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Fig.1  Cooling curves of GE81 alloy with different cooling 

methods 
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Table 1  Physical quantities of GE81 alloy with different 

cooling methods 

Cooling method T

N

/K ∆t/s v/K·s

-1

 ∆T/K 

G-furnace 898.15 380.13 0.23 10.00 

G-air 895.12 203.21 0.46 13.03 

Fe-air 871.15 27.36 2.17 37.00 

Cu-air 848.85 13.53 3.88 59.30 
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Fig.2  DSC curves of GE81 alloy 
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Fig.3  Undercooling of as-cast GE81alloy vs cooling rate 

 

��������	
��
�����	��

���������

[17]

�� 

*

heB n

SS

3

0 B

exp( )

3 ( )

Gk TN

I

T a k Tη

∆

= −                  �1� 

��	k

B

��� !"#$T �%&�'()*$N

n

�%&+,&-.���,/#	N

n

=ξN

A

,
��
�

��	ξ=6.89×10

-6

	N

A

�01234"#$η(T)�5

6 7 # 	 8 9 Turnbull

[18]

: ; � < = �

η(T)=10

-3.3

exp[3.35T

L

/(T–T

g

)]	T

g

=0.25T

L

��>?@A

)*$a

0

�BCDE	FG�HIBCJK	�� α-Mg

�BCL-��MNO"#PQ$

*

he

G∆ ���RST� 

3

*

he

2

v

16π

( )

3

G f

G

σ

θ∆ =

∆

                       �2� 

��	σ�U-VWXYZT$∆G

v

=∆G

m

/V

m

	[�YZ

T ∆G

m

=

 

–∆S

m

 ∆T	∆S

m

�%?\	V

m

�%&�[�&

-	Z]^_[�&-`abcd$f(θ)�efghCi 

89 Spaepen

[19]

:;�U-VWXjk<=lm σ� 

m

2 1/3

A m

[ ]

S T

N V

α

σ

∆

=                            �3� 

��	α �nohC	(pXq;��fcc�Mrst

�no�hcp�	α=0.86i 

f(θ)Zu�lmcd

[20]

� 

2

r he he

2

r ho ho

( )

T T

f

T T

θ

∆ ⋅

=

∆ ⋅

                        �4� 

��	∆T

r

�v(wx*	∆T

r

=1–T

r

	T

r

�yz{wx

*	T

r

=T/T

m

$T

he

�|�}W��)*	Z~���

�)��� α-Mg����)*��

[15]

� 902.35 K	

T

ho

�
�}W��)*	`�%N�����i��

|�������%&.��|���	��|��

��q��p��%&.�	v�������=�

efg~���

[21]

	�� FG��Ai 

¡� (2)~(4)¢£� (1)	lmcQ��%&)*

(908.15 K)u��RST¤���¥wx*�A?	¦

§ 4¨©in�§ 3�xª«*¬wx*�­7®¯	

¥xª«*°�	wx*°�	��RST±²	³´

µ¶���°�	h·xª«*�°��¸p��i 

����������

2.3.1  ���� 

§ 5 ���xª��u��¹º�»¼^½i5a

� G-furnace	5b� G-air	5c� Fe-air	5d� Cu-airi 

 

� ���GE81 ��� α-Mg ��	
��
 

Table 2  Thermodynamic parameters of α-Mg phase in GE81 alloy 
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Fig.4  Nucleation rate and active energy of nucleation vs undercooling 

®¾¿Q	¥xª«*°2	À�ÁÂÃ»±²iZ

2.2 Ä������®¯	Zpxª«*°�	Å��

RST±²	���°�	��	xª«*�°�ÆÇ

È�BCÉÊ	Ë´ÌÍÀ�Î�	ÏÐµ¶À�r*

°�	�Ñ�À�ÁÂ±²i 

À�r*Ò+,&-.À��#Ó N

V

	Z

SaltykovÔ�

[24]

®¾lmcd� 

V a mean

2 1

( )

π

N N

d

= ⋅ ⋅

                       �5� 

��	N

V

�+,&-À�#�m

-3

�$N

a

�HI+,�

X-À�#$(1/d)

mean

��ÕÖ�X×Ød�¨�À�

�(1/d)�HI�i����¹º�HI+,�X-À

�#¬HIÀ�ÁÂ¦� 3¨©i 

0 1 2 3 4

10

20

30

40

50

60

∆T=13.5664v+6.9655

R

2

=0.99953

 

 

 
U

n
d
e
r
c
o
o

l
i
n
g

,
 
∆
T

/
K

Cooling Rate, v/K·s

-1

 Measured data

 Fitted curve

10 20 30 40 50 60

0

1

2

3

4

 

Undercooling, ∆T/K

 ∆G

*

he

0

2

4

6

A
c
t
i
v

e
 
E

n
e
r
g

y
 
o

f
 
N

u
c
l
e
a
t
i
o
n

,

∆
G

* h
e
 

/
�

1
0

-
1
9

 
J

 I

SS

N
u

c
l
e
a
t
i
o

n
 
R

a
t
e
,
 
I

S
S
 

/
�

1
0

2
8

s

-
1

·
m

-
3



� 10�                             �  �����	
�Mg-8Gd-1Er�
�������                        �3123� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 5  ��������
����� !��"#$%&' 

Fig.5  OM images of as-cast GE81 alloy with different cooling methods (electrolytic etching): (a) furnace-cooling in graphite mold, 

(b) air-cooling in graphite mold, (c) air-cooling in steel mold, and (d) air-cooling in copper mold 
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Table 3  Grain density of as-cast GE81 alloy with 

various cooling rates 
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0.23 3.61 1.74 3.07 

0.46 2.56 2.31 5.73 

2.17 1.52 6.89 28.76 

3.88 1.24 10.85 51.76 

 

��������	
��
���������

������

[25]

��� Fras���� !"#��

[26]

$ 

V

max

exp( )

b

N

T

λ= −

∆

                      %6& 

'(�λ)b *��+,-!./01�2∆T

max

34

56����7������89:;<�����

��=>�����?@������=>��A9

BC�DE 6�FG��*$Nv=1.1135×10

12

exp(–46.8344/ 

(13.5664v+6.9655))�!HIJKL�M<!N�OK

P* 0.9852Q 

2.3.2  ��� 

E 7*RSTU�=K'V?�9W/XYHZ[

\]Q^_`a�bcde9W���Z[\]*f�

�g�\]�hi\].jkl� α-Mg �m�nol

�pFq\r�s�=>�t6�pFqu?vwxy

z{Q 

 

 

 

 

 

 

 

 

 

 

 

� 6  ()*
+��	
�,- 

Fig.6  Grain density of as-cast GE81 alloy vs cooling rate 
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Fig.7  OM images of as-cast GE81 alloy with different cooling methods (nitric acid alcohol solution etching): (a) furnace-cooling 

in graphite mold, (b) air-cooling in graphite mold, (c) air-cooling in steel mold, and (d) air-cooling in copper mold 
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Table 4  Volume fraction of as-cast GE81 alloy with various 

cooling rates 

v/K·s

-1

 0.23 0.46 2.17 3.88 
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/% 3.57 2.99 1.59 1.01 
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Fig.8  SEM images of as-cast GE81 alloy with different cooling methods (nitric acid alcohol solution etching): (a) furnace-cooling 

in graphite mold, (b) air-cooling in graphite mold, (c) air-cooling in steel mold, and (d) air-cooling in copper mold 
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Fig.9  XRD patterns of as-cast GE81 alloy with different cooling 

methods 
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Table 5  Hardness of as-cast GE81 alloy with various cooling rates 

v/K·s

-1

 0.23 0.46 2.17 3.88 

Hardness, HV/MPa 606 627 655 701 
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Fig.10  Hardness of as-cast GE81 alloy vs cooling rate 
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Effects of Cooling Rate on Solidified Microstructure of Mg-8Gd-1Er Alloy 

 

Zhang Yue, Du Wenbo, Li Shubo, Liu Ke, Wang Zhaohui, Zheng Xiaobing 

(Beijing University of Technology, Beijing 100124, China) 

 

Abstract: A temperature acquisition system was used to measure average solidification cooling rate of GE81 alloys under different cooling 

conditions, including furnace-cooling in graphite mold, air-cooling in graphite mold, air-cooling in steel mold and air-cooling in copper 

mold. The relationship between cooling rate and grain density was studied based on classical nucleation theory. Optical microscope (OM) 

and scanning electron microscope (SEM) were used to observe the microstructure of as-cast GE81 alloys (Mg-8Gd-1Er, wt%) at various 

cooling rates in order to establish the relationship between solidification cooling rate, grain density, hardness and volume fraction of 

secondary phases. The results show that the solidification cooling rates of GE81 alloy in the four moulds are 0.23, 0.46, 2.17 and 3.88 K·s

-1

, 

respectively. The cooling rate is linear with the undercooling, and the formula is ∆T=13.5664v+6.9655. With the increasing cooling rate, 

the α-Mg grains are refined obviously. The relationship between the cooling rate and the grain density can be described as 

Nv=1.1135×10

12

exp(–46.8344/(13.5664v+6.9655)). Moreover, the secondary phase distribution is more homogeneous and their volume 

fraction decreases so that the hardness of the GE81 alloy increases significantly. The relationship between the hardness and the cooling rate 

can be expressed as HV=72.1772–12.6895/(1+exp(v–2.2570)). 

Key words: Mg-Gd-Er alloy; cooling rate; nucleation rate; microstructure 
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