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Fig.1  Macro images of dendritic grain competitive growth: (a) vertical section from experiment, (b) vertical section from CAFE 

simulation, and (c) cross sections at different heights in CAFE simulation 
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Fig.2  Microstructures of dendritic grain competition growth within a stitching picture in the top region: 

(a) cross section of the dendrite areas and (b) vertical section of the dendrite areas 
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Fig.3  Schematic of bicrystal competition growth and the notations of preferred and non-preferred crystalline orientation: (a
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Fig.4  Selection of grain boundary direction within different competitive modes: (a~c) microstructures, (a

1

~c

1

) statistics results; (a, a

1

) the 

converging growth, (b, b

1

) the diverging growth in the same side, and (c, c

1

) the diverging growth in different sides 

0 2 4 6 8 10 12 14 16 18 20 22

0.0

0.6

1.2

1.8

2.4

3.0

θ

G
B

�
θ

F
O

/
(
�
)

 

 Sim ulations by Tourret

[19]

 Experiments by Zhou

[26]

 Present results

 

 

Diverging growth: θ

FO

�θ

UO

>0

b

1

0 5 10 15 20 25 30 35

0.0

0.2

0.4

0.6

 

Diverging growth: θ

FO

�θ

U

�0

 Simulations of nickel-based superalloy in Ref. [20]

 Simulations of SCN-acetone alloy in Ref. [19]

 Experiments of SCN-acetone alloy in Ref. [20]

 Model in Ref. [20]

 Present experiments

 

c

1

θ

UO

–θ

FO

/(°) 

a 

b 

1 mm 

c 

0 4 8 12 16 20 24 28 32 36

-6

-4

-2

0

2

 

 

 Simulations by Tourret

[19]

 Experiments by Zhou

[26 ]

 Present results

Converging growth

θ

G
B

�
θ

F
O

/
(
�
)

a

1

–

–

–

|θ

UO

|–|θ

FO

|/(°) 

|θ

UO

|–|θ

FO

|/(°) 

θ

i
n
c
l
i
n
a
t
i
o
n

/
θ

U
O

–
θ

F
O

 



� 4�                                    ������	
��
��������                              �1251� 

��������	
��
����������

������������� !"�#����$

%&'(���)�*+�,����-.�/0�


12&'(����34(����&'����

567"��89 Walton-Chalmers:;<=�>

[11]

�

?@A���"��B����$%(������

�����	CDE&'FGHIJ��KL�MN

O�?PQRST�(����7U&'�����

VWXY�B�?Z[GHC�:\.��&'F�

��]^���L�M5? 12ºU_�̀ a�L�MN

b�]K��c:?def&'�L�MOg 10º� 

@A��hijk�l����L����mnof

&'� 

p"qr��st��huv���wBxyl

z����������{| 4b�}h~�����

��T"q�����(����I��#0�
1

��2�,?����Im���0�
1��2�

`����	

[19]

xy
��| 4b

1

��#�����

	��U"��u^r�������iV�MOg

10º�`a����b��L�M�h��)?���

�DE����c:"�#6��&'*+���L

�MNO�h��)������u�����"�

DE&'. � 

"q����st��muv�]K���L�

M�U?b¡¢_£?�| 4c�}h~�a��p]

K��st��mu¤"q��v������U-

.��¥12¦W��§¨�r�"qDE����

��	

[26]

©ª�����Nb�«>�����	

[19]

xy
��-.¬­b®�mu¯°C���U±�

��	"�

[19]

�"q����²12����³´µ

¶·�¸��³��³��¶·�¹³º�2 »��

�²12�����iV�M¼k#²12�¨�D

E���½zr�������M¾¿b����)

À9��§¨��Á¿O�pr�����Mbg 30º

v����)m�"Â�0�
1��2ÃÀ9Äh

��§¨�ÅgÆ��°C�²1��2xyIÇÈ

g
1��2���2»���²12�����iV

�M�
12�����iV�M

UO FO

−θ θ hu�É

P�?P��T�"q��L�ª�Ê­xgr���

���iV�M��
�ËÌÍÎ

[19]

�Z[GHk�

ÏÐ���	�Ñ���������	xyÒ­� 

ÓÔÕÖ×ØÙÚ� ProCAST� CAFE�ÛWÕ

#ÜÝ�Þß�ÉPà
áâß��Ûà*#©1�

�Z[GHk�ÏÐ�. ����GHC��?�

�DE��. C�ËÌRS�| 5 ã¾��mur

�DE��L�����	�iä| 4 �| 5 "��

CAFE C��L��ª�����	Må(æb�|

5aC�?@A��. C���L�ç¯���L�

hM 10ºèé�ê,���	C��¯L����L�

xy
��ig"q���u^RST�| 5b���

�L�ç¯���L��ë�½z��¨�¯L�M

�ìíîïðO�ñòhM 10ºèéóå^RST�|

5c ôõ����	| 4c 
��ñö®÷��Møb

# 1 »®ù�CAFE ��úMNb�ûÉ
�ü?g

ýþ�¦����>��½����
�ü¸��Ó

ÔÕ���DE�ß�		ß
�.���M�+�

�DE�
9�ö�����DE. C�����

�ß� 

¬­k�ÏÐ��DE�����~����Ë

Ì���	��U"����DE���]^���

��L�M��h�����~�����DE��

 !-.��
12�$%U±²123¥12�� 

 

 

 

 

 

 

 

 

 

 

 

� 5  ���������������� �������! CAFE"#!�$%
&'()� 

Fig.5  Statistics results of selection of grain boundary direction within different competitive modes in CAFE simulation: (a) the 

converging growth, (b) the diverging growth in the same side, and (c) the diverging growth in different sides 
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Abstract: It is of great scientific and engineering significance to understand the misoriented grain evolution in the directional 

solidification of superalloys, where the competitive growth of dendrite arrays with different orientation is the key phenomenon to 

understand the grain boundary evolution and elimination of dendrite. The experimental bicrystal growth in directional solidification 

identified the drawback of the traditional tip undercooling criterion. Moreover, quantitative phase field simulations showed more details of 

the bicrystal competitive growth and enhanced our understanding. In this research, we proposed a sheet sample with multiple bicrystals 

configurations. The microstructures were observed in a stitching picture. The results indicate that the competitive growth of two dendritic 

arrays is directly related to the interaction of primary arms and secondary arms in the grain boundary region. In the converging growth, the 

primary arm of the favorably oriented dendrite block the primary arm growth of unfavorably oriented dendrite and the new primary arm of 

the favorably oriented dendrite can not overgrowth in the grain boundary region. Then the grain boundary forms mainly along the growth 

direction of favorably oriented dendrite. In divergent growth, when the two dendritic arrays are on the same side of thermal gradient 

direction, the grain boundary is still mainly along the growth direction of favorably oriented dendrite where the new primary arm of 

unfavorably oriented dendrite is more likely to form than that of favorably oriented dendrite. When the two dendritic arrays are on the 

different sides of thermal gradient direction, the new primary arms of the both dendritic arrays can generate and the grain boundary is 

between the growth direction of the two arrays. The competitive growth and the grain boundary selection of dozens of biocrystals have 

been summarized within several samples. The statistical results agree with the phase field simulation. However, the CAFE simulation 

results from the ProCAST can not predict the grain boundary evolution due to there is only a profile of grains related to tip undercooling 

without solute diffusion and competition of side branches in CAFE. The method proposed here can be used to obtain the statistic 

information of the competitive growth with a high throughput way, and the results are helpful to understand the misoriented grains in 

fabrication of single crystal blade. 

Key words: directional solidification; competitive growth; grain boundary direction 
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