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Material and Processing Technology of Directionally

Solidified Blade in Heavy Duty Industrial Gas Turbines

ZHANG Jian, LOU Langhong, LI Hui
(Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China)

Abstract: Turbine blades used in heavy duty industrial gas turbines (IGT) serve at high temperatures and in an aggres-
sive environment. The present paper gives an overview of the materials and processing techniques of IGT blades. Compa-
ring to the turbine blades used in aero engines, IGT blades operate at high temperature, hot corrosion environment for lon-
ger time, and are with much larger size. The principles of material design and manufacture of these large blades are there-
fore required with special considerations. The temperature capability of materials used as IGT blade is increasing over the
past decades due to the development of directionally solidified (DS) and single crystal superalloys. Features such as high
Cr content and Ti/Al ratio are unique in these alloys comparing to the alloys used in aero engines. Consequently, develop-
ment of alloys with high strength, high hot corrosion resistance, as well as good long term stabilities is a very challenged
task. Directional solidification is one of the most important techniques in manufacturing the large blade. The development
of advanced high gradient DS process-liquid metal cooling process has been described. Typical microstructure and proper-
ties of superalloys processed by different DS techniques are compared. Some recent progresses in manufacturing the large
blades in China have also been depicted.
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Table 1 Comparison of turbine blades used in industrial gas

turbines (IGT) and aero engines

IGT aero engine
Size Large Small
Operating time
Steady state >10° h 25000 h
Peak temperature ) >10° h 1 000 h
Mass Not significant Very important
Environment Corrosion Non-corrosion

1 EARRSEHLCT) Sz R sipl( L) it A i e
Fig. 1  Size comparison of an IGT blade ( down) with a typical

aero engine( above) turbine blade
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K2 @iida s MBI L. (a) BfMZ 1000 C,
100 h = SFEAAE R EWIBAL,  (b) AR B RHEE
A2 900 C, 6 h R (B 75% Na,SO, +

25% K,S0, ) L5 5 147 WL S
Fig. 2 Comparison of oxidation and hot corrosion. (a) sample
after 1 000 C/100 h in air and (b) same alloy after

900 °C/6 h hot corrosion test in molten salt (in mass

fraction 75% Na, SO, +25% K,S0,)
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Table 2 Materials and coatings for blades and vanes of heavy duty industrial gas turbine

OEM Model Vanes Blades Coatings
Alstom/ABB GT24/26 DS CM247 (R1) DS CM247 (R1 -R3) TBC
GE 6001B FSX 414 (R1) DS GTD 111 (R1) GT29 +
7/9EA FSX 414 (all stages) DS GTD 111 (R1) GT29 +
7/9FA/FA + FSX 414 (R1 and R2) DS GTD 111 (R1 and R2) GT33 +
7/9FA + enhanced FSX 414 (R1) DS GTD 111 (RI and R2) TBC
SC N5 (Rl)
7/9FB GTD 111 (R1 -R2) DS GTD 444 (R2 and R3) TBC
Siemens Vo4.3A SC PWA 1483 (R1 -R2) SC PWA 1483 (Rl -R2) TBC
MGA 2400-modified Ry .
MHI 701F3 INO39 (RI - R3) DS MGA 1400 (R1) TBC
MGA 2400modified
501/701G/G2 INO39 ( four rows) DS MGA 1400 (R1 -R2) TBC
1400
1300
1200 wwwaFiringTemp
o m—— Bucket Material
o 1100k Rupture Capability
E 1.4 kg/x 107 cm®
© (100000 h)
g 1000
€ (Conventionall
2 JAiCooling
900 GIR=
800
700
1950 1960 1970 1980 1990 2000
Years
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Fig. 3 Development course of bucket material, cooling method, working temperature of gas turbine fabricated by GE company
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Fig. 4 Progress in aero and industrial gas turbine blade

materials at abroad
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Table 3 Compositions (mass percent) of typical hot corrosion resistant Ni-based superalloys at abroad

Alloy Cr Co Mo W Al Ti Ta Ni

Multi-crystal alloys IN738 16 8.5 1.75 2.6 3.4 3.4 -
GDT111 14 9.5 1.5 3.8 3 4.9 2.8 Bal
Rene 80 14 9.5 4 4 3 5 - Bal
Directional alloys DS IN792 12.5 9 1.9 3.5 3.9 4 Bal
DS GDTI111 14 9.5 1.6 3.8 3 4.9 2.8 Bal
DS MGA1400 14 10 1.5 4 4 3 5 Bal
Single-crystal alloys PWA1483 12. 8 9 1.9 3.8 3.6 4 4 Bal
CMSX-11B 12.5 7 0.5 5 3.6 4.2 5 Bal
CMSX-11C 14.9 3 0.4 4.5 3.4 4.2 5 Bal
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Fig. 5 Hot corrosion resistant alloys developed at Institute of Met-

al Research, Chinese Academy of Sciences
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Fig. 6 Comparison of creep rupture data of (a) DZ411 and

DS GDTI11, and (b) DD10 and PWA1483
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Fig. 7 Results of hot corrosion testing at 950 C for DZ411
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AAMYRE, THRA RAFIWE T 2R, €10 R4 DI AR 900 °C, 12000 h MRS ALERR
Ji DD10 8 45 4 3k IS 1 28 900 °C K IR0 1Y ERELL R
FITES . 5 DZA11 24 th BB [ 32 AR, 'y'?l‘HTI:K Table 4 Normalized properties of DZ411 after aging at 900 C,
o e 1 s N . 12 000 h and rejuvenation heat treatment
WIREOR A I K, BRATAR, T R, LA v :
B TCPAIHT I, B RAFIIH SRR E P ™ Residual properties%
900 C, Rejuvenation
12 000 h treatment
980 C/ Rupture life 30 ~51 60
190 MPa Elongation 33 96
Tensile Ultimate Tensile o 97
properties Strength
(R.T.) Elongation — 145 ~ 155

It en f

K8 DZAIL & & HALHA (a), 900 C, 12 000 h Ff 5% (b) Al
900 C, 24 000 h LS (o) Y WAL

Fig. 8 Microstructure of DZ411; (a) as heat treated, (b) aging at
900 °C for 12 000 h, and (c¢) aging at 900 °C for 24 000 h

E 10 DDIO Hfiyfr AR (), 900 C, 6 500 h %%
(b) F1900 °C, 8 500 h %k () J7 i B L4
Fig. 10 Microstructure of DD10: (a) as heat treated, (b)
after aging at 900 °C for 6 500 h, and (c) after aging
at 900 C for 8 500 h
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Fig. 9 Reheat treated microstructure of DZ411 after E%jﬁﬁﬂ* K/@%@fﬂ:ﬂ F%%ﬂ'}% f ﬁ%ui%_: N % m Yih% pul

aging at 900 °C for 12 000 h SR R AR BRI T K A B R )2
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Fig. 11

solidification defect during directional solidification

20 22 90 AR, PRI AR EAL T A S
X KRB GE ) 25 S R e i I/ R o a1, o TR
TR HRS HA 38 JHY i 1] 45 s R B TT 1 1) 3 [ 2T
Siemens, GE F1 Alstom ¥JFF-4f = 15 B2 B0 B A & R R A
( Liquid Metal Cooling, LMC) 5 [n] % [ £ A& 19 T2 4k v
5T, #2000 4E 44, BRME & 58 1 LMC $0R [ T
AW FE, 4B T KM IMC M st e AR, T

LMC T2 A S A B MR HA T, KiE R
T A E e L R AR BRI, BRb T L 3 i
i R REhPEE, BT A& aHS SN
WEME, LMC BRI 75— A B R 354 B0 78 K A it
R B M EEE S T 2%, BT LMC 2 [ % F b ER
R IR ERERZAR R, R e IERS SRS
RIS N g D G M 2 2y 11 B VAT e M )
KRAFRgE R, BN & 4 BiR HRS TP A S 1B
()R, SCHRL 40 ] #E X LMC T2 A Ik s 4 4 e 504
IR, LMC & S8 T 238, LR
LMC TZH& =R A S WA 215 ) M ae il T
BNPEAIANA .

LR, EAMNE G BERBL, £ X LMC # R JF B
THE—BHRFSE . Filn Pollock 26 A =7 FI A LMC # A&
Hil& T8 R MEEA S, BT ) B E R A E
WAERALE, DA A — KB B, BFE T
TESEOTR S RIEMAE LR ST S5m0 m, @y
&% HRS T2 MXF I, #F—BUESE T LMC R 0] LIAT
RO AL AL, WA EG . Singer 2 A PR LB, M
F LMC T4 A8 G 4 b 4 FL o R AR B4 5 B o2,
B A IS RS B I AR T

HEIRE, VHAL Tl K2 FIFH LMC B & i B 4 B
FIRE R, AR MBS mF R T RaEiuis TAE,
X vy T A BT R [ B R 4 Y R R RRAE . I e 21
SEHAT TN RGEFRAMBIR ™ SRS M B A
&5 HRS HiR, Z5A8UERHL, #FH T 429300 mm
(5 145 SR R LI 2

R 2% 5E 4 8 BIF T BT A 2003 4R T IR &R LMC
AR TN, kT sisze . G848
JE T L da ) 25 e R, 2009 4E B Sh A d T AT R
750 mm K g A 45 i R R OR A LMC g%, R
TR FE LRI ) 45 iR e vk B T, 268 T %%
B M ARSERM T AR, FH LMC HAR, HX)
SE TR B A A B B TS Y e
10 b T A R T R i T
BT TR RGN TAE, IR £RW, LMC #
AR LLIRAT B ANl 1 5 10 BE R A1 20, Feeg e R
TGS EEMA, ke T )5 2L E b B Ok 1 T
2 A5 (), R ) R E M LA FE 43 2 B 84 A0 Ak A AL BT Y
FCFE M4 ST, LMC T8 nl ffi 4 4 1 9% 25 1k ik
5 E B BRI

T AR RS BL A s 44 B BT ) T AR A R A R
e, ITAERPREES BT BT B S S
A AAE, W T 200 AR F LA D A0 55 5 4



5 1391 B AL TSR BLAE 4SBT A BB i T2 19
WA S R T A [ 4% IR 4R 0 o 2]
HIBE R TAE c 35¢ >

AR, SRR T 430 mm K[ 550 5 f] 3% Z 7
M TESSBO R PP R | AR | R ey Y O Z f%’
CEETTIEN: Y it ol

i QEERLE, R LMC B AR R D B T st | n

st O

450 e . FLA 5 20 H N S B0 K DZATT 5 S
g BRI I of Zg é -
P T BN A L A P I SR {5455 HIRS LA 7 T 7

T2 3 A R R SE [ 45 i B 1 ) — U i [R] BE.249 2 350
~550 pm RN S B T 0 T s
146 BEAE BB ) o 0 LMC T 251 4% 9 R 280 R i) 445 5 it
P ¥ 25 0 A SLBE AT 0 BT R, — R ] B
(PDAS) Il A fit [ B3 (SDAS ) i 75 TT ¥4 A1 e 48 (9 .
S IR, AR R SE A B AL {3, PDAS R
K, 29709320 pm (& 12) o BEAS I Fr AN ) 007 8 1 3L
SPRRRUS B ST A R UL 13, B3 4 FLR T A
FRAMBOLIE 14, T LMC T 20 %0 00 IR B b B v s 1
SE [ BE A AT, BT R R B L B o
Ty 7 HE ) BE A BRI

[# 9 Ak BE R X DZ411 5 Y SV AR O, &
15 JR I 32 At B IBORE 28 AN [ 38 S5 1 95 Ak B ) 4L 780 1
RS PTRAA Y, BEM IR R E e, & < PR E]

350 a
300[ Z Z
\2200- % % % %
[%) ZZ % % % /
< sl 70 g? ?¢ gé g?
S 2 ) .
W
100 / / /
1 =
sof 00 O
° Dis:aonocefror:('i'(i)p of Blzgg/mm o

100
o]

90~

80

70
360_- 2% 7 2%
2 50¢ 7 n
8 40 r ?? 2%2 2% 222 gg
o B n
O n
-
Mo

0 100 20 300
Distance from Tip of Blade/mm
P12 i AN [ A — A R AT (a) T A RN ST (b)
Fig. 12 Primary dendrite arm spacing (a) and secondary dendrite

arm spacing (b) in the blade cast by LMC process

Volume Fraction of Eutectic/pm

0 100 200 300
Distance from Tip of Blade/mm

200
Distance from Tip of Blade/mm

P13 R [z B A 3 i RT (a) ARG 88 (D) B9

ENIRAE S

Fig. 13 Size (a) and volume fraction (b) of eutectic in

Volume Fraction of Shrinkage/%

©
o
)

Average Size Shrinkage/pm

©
w
5

0.30

0.25F

0.20

0.15F

0.10F

0.05-

- = NN W W D
o o0 O o0 O O O
T T T T T T T

5t
0

the blade cast by LMC process

[2]

.
NN

AR

Z

NN
MM

AMMMINK

N
NN

"y

é/
g
_

AN

%,
0 100 20 300 4

Distance from Tip of Blade/mm

o
o

N
N\

.
NN

AR

0 100 200 300 ;
Distance from Tip of Blade/mm

400

K14 R AR B 46 FLRT (a) FIR B 20 #(b) B9

ERARAES

Fig. 14 Size (a) and volume fraction (b) of porosity in the

blade cast by LMC process



20 Hh R R 2

5%

15 LMC M 41210 C (a), 1220 C (b), 1230 C(c) FWEHALIST, DZ411 & 4 09 A i H 4
Fig. 15  Microstructure of the blade heat treated at 1 210 °C (a), 1220 C (b), and 1 230 C (c¢)

jun

F 5% B L il 2R UL v T S A PR T DA i B
WA AL R e 2R, LRSIk, B
B, A [ A A EL R A RT BB R PN L e A Gl
Bl L A A RN AL RS ST T SO
. RS2y 300 nm (Y y A1, FE y FRARGHETE B,
WHTH T 4/ Ry H (E16) .

e LR TAEM SRS I, 54k, &R T R
RV R R AR . 25 AR R, @A
WAL Rl R G, Kol m BE 1 S50, )
il 45 T 300 mm K K AL B S B (18] 17)

o

HH

s

sl
T 12360
11347
1033.3

[ | 932.0

830.7
729.3

(a)

P16 DZALL A Ao R g S8 o' A 53
Fig. 16  Typical morphology of y' phase after heat treatment

\\JWIIH\\ulm\\\\,iﬁw{ile\Hﬂ\f“\\HI\UJ‘H]ii”uPIIHH\ulm\mulllﬂU\u“”ﬂ”u‘l"w
oy -

(Tl il bl

(b)

BL7 TR AR AT 5 0 5 i B R IR S 20 A (a) . F0FIJT DD10 & BB AR AR LI S )7 (b)

Fig. 17 Temperature distribution during directional solidification of a single crystal blade (a), and single crystal blade (b)

5 & &

ORRUT R 1) 1 50 i A o BRI AR ke Sl o o Y
KA TAE LAY SR B 0, DN AT ) BAT O S £ P
(Jr2ePERe, DUPVE mh AP A PR E, #iE T 2 1RRE,
W2 T ZMERE, KIS T AR0E M55 ) B [ Al E
an e il AL, IR Y E [ 45 e AR I A 1 5C B
WEOAR, EFE A EOF R SCHERR TP E 2R R

S H AT E N DU i i R E, DA
T AR E A AT S R R, FSCBEA

BB TN, PR R ALY B R A
. TR IE R, W BT RRRIRA M TAE, £
ARG E . A8 - REARRN K AGMIERREIE MR, T
s T0L 2 A PEREMIA S B 4, & iR A 414

REIAL ML AR B, B0 B 7 i Al 15 73 i T 26
Ao MO, ERXPASKRIEHR RN E, LAUTRET
ARt B2 B g )L AV ol 1) BB B B O E R . ph TR
R R B RO BOR MR, QTR 1] FLERL Ay I R v ) 2
BRI, IR SRR BN R B AR SE 4T B,
VUITE G 0T rh, 75 R G TS BEE X 5 2 1k e #2 mi 19 (A



o514

A EALRARHLE A R bR S s T 21

I, W25 T B A e I BR B A R

ORI ] i ) 475 [ 95 ] B i 6 b BN T %k
25 g mEE AR . RAFMIREEAR, K m

A R R R RAR o BR v il BES E LMC RS,
W RO RS R S R, [
PAL PR e T 2 B B A R, TR IE AR
i3 T 245 Pk, S S BRI SE 1) 45 & AR I B
TARAHIE SR, 5 IR T AR Aok Se it H A
MATAEHLA S B AR AW T, rh T 5 i
M ER S R BE P THIR BB, T HL W AN
Re S5 5t G JmoT R, e A BOR (it , et
Je B WU JZ M JIHEA ) AR U S B 9 07 FH X
AR IR R I B S AR P R SCRE R, 3t e R A
SRR R YIS T 4R T A EOR

MBS T Z BRI, R0 B R <AL
REEPI G T2, MRS BRI K R A H] 4
TFB, ST A a0 R BT, Pk B R
i, At AR IRAT N, KRB 0 E 1) BE A T
ST R, BRI R AT, S
FF A PTG SN, B EARSEHIE R TR 9 R Al X
JERR, T JRARRL AR TAE, AN 4= & A1 5C bk
e, [ A 5 o ot A R A R B R 1 Y I K 5
I H o

SE L@k References

[1] Jiang Hongde (3 ¥t ) . it 4fi oF o YR SAE HLAZ O PR B
R & MEF=4L[T]. Journal of Chinese Society of Power Engi-
neering (2 71 TH#E2#4Rk) , 2011, 31 (8): 563 —566.

[2] Shen Qiunong(PLIRA). WAMRASIH™ M EIES A
[J]. Power Equipment( &% 45) , 2007, 21(2) : 93 -97.

[3] Chen Fuxin( BRAFER). V94 3A T AR CHHLIE P~ LS T 2
W5 528 [ T]. Electrical Equipment ( H F 1% 4% ), 2006, 7
(10): 21 -23.

[4] Seth B B. Superalloys-The Utility Gas Turbine Perspective[ C]//
Pollock T M, Kissinger R D, Bowman R D, et al. Superalloys
2000. Warrendale, PA: TMS, 2000 3 - 16.

[5] Giampaolo T. The Gas Turbine Handbook: Principles and Practise
[M]. New York: The Fairmont Press, 2009.

[6] Bouse G K, Schaeffer ] C, Henry M F. Optimizing SC RENé N4
Alloy for DS Aft-stage Bucket Applications in Industrial Gas Tur-
bines[ C]//Reed R C, Green K A, Caron P, et al. Superalloy
2008. Warrendale, PA: TMS, 2000: 99 —108.

[7] ChangJ C, Yun Y H, Choi C, et al. Failure Analysis of Gas Tur-
bine Buckets[ J]. Engineering Failure Analysis, 2003, 10 (5):
559 -567.

[8] Xie Yonghui ( #§f7k ), Deng Shi( X 2£), Zhang Di( 7k
3K, et al. T U ERES S0 AT B T BB ALIE - m R

W AGWIFEL]. Thermal Turbine($47735F) , 2011 , 40(3)
151 - 158.

[9] Cheruvu N S, Chan K S, Viswanathan R. Evaluation, Degrada-
tion, and Life Assessment of Coatings for Land-Based Combustion
Turbines[ J]. Energy Materials, 2006, 1(1); 33 -47.

[10] Schilke P W. Advanced Gas Turbine Materials and Coatings ,

GER-3569G[ R]. New York: General Electric Company, 2004.

[11] Konter M, Thumann M. The Materials and Manufacturing of
Advanced Industrial Gas Turbine Components [ J]. Journal of
Materials Processing Technology, 2001, 117(3) : 386 —390.

[12] Donachie M J, Donachie S J. Superalloys-A Technical Guide
[M]. Materials Park, OH: ASM International, 2002.

[13] Biirgel R, Grossmann J, Liisebrink O, et al. Development of A
New Alloy for Directional Solidification of Large Industrial Gas
Turbine Blades[ C]// Green K A, Pollock T M, Harada H, et al.
Superalloys 2004. Warrendale, PA. TMS, 2004 25 —34.

[14] Gordon A P, Trexler M D, Neu R W, et al. Corrosion Kinetics of A
Directionally Solidified Ni-base Superalloy [ J]. Acta Materialia,
2007, 55(10) : 3 375 -3 385.

[15] Nakagawa Y. Aero-Engine Business And Material Technologies in
Japan[ C]//Green K A, Pollock T M, Harada H. Superalloys
2004. Warrendale, PA; TMS, 2004 3 - 12.

[16] Yamashita M, Kakehi K. Tension/Compression Asymmetry in Yield
and Creep Strengths of Ni-based Superalloy with High Amount of
Tantalum[ J]. Seripta Materialia, 2006, 55(2) : 139 —142.

[17] Reed R C, Tao T, Warnken N. Alloys-By-Design: Application
to Nickel-Based Single Crystal Superalloys[ J]. Acta Materialia ,
2009, 57(19): 5 898 -5 913.

[18] Fryburg G C, Stearns C A, Kohl F J. Mechanism of Beneficial

[

Effect of Tantalum in Hot Corrosion of Nickel-Base Superalloys
[J]. Journal of the Electrochemical Society, 1977, 124, 1 147
-1 148.

[19] Lu X D, Tian S G, Yu X F, et al. Oxidation Behavior of a
Single-Crystal Ni-Base Superalloy in Air at 900 and 1 050 C
[J]. Rare Metals, 2011, 30 439 —442.

[20] Barrett C A, Miner R V, Hull D R. The Effects of Cr, Al, Ti,
Mo, W, Ta, and Cb On The Cyclic Oxidation Behavior of Cast
Ni-Based Superalloys at 1 100 and 1 150 C [J]. Oxidition of
Metals, 1983, 20 (5/6) : 255 -278.

[21] Ross E W, O'Hara K S. René N4. A First Generation Single
Crystal Turbine Airfoil Alloy With Improved Oxidation Resist-
ance, Low Angle Boundary Strength And Superior Long Time
Rupture Strength[ C]// Kissinger R D, Bye D J, Anton D L,
et al. Superalloy 1996. Warrendale, PA: TMS, 1996 19 -25.

[22] Han Fenfen (5§ ¥ %3 ). Effect of Al, Ti, Ta On Microstructure
And Property of A Directionally Solidified Ni-Base Superalloy ( Al,
Ti, Ta XMPEHREEE ARG SHLUSHERERZI) [D]. Beijing:
Graduate University of Chinese Academy of Sciences, 2012.

[23] Han F F, Li H, Zhang J, et al. Influence of Ta Content On Hot



22

Hh R R 2

832 %

[24]

[25]

[26]

[27]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Corrosion Behavior of A Directionally Solidified Nickel Base Su-
peralloy[ J]. Received.
Huang Qianyao ( B 57 58
(HiEE) [M].
Zhang J, Singer R F. Hot Tearing of Nickel-Based Superalloys
Acta Materialia, 2002, 50

<), Li Hankang ( ZE3LJE) .
Beijing: Metallurgical Industry Press, 2000.

Superalloy

During Directional Solidification[ J].
(7):1869-1879.

Zhang J. Effect of Ti and Ta On Hot Cracking Susceptibility of
Directionally Solidified Ni-Based Superalloy IN792[ J].
Materialia, 2003, 48(6) . 677 —681.

Shah D M, Cetel A. Evaluation of PWA1483 for Large Single
Crystal IGT Blade Applications[ C]//Pollock T M, Kissinger R
D, Bowman R D, Superalloys 2000. Warrendale, PA:
TMS, 2000 : 295 -304.

Scripta

et al.

Zeng Qiang( #), Yan Ping(
B, et al. —FRA . RPER
SE [n) B [#61 55 Ui A 4 1) 2 4R g
Steel Research (9 % WF 58 2 4l )
-380.

Wu Yingna( &%) , Ke Peiling(#i] 35 ), Wang Qimin( £
AR, DSMI11 4 42 1 NiCoCrAlY 1 B 47 U4 J22 (1 B 5%
[J]. Journal of Iron and Steel Research (94 %% B 9% 2 ) ,
2003, 15(7) : 219 -222.

), Dong Jianxin ( #
B BT 1 RR SR L e

BELJ].
2011, 23 (Suppl-2) . 377

Journal of Iron and

et al.

Ibanez A R, Srinivasan V S, Saxena A. Creep Deformation and
Rupture Behaviour of Directionally Solidified GTD 111 Superalloy
[J]. Fatigue & Fracture of Engineering Materials & Structures,
2006, 29(12) . 1 010 -1 020.

Duhl D N, Gell M L. High Strength Corrosion Resistant Nickel
Base Single Crystal Article; GB United Kingdom, 2112812A
[P]. 1983 -07 -27.
Liu Chengbao( X {5 ) .
ties of Hot Corrosion Resistant Nickel Base Single Crystal Superal-
loy DD10 (HTHE 5 56 588 & i 5 6 DD10 4140 S5 HERE Y
WF5T) [ D]. Beijing: Graduate University of Chinese Academy of
2009.

Li Hui(Z%  #), Lou Langhong (#Hiit ), Shi Xuejun( f2 2%
et al. DZA11(DSMI1) &4 v ML S+ A MRE[Cl//

Editorial Committee of This Proceeding.

The Study of Microstructure and Proper-

Sciences,

%),
High Temperature Struc-
ture Material for Power and energy: the Proceedings of 11th
China’s Superalloys( 3l 715 58 W5 FH 125 & 45 4 M4 b—36 +—
Joi b R A AR IR SRR
2007.

Beijing: Metallurgical Industry
Press,
Li H, Wang L, Lou L H. Dendritic Coarsening of y’ Phase in a
Directionally Solidified Superalloy During 24, 000 h of Exposure
at 1 173 K[ J]. Materials Characterization, 2010, 61(5) : 502
-506.

Liu C B, Shen J, Zhang J, et al. Effect of Withdrawal Rates on
Microstructure and Creep Strength of a Single Crystal Superalloy

Processed by LMC[ J]. Journal of Materials Science & Technology,

[36]

[37]

[38]

[42]

[43]

[44]

[45]

[47]

[48]

2010, 26(4) : 306 -310.

Liu Chengbao( Xl #5 ), Li Hui(Z= #%), Lou Langhong ( #%
L) . BRI ER A 4 DDI0 (AR A AT A )], Rare
Metal Material and Engineering (%i 5 & J@ M ¥ 5 T. 1),
2010, 39 (8): 1407 -1 410.

Zhang Gong (5K ).
Base Single Crystal Superalloy DD10(DD10 B 5 &0 4 (19 2
L EHRENTE) [D].
Academy of Sciences, 2012.

Mueller B A, Spicer R A. Land-based Turbine Casting Initiative
[ C]// Editorial Committee of This Proceeding. Advanced Turbine
Systems (ATS) Annual Review. Morgantown, WV, 1995.

Sims C T, Stoloff N 'S, Hagel W C. Superalloy[ M]. New York:
John Wiley & Sons, 1987.

Microstructure and Properties of Nickel

Beijing: Graduate University of Chinese

Zhang J, Lou L H. Directional Solidification Assisted by Liquid
Metal Cooling[ J 7.
2007, 23(3) : 289 —300.

Elliott A J, Pollock T M. Thermal Analysis of the Bridgman and

Journal of Materials Science & Technology,

Liquid-Metal-Cooled Directional Solidification Investment Casting
Processes [ J ]. Metallurgical and Materials Transactions A,
2007, 38(4): 871 —882.

Brundidge C L, Miller J D, Pollock T M. Development of Den-
dritic Structure in the Liquid-Metal-Cooled, Directional-Solidifi-
cation Process[ J]. Metallurgical and Materials Transactions A,
2011, 42(9): 2723 -2 732.
Brundidge C L, Vandrasek D, Wang B, et al. Structure Refine-
ment by a Liquid Metal Cooling Solidification Process for Single-
Crystal Nickel-Base Superalloys[ J]. Metallurgical and Materials
Transactions A, 2012, 43(3), 965 -976.

Lamm M, Volek A, Luesebrink O, et al. Influence of Solidifica-
tion Conditions on Homogenisation Heat Treatment and Mechanical
Properties in Single Crystal Nickel-Base Superalloys [ C ]//
Lecomte-Beckers J, Carton M, Schubert F, et al. Materials for
Advanced Power Engineering. Juelich: Froschungszentrum Juelich
GmbH, 2006 334 —344.

Lamm M, Singer R F. The Effect of Casting Conditions on the
High Cycle Fatigue Properties of the Single Crystal Nickel Base
Superalloy PWA 1483[]].

tions A, 2007, 38(6): 1177 -1 183.

Metallurgical and Materials Transac-

Fu Hengzhi ({18 & ). Directional Solidification for Advanced
Materials ( 5% 3% #F B} %€ 17] & [ ) [ M ]. Beijing: Science
Press, 2008.

Liu L, Huang T W, Zhang J, et al. Microstructure and Stress
Rupture Properties of Single Crystal Superalloy CMSX-2 under
High Thermal Gradient Directional Solidification [ J]. Materials
Letters 2007 , 61 (1) : 227 —230.

Zhao X B, Liu L, Yang C B, et al. Influence of Crystal Orienta-
tion on Cellular Growth of A Nickel-Base Single Crystal Superal-

loy[J]. Journal of Alloys and Compounds, 2011, 509 (40) .



$1

A EALRARHLE A R bR S s T 23

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

9 645 -9 649.

Zhao X B, Liu L, Yu Z H, et al. Microstructure Development of
Different Orientated Nickel-Base Single Crystal Superalloy in
Directional Solidification[ J].
61(1):7-12.

Zhao X B, Liu L, Zhang W G, et al. Microstructure and Orien-

Materials Characterization, 2010 ,

tation Variation during Cell/Dendrite Transition in Directional
Solidification of A Single Crystal Nickel-Base Superalloy [ J7.
Materials Chemistry and Physics, 2011, 125(1/2) ; 55 —58.
Wu Jiantao ( 2 7% ), Li Juntao (ZE{R ¥ ), Cai Xinyu (£
), et al. FRYSHLIRFET R 2 M8 TAM5E[ )], Journal
of Iron and Steel Research (‘#] ¥ WF 5¢ % %), 2011, 23
(Suppl. 2) : 404 -407.
Zhang J. Directionally Solidified Castings by Liquid Metal Cooling
Process[ C]//Editorial Committee of This Proceeding. 5th Forum
on New Materials. Montecatini Terme, 2010.
Zhang J. Towards DS IGT Blades by LMC Process[ C]//Editorial
Committee of This Proceeding. ECI Conference on Superalloys,
Awaji Inland; 2010.
Zhao Tan (% 3H), Yan Bingchuan (7K J1]), Shenjian ( Hi
&), er al. VRS A )@ Ve H05E 1n) B 18] X 5 1 S AR 20 2L B4 52 i)
[C]. //Editorial Committee of This Proceeding. High Temperature
Structure Material for Power and energy: the Proceedings of 11th
China’s Superalloys( 3l J3 5 fi ¥ 7] i= it 45 ¥4 B4 pob——55 -+ —
JRPEERGEFESIECE). Beijing: Metallurgical Industry
Press, 2007.
Lu Yuzhang( /5 E %), Wang Dawei( £ K ff), Zhang Jian( 3§
1), e al. WRAG)EVE HEE 5 5 H 0 BE 15 AR Y 52
SR )]. Foundry(%5 1), 2009, 3, 245 -248.
Tang Wenshu( J3 3C45), Shen Jian( B {@#), Zhang Jian ( 5K
&), et al. 5EIBER T2 F RN DSMIT #5441 2 3 41
#1[]]. Journal of Shenyang University of Technology (% FH T\l
K222 ), 2009, 31(4) @ 397 —400.
Li Kaiwen (2530 3C). The Microstructure and Properties of A

Directionally Solidified Superalloy Cast by Liquid Metal Cooling

[59]

[61]

[62]

[63]

[65]

Process (TR 4 J& V& A1 5E ) - T 2000 7 I] 5 4 420 e ke
4520 ) [ D]. Beijing: Graduate University of Chinese Academy
of Sciences, 2012.
Zhang S H, Zhang J, Lou L H. Anisotropic Creep Rupture Prop-
erties of A Nickel-base Single Crystal Superalloy at High Temper-
ature[ J]. Journal of Materials Science & Technology, 2011, 27
(2):107 -112.
Wang Li( £ #]), Liu Xingang (X1.0>H) , Zhan Jian ( 3
fil) , et al. 55 = (USRI A 4 DD33 A9 R AT N T].
Journal of Iron and Steel Research (‘&M 5824 ) , 2011, 23
(Suppl. 2) : 353 -356.
Liu C, Li KW, Shen J, et al. Improved Castability of Direction-
ally Solidified Ni-based Superalloy by Liquid Metal Cooling
Process[ J]. Metallurgical and Materials Transactions A, 2012
(43) : 405 -409.
Zhang Jian (5K fi). WS EN(LMC) E [ BE [ 5 AR AE
JROLN R BF & g B [ €. //Editorial Committee of This
Proceeding. The 12th Symposium on Superalloys (&1 — i &
B4 WT4s), Chengdu, 2011.
Zhang Jian( 5Kk @), Shen Jian( 1 {#), Lu Yuzhang( 5 &
), e al. PRAFEHUH K BYE 1m) 5 5 8 1 1 4 S 1405 1
BeffF5E[J]. Acta Metallurgica Sinaca (4 J@2£3%) , 2010, 46
(11):1322-1 326.
Elliott A J, Tin S, King W T, et al. Directional Solidification of
Large Superalloy Castings with Radiation and Liquid-Metal Cool-
ing A Comparative Assessment[]].

Transactions A, 2004 (35): 3 221 -3 231.

Metallurgical and Materials

Elliott A J, Karney G B, Gigliotti, et al. Issues in Processing by
the Liquid-Sn Assisted Directional Solidification Technique[ C]//
Green K A, Harada H, Howson T E, et al. Superalloys 2004.
Warrendale, PA: TMS, 1996 421 -430.

Rosler J, Konter M, Tonnes C, et al. On the Castability of Cor-
rosion Resistant DS-Superalloys[ C]//Kissinger R D, Deye D J,
Anton D L, et al. Superalloy 1996. Warrendale, PA. TMS,
1996 515 -522.



