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ABSTRACT A phase �eld model has been established to investigate grain growthof nanocrystalline
AZ31 Mg alloy under realistic spatial{temporal scales. Most previousphase �eld models are limited
to grain growth at micron scale. A set of rules as following has been proposed to determine the
real physical value of all parameters in this new model. The expression of local free energy density
function is modi�ed due to the di�erent initial state of grain growth p rocess at nanoscale. The grain
boundary range and grain boundary energy are studied to determine the correct gradient and coupling
parameters, respectively, where the term of grain boundary range is to explain the physical backgrounds
of the order parameter gradients at grain boundary and the di�usion grain boundary. The mobility
constant of grain boundary for this model is originated by �tting a g roup of grain size from experimental
results and then the values of grain boundary mobility at di�erent te mperatures are calculated by the
Arrhenius equation combined with this mobility constant. The study a ims especially to �nd out the
mechanisms for nano{structural evolution by comparing the simulated results with experimental results
in the literature and simulated results in micron scale. It is shown that the grain boundary range will
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cover two adjacent grains in nanoscale polycrystalline and the grainboundary energy is lower down
to about a half than that in micron scale polycrystalline � It is found that the grain growth rate at
nanoscale is slower than that at the micron scale, and these simulated results can be proved by the
experimental results in the literature. Simulations expose that solute atoms would like to segregate at
the grain boundaries more severely in nano{structure than in micron{structure, and this may be the
reason why nano{structure shows a lower boundary mobility to result in a strange low grain growth
rate in the �rst stage � It is found that the grain size uctuation is more intensely in nano{siz ed grains
than that in micron{sized grains by the quantitative analysis of the mixed degree of grains size in
nano{structure and micron{structure in the models.
KEY WORDS magnesium alloy, phase �eld model, nanocrystalline structure, graingrowth

: ' F 2  S q % D X I x z y k � ! , @ , Q D 2

 ` � k F • P f Q 9 Hall{Petch T � , � : ' F 2 

` � v F • P f x T � � q Q 9 Hall{Petch T � x � t ,

O q  D Hall{Petch T � x � t

[1] , : ' 2  x Z � k

? L U *  ( � �

[1� 3] . e ` , 
 6 : ' F 
 F x � 4 ,

b � L 9 : ' F 2  4 � x � � , f 4 : ' 2  x � d O

) ,  % D q � , x u � ? L . Q ` � I ? L : ' 2  x

� d O ) D � , ) @ u & R k , � a n r m � O ) D � �

y x $ ~ , v � 6 " � � x 3 Q , e ` q � d l � v � u

r � � x Z � . @ E � = � x U  , 2  7 � d O ) � D

� � y k , @ x 4 D ? L Y H J i  l 2  ` 8 x < M

O J / ( �

7 ^ , T r : ' F 5 M � , @ x 4 D � 4 k � U • y

k ( G 	 � 8 # � , n  � 2 9 # � 4 D x P � C � , 4

D x � � � M / � � , v � � : ' F � d O ) D � B ) 4

D . � } � I 	 � k Monte Carlo # � �  6 d ( # L

# � , > r b [ z k 3 , 4 D : ' O ) x ' � , n ) @ 0

� : ' F 
 F x z y � 4 . � B � b [ 4 D 2  7 F L o

• ` L , b [ � k P � � [ u � 8 • y 
  : ' F • x 


F 	 � 8 , 0 � : ' O ) x D � � y . � c M O ^ V G

S

[4� 9]
	 k � B � 4 D 
 � � � e x d ' F 
 F ` L ,

n  � r : ' F 
 F x 4 D { l # � t , e ` , 	 k � B

� 4 D ? L : ' F 
 F ) � : ' 2  4 � k : ' 2  �

d O ) f 4 S q < M x ^ ` .

H ` C �  G x � � , � B 4 D � 3 , � = k � � h

k 7 Y H � q � J + . � { , s � [10] L U 
 �  8 - &

B ( } , ) � B 6 � v \ U $ F 
 F 4 & 7 x 6 � � � Y

q , 4 D ^ > . x J Q ` L , L 9 
 � = � � . s � [11] L

U � � � B 4 & , � � o • f 4 } U � x 
 F , 4 D 
 I

� 9 p p > u Y y ` L 7 } U � ' J x 	 � 8 . � ? L x

^ V G S

[4� 9]
f B 
 F 8 S k z x 4 H , z k � B 4 &

� � � � e � � AZ31 " p > d ' P � 
 5 F ` L B )

4 D , 4 D 5 ^ v � I � , p . 1 ? L � G R � d O ) P

f " f > , 4 i � � o • � 3 , � � � e � z k � B � �

 
 � 8 - f 4 x O ) D � 	 � 8 4 D .

� ? L 3 B 
 ^ V G S

[4� 9]
� k x N z I n @ * �

! h � ,  � S � O ) x � y , < " ] < F 8 S k z i ,

x i � , � � � � e : ' � F AZ31 " p > F • 
 F x `

L B ) 4 D , ] < : ' F 
 F 	 � 8 , % v d ' F • 
 F

x 4 D 5 ^ � � , 0 � : ' F • 
 F x � y .

1 � ] � �

1.1 � � o a h _

� B # �  � r u � 8 k 	 � 8 x # � � v m v �

� � T x 6 � d W 5 M D � x ` L b n Allen{Cahn #

L k Cahn{Hilliard o • # L W �

[12;13] :

@�i (r ; t)
@t

= � L
�F

�� i (r ; t)
(i = 1 ; 2; � � � ; p) (1a)

@c(r ; t)
@t

= L cr 2 �F
�c (r ; t)

(1b)

� 7 , L i 8 - @ 	 , � 3 , L c i o • [ W � � 3 , t i

� � , r i n 2 � � , dr =d x� dy� dz, � i (r ; t) i F L i

� B � � , c(r ; t) i J ( B � � , p i � U 7 b @ x F •

i � = 3 , F i � U I n @ , W � @ � S , m � � U 7 x

! h � { �

[14] :

F =
Z

V
[f 0(c; � 1(r ; t); � 2(r ; t); � � � ; � p(r ; t))+

K 2

2

pX

i =1

(r � i (r ; t))2]dr (2)

� 7 , K 2  K � � � 3 , f 0  N z I n @ * � e 3 .

1.2 s • % � �

� c M O ^ V G S

[4;8]
L U x d ' P � F • 
 F �

B 4 & Y H ) ! k r 4 D : ' F 
 F . • e & U  c M O

^ V G S L U x d ' F F 8 S k z rg x i , � : ' P �

� ^ ` ] l ) S . � r d ' F • , w i rg  � A R * F

8 b 1 r 0 x � y , W z y ^ `  ] * r F 8 # � x 8

- @ ( , " f ,  U = / k x , , U � i 1.172� m[8] . �

) S P f x F • , W F 8 S k z ) S . � r d ' P f F • ,

F 8 S k z � i 1 � m[8] , � r F • P f � r 100 nm x

: ' F , 1.172 � m x F 8 S k z C j , ) p 1 F 8 S k

z . 6 h � = � � x F • , � q z y ^ ` , e ` , / M <

" ] < : ' F x F 8 S k z x i , 4 & . � r : ' 5 M 2



� 7 T w E z : 8 % D AZ31  n < 	 b M ' B � v � @ � 2 B = J 791�

 , 8 - N 	 c � @ F • P f x + ~  U � �

[15] , s �

[16] O � . U , : ' F 2  b @ c q G 50%x � m F 8 f

z 8 - O ( , W c � ? M V r r F • x R Y P f . A [ �

G S � � : ' F 2  l / n F 8 S k z O J , F 8 S k z

" f 1 C 2 = F • , n � � = 8 - @ � @ ] � � � � F •

I � A � x f z , b � � + 8 - @ � = < / . � ? L 4 D

x : ' F 
 F " f  24|85 nm, A [ � � F 8 S k z

j � � i 47 nm, { ^ ] < C k " f : ' F 
 F , F 8 S

k z x i , h � h 3 � . � r 1 S k z 4 & , � A E R *

F 8 x � y { W 1 A � , �  4 D u r x � = , . b W

1 b [ [ U , F 8 S k z [ ` 
 W � � x F • , 7 1 F •

i � x . , ) @ ) I � i � , { ) B � � x F • x i � i

� . F 8 S k z x z y I , ) S r d ' F x F 8 S k z  

� 4 & x T $ I � .

1.3 w � # � � ~ e l 	

c M O ^ V G S

[4]
( } x d ' F 
 F � B 4 & ) @

k r 4 D : ' F 
 F x � � = • e  N z I n @ * � e

3 x ! h � ) ! k , / M < " ( 4 . c M O ^ V G S

[4]

7 � � N z I n @ * � ! h � i :

f 0 = A + A1(c(r ; t) � cl )2 +
A2

4
(c(r ; t) � cl )4�

B1

2
(c(r ; t) � cl )2

pX

i =1

� 2
i (r ; t) +

B2

4

pX

i =1

� 4
i +

K 1

2

pX

i =1

pX

j 6= i

� 2
i (r ; t)� 2

j (r ; t) (3)

� 7 : cl i I � p � � I n @ { J ( g � � P ~ � n 2 x

J ( c � ; A, A1 k A2 i v � U I n @ � T x D 3 ; B1

k B2 i � 3 ; K 1 i � i k � j � W p � � 3 ; p A Q s �

[17] i , i 32.

10 20 30 40 50 60 70 80 90

0.0

0.2

0.4

0.6

0.8

1.0

 

 

Position along x  axis, nm

 

1

 

2

 

3

 

4

Grain I
Grain II Grain III

Grain IV

G

r

g

 1 9 & E E 7 X h � A � � � x w 3 C 4 ]

Fig.1 Characteristics of grain boundary in order parame-

ters by simulations for nanoscale model (G|grain

boundary position, r g |grain boundary range, � |

orientation �eld variables)

r � , � (3) M e K 1 > B 2 � , 3 @ � L f 0 @ � p

j e � x (cm , � 1, � 2, � � � , � p)=( cm , 1, 0, � � �, 0), (cm ,

0, 1, � � �, 0), � � � , (cm , 0, 0, � � �, 1)(cm i p > R r J ( )

Y q p 2 ! % P � , . n � r � � h k q 7 , �  ) p y

x , � { � � c M O ^ V G S

[4� 6]
x 4 D 7 , B2 ) W @

� i � , K 1 ) 8 - @ i � , K 1 k B2 h 1 � } i , . e

` , � ? L L U ) ! h � 3 B i :

f 0 = A + A1(c(r ; t) � cl )2 +
A2

4
(c(r ; t) � cl )4�

B1

2
(c(r ; t) � cl )2

pX

i =1

� 2
i (r ; t) +

B2

4
(

pX

i =1

� 2
i )2+

K 1

2

pX

i =1

pX

j 6= i

� 2
i (r ; t)� 2

j (r ; t) (4)

� L , B2 k K 1 x i , � q � t � 4 . S � , f 0 �

� 2
j =1,

pP

i6= j
� 2

i =0 � i � � , , x b e U B1 k B2 � d �

! h � :

B1(c � cl )2 = B2 (5)

� � � 2
j =1,

pP

i6= j
� 2

i =0 ! � F > x i � ,
pP

i =1
� 2

i !

� 4 D x S � D D , = , f 0(
pP

i =1
� 2

i = 0) � f 0(� 2
j =

1;
pP

i6= j
� 2

i = 0)  ! � m n N 	 > � � x S � D D v � F

N x @ � = . c M O ^ V G S 7 d ' � F • 
 F 4 & � �

x S � D D  S N , � : ' F 4 � # � q � 6 H 	 � � %

F F y � � S N h < u n �

[18]
{ , � G S 4 D � � x s

�

[19]
7 x % L  k % F F y � 4 � x , e ` , � ? L 4

D x � � S � D D i % F Q D . � � � � x @ � =  @ �

k , � F 8 x 8 - @ . � z > # � x F � � i F 8 S k

z j � , n r � � B 4 & 7 , 8 - @  O J F 8 S k z x

# = ; � Y @ � x t � k , � @ � 7 � � 3 � = ; � Y @

� / k , W s n 2 @ � � q � , e ` , � m n | = � / k

r 
 1/4 = F 8 S k z j � . 1 @ � � F • 
 F ` L 7 "

$ , W ! h � i :

f 0(
pX

i =1

� 2
i = 0) � f 0(� 2

j = 1 ;
pX

i6= j

� 2
i = 0) =

�M
(1=4)rg�

=
B1

2
(c � cl )2 �

B2

4
(6)

� 7 , � i @ � k , � F 8 x 8 - @ , M i 5 � 5 � , �

i * � . 4 D 4 k AZ31 " p > S i ? L � � , W y 8

J ( ( 5 � ( 3 , %) i : Al 3, Zn 1, Mg s � . �

Mg{Al{Zn p > 7 , ) S p � � x I n @ { J ( g �

b [ Q ` THERMOCALC } % 7 � h x � I 3 Q g u

r

[5] , A Q g � b [ u r 300, 350k 400 � � P ~ J (



� 792 ; � , � 5 � � � 49 V

cl x , Y i 0.2(5 � ( 3 ), � (6) 7 c i S � J (

0.03. i @ � k , � F 8 x 8 - @ i 0.5 J/m 2[20] . �

} � (6) k (5) b [ u r : B1= 80.33 kJ/mol, B2=

2321.51 J/mol.

) � (4) i � 2
j =1,

pP

i6= j
� 2

i =0, r s i n THERMO-

CALC u r x I n @ { J ( g � � # L � B ) D p , A

u r x A, A1 k A2 x , # ! 1.

1.4 s • �

A Q Cahn k Hilliard [13]
L U x � @ � S , � U 7

2 = F • & � x R * 8 - @ y � , i � ( " i i k j x 2

= F • � R * 8 - @ � 0 { � � A � :

� 0 =

+ 1Z

�1

[f 0 � f min +
K i

2
(
d� i

dx
)2 +

K j

2
(
d� j

dx
)2]dx (7)

� 7 : f min i � v F 8 � F > x @ � D 3 ; K i k K j (

" i i k j i � x K � D 3 , � @ � S , � U 7 , K i =

� K j = K 2.

I n @ ! h � 7 x W p D 3 K 1 k K � D 3 K 2 n

8 - @ k F 8 S k z J S W � , Q ` W 1 A � x 9 F 4 &

b [ 
 6 B $ x � t T � , � U � � K 1 k K 2 x i , B

) 4 D , 5 ^ { W 2 A � .

� G S x ? M v {  ( } : ' P � F • F k x 4 & ,

( 4 b s � [5] x d ' " D F • F k x 4 & Z � , e ` ,

( � i 8 - @ i 0.5 J/m 2. n r : ' F F • P f � , g

� � d ' F C k , A [ U � w i : ' F x 8 - @ 9 r d '

F

[21] , n b W 2 3 Q B ) ( } , S k z � 0 i z y ^

` x P k , 47 nm, � L : ' F 8 - @ ) @ i r d ' P

� x D Z , 0.5 J/m 2, # L ) ' � , � P k i , / @

 0.19 J/m2, ` � x K 1=2090.16 J/mol, K 2=2.1�

10� 14 m2�J/mol. s � [22, 23] 7 O 9 u ~ r 0.5 J/m 2

x : ' F 8 @ , W , 1 C 0.5 J/m 2
x U 
 , % N � ? L

: ' F 8 - @ � x 4 D 5 ^ . 4 D u r x : ' F 8 - @ i

0.19 J/m2, � ~ r d ' F 8 - @ (0.55 J/m 2), �  e i

: ' F F • P f � , F 8 S k z � , p 1 8 - @ � .

[ 1 � (4) 8 * T q � � w � V J o A � U y 7 4 A, A 1 l

A 2 y j -

Table 1 Best �tting values of A , A 1 andA 2 at di�erent tem-

peratures in Eq.(4)

Temperature, � A, kJ/mol A 1 , kJ/mol A 2 , kJ/mol

300 � 22.67 99.64 13.00

350 � 25.57 99.14 18.30

400 � 28.07 95.34 31.50

Note: A , A 1 and A 2 are the parameters related to free

energy in the system

� (2) 7 c K 2 K � � x d � 3 @ X 	 F • 
 F , K 2

x k � ~ i � 8 - @ k � k F 8 S k z j � . � n W 2 b

# , F 8 S k z x j � n K 1 k K 2 S � W � , � d ' F

4 D 5 ^ � � K 1 ) i � F 8 S k z

[5] . e ` , � k 5 F

4 & ? L 
 @ K 1 ) S � , F 8 S k z j � x � y , 4 D

5 ^ { W 3 A � . b # , @ K 1 � k , : ' F F 8 S k z

" � , n  F 8 � m 7 # x i � B � � , � d ' F x 0.5

� q � � .

1.0 1.5 2.0 2.5

0.12

0.14

0.16

0.18

0.20

0.22

 K

1

=2100 J/mol

 K

1

=2200 J/mol

 K

1

=2300 J/mol

 K

1

=2400 J/mol

 K

1

=2500 J/mol

 

 

 K

1

=1500 J/mol

 K

1

=1600 J/mol

 K

1

=1700 J/mol

 K

1

=1800 J/mol

 K

1

=1900 J/mol

 K

1

=2000 J/mol

G
ra

in
 b

ou
nd

ar
y 

en
er

gy
, 

J/
m

2

K

2

, 10

-14

 m

2

J/mol

(a)

1.0 1.5 2.0 2.5

30

40

50

60

70

 

 

G
ra

in
 b

ou
nd

ar
y 

ra
ng

e,
 n

m

K

2

, 10

-14

 m

2

J/mol

(b)

 2 9 & O  ! e = V o � 2 K 1 , J  � 2 K 2 u E 7 ? j

E 7 R j y S � w 3 C 4 ]
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! y i g � ' i , S � D D w i � 4 D - 	 > R Y ( , E

4dx� 4dx x m n ` ; , � F i 
 I  b 0 r 2 = ` ; x

@ � , . 4 � 512� 512 = � j ` ;

[14] , m n ` ; P f i

2.93 nm, ! = 4 D - 	  1.5 � m� 1.5 � m. S � x J (

i 0.03, � � - F � 0 L N � [ u r ' � x , , n  C �

x , ~ p 1 / M C � x - F q � = 	 � 8 # L , A [ � �

- F i 0.6 s. i 
 P k � � • " � F • 
 F 	 � 8 x �

8 � h , � U x � 8 O % � 4 k = V , � 8 O % .

2 � � r k � 
 z

W 4  � B � 4 & u U x Z � ` L 7 : ' F • ' D

k D � ` L . [ 300 � i { , n r 4 & 7 x 6 3 n z y

( } � � � I 5 ^ u r , b w i 4 D 5 ^ � k � � x �

� k F � T � , 4 D u U x F • P f b v � I 9 � , �

/ . b W 4 b [ [ U , n J ( B k i � B S U x � d O )

W  ] l � h x , # 1 
 4 & x b ^ , . � 4 & ] � 
 J

[ 2 ; ( Q � � 9 . A 
 - � 4 L w p � \ X � � 4 L c

Table 2 Values of grain boundary mobility parameters L

and di�usion mobility parameter L c in nanoscale

model

Temperature, � L , mol/(J �s) L c , m2 �mol/(J �s)

300 1.30� 10� 6 3.45� 10� 27

350 2.07� 10� 6 1.35� 10� 26

400 3.12� 10� 6 4.29� 10� 26

 4 � 300 � � 9 & O  E ~ C x _ K w 3 C 4 ]

Fig.4 Simulated results of grain growth in order �eld (a, c) and con centration �eld (b, d), when t=180 min (a,

b) and t=360 min (c, d) at 300 � (Ellipses in Figs.4a and c are used to indicate the grain coal escence

mechanism of coupling grain rotation)
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( B x i � , J ( B v i � B  � t T � ) � } x , n �

2 = B � � S U x � d O ) W  � t � h U 1 x . i 
 !

h � x ! 3 , 4 D 5 ^ � 3 / k i � B x 3 Q S W , � �

� J ( B ( � n o • � P } { ) � F • O ) D y i � q

k . W 4a k c 7 d � U  � F x k F • , � b @ n F

8 [ W ` L 7 W p F • 3 C x p % � 4 � ' J , { W 4a

k c 7 [ � k > A � . �  ( • � � F • 7 x k F • S

q 
 F l � , , b i : ' F 5 M 7 F • c D F k L H � W

O % .

i 
 � 2 � : 4 D 5 ^ x b ^ , , ) ) S p � x 4 D

5 ^ v � I 5 ^ � / , S � v c M O ^ V G S

[5]
x d '

P � F • 
 F g � � � / , { W 5 A � . : ' P � � , 300

k 350 � � x � I 5 ^ v 4 D 5 ^ N L / h , n � 400 �

� , 4 D 5 ^ v � I 5 ^ N L )  q h , � b @  e i 9

p � : ' F • x 
 F � 4 )  � 2 F k ` L , �  p % �

4 � � [ � x 
 F , � � 4 & 4 D x  F • � 2 F k ` L ,

A [ 400 � � v � I 5 ^ ) , . k Hillert y �

[25]
L U

x F • 
 F 	 � 8 # L : dn � dn
0 = kt ( W 7 , d i R Y F

• P f , d0 i S � F • P f , k  v � � � T x D 3 ), D

p : ' F v d ' F 
 F g � �  , : ' P � � n=5, d '

P � � n=2, b # , d ' P � F • 
 F < � � k r : ' F

• 
 F < � , v � I 5 ^ , p

[19;26] .

] < AZ31 " p > 7 Al � R * F 8 Y x ( , d l ,

� : ' F • P f k � i 60 nm, d ' F P f k � i 35 � m

� 4 D 5 ^ { W 6 A � . b [ [ U , F 8 Y Al x J ( �

F > 9 , d ' P f � P } x L � � : ' P f � P } x L �

� , P } x " f � : ' P f � P } x " f k . � S p � � ,

: ' P � � J ( x & 	 � d ' P � � C � 1 � , p � � 9 ,

) , � 9 . �  n r � 4 D � 2 x S � O %  J ( Y � x

� F N , n � )  u � 8 u � D D , z 5 • G � F > x '

J @ v F 8 x ' J @ d � q k x = , , ) X 	 z 5 � F 8

� 
 � S o • , > 
 F 8 P } , [ h r u � 8 R r D D . �

G S 4 D x  ~ p � � ` L , � A 4 D x ~ p � , o • �

/ m < , � L ) 
 o • 	 � 8 M e , P O h ) r 1 p � �

u � 8 R r x P O � , n  , � � p � � 9 , o • � 3 �

k , 	 � 8 O % � h , � q z r �  R r P } x u � 8 D

D , A [ 4 D u U p � 9 P } � A x 5 ^ . � � r : ' F ,

n r o • T v � , o • Q t � , 	 � 8 O % h , q z r : '

F 7 z 5 • G x o • , A [ P O C < < . � b k q 6 " W

5 7 : ' F 
 F @ 	 , ~ r d ' F � U X R  � , P } r

F 8 x • G ) + ~ F 8 [ W x @ 	 ,

[27] . � 9 J ( x P

} L � @ F • P f x � � � + ~ x  � � T r k • G F

 ? L : ' F Ni{3.6%P p > 7 P x P } x ? L 7 O

q � t

[28] .

) S p � k � � � : ' F • P f x ( , { W 7 A � .

b # , : ' F O ) 7 , V � 3 k F • P f � k r R Y F •

P f \ , k / ( F • x P f � / � I • ( , r R Y F • P

f � 8 . @ E p � x � 9 , F • P f x ( , C � P v " D

( , . @ E Z � � � x X W , k P f F • x 3 � � � , 1

C R Y P f x F • x 3 � � y ) k .

b W 7 { b [ [ U , � d O ) d � � F  � , � c

M O � [ � d=( dmax � dmin )/ dave q � � � = � F d

l

[6] ( W 7 , � d ! � � F � , dmax ! � � c � 5%x P

k F • x R Y P f , dmin ! � � c � 5%x P � F • x R

Y P f , dave i F • R Y * I ). % ) 4 D 5 ^ v c M O

^ V G S

[6]
u r x d ' P � x � F � � � / , { W 8 A

� . b # , : ' P � � , � 350 � � , � S Z � � � d l

� , � F � P k , 400 � � x � F � @ Z � � � x @ F �

� � , s q  � � + ~ . d ' P � � , � 300 � � , @ Z �

� � x @ F , � F � � y q � , 350 k 400 � � , @ Z �

� � @ F � F � L 9 , 350 � � � + P 1 � . � F � � :

' P � � + � d ' P � x C k .
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Fig.5 Simulated average grain size evolutions in nanoscale (a) an d micron scale [5] (b) as a function of annealing

time compared with the experimental results in ref.[19] for AZ31 Mg alloy at di�erent temperatures



� 7 T w E z : 8 % D AZ31  n < 	 b M ' B � v � @ � 2 B = J 795�

0 5 10 15 20 25 30 35 40 45 50 55

0.026

0.028

0.030

0.032

0.034

0.036

0.038

0.040

 

 

c

A
l

Position along x  axis, nm

(a)

0 5 10 15 20 25 30 35 40 45 50 55

0.026

0.028

0.030

0.032

0.034

0.036

0.038

0.040

 

 

c

A
l

Position along x  axis, nm

(b)

18 20 22 24 26 28 30 32 34 36 38 40

0.026

0.028

0.030

0.032

0.034

0.036

0.038

0.040

 

 

c

A
l

Position along x  axis, m

(c)

18 20 22 24 26 28 30 32 34 36 38 40

0.026

0.028

0.030

0.032

0.034

0.036

0.038

0.040

 

 

c

A
l

Position along x  axis, m

(d)

 6 ( R o  � 3 C w 9 & j c & AZ31 ! o = 6 Al b � w ' + 4 ]

Fig.6 Simulated results for segregation of Al at grain boundaries in nano{structure (a, b) and micron{structure

(c, d) for AZ31 Mg alloy at 300 � (a, c) and 400 � (b, d)

0 50 100 150 200 250 300

0

1

2

3

4

5

6

7

 

 

F
re

qu
en

cy
, 

%

Grain size, nm

Average grain size: 65 nm

936 grains

(a)

0 50 100 150 200 250 300

0

1

2

3

4

5

6

7

 

 

F
re

qu
en

cy
, 

%

Grain size, nm

Average grain size: 79 nm

643 grains

(b)

0 50 100 150 200 250 300

0

1

2

3

4

5

6

7

 

 

F
re

qu
en

cy
, 

%

Grain size, nm

Average grain size: 93 nm

457 grains

(c)

0 50 100 150 200 250 300

0

1

2

3

4

5

6

7

Average grain size: 88 nm

511 grains

 

 

F
re

qu
en

cy
, 

%

Grain size, nm

(d)

 7 ( R Y � o  j � � � 9 & O  E ~ w O e ' +

Fig.7 Distributions of grain size for nano{structure by simulati ons at 300 � and 360 min (a), 350 � and 360 min

(b), 400 � and 360 min (c), 350 � and 540 min (d)
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Fig.8 Grain size uctuation in nano{structure (a) and

micron{structure [6] (b)
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