
� 23 � � 2 � Vol.23 No.2

2 0 0 9 � 4 � CHINESE JOURNAL OF MATERIALS RESEARCH April 2 0 0 9

� � � � � �

�Re����������	DZ59

�
����


� � 1,2 � � 2 � � 1 ��� 2

1. ������ �� 210094

2. ����	Æ���� �� 110016

� � �
��	�
� (LMC) �������	�, ����
�	

��	
 Re 	��
����	�	 DZ59,

���

� (SEM), 
�
� (TEM) �
��
��������������, ����		����

. ����,

DZ59 �		�	����

�������	, ���
����		��. �����	�		
����� (SGRZ)

��, �� SGRZ �	����	��, ������	����	����, ������
�����������	��.

��� 	���, �
�����, ����, 
������, �� �� (TCP)

��� TG111 ���� 1005-3093(2009)02-0158-07

The creep rupture properties of a low Re content
second-generation directionally solidified superalloy DZ59

ZHAO Tan1,2 ZHANG Yun2∗ CHEN Guang1 LOU Langhong2

1.School of Materials Science and Engineering, Nanjing University of Science and Technology, Nanjing 210094
2.Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016

Manuscript received October 17, 2008; in revised form November 12, 2008.
* To whom correspondence should be addressed, Tel:(024)83970269, E–mail: zhangyun@imr.ac.cn

ABSTRACT Assisted by the advanced LMC process and an optimum composition design, a high-
performance second-generation directionally solidified superalloy DZ59 with low Re content has been de-
veloped. The high temperature creep properties of the superalloy are better than first-generation single
crystal alloys and is close to the level of second-generation single crystal alloys. The microstructure and
creep rupture feature of the DZ59 alloy have been analysed in detail by SEM and TEM. The SGRZ was
first discovered in the second-generation directionally solidified superalloys. The results showed that SGRZ
is controlled by the temperature and stress. Because SGRZ increases the area of transverse grain boundary,
creep voids may initiate and propagate in the SGRZ location under high stress.

KEY WORDS metallic materials, 2nd generation DS superalloy, creep rupture, second grain reaction
zone(SGRZ), TCP phase
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1  !"#
A�%#"$(%�$!):B'> DZ59 �

"��$45, 89�@? 1550 C, � 12 mm/min

�:;9A<@�"��6; 16 mm +@ 280 mm

��$=D. >!"0A�<A�B?B�==D
(C 12–16 cm EF6 〈001〉 D$>@.

�"�G7+E?�@: 1230 C 2 h(@()+

1260 C 4 h(@()+1100 C 4 h(@()+850 C 24 h

(@(), H/A��G7+E?E8/*� 1100 C

1 975 CCF9A#A& 200 h 1 230 h, �37�

�!�#�33!4:��1�. A+E?�=D�
�G=+ 25 mm, 6; 5 mm �G7IB=A, J=

900 C9 1100 C:G 8 /�@1�3CF9�24
82"�, H;D$? 〈001〉.

975 C/245 MPa 24=AÆ 50 h ,#24K

-L*8, �<3B"4:5EF6 〈001〉 D$>@
=A,A�C=IÆD+�BÆD, � JEM2010DC

ME*7824$�EN:F. 3+E?,+-A&

�2IB82E�A�'>JD�78�"�K/
#$4,12482-0, ,�JDL? 4 g CuSO4

+10 ml HCl+20 ml H2O, M,�JDL? 10% �

H3PO4 E%. /*� LECIA M�FGE2 S3400n

HFGM=FGE4'>#$78.

2 $%&'(
2.1 DZ59 )*>+,Æ-.

DZ59 �" [9] :N?G: A� LMC �$!)*

"; IH? 2% � Re 1 3% � Ta; H� W,Mo,

Cr,C,B �2JK� �HH/, O4OP<P�
!�+,"�. <@�"��/IÆ2 1, QLJ/
  @!�" [1,15] ��/MIH2 1.

LMC *"FAN,�"�B!#$ (�/KR

S2 2), N,;O�K1 MC I,P1 γ/γ′ T!#
$�1-, �* γ/γ′ T!#$6/ (C//J, %)D
�Æ��� 6.1IK9 3.4, Q? LMC*"'!&!

)4L��@R@, �P!)$��(%;#.F'

!, �"�K!;@HM, �ECNLAGU1NL
=CMM:IS. QQ�"B!N,1G7Æ1I
S, �/V?<E.

DZ59�"�+E?+##$ROT��)EP
W/Q�NSSNU MCI,P, TR� γ/γ′ T!,

ST+ μ 0FO�U+!4�2 γ′ UV,,0 (V

1a). DÆ LMC *"�"G", �"B!G1B!H
5I� γ′ #$960P, B!G5I γ′ �FG:F

2T@ÆN/W (V 1b). DZ59�"G7+E?E γ′

XXJ,<E�VD:#, γ′ �YZ� 0.2–0.45 μm

:G, T@ 0.35 μm�WÆ (57%),"�&<P�UV
,,&R. DZ59 �"G7+E?+#�!4<E1
-3/� μ0ST (V 1c), μ0YZ<SÆ 1 μm,�

W��!41-0, TS M6C [I,P1-. 3Æ
6 Re�!, ReO�M6C�1-,\'ST, μ0:

� [9]. K/XL/W�!4�YLST,UV0, )

�!&M]!4YZ,!$Æ"��'!. XA,�!
45I! γ′ R^:�, �V*.F)S γ 9ULN
[YQ�$�. 2 3 \-!4 μ 0�2 γ′ R^��

/� EDSKR, )�Z- μ0�W,Mo,Re,Co,Cr

6/Y!, 4 Al,Ti,Ta,Nb 6/]�, γ′ 0*JR
R0:. K�2Z2., �A&$�* μ 01 γ′ R

^�:���^�"� _NL�$�. QL, O�

/[@Z, !4 γ′ R^�:�M��^`�!4N

S��O($�. a\ DZ59 �"4#!4:F (V

1d), +E?_P�"U+!4�:�, b!4(1�

04`?.�:!4:�50(FGRZ).

DZ59 �"4#1G7+E?+#A� 975 C/

245 MPa CF�IBT]/*? 141.7 1 232 h, +

Q 1 >Æ?c�ad

Table 1 Chemical compositions of the experimental alloys (mass fraction, %)

Alloy C B Re Ta W Nb Ti Al Co Cr Mo Ni

DZ59 0.05-0.13 0.08-0.015 2 3 7–10 0.5–1 1.5–3 4-6 8–10 6–8 1–2 Bal.

PWA1426 0.1 0.015 3 4 6.5 0 0 6 10 6.5 1.7 Bal.

bc 32 0.15 0.015 4 4 8.5 1.6 0 6 9 5 1.1 Bal.

Q 2 d[Ue�\fR6ef?S]
Table 1 Effect of directional solidification process on the dendrite size

(μm) Primary dendrite arm spacing Secondary dendrite arm spacing Tertiary dendrite arm spacing

HRS 365 49.3 32.8

LMC 140 34.9 26.8
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/ 1 DZ59 >ÆgTVh� (HT) gUW?^hVW
Fig.1 Microstructure of the standard heat-treatment (HT) and as-cast state (a) HT microstructure,

(b) HT γ′ morphology and particle sizes distribution, (c) HT grain boundary, (d) as-casting

grain boundary

/ 2 iX>Æ=<VXiY L–M Z_

Fig.2 L-M curves of several typical superalloys. (a) the comparison of L-M curve for DZ59 alloy

with the 1st and 2nd single crystal superalloy (b) Larson-miller comparison of creep rupture life

among DZ59, PWA1426 and b C 32

Q 3 gTVh�YW>Æ6^`ad
Table 3 Composition (mass fraction, %) of grain boundary precipitation after the standard heat-

treatment

Phases Ti Ta Al Nb Co Cr Mo Re W Ni

μ 0.9 0 1.1 0 12.9 12.2 4.1 11.1 25.3 32.5

γ′ envelop 6.4 1.9 6.6 1.1 6.4 2.4 1.1 0.2 8.5 68.7
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E?�IBT]'! 63% [., j&kZ γ′ ,,0

YZ1/W:L, �:!4:�3"��'!�!a
�.

[��1  �!�"7Y, DZ59 �"�!�

2482"�b_\L#$� �!�", b_`,

  �!�"�"��� (V 2a). [aQ PWA1426

#jb]l C32 �"�+,"7Y, DZ59 �"�+

,"�Xc�"*d!"^ (V 2b), 4'\� Re

1 Ta �6/%�<�� (2 1). +E?E DZ59 �

"�!4!ST, μ 0, !_;T-2 μ 0, ]�
!&$�"$ Re �KR, 2.&� Re �:N?G.

LMC *"���3k'!&�"�/�<E", O

43k@IKB!Æ1, `�&,+ μ 01-�`

$, '!&#$,�". QL, LMC *"���53
kN,�"*MC�2T!#$,Fa3"��'!

�!a�.

)S, �?���mJ,<P�/:N2+E?
�@�c^, � DZ59 �"OP&<P�!�+,"
�, `�&�617\, � DZ59 �"�?�/d!
!"%7�  �!!��".

2.2 DZ59 )*>0_`123Æ4a56789
>:b

� 975 C/245 MPa CF9 DZ59 �"�IBT

]? 230 h, 8el,!.F�bf, 4�bf5Y

+. �n78)S8el,!3/FG@m (V 3a),

@mJ/ÆLno, X.c0HF6Æ:�3D$.

!n78(2!_�gmh1Æ3i MC,γ/γ′ T

!�2p+ γ′ [9Uj4E (V 3b,3c). e:FG

gm�:�31�9!���k@, $�q$N ]
S, K/2dd22!Y!�cde�, �"�f�

b_o/(r. ePfe��, �2482$�*!
4p, (V 3d), 4?q+, @mÆh1�q+!4[
�3� 45 @�HE�5Xe:, XA)S2dfg
p,�!45N . 8e�g@ (V 3a) Mh.�?
�3_Pq+!4G2dN , ;[!_gml`4
82. [ FGRZ 07, �24$�*!4(1&.F
�g4,, 22�!45I�m,, �2 〈001〉 @$
�!4�.q:,0.

V 4 \-& 975 C 230 h A#A&[ 975 C/

245 MPa �3A& 230 h A�fb5!4#$�3
7. DZ59 �"� 975 CA& 230 h, !_ γ′ 1!4

μ 0TS.F�sn+3, FGRZ m@Y+E?E4

,53, !4jihUV μ 0:L, kh1-NS�

M23C6 0, [A&�@!0, FGRZ 5Im@?? 2–

3 μm jk (V 4a). _$ 230 h ��3A&, �"

* γ′ #$(1p, (V 4b), K�!��"*rS�
2Z; QL, �l# FGRZ �EmM! M23C6 0:

� [9]; !443/5li�.γ′−μ0J0!3 (Cellu-

lar colonies) :�, �oH!4�m@nH� 21 μm.

b#$�:��!4m,�ihlQ. 37V 4a,b

/ 3 975 s/245 MPa tpij?7ko
Fig.3 Characteristic fracture of rupture specimens tested at 975 s/245 MPa. (a) the macrograph of

cross-sectional fracture, (b) and (c) voids in the grains, d cracks at grain boundaries
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/ 4 ulYWm6^?nq
Fig.4 Grain boundary morphologies of different statements. (a) aging at 975 s for 230 h, (b) mi-

crostructure near the stress fracture at 975 s/245 MPa for 230 h, (c) deformation zone tested

at 975 s/245 MPa for 50 h (TEM), (d) aging at 1100 s for 200 h

/ 5 r?sjp7otkguq
Fig.5 (a) initiation and propagation of cracks (b) propagation of cracks

)r, �3\'&b!3#$�:�, 4l�  �
!�"*(14,�!45I`?. :!4:�
50(SGRZ).

.γ′ −μ0J0!3[ Pollock [ [10] ��78�

�./+!30#$]?0P. Pollock 78��./

+!30#$�� γ′ ?9, γ 1 P0?UV0�00

#$, UV044X,+/W;F6Æ./0�1+
4L. 4�6�"*�:1!4#$%� γ′ ?91

μ0UV�J0#$, UV0�ST+:m/LÆ γ′

9_H, [./0�Lf1+4Lv!-n�@$0
p (V 4b). V 4c oq&:s&24K-��31�
9, !45IUV01��2�.γ′ −μ0J0!3:

��G7t�. pV>q, �Kh!3�vtEN+
@u! (SV* A),�lQ��24$�*�"(1
4:, 5X!T*� (111)〈011〉 YrpkZ, Yr�
!4E�M,ENrs; 4 Re [� fEN!;N
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L_P μ 0:�, � B EENB4)S 20–50 nm �

:1 μ 0; ?&`�4L�, γ′ kh�;:�li�

γ′ R^, ENB4 μ 0�:�2�3 γ′ :�� �
/w1�\'&K�$��'>, �!3_HENs

w+@9` (SV* B). Mg24AG�t+, b$

�58' , 69:�V 4b *�!4:#.

� 975 C –230 h A#A&!4v!.γ′ − μ0J

0!311 (V 4a), � 1100 CA#A& 200 h E�

"*�VD#� γ′ f 〈010〉 1 〈100〉 D$�p,, !

45Iu1-NS� μ0, xMg γ′ R^�:�, !

4-25<E�.γ′ − μ0J0!3 (V 4d). K2.
.γ′ − μ0J0!3<v4��^NL04$�, �@

XA\'.γ′ −μ0J0!3�:�. 37V 4b 1 4d

)S, /+!3YZ1J/!.F�y*, [.�3

,x\' :!4:�.

� 975 C/245 MPa 1 1000 C/195 MPa 24=

A*, 24@m44h1Æ.γ′ −μ0J0!3[vv
9U�v4 (V 5a), SGRZ�:��!44Pgw5
���> 〈001〉 D$, 3Un.γ′ − μ0J0!3�1

1<v4nH&q$�3�!4Ln, 2d44fg
!3�q$v4N (V 5b). K�2ZbLWalston

�<@h< [11], 3Æ�!�"K��/g�2dh
1d.

3 $ (
1.LMC*"FAN,#$;'!#$,�",�

� LMC*";u$�"� kZ1+E?��c^
��-�/!"%7��  �!!��" DZ59,

�!�2482"�#$�� �!�";`,�

  �!�".

2. � Re �\'UV,,1)E,,�XA,

'H1,�!4 μ 0,+E?+# μ 01 γ′ R^>

:��U+!4, !aÆ2482,@�ws, �2

48222-!@t"82-0, fb-*!3/e
:gm<Eh145vN , ��"d!Y!�cd
e�.

3. �3A&1 1100C!�A&\' DZ59�"

.SGRZ0:�,M23C6 0�1-,5li� γ′ 1 μ

#��u0!3�:�. YZY3�u0!3nH&
�"q$!4�34L, �!xy9�?24@mh
11N �Em.
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