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Fig.1 Development history of aircraft engine turbine blade
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Fig.2 Model of blade (a), its crystal selection system (b) and its top

view schematic diagram of combination position (c)
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Fig.3 Turbine blade modules with different size of cooling plates:

(a) ©150mm, (b) ®300mm, (c) ®500mm
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Tablel Nominal compositions of single crystal superalloy (wt/%)
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Fig.5 Simulation at withdrawal rate of 6mm/min: temperature field
evolution process (a) and solid-liquid interface evolution process (b)
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Fig.6 Simulation at withdrawal rate of 12mm/min: temperature field
evolution process (a) and solid-liquid interface evolution process (b)
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Fig.7 Timing of solid-liquid interface entering the platform
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Fig.8 Thermal condition state when solid-liquid interface enters
platform
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Fig.11 Simulation result of grain growth for each module scheme
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Table2 Statistics on the qualification rate of blade single crystal

Mo mmmin 3 3 fH5 HERE
3 4 4 0 100%
150 6 4 4 0 100%
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3 8 7 1 87.5%
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9 8 2 6 25%
3 16 4 12 25%
O500 6 16 1 15 6.3%
9 16 0 16 0%
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N T B UERT R R VAN IR A A AT AT AN
AR, AT IR Y AV K, R
AR P R i R R DS 00mm 7K VA SEAR 2 3R A T A8 Y 15 1
AT H . =4 IE 17 R .

w

PaE

LS BEik

&
sy

Kl 17 ©500mm 7K ¥4 5. AR AR I R BB AR 77 7%
Fig.17 Optimized ®500mm-plate module of single crystal turbine
blades

A 6mm/min il R, 0128 R D5 % 1R
B A AR AR REREAT BT i 5. 1B 18(a)
NV S5 22N I P AR PR P 37 BE AR A D
P 18(b)Jy B I ML A RO B 37 70 A 15 DL o PT I R AR 41
HOIIN B A 88 IR B 1 PO IR 21 1 A S AR iR
MfEM, SRS RIREI S0, FHRE T KT,
(]I 58 8 VR (R N AR TR 2R 2R R s, IR
&350 At DLIE AT 5 1] 16(b) BT -

Flll"
il

(a) (b)
B 18 SHT AU T 12 ORI 3 1A B0 () S B U1 R (b)

Fig.18 Simulated temperature field distribution of optoptimized

grEeeEEEERiilElE g

module: (a) overall view, (b) section view

WG R € [ B B R, [ T2t A 25
B2 A I B LR S TR A O, I 5 A GEAR AL BEAT XS B
HIE 19(2)F7s, AT 82 3 AR 13T R p500mm A 41,
FORPIRIX 58 Bzt /S TR GERE A, Hb I A 2 0 B
HAERKBIE CHEEGM, PIRRFRR 7 4RI 8L
o B 190 E A KA R TR, SRR 24k
B, TR AR R MBS, IXRIRERAIE 1
KRBT HTEIR, AW AT 22 8 AR A B B A2
TIENS T B 5 e ek [ T 3 I AR AL AT I e 2% &
B pr s il By R R R

=4

is-Orientation

% 8 8 & & 8 2@
3

tetiRa HEEE i R
(2) (b)
P19 [ 7 T () B2 o A= K 5 2R ()t L
Fig.19 Comparison before and after module optimization of: (a) the
state when solid-liquid interface enters platform, (b) result of grain
growth
IR 17 fFD500mm F B J7 S AT I A & -
RITEIR- & G BEE LR, I 5 R 46 0500mm 4 U5 5258
TESRIG R R AR R BAT I B, SRR 3. SRR,
R SR E ARB R TT R E ST T M R B



. Mty @M RS TR FE

E
#3 MABRAEEML

Table3 Comparison of blade single crystal qualification rate

BALL M e | ks | o |
- . e | e | EEp xS
mm mm/min
J%‘;P% ) 16 1 15 6.3%
500 )
R Bk 16 11 5 68.8%
4 g

ASCR FHEAREL . SE3050 UF B8 2 AH 45 A I
Jiid, WA T ARER S A 7 R IRE AT R B
i AR AT AN R AT B L, B SL T A RS-
AR T2 Z: AT O B R R, 3R H T BLETE
BRI A, ARBICL R4k,

(1) 755 e g A f2 d, kX A i)
RESHFRER “ LM JRIR, S80S A 2
GBSk B A AR SR, TGRS

(2) Bl bz 8 AR RT3, & e A
SRR “ b FREE,  HE G AR SRR T UL
R MY R SN EO500mm, 4% B U LF
Toid8

(3) X D500mm 7K ¥ 35 ST 15 df I R4
P T — MR B T R, B R R O E S A
HEENK, TTESIREIRE SIS, BRSSP AL
TR TR R, AT BRI A% i BRBA T L3R . I
ST RS I R () %, B AT SR AR 1) AR R
2, WA RUEE S B R A R

BEHL References

[1] Chen Rongzhang(MR5R 3). Journal of Materials Engineering(#4
BT RE)[I],1995,8:3.

[2] Hu Zhuangqi(#AEE),Liu Lirong(XINN%R),Jin Tao(&:¥%) et al.
Aeroengine(i 75 K EH1)[1],2005,31:1.

[3] Versnyder F I,Shank M E. Materials Science and Engineering[J],
1970, 6(4): 213.

[4] VERSNYDER F L.BARLOW B R,SINK W L et al. Modern
Casting[J],1967,52: 68.

[5]1 Zhou Yaohe(J&H &A1), Hu Zhuangqi(%1LRE),Jie Wanqi(/ /3 7).
solidification technology(## [+ R)[M].Beijing:China Machine
Press,1998.

[6] ERICKSON G L. Single crystal nickel-based superalloy[P]. USP:
5366695, 1994.

[7]1 HARRIS K,ERICKSON G L. Single crystal alloy technology[P].
USP: 4643782, 1987.

[8] Pollock T.M.,Murphy W.H.,Goldman E.H et al. Superalloys[J],
1992: 125.

[9] Pollock T.M.Murphy W.H.. Metallurgical and Materials
Transactions A[J],1996,27:1081.

[10] Vehn M.M.,Dedecke D.,Paul U. et al. Superalloys[J],1996: 471.

[11] Napolitano R. E.,Schaefer R. J. Journal of Materials Science[J],
2000,35:1641.

[12] Stanford N.,Djakovic A.,Shollock B. et al. Superalloys[J],2004:
719.

[13] Souza N.D.Jennings P.A.Yang X.L. et al. Metallurgical and
Materials Transactions B[J],2005,36:657.

[14] Stanford N.,Djakovic A.,Shollock B. et al. Scripta Materialia[J],
2004,50:159.

[15] Yang X.L.Ness D.Lee PD. et al. Materials Science and
Engineering: A[J],2005, 413-414: 571.

[16] Tang Ning(J#7*),Sun Changbo(#) K %),Zhang Hang(iKk i) et al.
Rare Metal Materials and Engineering(Wi &)@ EHS T[],
2013,42(11):2298.

[17] Tan Wei(i&ff),Xue Xin(#¥5%),Yu Tao(T¥%) et al. Rare Metal
Materials and Engineering( ¥ 5 & J& # B 5 T #£)[J],
2022,51(4):1348.

[18] Yang X.L.,Lee P.D.,Souza N.D.. JOM[J],2005,57:40.

[19] Aveson J.W. Tennant P.A.,Foss B.J. et al. Acta Materialia[Jl],
2013,61:5162.

[20] Ma D.X.Polaczck A.B.. Metallurgical and Materials
Transactions B[J],2009,40:738.

[21] Ma D.X.,Wu Q.,Polaczck A.B.. Metallurgical and Materials
Transactions B[J],2012,43:344.

[22] Ma D.X.Polaczck A. B.. Metallurgical and Materials
Transactions A[J],2014,45:1435.

[23] Wang F.,Wu Z.N.Huang C. et al. Metallurgical and Materials
Transactions A[J],2017,48:5924.

[24] Wang F.Ma D.X.Zhang J. et al. Journal of Alloys and
Compounds[J],2014,616:102.

[25] Wang F.Ma D.X.Zhang J. et al. Journal of Alloys and
Compounds[J],2015,620:24.

[26] Newell M.,Devendra K.,Jennings P.A. et al. Materials Science
and Engineering: A[J],2005,412:307.

[27] Souza N.D.,Newell M.,Devendra K. et al. Materials Science and
Engineering: A[J],2005,413-414:567.

[28] Yang X.L..Dong H.B.,Wang W. et al. Materials Science and
Engineering: A[J],2004,386:129.

[29] House R.A.Tin S.,Rae C.M.F.. Metallurgical and Materials
Transactions A[J],2005,36:2761.

[30] Brewster G.,.Dong H.B.,Green N.R. et al. Metallurgical and


https://jme.biam.ac.cn/CN/Y1995/V0/I8/3
http://www.avicaeroengine.com/hkfdj/ch/reader/view_abstract.aspx?flag=1&file_no=20050301&journal_id=hkfdj
https://www.sciencedirect.com/science/article/abs/pii/0025541670900509
https://www.researchgate.net/publication/284490710_Precision_casting_of_alloy_single_crystal_gas_turbine_parts
https://www.researchgate.net/publication/284490710_Precision_casting_of_alloy_single_crystal_gas_turbine_parts
https://www.mendeley.com/catalogue/66455094-dbc3-3718-8098-8cc68ab8b1e6/
https://link.springer.com/article/10.1007/BF02649777
https://link.springer.com/article/10.1007/BF02649777
https://www.researchgate.net/publication/266459613_Undercooling_Related_Casting_Defects_in_Single_Crystal_Turbine_Blades
https://link.springer.com/article/10.1023/A:1004747612160
https://www.researchgate.net/publication/267725327_Defect_Grains_in_the_Melt-Back_Region_of_CMSX-4_Single_Crystal_Seeds
https://link.springer.com/article/10.1007/s11663-005-0056-6
https://link.springer.com/article/10.1007/s11663-005-0056-6
https://www.sciencedirect.com/science/article/pii/S135964620300558X
https://www.sciencedirect.com/science/article/pii/S0921509305011275
https://www.sciencedirect.com/science/article/pii/S0921509305011275
http://www.rmme.ac.cn/rmme/article/abstract/20131121?st=article_issue
http://www.rmme.ac.cn/rmme/article/abstract/20210274?st=article_issue
http://www.rmme.ac.cn/rmme/article/abstract/20210274?st=article_issue
https://link.springer.com/article/10.1007/s11837-005-0094-1
https://www.sciencedirect.com/science/article/pii/S1359645413003601
https://link.springer.com/article/10.1007/s11663-009-9274-7
https://link.springer.com/article/10.1007/s11663-009-9274-7
https://link.springer.com/article/10.1007/s11663-011-9608-0
https://link.springer.com/article/10.1007/s11663-011-9608-0
https://link.springer.com/article/10.1007/s11661-013-2088-x
https://link.springer.com/article/10.1007/s11661-013-2088-x
https://link.springer.com/article/10.1007/s11661-017-4339-8
https://link.springer.com/article/10.1007/s11661-017-4339-8
https://www.sciencedirect.com/science/article/pii/S0925838814016740
https://www.sciencedirect.com/science/article/pii/S0925838814016740
https://www.sciencedirect.com/science/article/pii/S0925838814022646
https://www.sciencedirect.com/science/article/pii/S0925838814022646
https://www.sciencedirect.com/science/article/pii/S0921509305010701
https://www.sciencedirect.com/science/article/pii/S0921509305010701
https://www.sciencedirect.com/science/article/pii/S0921509305010087
https://www.sciencedirect.com/science/article/pii/S0921509305010087
https://www.sciencedirect.com/science/article/pii/S0921509304009141
https://www.sciencedirect.com/science/article/pii/S0921509304009141
https://link.springer.com/article/10.1007/s11661-005-0272-3
https://link.springer.com/article/10.1007/s11661-005-0272-3
https://link.springer.com/article/10.1007/s11663-007-9118-2

0 C Wity @A RS TR

HXE

Materials Transactions B[J],2008,39:87.

[31] Cao Haifeng(*##F1%),Shen Houfa(L /5 %),Liu Baicheng(MlI 5
X). Rare Metal Materials and Engineering(#if & @A kl5 T
F£)[J1,2006,35(12):1849.

[32] Zhang Chaowei(5KAE),Meng Xiangbin(F#Fxk),Li Jinguo(Z=
% [E) et al. Special Casting & Nonferrous Alloys(Fef&it
&4 4)[0],2023,1:7.

§ARR) et al. Special Casting & Nonferrous Alloys(FiFh#i&
B4 4)[71,2021,41(11):1328.

[34] Li Jinguo(Z=4:[H),Meng Xiangbin(F##ik),Zhang Chaowei(5k
HARR) et al. Special Casting & Nonferrous Alloys(FiFhesi& A
B4 4)[71,2021,41(11):1321.

[35] Wang Ning(E4T),Liu Lin(XI#k),Gao Sifeng(=iilil%) et al. Rare
Metal Materials and Engineering(%i H & B M ¥t 5 T[],
2013,42(12):2558.

[36] Meng X.B.,Li J.G.,Jing C.N. et al. Journal of Materials Science
& Technology[J],2022,96:151.

[37] Fu Hengzhi({§18&),He Guo(ff][E),Li Jianguo(Z#H). Acta
Metallurgica Sinica(%:J&5)[J],1997,33:1233.

[38] Zhang Jun(5k%),Huang Taiwen(3 K 3C),Liu Lin(XI#K) et al.
Acta Metallurgica Sinica(%: J&%3R)[1],2015,10(10):1163.

[39] Qin Jiarun,Yang Wenchao,Wang Qiang et al. Journal of
Materials Research and Technology[J],2024, 29: 4845.

[40] Szeliga D.. Advanced Engineering Materials[J],2024,26:
Issue2,pl.

[41] Liu Zhiyi(X| & X),Fu Hengzhi(f§ 18 &). Acta Metallurgica
Sinica(%:J&%R)[J],2000,36:1.

[42] Li YF.Liu L.Huang T.W. et al. Journal of Alloys and

Compounds[J],2016,657:341.

[43] Li Yafeng,Liu Lin,Huang Taiwen et al. Vacuum[J],2016,131: 181.

[44] Xu Qingyan,Liu Baicheng,Liang Zuojian et al. Materials Science
Forum[J],2006,508:111.

[45] Yu Jing,Xu Qingyan,Liu Baicheng et al. Advanced Materials
Research[J], 2007, 26-28: 947.

[46] Pan Haowei,Han Zhigiang,Liu Baicheng. Journal of Materials
Science & Technology[J],2016,32:68.

[47] Yan Xuewei,Zhang Hang,Tang Ning et al. Progress in Natural
Science: Materials International[J],2018,28:78.

[48] Meng X.B.,Li J.G.,Zhang J. et al. Metallurgical and Materials
Transactions A[J],2013,44:1955.

[49] Meng X.B.,Li J.G.,Zhu S.Z. et al. Metallurgical and Materials
Transactions A[J],2014,45:1230.

[50] Zhang Xiaoli(7K/]Nil),Zhou Yizhou(Jfl 75 &),Jin Tao(%&:¥%) et al.
Acta Metallurgica Sinica(%:J& % #%)[J],2012,48:1229.

[51] Zhou Y.Z.. Scripta Materialia[J],2011,65:281.

[52] Sun D.J.,Liu L.,Huang T.W. et al. Metallurgical and Materials
Transactions A[J],2019,50:1119.

[53] Huxiang Xia,Yanhong Yang,Qiushui Feng et al. Journal of
Materials Science & Technology[J],2023,137:232.

[54] Li Tong(Z:4i),Shen Houfa(ik /£ K). Rare Metal Materials and
Engineering(W & @M B TRE)[1],2022,51(11):4076.

[55] A. Kao,N. Shevchenko,M. Alexandrakis et al. Philosophical
Transactions of the Royal Society A[J],2019,377:1.

[56] MA D.X.,DONG ZH.WANG F. et al. Metallurgical and
Materials Transactions A[J],2020,51:88.

[57] Wang Z.C.Li JR.Liu S.Z. et al. Journal of Alloys and
Compounds[J],2022,918:165631..

Grain growth and defect control strategy of large module single crystal superalloy
turbine blades
Mu Hao!, Meng Xiangbin**4*, Liu Jide!, Zhang Chaowei'; Zou Mingke', Wang Liang', Wang Meng!, Fan Dahua!,

Ma Yuejiao!, Chu Zhaokuang', Meng Jie!, Liang Jingjing!, Zhao Yunsong®, Liu Chenguang®, Zhou Yizhou', Li Qiang*

3,46

»~ Wang Ruichun®3%®, Zhu Chongwei’, Li Jinguo'"

(1.Institute of Metal Research, Chinese Academy of Sciences, Shenyang, 110016, China)

(2.School of Intelligent Manufacturing, Weifang University of Science and Technology, Shouguang, 262700, China)

(3.University Featured Laboratory of Materials Engineering for Agricultural Machinery of Shandong Province,
Shandong Weifang, 262700, China)

(4.Weifang key laboratory of high-temperature materials and single crystal components fabrication technology for advanced engine system,

Shouguang, 262700, China)

(5.Science and Technology on Advanced High Temperature Structural Materials Laboratory, AECC Beijing Institute of Aeronautical Materials,
Beijing, 100095, China)

(6.Engineering Research Center for Metallurgical Automation and Measurement Technology of Ministry of Education, Wuhan University of

Science and Technology, Wuhan, 430081, China)

(7.School of Materials Science and Engineering, University of Science and Technology of China, Hefei, 230051, China)


https://link.springer.com/article/10.1007/s11663-007-9118-2
http://www.rmme.ac.cn/rmme/article/abstract/2006012451
https://www.special-cast.com/thesisDetails#10.15980/j.tzzz.2023.01.002&lang=zh
https://www.special-cast.com/thesisDetails#10.15980/j.tzzz.2021.11.002&lang=zh
https://www.special-cast.com/thesisDetails#10.15980/j.tzzz.2021.11.001&lang=zh
http://www.rmme.ac.cn/rmme/article/abstract/20131228
http://www.rmme.ac.cn/rmme/article/abstract/20131228
https://www.sciencedirect.com/science/article/pii/S1005030221002929?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1005030221002929?via%3Dihub
https://www.ams.org.cn/CN/Y1997/V33/I12/1233
https://www.ams.org.cn/CN/Y1997/V33/I12/1233
https://www.ams.org.cn/CN/10.11900/0412.1961.2015.00448
https://www.mendeley.com/catalogue/03a28633-c798-3270-8227-22303b2cef9c/
https://www.mendeley.com/catalogue/03a28633-c798-3270-8227-22303b2cef9c/
https://openurl.ebsco.com/EPDB%3Agcd%3A3%3A25677619/detailv2?sid=ebsco%3Aplink%3Acrawler&id=ebsco%3Adoi%3A10.1002%2Fadem.202301161&link_origin=none
https://www.ams.org.cn/CN/Y2000/V36/I1/1
https://www.ams.org.cn/CN/Y2000/V36/I1/1
https://www.mendeley.com/catalogue/d6847378-01ae-32e2-b98f-5a956b4e974e/
https://www.mendeley.com/catalogue/d6847378-01ae-32e2-b98f-5a956b4e974e/
https://www.sciencedirect.com/science/article/pii/S0042207X16301890
https://www.mendeley.com/catalogue/c3ef008c-2ad3-304a-be62-dbcf9e3396da/
https://www.mendeley.com/catalogue/c3ef008c-2ad3-304a-be62-dbcf9e3396da/
https://www.researchgate.net/publication/270071899_Numerical_Simulation_of_Unidirectional_Solidification_Process_of_Turbine_Blade_Castings
https://www.researchgate.net/publication/270071899_Numerical_Simulation_of_Unidirectional_Solidification_Process_of_Turbine_Blade_Castings
https://www.sciencedirect.com/science/article/pii/S1005030215001516
https://www.sciencedirect.com/science/article/pii/S1005030215001516
https://www.sciencedirect.com/science/article/pii/S1002007117307177
https://www.sciencedirect.com/science/article/pii/S1002007117307177
https://link.springer.com/article/10.1007/s11661-012-1527-4
https://link.springer.com/article/10.1007/s11661-012-1527-4
https://link.springer.com/article/10.1007/s11661-013-2098-8
https://link.springer.com/article/10.1007/s11661-013-2098-8
https://www.ams.org.cn/CN/10.3724/SP.J.1037.2012.00261
https://www.sciencedirect.com/science/article/pii/S1359646211002259
https://link.springer.com/article/10.1007/s11661-018-5060-y
https://link.springer.com/article/10.1007/s11661-018-5060-y
https://www.sciencedirect.com/science/article/pii/S1005030222006661
https://www.sciencedirect.com/science/article/pii/S1005030222006661
http://www.rmme.ac.cn/rmme/article/html/E20210042?st=article_issue
http://www.rmme.ac.cn/rmme/article/html/E20210042?st=article_issue
https://pubmed.ncbi.nlm.nih.gov/30827220/
https://pubmed.ncbi.nlm.nih.gov/30827220/
https://link.springer.com/article/10.1007/s11661-019-05513-5
https://link.springer.com/article/10.1007/s11661-019-05513-5
https://www.sciencedirect.com/science/article/pii/S0925838822020229
https://www.sciencedirect.com/science/article/pii/S0925838822020229

ERVE:] Wit SRR S TREEASE: (A ERMES TR B1E R 9.

Abstract: With the promotion and application of new large-sized single crystal superalloy turbine blades with complex air-cooled structures in
aviation engines, the demand for single crystal turbine blades has sharply increased, leading to the prominent problem of cost reduction and
efficiency improvement of single crystal turbine blades. At present, the growth and defect control technology of large module single crystal
superalloy blades is one of the effective ways to reduce costs and increase efficiently of single crystal blades, and it is also an important
development direction for the production technology of new single crystal turbine blades. Therefore, this paper employs a combination of
numerical simulation, experimental verification and theoretical analysis for research. The evolution process of temperature field and solid-liquid
interface during directional solidification process of different module sizes were simulated. the behavior of single crystal growth, the formation law
of stray grain and the corresponding control methods were investigated. Then the experimental verification was carried out. The results show that
during the directional solidification process, the liquid isotherm presents an "upward convex" shape, which leads to the inner side of the platform
reaching the nucleation condition first, inducing the formation of stray grains in the platform. As the withdrawal rate and module size increase, the
degree of "upward convex" of the liquid isotherm will significantly intensify, leading to an increased probability of stray grain formation. By
adding graphite regenerator at the center of the module, the uniformity of the temperature field can be effectively improved and the inclination
degree of the isotherm can be decreased, which can significantly reduce the probability of stray grain formation and improve blade qualification
rate, thus meeting the demand of cost reduction and efficiency improvement for single crystal blades.

Key words: Ni-base single crystal superalloy; large module single crystal blade; stray grain formation; stray grain control.
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