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Table 1 Chemical composition of typical directionally solidified superalloys (wt%)!® ']

Generation Alloy Co Cr Mo w Al Ti Ta Hf Re C B Zr Other

GTDI111 9.5 14 1.5 3.8 3.0 5.0 3.0 0.15 - 0.1 0.01 - -

Dz411 9.14 13.6 1.6 3.44 2.97 4.9 2.87 - - 0.09 0.01 - -

René 125 10.0 9.0 2.0 7.0 5.0 2.5 4.0 1.5 - 0.1 0.02 - -

DZ4125 10.0 9.0 2.0 7.0 5.0 1.0 3.8 1.5 - 0.1 0.015 - -

st MGA1400 10.0 14.0 1.5 4.0 4.0 2.7 4.7 - - 0.08 0.05 0.03 -

CM247LC 9.0 8.0 0.5 10.0 5.6 0.7 3.2 1.4 - 0.07 0.015 0.01 -

PWA 1422 10.0 9.0 - 12.0 5.0 2.0 1.0 1.5 - 0.14  0.015 0.1 -

TMD-5 9.29 5.76 1.88 13.6 4.36 0.87 3.23 1.29 - 0.08 0.021 0.04 -

DZ403 5.0 8.0 0.6 8.0 5.6 1.0 6.0 - - <0.006 - - -

PWA 1426 12.0 6.5 1.7 6.5 6.0 - 4.0 1.5 3.0 0.1 0.015 0.03 -

CM 186LC 9.0 6.0 0.5 8.4 5.7 0.7 34 1.4 3.0 0.07 0.015 0.005 -

DZz409 9.0 6.0 0.5 8.0 5.7 0.7 3.0 1.5 3.0 0.1 0.015 - -

2nd

René 150 12.0 5.0 1.0 5.0 5.5 - 6.0 1.5 3.0 0.05 0.015 0.02 2.2V

René 142 12.0 6.8 1.5 49 6.2 - 6.4 1.5 2.8 0.12 0.015 0.02 -

DZ406 11.8 6.7 1.5 5 6.5 0 6.5 1.5 2.9 0.1 0.015 - -

3rd TMD-103 12.0 3.0 2.0 6.0 6.0 - 6.0 0.1 5.0 0.07  0.015 - -
TMD-107 6.0 3.0 3.0 6.0 6.0 - 6.0 0.1 5.0 0.07  0.015 - 2Ru

4th

TMD-111 6.0 3.0 4.0 6.0 6.0 - 5.6 0.1 5.0 0.07 0.015 - 6Ru
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Table 2 Chemical composition of directionally solidified superalloys developed by GE Gas Power (wt%)

[13-17,40]

Alloy Co Cr Mo W Al Ti Ta Hf Re C B Zr Other
GTD111 9.5 14.0 1.5 3.8 3.0 49 2.8 0.15 - 0.1 0.01 - -
GTD222 19 22.5 - 2.0 1.2 2.3 3.9 - - 0.1 0.01 0.02  0.08Nb
GTD444 7.5 9.8 1.5 6.0 42 2.3 4.8 0.15 - 0.08 0.01 - 0.5Nb
René 80 9.5 14.0 4.0 3.7 3.0 5.0 - - - 0.17 0.015 0.02 -
René 108 9.5 8.35 0.5 9.5 5.5 0.75 3.0 1.4 - 0.07 - - -
René 125 10.0 9.0 2.0 7.0 5.0 2.5 4.0 1.5 - 0.1 0.02 - -
René 150 12.0 5.0 1.0 5.0 5.5 - 6.0 1.5 3.0 0.05 0.015 0.02 22V
René 142 12.0 6.8 1.5 4.9 6.2 - 6.4 1.5 2.8 0.12 0.015 0.02 -

#=3 P& WARF LN EERE G SHLERS
Table 3 Chemical composition of directionally solidified superalloys developed by Pratt & Whitney (wt%)'**>*!

Alloy Co Cr Mo w Al Ti Ta Hf Re C B Zr Other
PWA 664 10.0 9.0 - 12.0 5.0 2.0 - - - 0.14 0.02 0.08 INb
PWA 1422 10.0 9.0 - 12.0 5.0 2.0 1.0 1.5 - 0.14 0.015 0.1 -
PWA 1426 12.0 6.5 1.7 6.5 6.0 - 4.0 1.5 3.0 0.1 0.015 0.03 -
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Table 4 Chemical composition of directionally solidified superalloys developed by Cannon-Muskegon (wt%)'"*"!

Alloy Co Cr Mo w Al Ti Ta Hf Re C B Zr Other
CM247LC 9.0 8.0 0.5 10 5.6 0.7 3.2 1.4 - 0.07 0.015 0.01 -
CMI186LC 9.0 6.0 0.5 8.4 5.7 0.7 3.4 1.4 3.0 0.07 0.015 0.005 -

=5 ZHETHANEERE S SHNERD
Table 5 Chemical composition of directionally solidified superalloys developed by Mitsubishi Power (wt%)"**"

Alloy Co Cr Mo W Al Ti Ta Hf Re C B Zr Other
MGA1400CC 10.0 14.0 1.5 4.0 4.0 2.7 4.7 - - 0.08 0.05 0.03 -
MGA1400DS 10.0 13.3 1.7 4.6 4.0 2.4 4.8 - - 0.07 0.017 - -

MGA2400 190 19.0 ; 6.0 19 37 1.4 ; ; 0.17 0005 002  INb
#F6 ARERMBMRAALNERRE S SMUFERS
Table 6 Chemical composition of directionally solidified superalloys developed by NIMS (wt%)” "
Alloy Co Cr Mo w Al Ti Ta Hf Re C B Zr Other
TMD-5 9.29 5.76 1.88 13.6 4.36 0.87 3.23 1.29 - 0.08 0.021 0.04 -
TMD-103 12.0 3.0 2.0 6.0 6.0 - 6.0 0.1 5.0 0.07 0.015 - -
TMD-107 6.0 3.0 3.0 6.0 6.0 - 6.0 0.1 5.0 0.07 0.015 - 2Ru
TMD-111 6.0 3.0 4.0 6.0 6.0 - 5.6 0.1 5.0 0.07 0.015 - 6Ru




4 1]

T MG IR ARLIH S 1) BB e I A e T T

* 1057

I PR R 2~3 i, R A5 3 = 60~130 MPa, #4957
7 B i 100 £554,

35 2 FRARE G G FH I FR Hp R 0 i) S R RS
BT 861 17 B P 5 42 5 491 W DZ404 & 4 f& 7 DZ403 [T Bk
W 7R S I AR R B O™ B AR SRR A
S DR R [ BEAR , 2R B RS SR AT BE I LA 2R
FaEtE BUR SR R BRI S, 1ZA6 8B A
FEA i O FE UG A B B, SO R T B 1 S5 A, 15
A LR FE T DZ405 . DZ422 Al DZ4002 25 5 [ ¥k [ K
G4,

5 3R € ) B A 4, b s A R
FCHT 17 #l René 142 53 F () DZ406"", 1/5 1] René 125 75 %)
1 DZ41252, {7 ] PWA 1422 133 ff] DZ422P, ki 4>
J& FT i GTD111 45 2 f¥ DZ4112%, {75 1] IN738 J&5 {F Hi 3
5y VA R4S 2 (1) DZ438G & &P, KPR Z A& 08B/
HLEA=.

2.3 ZEMEEEE SN AR

HFm ARk oE i E S &R ENAH TR
Bl I AE AR ST R Ja Bl A . 55 1 ARE [ Bt B & 4
FEM T EMBRSERNREE S, B AT E s 3 Z R
SEIAF CEREFHNG P H P T RERA
B, i 6 3k 0TI BE BB % 04 21 1600 C £ % 1700 C .
o, 5 A E A 4 GTDI11 32 2 T 55 58 A A+
OH 2% B AR KA ML W 2 sl i, 58 1A) B [l & &
MGA1400 F E H F H A =2 A & M701) F B %< 5
MURI 1~3 R h . [ A H afd@ i mE s K&, T
UHA P A B 4 F R B RR AL, G 9 H FIR S
ML H ET AL T B B

/

]

|
\\ . Guihbemiay

(

\ f

500 nm

3 ERAEHRSEAESNRITSREL
M3

S 171 1 ] 5 4 1) A PR s P RO B 1 6 L PR T
Refe B &t I E A . A2 E TR A JORE S 4
TEKBIMRASE FE HR A AR AT K PR RE RN & 411
IR AR M RE , DU PRV RE RN A S PUAUL  BUIAJE Dl R
— M@ IR R E R SR B & S H 1.
S [ 458 [ i A 4 o 32 LI I b PN SR A S R AL
JiTH, REEA S HA R MR . MR T R AR
Cr.W.Co.Mo.Re.Al.Ti Ta %, fi 7 58 fb 70 2 45 C.B.
Zr Hf LA /b & Cr&5; Hrf CroRe Co - E 43 A7 T F 4k y
FH, EVARL TR, AL Ta & 0= X 0 Ty Ul
A OATTIESRAL ST RS, B AN, Cr AL Ta ib A7 Bh T 5
AENPUEMME. CouEREBILE F BB ik
I SAEAE T i . DL—Fh s 1A E &t [ & 4o
Bl 5y A <y AH A K i S A 70 2% 43 A B 2 BT oRBY, B
SRR R MC BB, & & C Ta Ti%E L &
TN THCKS 23 3 ) 3 4 RO [R] S AR G R A
3.1 mAsEITRIER
3.1.1 pAasRiLTE

W e Al A P E B Aot R, L A
BRI R 2145, JRAE AR5 i m) e[ & 6 b B ORI
iR FEE 5 DRI A 2 5t P [ s A A ™. WOR BB il &
4 WP A FE A 40 1 %5 HE (topologically close-packed, TCP)
I EER IR, W A Mo fE A4 Xt T o A HT H
HAIRHEAE P,

Co JUE M 3 BE F N Vs ik, R BRI LA &
BRI EHE G — R AR B B I R R R 0 AR

2 SEIFEER A S IE TEM I8 )7 R IC R 0 A

Fig.2 TEM image (a) and element distribution (b) near grain boundaries of directionally solidified superalloy
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Fig.3 Schematic diagrams of columnar crystal (a) and grain boundaries (b); morphologies of carbides in grain boundary (c) and borides in grain

boundary (d)®***
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Fig.4 Schematic diagram of element distribution and effects in

directionally solidified superalloys
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Fig.5 Dendrite and grain boundary morphologies (a—b, d—¢) and schematic diagram of dendrites (c) of directionally solidified superalloy

(a, b, d) cross section and (e) longitudinal section
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Fig.6 Morphologies of as-cast directionally solidified superalloy:

interdendrite (c)!""”
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Fig.7 Morphologies of ' phase in directionally solidified superalloy after different heat treatment systems®''”: (a) solid solution treatment,

(b) solid solution treatment + primary aging treatment, (c) cubic y’ phase after solid solution treatment + secondary aging treatment, and (d)

two different sizes of y’ phase after solid solution treatment + secondary aging treatment
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Fig.8 Yield strength and elongation of DZ408, DZ4125 and DZ406

alloys at different temperatures 7"
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Fig.9 Tensile deformation mechanism of directionally solidified superalloy at low temperature®” '**:: (a) APB cutting through ' phase at 650 °C,
(b) stacking faults cutting through y’ phase at 650 °C, and (c—d) slip band formed by dislocation cutting through y’ phase and its schematic

diagram
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Fig.10 Stacking faults of directionally solidified alloy after yielding Fig.11 Tensile deformation mechanism of directionally solidified
at 700 °C (a) and 750 °C (b)!"** superalloy at high temperature'**"*": (a) dislocation loops and

dislocation cross-slip, and (b) directional coarsening of y’
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Fig.12 Creep curves of DZ125 alloy under high temperature and low stress conditions'™": (a) different stress conditions at 1313 K; (b) different

temperature conditions at 137 MPa
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Fig.13 Different raft structures of negative mismatch alloys under

tensile and compressive stresses!'*®: (a) N-raft and (b) P-raft
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Fig.14 Schematic diagram of internal stress of alloy with a y/y’ two-
phase structure under different applied stress'**: (a) applied
stress is zero; (b) applied tensile stress is perpendicular to the

upper and lower surfaces
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Fig.15 Factors affecting rafting microstructure in directionally

solidified superalloys 741411
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temperature and stress!'*’!
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Fig.17 Microstructures of directionally solidified columnar alloys after low temperature and high stress creep rupture in the S zone!*'**:

(a—b) APB coupled dislocation partials lie within y’-precipitates; (c—d) stacking faults
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Fig.18 Dislocation distributions of M4706 alloy after 1% creep under different stress conditions at 900 °C™"*’: (a) 300 MPa, (b) 320 MPa, (c) 350 MPa,
and (d) 375 MPa
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Fig.19 y' phase morphologies and dislocation configuration after rafting during creep under high temperature and low stress"*: (a) macroscopic

morphology of rafted y’ phase; (b) interface dislocation network of rafted phase; (c—d) dislocation network observed under FEG-SEM
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Research Progress of Directionally Solidified Superalloy for Gas Turbine Blade

Fan Yunpeng', Zhao Xinbao'?, Zhou Yu', Xia Wanshun', Yue Quanzhao', Gu Yuefeng"*
(1. School of Materials Science and Engineering, Zhejiang University, Hangzhou 310027, China)
(2. State Key Laboratory of Silicon and Advanced Semiconductor Materials, Zhejiang University, Hangzhou 310027, China)

Abstract: Directionally solidified superalloys are widely used in turbine blades of advanced power propulsion systems such as industrial gas
turbines due to their excellent high-temperature strength, creep resistance, corrosion and oxidation resistance, as well as good structural stability
and casting properties. Directionally solidified superalloys for gas turbines have been developed from the first generation to the fourth generation
by adjusting the proportions of different solid solution strengthening, precipitation strengthening and grain boundary strengthening elements. The
intragranular structures are mainly composed of y phase and y’ phase. There are carbides, borides and other precipitates at the grain boundaries that
can pin the grain boundaries. Under the joint influence of these strengthening phases, nickel-based directionally solidified superalloys have better
tensile and creep properties that can change with temperature. Starting with the composition characteristics and microstructure characteristics, this
article combines the current application status of directionally solidified superalloys in gas turbines, and further analyzes its performance
characteristics. Finally, it looks forward to future research on directionally solidified superalloys.
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