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 1  DD6!�"#$%&'� 

Table 1  Nominal chemical composition of DD6 alloy (ω/%) 

Ni Al Cr Co W Mo Ta Nb Re Hf C 

Bal. 5.6 4.3 9.0 8.0 2.0 7.5 0.5 2.0 0.1 0.006 
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Fig.1  Calculated dependences of mass fraction of all equilibrium 

phases between 500  and 1450  in DD6 alloy (a) and � �

its partial enlarged drawing (b) 
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Table 2  Calculated temperatures and chemical composition corresponding to the maximum precipitation amount of equilibrium 

phases in DD6 alloy (ω/%) 

Phase Temperature/� Ni Al Cr Co W Mo Ta Nb Re Hf C 

γ 1333.48  60.99 5.6 4.3 9.0 8.0 2.0 7.5 0.5 2.0 0.1 0.006 

γ′ 500 70.09 7.79 0.93 3.21 5.63 0.84 10.66 0.71 0.0008 0.14 - 

MC 767.44 - - 0.065 - 0.989 0.248 38.842 3.272 - 50.253 6.332 
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Fig.2  Effect of Al content on the precipitaton temperature and mass fraction of all equilibrium phases in DD6 alloy (a~c) and the 

corresponding partial enlarged drawing (d~f): (a, d) 5.2% Al, (b, e) 5.9% Al, and (c, f) 6.2% Al 
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Fig.3  Effect of Cr content on the precipitation temperature and mass fraction of all equilibrium phases in DD6 alloy (a~c) and the 

corresponding partial enlarged drawing (d~f): (a, d) 3.8% Cr, (b, e) 4.3% Cr, and (c, f) 4.8% Cr 

 

������� 500 ���	
��
 0.1184%�

0.1183%�Cr �
 4.8%��MC � M

23

C

6

���	�

�����	

 0.089%�M

23

C

6

� MC �����

��� 500 ���	
��
 0.1170%� 0.1179%� 

2.4  Co ��������	
� 

� 4�	���� Co
� DD6�� !"#�

	
$���%&�Co�
' 8.5%()* 9.5%�500 

�+, γ′#�	
- 70.6%./* 70.06%�+, γ #

�
- 20.3%(�* 20.63%�01��' 1289.95 �

23* 1286.46 ��45��' 1384.78 �23*

1383.57 ��65��- 1335.06 �23* 1331.97 ��

01$65��78- 45.11 �9:(�* 45.51 �; 

µ #���	��' 1150.35 �9:<=* 1151.16 

��500 �+, µ#�	
' 8.99%(�* 9.19%�µ

#�	��>?' 500~1150.35 ��@* 500~1151.16 

��Co �
' 8.5%()* 9.5%�MC �	��-

1325.62 �(�* 1332.23 ��MC �	��>?'

655.29~1325.62 ��@* 602.06~1332.23 ��MC�

��
 M

23

C

6

�����' 655.29 �23* 602.06 

��M

23

C

6

�	��- 778.15 �23* 756.63 ��

M

23

C

6

�	��>? 500~778.15 ��A* 500~756.63 

��MC�M

23

C

6

���	������	
- 0.090%

9:(�* 0.091%�M

23

C

6

� MC ��������

��	
- 0.1182%9:()* 0.1186%�M

23

C

6

� 500 

�����	
B
 0.1183%��

2.5  Ta ��������	
� 

� 5 �	���� Ta 
� DD6 ��C !"#

�	
$���%&�D�� 1E	�Ta�
' 6% (

)* 8.3%�500 �+, γ′#�	
- 68.22%(�*

71.37%�+, γ #�
' 23.63%./* 18.82%�0

1��' 1271.30 �FG<=* 1295.28 ��45��

- 1393.45 �23* 1379.01 ��65��' 1346.99 

�23* 1326.50 ��01$65��78' 75.69 �

23* 31.22 ��Ta�
' 6% ()* 8.3%�µ#�

��	��- 1105.16 �<=* 1172.50 ��500 �+

, µ#�	
' 8.03%(�* 9.70%�µ#�	��>

?' 500~1105.16 ��@* 500~1172.50 �;MC��

�	��H- 1291.98  � (�* 1330.94 �I9./

* 1328.13 ��MC�	��>?' 533.58~1291.58 �

�A* 659.81~1328.13 , � MC���
 M

23

C

6

���

��- 533.58 �<=* 659.81 ��MC� M

23

C

6

��

�	������	
- 0.088%9:(�* 0.091%;

M

2 3

C

6

�	��>?H' 500~768 .25  ��A*

500~767.44 �I�@* 500~768.06 ��M

23

C

6

���

	��H' 768.25 �./* 767.44 �I<=*

768.06��Ta�

 6%� 6.8%��M

23

C

6

� MC��

������	
B
 0.1187%�M

23

C

6

� 500 ���

	
��
 0.1188%� 0.1185%�Ta �

 7.5%�

600 800 1000 1200 1400

0

20

40

60

80

100

8.58

21.07

1139.38 �

1294.04 �

1337.57 �

1387.46 �

70.22

MC

M

23

C

6

a

L

µ

γ

γ'

M
a
s
s
 
F

r
a
c
t
i
o
n
 
o
f
 
P

h
a
s
e
s
/
%

 

 

 

 

600 800 1000 1200 1400

0.0

0.2

0.4

0.6

0.8

1.0

0.1048

0.0119

720.05 �

0.092

1326.41 �

MC

M

23

C

6

d

L

µ

γ

γ'

Temperature/�

M
a
s
s
 
F

r
a
c
t
i
o
n
 
o
f
 
P

h
a
s
e
s
/
%

 

 

 

 

600 800 1000 1200 1400

0

20

40

60

80

100

b

9.09

20.47

70.32

1150.77 �

1288.20 �

1333.48 �

1384.17 �

M

23

C

6

MC

µ

L

γ'

γ

 

600 800 1000 1200 1400

0.0

0.2

0.4

0.6

0.8

1.0

0.1184

0.090

e

0.1183

767.44 �

1330.94 �

630.20 �

M

23

C

6

MC

µ

L

γ'

γ

 

Temperature/�

600 800 1000 1200 1400

0

20

40

60

80

100

1160.59 �

1282.23 �

1329.49 �

9.60

19.97

70.32

1380.91�

MC

M

23

C

6

µ

γ

γ'

L

c

 

 

 

 

600 800 1000 1200 1400

0.0

0.2

0.4

0.6

0.8

1.0

1329.86 �

0.1170

720.87 �

0.089

805.93 �

0.1179

MC

M

23

C

6

µ

γ

γ'

L

f

Temperature/�

 

 

 

 



� 12�                        ������ Re 	
��
������������������                 !3703! 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

" 4  #$% Co&� DD6��'�����&(�)�*+",-.�/012" 

Fig.4  Effect of Co content on the precipitation temperature and mass fraction of all equilibrium phases in DD6 alloy (a~c) and the  

corresponding partial enlarged drawing (d~f): (a, d) 8.5% Co, (b, e) 9% Co, and (c, f) 9.5% Co 
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� 5  ��� Ta�� DD6���������	������� !�"#$%� 

Fig.5  Effect of Ta content on the precipitation temperature and mass fraction of all equilibrium phases in DD6 alloy (a~c) and the 

corresponding partial enlarged drawing (d~f): (a, d) 6% Ta, (b, e) 6.8% Ta, and (c, f) 8.3% Ta 
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Fig.6  Effect of W content on the precipitation temperature and mass fraction of all equilibrium phases in DD6 alloy (a~c) and the 

corresponding partial enlarged drawing (d~f): (a, d) 7% W, (b, e) 8% W, and (c, f) 9% W�
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Fig.7  Effect of Mo content on the precipitation temperature and mass fraction of all equilibrium phases in DD6 alloy (a~c) and the 

corresponding partial enlarged drawing (d~f): (a, d) 1.5% Mo, (b, e) 2% Mo, and (c, f) 2.5% Mo�
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Fig.8  Effect of Nb content on the precipitation temperature and mass fraction of all equilibrium phases in DD6 alloy (a~c) and the 

corresponding partial enlarged drawing (d~f): (a, d) 0% Nb, (b, e) 1% Nb, and (c, f) 1.2% Nb�
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Fig.9  Effect of Re content on the precipitation temperature and mass fraction of all equilibrium phases in DD6 alloy (a~c) and the 

corresponding partial enlarged drawing (d~f): (a, d) 1.6% Re, (b, e) 2.0% Re, and (c, f) 2.4% Re�
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Fig.10  Effect of Hf content on the precipitation temperature and mass fraction of all equilibrium phases in DD6 alloy (a~c) and the 

corresponding partial enlarged drawing (d~f): (a, d) 0.05% Hf, (b, e) 0.1% Hf, and (c, f) 0.14% Hf 
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� 11  ��� C�� DD6���������	������� !�"#$%� 

Fig.11  Effect of C content on the precipitation temperature and mass fraction of all equilibrium phases in DD6 alloy (a~c) and the 

corresponding partial enlarged drawing (d~f): (a, d) 0.001% C, (b, e) 0.02% C, and (c, f) 0.034% C 
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" 12  #$ DD6 ��%&'(� OM ) FEG-SEM " 

Fig.12  OM (a) and FEG-SEM (b~d) images of microstructure for as-cast DD6 alloy; the magnified images of position A (c) and position 

B (d) in Fig.12b 

� 3  �� DD6 �����	��
���
� EPMA ������ 

Table 3  EPMA quantitatively determined composition in dendritic cores, interdendritic areas and γ/γ′ eutectic of as-cast DD6  

alloy (ω/%) 

Region Ni Al Cr Co W Mo Ta Nb Re Hf 

Dendritic 

cores 

65.069±0.290 6.114±0.033 3.838±0.011 9.231±0.085 8.351±0.034 1.410±0.005 4.611±0.080 0.381±0.001 2.446±0.085 Undetected 

Interdendritic 

areas 

64.075±1.361 6.467±0.569 4.070±0.329 8.300±0.290 4.401±0.012 1.966±0.138 7.827±0.720 1.562±0.068 1.725±0.083 0.131±0.003 

γ/γ′ eutectic 67.501±0.679 7.610±0.017 1.953±0.004 6.794±0.037 3.238±0.282 0.852±0.005 10.830±0.068 1.340±0.020 0.445±0.046 0.012±0.000 
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" 13  #$ DD6 ��*�)+,-. DSC /0 

Fig.13  DSC curves of as-cast DD6 alloy during heating (a) and 

cooling (b) 
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� 4  �� DD6�����	
��
������� 

Table 4  Experimental and calculated results of thermal-physical parameters for as-cast DD6 alloy (�

��

�) 

 

γ′ solvus 

temperature 

Starting freezing 

temperature 

Finishing freezing 

temperature 

Width of mushy zone  Heat treatment window  

Experimental results 1276.96 1382.23 1330.97 51.26 53.98 

Calculated results 1288.20 1384.17 1333.48 50.69 45.28 
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� 14  �� DD6����� FEG-SEM� 

Fig.14  FEG-SEM images of carbides 1 (a) and 2 (b) in as-cast  

DD6 alloy 

 

� 5  � 14a � 14b����������� EDS���� 

Table 5  EDS analysis results of blocky and rod-like carbides marked 1 and 2 in Fig.14a and 14b (ω/%) 

 Ni Cr Co W Mo Ta Nb Hf C 

Blocky carbides 1 3.46±0.46 0.45±0.16 0.68±0.21 4.52±0.39 3.77±0.22 43.06±1.80 19.77±0.37 1.18±1.09 23.11±0.36 

Rod-like carbides 2 6.22±1.38 0.86±0.17 1.09±0.28 8.13±0.25 4.35±0.26 

41.63±2.28 

15.34±0.38 - 22.24±1.05 

 

 

 

 

 

 

 

 

� 15  DD6�������� A����� FEG-SEM�!Al"# 3DAP$%&' ()*+�,��"#- γ	 γ′./01

 3DAP23� 

Fig.15  FEG-SEM image of the microstructure (a), three dimensional reconstruction of Al in 3DAP detected region (b) and elemental 

partitioning in γ and γ′ phase (c) in DD6 alloy after heat treatment A 
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� 16  DD6�������� B��� FEG-SEM� 

Fig.16  FEG-SEM image of the microstructure of DD6 alloy 

after heat treatment B 

 

� 6  DD6 �� �!"#$ A%��&'( γ� γ′)�*���+� 3DAP��+ 

Table 6  Calculated and 3DAP results of elemental partitioning of γ and γ′ phases in DD6 alloy after heat treatment A (ω/%) 

 Ni Al Cr Co W Mo Ta Nb Re Hf 

Calculated results (γ′ 

phase) 

69.60 17.11 1.49 5.40 1.61 0.57 3.69 0.48 0.02 0.03 

3DAP results (γ′ phase) 69.46±1.60 16.55±1.44 1.64±0.45 6.58±0.85 2.14±0.50 0.91±0.29 1.01±0.34 0.70±0.27 0.16±0.14 0.69±0.26 

Calculated results (γ 

phase) 

59.48 5.34 12.19 17.54 3.04 1.57 0.40 0.06 0.39 0.01 

3DAP results (γ phase) 55.10±2.84 5.22±3.22 13.99±3.30 16.91±3.12 2.23±0.66 2.42±0.36 0.25±0.19 0.23±0.21 2.27±0.46 1.10±0.19 

 

� 7  � 16� DD6�� �!"#$ B% µ)� EDS��������� 

Table 7  EDS and calculated results of µ phase in DD6 alloy after heat treatment B in Fig.16 (ω/%) 

 Ni Al Cr Co W Mo Ta Nb Re Hf 

Rod-like µ phase 1 24.55±7.85 1.85±1.08 4.03±0.77 6.31±0.91 35.15±5.89 9.52±1.02 5.65±3.09 1.03±0.94 11.50±8.28 0.40±0.32 

Short rod-like µ phase 2 18.87±4.01 1.02±0.54 4.96±0.67 6.84±1.16 36.09±4.42 9.55±1.97 4.53±3.48 1.32±0.67 16.29±10.03 0.53±0.33 

Blocky µ phase 3 14.54±0.39 0.31±0.09 5.12±0.66 6.91±1.72 38.75±6.62 10.46±2.37 3.56±2.78 0.92±0.85 19.67±10.42 0.53±0.46 

Calculated results 11.39 - 5.18 7.09 37.80 8.90 0.055 0.003 29.58 - 
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3"f<u�$.��9f<�`$�-��-�9

����$567����l��C�"u�$γ′2�

3"��&l$.���-�9����$�-�9

���`$567���l�:��lI�Al�"�

6.2%/$567��ha 20 �b����B�$5

67��ga 20 ��Al�Cr�Co�Ta�W�Mo�Nb�

Re � Hf �"u�$�����lI�C �"u�$

����lI:l��� Al�"� 5.2%�Cr�"�

3.8%�Co�"� 8.5%�Ta�"� 6%� 6.8%�W�

"� 7%�Nb�"� 0%�Re�"� 1.6%�Hf� 0.05%�

C�"� 0.001%�0.02%� 0.034%/$���ha 50 

�b����B�$���ga 50 ��)��3��

2 µm 
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���8��B�$�Kz Al�Ta� Nb�"$ ¡

γ′2LM�N� 65%~70%$���ga 50 �$567

��&ha 20 �� 

4.2  ������������� 

�	
, DD6��
{¢� MC� M

23

C

6

m£¤

,���B�}~�	
�3m���3�9¥¦�

DD6 ��-./�012 L �3� Ni ? γ .�L$

§�9��¨�-�9�©$ª«e� L→γ+MCiB

�	
 MC

[37]

�Al�Cr�Ta� Nb�"u�$MC¬­

�3�9��`:vhbMo�"u�$MC¬­�3

�9��`:f<��bW�Co�Re� Hf�"u�$

MC¬­�3�9Cug®¯bC�"u�$MC¬­

�3�9c;�`�MC ¬­�3�9@�-�9G

H?�Z!°� T

MC-L

$�� Al�"� 5.9%� 6.2%� 

Cr �"� 4.8%�Co �"� 9.5%�Ta �"� 8.3%�

W �"� 9%� Mo �"� 2.5%� Nb �"� 1%�

1.2%�Re �"� 2.4%�Hf �"� 0.14%�C �"�

0.02%� 0.034%/$T

MC-L

>0, �c MC012 L
�

3b����B�$T

MC-L

<0$�c MC0.2
�3�

[\���c�012
�3?�	
 MC C��$

0.2
�3?�	
C����Al�Cr�W�Mo�

Ta� Nb�"u�$MC�3�9¥¦l�� Co�Re�

Hf� C�"u�$MC�3�9¥¦lI�Al�Co�

W�Mo�Nb� Re�"l	� MC�g�3"±}~� 

Cr� Ta�"u�$MC�g�3"�KCvh�ug

®¯�Hf �"u�$MC �g�3"f<ug�C �

"u�$MC�g�3";�u�� 

DD6 ��,²³/$�	
 MC ª«e�

MC+γ→M

23

C

6

+γ′mB&j´�	
 M

23

C

6

�M

23

C

6

µ¶

a, γ oLª·¸¹6mº$C��»¼½�

[38,39]
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6
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23
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23
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23
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23
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23
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23
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4.3  ����� TCP ������ 

TCP2, DD6��
{¢� µ2m£¤,$��

B�}~ µ2¬­�3�9��3�9¥¦��3"� 

W�Re�Mo � Cr z µ 2{¢mBPQ�W �"�

7%u�Ä 9%$µ2¬­�3�9� 1111.65 �c;�

`¨ 1185.2 �$�3�9¥¦c;lI$�3"�

8.17%ugÄ 10.08%�Re�"0 1.6%u�Ä 2.4%$µ

2¬­�3�9� 1120.98 ��`¨ 1175.28 �$�3

�9¥¦c;lI$�3"0 7.91%ugÄ 10.18%�

Cr �"0 3.8%u�Ä 4.8%$µ 2¬­�3�9�

1139.38 ��`¨ 1160.59 �$�3�9¥¦lI$�

3"0 8.58%ugÄ 9.60%�Mo �"0 1.5%u�Ä

2.5%$µ2¬­�3�9� 1133.28 ��`¨ 1166.20 

�$�3�9¥¦c;lI$�3"0 8.20%ugÄ

10.05%�)��3�Re � W � µ 2�3}~^g$

Mo � Cr tG�n/$µ 2�3ÅÆ�Ç��PQ?

}~�Al�Ta � Nb �"u�$µ 2¬­�3�9�

��`$�3�9¥¦��lI$�3"��ug�

Co �"u�$µ 2¬­�3�9C�`®¯$µ 2�

3�9¥¦ClI®¯$µ 2�3"Cug®¯$d

�`»ug®¯&c;�Hf�"u�$µ2¬­�3

�9C�`®¯$µ 2�3�9¥¦ClI®¯$µ

2�3"Cug®¯$d�`»ug&c;�C �"

u�$µ2¬­�3�9����$µ2�3�9¥¦

l�$µ 2�3"��vh�)��3��, ¡.

�|	È�?ÉÊ©$�Ën�8 Re�W�Mo�Cr

� Co?�"$�� µ2?¬­�3�9��3"� 

4.4  �������� 
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3Ø�V��PQ,×2
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"{¢Æ Re�W�Mo� Cr?}~$Re� W� µ2

�3}~^g$Mo� CrtG�§ Re�W�Mo� Cr
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Thermodynamic Simulation Calculation on Precipitation Behavior of Equilibrium 

Phases in a Low Re-bearing Nickel-based Single Crystal Superalloy 
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Abstract: Based on thermodynamic calculation Pandat software and PanNi database, a thermodynamic phase equilibrium calculation 

method was employed to investigate the effect of alloying composition on precipitation behavior of equilibrium phases in a low 

Re-containing nickel-based single crystal superalloy DD6. Results indicate that the equilibrium phases consist of γ, γ′, µ, MC, and M

23

C

6

, 

and the calculated results are in excellent agreement with the experimental results. The Al, Ta, and Nb content mainly control the mass 

fraction of γ′ precipitates. With increase of Al, Ta, and Nb content, the mass fraction of γ′ precipitates is significantly enhanced; the 

solution temperature of γ′ precipitates is obviously increased; and the liquid starting and finishing solidification temperature is gradually 

decreased. The C content determines the precipitation amount of MC and M

23

C

6

 carbides. Increment of C content results in more 

precipitation of MC and M

23

C

6

 carbides. The precipitation of µ phase is predominantly influenced by Re, W, Mo, and Cr. With increase of 

Re, W, Mo, and Cr content, the initial precipitation temperature of µ phase is significantly enhanced; the maximum precipitation amount of 

µ phase is obviously increased; and the precipitation temperature range of µ phase is markedly extended. 

Key words: single crystal superalloy; DD6; equilibrium phases; thermodynamic calculation; Pandat 
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