B SR
CIECY
In[-In(1 -X)]=Ink+mln[(e—¢,)ey5] 9)
(9 AT 41, In[-In(1 = X,)] Al In[(e — &, Veys ]
LR RAMEAmE, B nk. EBISHRN
In[—In(1 - X,)] Ml In[(e— &, )e, s 1 HI % 5, AR 4G T 25
()AL AR FE 7] LAS 31 AZ91D BE & & 8h A 45 i
W HFRIE AR

1.2

o
)

0.4r

In[~In(1 - X,,)]

2.I4 218 3i2 3.I6 4.0
In[(e-¢&,)/ 5]

ES5 In[-In(1-X )] In[(e—e, e, s 1K R HIZE

Fig. 5 Relationship between In[-In(l-X,)] and

In[(e—¢,)/e,ys]

0.98869
x;::1—exp{-006726[(g—gcyau] } (10)

2 AERALFIEIEBUERN

¥:F DEFORM10.0 ] “IkFEFF RV 4, %
A T4 TR A 77 #Ei8 1E FORTRAN F2/715
S IR R AZ91D B S FL T FE O 4 25
WFFE T 5L S B0 AZ91D 85 A S ik 5L i 7 v
ATEIX N B AS P45 i AR AR o B e e R . BE A
& BAREATRRNE, SR 4 A2 ) 8 AR T
1T AR BERZENP, Mg AR TR RE &
FEAR R PIRA R GG N PR 1 T 2SR b, 4L
)3k 2 R 73 S PR AR TR X 380 = ) i B IR AS R
BRI AR, AR AELEAT A N A
P o RELASTE b R 2 VB I AR T 5 U8 B A AR B 1
IR, AR AR TR Jk R e A 9 AR T ) R B A A
F BN IR -
—— e
dri=1|AV|
W G AMRIBERIRBIN /), Pas & NBERS AR IH
s NARTERERAL 52 41(0.85~0.95); T A EEHE
BYR 73, Pas Av NFERfRIE _EARXHE SEEE, m/s.

PAERELHIE R R A FE v, FLARIL R 2%
PEEEZERES . BRI AR LIRS LA 2 18]
(R il H . THE A REE S 208 0.07, BN
B ZH0N 11 W/(m? - K, #5815 5L A% 22 1Al 34
MUHI S A, Hefb A RBCZIRE . REHREE . 4Ll
Hl R 7T MRS A 2 I e, (E PR AR
AR BB L ) B3GR GO, R e
A H (W/(m® - K) 5 5L & 77 p,(MPa) 1] K
/2%\[30]%:
Hy=0.1133p, +28.92476 (12)

THEH AZIID & & RS ECAI TR %
N 1820 kg/m®, JHFAEL N 0.35, K RN
2.6x10°K™", SHABNT2 W/(m-K), ELHEN
1.9 kl/(kg-K), ZEYEMIhIGFALE 7 H0.9, FEEIE
e N B V) BERE, PEHERTHL0.3. FLERERA
300 mm, HRMHHE 350 mm.

LR TSR E R AR . BT
TERBAUSLIS SHEE N, N 2R i BRI B
AR ) ARG I SEI 1B LR TR T 3, B

(11)



3255 5 W MEFta, 4%

AZI1D B G HIPIEAT Jy B AR EL R AR P 45 L AL

1295

T DRAH T 26 2F T BUEAIE AU Sl T oL it
P SUEE B, TR B 4 9 R 2 N 200
250 300, 350 'C, #FLAFREREN20C, K FHE
BN 10% 20%- 30%. 40%, LN 0.01.
0.05. 0.1, 0.5 m/s, FIGHELAFEEE 5 38 4. 8.
12, 16 mm. 238 AU, 5L B2 8 0.01 m/s,
KRN RLIH 67%, HRITLE 7 5 E N 250+ 300
350 C, F—ERELATHELHREE R E NS H
THIAH R o AR ALt R 2 UL T 255056
WEH 55 AZ9ID B A S RM W46 JE FE 218 8 mm.
L seae T, R L UIEIN AR PI#] B 100 mmx
60 mm FLAAFE, FLH1H % E 8 0.01 m/s, FRTH
IREEN350 'C, FLATRAFEI#E]350 °C, Ja44L
FIE RIS R K, B = IE KL, B E R
29N 67%, Ll EH IR TERAH. FH
DMI5000M kK 4= H 2 {51 B A0 WA 7t om 21
21, JERR N S g EIRTR+80 mL L BE+10 mL VK 4
FR-+10 mL 2% 13 /K C 1] T S FR) VR 5 VR o

2.1 BRERELHIBER

ANV FTHI T FE T 5 4 Bl 4 P 4 e (AR AR o B3R 1
WE6fin. HiLhlEE 0.0l m/s, K TFERN
40%, WIUEHE N 4 mm. 7E 5 T iR EE N 200 CHY
T, BmTHMRER, MHEITERE, FIH
RIS T R, RARAEHESISHES M. 45
TR 22 250 Cy, HARAESSHELE S, 3
BTG SR KT B2 60.4%. BB 56 IR B

Volume fraction of
dynamic recrystallizat

BT, NAFL SR EIE M, B3 InES
WS, 2T N ARFL R, B R T I E A 350 C
W, ZAEEE IR, RIS TLE AR
2 81.8%. I HLHI T 1A o, A I 3 2] H 1
Uiy, SRS IZETIG N, A A AR R
Wi, WA SRR ORI K. SR T
F] b, JETE XA R I A B4 AR AR 2 Hms = T
O, T R X AH o

AN TRV FL S BE T i M B 78 T4 e AR o B Ak
WE 7R, HPRmER~EN350 C, EFRN
40%, WHEWE N4 mm. B 7ATUIE L, BEEEL
TR 3G N, ShASEES AR s N, &
KBNS F 25 SRR BB AT A 81.8%~85.3%
ZeL ) 3 3 ok 3l S 4 AR AR 40 B /N R i
59, JRRGFERA T : — 7, BEE FLE]
I, FLAR M R E AR IS SR A RS 55—
T, BEAFLHIEER N, NAREER I, ANA
B, ELAPRE A SR A7 48 1 GE R ™ B, ZhAS &S
W SIER, WA EEZ . NASFGRE T SR 5
RAFEE I, 130 P4 AR B FL )
77 1) AN 1 3 1) 1 ity 120 9T 389 1 38 58 384 m 51 k2
(il 2 73 A AN T BUR LT 0] BRSNS P45 R AR
G ET A AN

AR 28T i M A4S T 45 e AR AR o B8 Ak an
Bl 8 AT/~ o o i THI R B2 4 350 °C, HLIE B R
0.1 m/s, WIEWE N4 mm. HEI8TAT%EI, FEEET
RN, AE T G L B0 A A H 3

Volume fraction of

ion dynamic recrystallization

(a) 0 (b) 0.604 I
0.528
0.453

0.377 I
0.151

0.0755 I
0 0

Volume fraction of Volume fraction of
dynamic recrystallization dynamic recrystallization

(©) 0.724 (d) 0.818

0.633 l 0.716 l
0.543 0.614

0.452 I 0.511 I
0.205

0.181
0.0905 I
0

6 A [FIFRITR L N A Sh A F s S AR KL

Fig. 6 Volume fraction of dynamic recrystallization of strips at
(d) 350 C

0.102
0

different roll temperatures: (a) 200 ‘C; (b) 250 ‘C; (c) 300 C;



1296 T A e E SR

2022 45 H

Volume fraction of
dynamic recrystallization

(b) 0.828 I

0.818
@ 0.716 0
0.614
0511

0.205
0.102 I

0

Volume fraction of
dynamic recrystallization

(C) 0.834 l

0.730

0.626
0.521 g

0.208
0.104 I
0

7 AR A sh A F A AR 7 5L

- oy T

Volume fraction of
dynamic recrystallization

0.725
0.621
0.517 i

Y ]|

0.207

0.104I
0

Volume fraction of
dynamic recrystallization

(d) 0.853 I

0.748
0.640
0.533 i

e
0.213
0.107I

0

Fig. 7 Volume fraction of dynamic recrystallization of strips at different rolling speeds: (a) 0.01 m/s; (b) 0.05 m/s;

(¢) 0.1 m/s; (d) 0.5 m/s

Volume fraction of
dynamic recrystallization

(a) 0.160 I

0.140
0.120

Volume fraction of
dynamic recrystallization

(b) 0.430 I

0.376
0.323

/ 0:100 I ’ 0:268 l

0.040
0.020 I

0

Volume fraction of
dynamic recrystallization

(© 0.656 I

0.574

0.492

0.164
0.082 I
0

N 1) O < e R B R L Y AT

0.410
o oy IS

0.108
0.0538 I
0

Volume fraction of
dynamic recrystallization

0.834
0

(d) 0.730

0.626
0.521
g

o aE
0.208
0.104I

0

Fig. 8 Volume fraction of dynamic recrystallization of strips at different reduction rates: (a) 10%; (b) 20%; (c) 30%; (d) 40%

SHEE BB EIEmM, HBFEXNEAESSRHLS
pnER R EN . MR NEA10% 0, ShAFHL
RN 16%;: R N RIGME40% B, Zhas
A5 AR BT A 83.4%. WSELHI T IR MA
i 1) HH 10 3 A5 45 i AR AR oy BOZ TG N, VR R
T b, S X R TH B A A AR A om0
i, ARG X AR R .

ANTR] JER 46 JE B T 5 M B2 T 45 e AR AR o B8 A
WK 9 iz For AR TR BE 9 350 °C,  #L HEE N
0.1 m/s, [EFEAN40%. HEOR K, BEEVIIHE
FEREIN, EALBANRE S AL O EE, R SN2

PR AR B AT s>, R T I Eh A FR4h
AR B AT A 2] 2R EIAF] 8 mm LA
LI, ARG X EhAS 45 SRR 2 B K R BREANE
RIMBALE O, RN BRI LBILNRE,
JRA 2 12 XS B RE R N A ok, HL SRR AE R0
A AR, NI E R 5 R A B A F 4. fE
AT DX T BE G SLH S R4, S RO AR B B U
59, MEAEREE, HOMRREER, M3l
SEARERS RO T, BN DL
IZh A 45 an AR 3 R/ AR

B, BOERELHE AR e e LA T



BREHSH Mg, 5F: AZOID BEA S MIBIEAT N K VR LB R T 45 s AL S, 1297
S, SRR RER > BEALEFE R EAEER L
80%~85% 18], A HEMIFATS, FEAHH
ARCRA R ARSI T AR BRI, W 2.2 ZERELEIEEERL

] AE 3 SORORE LA B R 4 O R KL RO AN [ P T i PS8 AR L T 7 A S 2 PR A
b, ZIEUELED BSOS AR SRR SR AR BRI 10 o . BIE10ATE H, fE

Volume fraction of Volume fraction of
dynamic recrystallization dynamic recrystallization
0.834
a b 0.783
( ) 0.730 I ( ) 0. 685'
0.626 0.587
0 208 0 196
0.104 I 0. 0979'
0 0
Volume fraction of Volume fraction of
dynamic recrystallization dynamic recrystallization
(c) 0.768 0.734 I
0<672 0.642
0.578 0.551
& q'l O e
0.192 0.184
0.096 I 0.0918 I
0 0

9 ANFEHIEG R LT A A Bl A A5 SRR B
Fig. 9 Volume fraction of dynamic recrystallization of strips at different initial thickness: (a) 4 mm; (b) 8 mm; (c) 12 mm; (d) 16 mm

Volume fraction of Volume fraction of
dynamic recrystallization dynamic recrystallization
0.569 0.832
@ 0524 (b) 052
0.479 0.813
0.298 0.775
0.252 I 0.766 I
0.207 0.756
Volume fraction of Volume fraction of
dynamic recrystallization dynamic recrystallization
0.849 1.000
(C) 0.785 l (d) 0.993 I
0.721 0.987
0.980
| iy
0.466 0.959
0.402 I 0.953 I
0.338 0.946
Volume fraction of Volume fraction of
dynamic recrystallization dynamic recrystallization
0.956 1.00
() 0949 )
0.941
. Y |
0.912
0.904 I
0.897 1.00

10 AN [FJ R T P52 T L 58 =M 58 3B U e b 1 s &S A8 B A AR 0 H

Fig. 10 Volume fraction of dynamic recrystallization of strips after third-pass and fifth-pass rolling at different roll
temperatures: (a) 250 ‘C, third-pass; (b) 250 °C, fifth-pass; (c) 300 “C, third-pass; (d) 300 C, fifth-pass; (¢) 350 ‘C, third-pass;
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Fig. 11 Microstructures of AZ91D alloy strips after three passes rolling at different roll surface temperatures((a)—(c)) and

comparison of predicted results and measured value of dynamic recrystallization(d): (a) 250 ‘C; (b) 300 ‘C; (c) 350 C;

(d) Comparison of predicted results and measured value
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Plastic deformation of AZ91D magnesium alloy and
recrystallization structure simulation in heated roll rolling

MEI Rui-bin"?, SHI Xian-li?, BAO Li% LI Chang-sheng', LIU Xiang-hua'

(1. State Key Laboratory of Rolling and Automation, Northeastern University, Shenyang 110819, China;
2. School of Resources and Materials, Northeastern University at Qinhuangdao, Qinhuangdao 066004, China)

Abstract: The hot deformation behavior of AZ91D magnesium alloy was studied using single-pass compression
experiments at temperature of 200—450 ‘C and strain rate of 0.001 -1 s™'. An exponential function model was
proposed to describe the dynamic recrystallization volume fraction equations of AZ91D magnesium alloy based on
stress —strain curves. The numerical simulation of microstructure in heated roll rolling of magnesium alloy was
realized through embedding the developed program into the finite element software platform. The results show
that, with the increase of roll surface temperature and reduction, the dynamic recrystallization volume fraction
increases obviously, and the dynamic recrystallization is incomplete during single pass rolling. The multi-pass
rolling process is conducive to the full occurrence of dynamic recrystallization. When the roll surface temperature
is 300 C, the dynamic recrystallization fraction is close to 85% after three passes of heated roll rolling, and the
dynamic recrystallization is completed after five passes. Furthermore, the dynamic recrystallization grain sizes will
grow up with more rolling passes than three passes or higher roll surface temperature than 350 ‘C. The measured
results are in agreement with the values predicted by the model, and the dynamic recrystallization model is
significant to microstructure simulation and parameter optimization of AZ91D alloy in hot plastic deformation.

Key words: dynamic recrystallization; heated rolling; magnesium alloy strips; numerical simulation; microstructure
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