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Research Progress on Ru Element in Nickel-based Single Crystal Superalloys
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Abstract: Advanced nickel-based single crystal superalloys with excellent creep resistance, fatigue resistance, oxidation
resistance and heat resistance are the preferred materials for the hot end components of modern advanced aero-engines. Ru
has a significant effect on the microstructural stability and high-temperature creep properties of nickel-based single crystal
superalloys. However, relevant studies started late and were not sufficient, so the specific mechanism of Ru is still unclear.
In addition, Ru addition increases the manufacturing cost of nickel-based single crystal superalloys, so high-generation
single crystal alloys are still in the experimental stage at present, and have not been applied in practical production on a
large scale. Based on the effects of Ru on the as-cast microstructure, heat treatment microstructure, structural stability and
creep properties of nickel-based single crystal superalloys, this paper summarizes the research progress of the effect of Ru
element in single crystal superalloys.
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Fig.1 Precipitated brittle 3-NiAl phase in Ru-containing superalloy: (a) SEM image, (b) TEM image*
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Fig.2 Segregation behavior in different alloys after adding Ru: (a) effect of Ru on segregation behavior of some elements in high Cr
nickel-based single crystal superalloys, (b) effect of Ru on segregation behavior of some elements in dendrite stem of LMSX-1 alloy,
(c) effect of Ru and Cr on segregation behavior of some elements in nickle-bosed single crystal superalloys without Re*'!
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K3 44 7E 1100 CF KW 205 19 SEM 14 « (a) 2.5Ru-100 h, (b) 2.5Ru-200 h, (c) 3.5Ru-100 h, (d) 0.5Ru-200 ht
Fig.3 SEM images of alloy after long-term aging at 1 100 C: (a) 2.5Ru-100 h, (b) 2.5Ru-200 h, (¢) 3.5Ru-100 h, (d) 0.5Ru-200 h*
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Fig.4 Atomic concentration distribution of Al, Mo, Ru and Re
inthe v and -y phases of four experimental alloys: (a) without
Re/Ru, (b) 4%Ru(mass fraction), (c) 4.5%Re(mass fraction),
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Fig.5 The near surface regions of the alloys sectioned along the (100) planes of y/y" phases after thermal exposure at 1 100 C for
500 h: (a) ORu, (b) 2Ru™

Pl 6 G 128 S 06 4 W A W7 24 T A 0 D T AOWL 45 4+ (a~b) 2.5Rw, (c~d) 3.5Ru
Fig.6 Microstructure of the longitudinal section of the creep fracture surface away from the experimental alloy: (a~b) 2.5Ru,
(c~d) 3.5Ru®
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Fig.7 Concentration distribution of Ta and Mo after creep fracture of alloys: (a) Ta, Ru-free alloy, (b) Mo, Ru-free alloy, (c) Ta, 2%Ru
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Fig.8 Experimental creep curve and microstructure evolution of superalloy: (a) primary stage and the early steady state stages,
(b) middle steady state stages and after rupture!>!!

5 HRiE

R RS TR A A I R R RIS R S K sh L
L zs Tolk i % R SR AE T AR BE . SR T 38 R AR |
FL 2 A T B SR BB I & SR T R IR e 2 s ALY
RS B T BN WA R DAL G TS e T T v R 1 B
T TR, BT, X T R R 2 R
BRI B S0k, BRUCRTE I Ru %540 1% 70
R oIS RE AN, I 0 H A A T A R
i, BFREAIRS Ru @ 10K A 4 S R
HAT — 8 0 SRy B A8 HC A4 77 1 T T I o ™
WA Bk, T 3 TAE A TR IR AT .

() HET BB Z 89 T Ru g0 R X IE &
A 4 B 2L G A R RE 2 R, XF T Ru Qi) 5%
i) A 4 1K JRL 9 95 Bt Ak B ok 25 2k R 1) F o
AW, JGEN £ Ru M & & 0% 57 45 ikt
F14) 52 M) R AR B A T ML

QYEIL T RIRA & E S, % T R ZIEE
FHAHE SZ M A E. 29, HETX Ru Fl Re (Cr 480 R
Z A1 22 HAE FHA BT v B, AE 2 o He 5L A4 5% i AL il
FITFSEA AR A, H Ru 5 HALA 47T % 2 [
SO AL I AN AT . 5 2T £ X 4% 00 2 18] 38 B AR
JETFBIFFE , DT S 3 4 120 (AR T T 9%

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

(3) H i & 43 AF 58 2 BT, Ru 5 5 19 1 I % £ Ak
LN R R iR S /NN 1S G i
A SCEE A, SOSE A 4 A 4 i R BE B4 TR I ) A
Ru JCFR AL FR

(HRu JCRAE M SEOCE, A8 S Br R BT
RN T A B AN, HORRBKYE Ru DG &
GAHLMPERER LI, 7873 WIBHr Ru &40 i B A
FHPLEL T BO TR A 6 Bt s, 348
CIE=3 A ve

e E

[1] ZHAO G Q, TIAN S G, ZHU X J, et al. Effect of element Ru on
microstructure and creep behaviour of single crystal nickel-based
superalloy[J]. Materials at High Temperatures, 2019, 36(2): 132-
141.

[2] X% 4%, 94 Ru MR R IR G S HSUES M m[J]. A (4
J& T ,2018, 47(6): 18-21, 34.
LIU Z X, LIANG S. Effect of Ru on microstructure of nickel base
superalloy[J]. Nonferrous Metals Processing, 2018, 47(6): 18-21,
34.

[3]1 7ALZE il X B, 45 Ru X — Rl Cr 8L 00 A s S
[ U 52 [J]. 4 )8 “# 41,2017, 53(4): 423-432.
NING L K, TONG J, LIU E Z, et al. Effect of Ru on solidification
structure of a high Cr nickel base single crystal superalloy[J]. Acta
Metallurgica Sinica, 2017, 53(4): 423-432.

http://www.cnki.net



- 120-

FOUNDRY TECHNOLOGY

Vol.44 No.02
Feb. 2023

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

XIN T Z, TANG S, JIF, et al. Role of Ru in a new phase formation
in an Ni-base single crystal superalloy with high Cr content [J].
Journal of Alloys and Compounds, 2015, 641: 228-233.

WANG H, SU H, ZHANG J, et al. Investigation on solidification
path of Ni-based single crystal superalloys with different Ru con-
tents[J]. Materials Characterization, 2017, 130: 211-218.

SONG W, WANG X G, LI J G, et al. The formation and evolution
of NiAl phase in a fourth generation nickel-based single crystal su-
peralloy[J]. Journal of Alloys and Compounds, 2020, 848: 156584.
STANFORD N, DJAKOVIC A, SHOLLOCK B, et al. Defect
grains in the melt-back region of CMSX-4 single crystal seeds: Su-
peralloys 2004 (Tenth International Symposium)[C]. Pennsylvani-
a: TMS, 2004: 719-726.

LIU G, LIU L, AI C, et al. Influence of withdrawal rate on the mi-
crostructure of Ni-base single-crystal superalloys containing Re
and Ru [J]. Journal of Alloys and Compounds, 2011, 509 (19):
5866-5872.

CALDWELL E C, FELA F J, FUCHS G E. The segregation of ele-
ments in high-refractory-content single-crystal nickel-based super-
alloys[J]. JOM, 2004, 56(9): 44-48.

SR DR TR IR X 42k Ru Al Cr 76— Fh G Re 48 5% 20 & i i
A A R AR R AR D). 48 25 41,2014, 50(9): 1025-1030.
LUO Y P, ZHOU Y Z, LIU J L. Effect of Ru and Cr on solidifica-
tion of a Re-free nickel base single crystal superalloy[J]. Acta Met-
allurgica Sinica, 2014, 50(9): 1025-1030.

SHIQ Y, HUO J J, ZHENG Y R, et al. Influence of Mo and Ru ad-
ditions on the creep behavior of Ni-based single crystal superalloys
at 1 100 ‘C[J]. Materials Science and Engineering: A, 2018, 725:
148-159.

RITTER N C, SOWA R, SCHAUER J C, et al. Effects of solid so-
lution strengthening elements Mo, Re, Ru, and W on transition
temperatures in nickel-based superalloys with High v’ -volume
fraction: Comparison of experiment and CALPHAD calculations
[J]. Metallurgical and Materials Transactions A, 2018, 49 (8):
3206-3216.

YEH A C, TIN S. Effects of Ru and Re additions on the high tem-
perature flow stresses of Ni-base single crystal superalloys [J].
Scripta Materialia, 2005, 52(6): 519-524.

A RO, X E. LA R Ru X BR AR B  G T Rk
JE 53 A B AR PERE M R [T, o AT € 4 < 41, 2020, 30(9):
2116-2126.

LIANG S, ZHAO F Q, LIU Z X. Effect of Ru on concentration dis-
tribution and creep properties of nickel base single crystal alloy at
high temperature[J]. The Chinese Journal of Nonferrous Metals,
2020, 30(9): 2116-2126.

SONG W, WANG X G, LI J G, et al. Role of Ru on the microstruc-
tural evolution during long-term aging of Ni-based single crystal
superalloys[J]. Acta Metallurgica Sinica (English Letters), 2020,
33(12): 1689-1698.

YAO X, DING Q Q, WEI X, et al. The effects of key elements Re
and Ru on the phase morphologies and microstructure in Ni-based
single crystal superalloys[J]. Journal of Alloys and Compounds,
2022, 926: 166835.

MR A EH, A BN Ru A B AR T RS G 4Lt

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

W2 (D). #6444 kS T8 2018, 47(4): 1248-1253.

DU Y L, NIU J P, WANG X G, et al. Effect of Ru addition on mi-
crostructure of nickel base single crystal superalloy[J]. Rare Met-
al Materials and Engineering, 2018, 47(4): 1248-1253.

SHU D L, TIAN S G, TIAN N, et al. Influence of Re/Ru on con-
centration distribution in the y/y" phases of nickel-based single
crystal superalloys[J]. Materials & Design, 2017, 132: 198-207.
PENG Z R, POVSTUGAR I, MATUSZEWSKI K, et al. Effects of
Ru on elemental partitioning and precipitation of topologically
close-packed phases in Ni-based superalloys[J]. Scripta Materialia,
2015, 101: 44-47.

W di BA B 225 45 Ru Al Cr 4 300 5 mi i & & y/y” 3R
Qb FRLH S AR (52 [T). 4 )@ 24,2010, 46(8): 897-906.
CHEN J Y, ZHAO B, FENG Q, et al. Effect of Ru and Cr on mi-
crostructure evolution of nickel base single crystal superalloy dur-
ing y/y" heat treatment[J]. Acta Metallurgica Sinica, 2010, 46(8):
897-906.

DUBIEL B, INDYKA P, KALEMBA-REC I, et al. The influence
of high temperature annealing and creep on the microstructure and
chemical element distribution in the vy, y' and TCP phases in sin-
gle crystal Ni-base superalloy [J]. Journal of Alloys and Com-
pounds, 2018, 731: 693-703.

HECKL A, NEUMEIER S, CENANOVIC S, et al. Reasons for the
enhanced phase stability of Ru-containing nickel-based superalloys
[J]. Acta Materialia, 2011, 59(17): 6563-6573.

YEH A C, RAE C M F, Tin S. High temperature creep of Ru-bear-
ing Ni-base single crystal superalloys: Superalloys 2004 (Tenth In-
ternational Symposium)[C]. Pennsylvanina: TMS, 2004: 677-685.
LEE S, DO J, JANG K, et al. Promotion of topologically
close-packed phases in a Ru-containing Ni-based superalloy [J].
Scripta Materialia, 2023, 222: 115041.

SUN J X, LIU J L, LI J G, et al. Dual effects of Ru on the mi-
crostructural stability of a single crystal superalloy[J]. Scripta Ma-
terialia, 2021, 205: 114209.

SONG W, WANG X G, LI J G, et al. Effect of ruthenium on mi-
crostructure and high-temperature creep properties of fourth gener-
ation Ni-based single-crystal superalloys[J]. Materials Science and
Engineering: A, 2020, 772: 138646.

HSE AV LT A8 2. Ru % 436 B G 3 TR & 46 BE BT 8 (9 52 1
0] EA 4 )8 441 ,2002(6): 1199-1204.

ZHENG L, GU C Q, ZHENG Y R. Effect of Ru on solidification
behavior of cast nickel base superalloy[J]. The Chinese Journal of
Nonferrous Metals, 2002(6): 1199-1204

[28] CARROLL L J, FENG Q, MANSFIELD J F, et al. Elemental parti-

[29]

[30]

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

tioning in Ru-containing nickel-base single crystal superalloys[J].
Materials Science and Engineering: A, 2007, 457(1-2): 292-299.
ZHAO Y S,LOU Y S, ZHANG M, et al. On the effect of Ru upon
creep behaviour and dislocation evolution in Ni-based single
crystal superalloys [J]. Materials Today Communications, 2022,
30: 103220.

BEZOLD A, STONE H J, RAE C M F, et al. In situ investigation
of TCP phase formation, stress relaxation and /vy’ lattice misfit
evolution in fourth generation single crystal Ni-Base superalloys

by X-Ray high temperature diffraction[J]. Metallurgical and Mate-

http://www.cnki.net



(S A )02/2023 HHH, % GELRERAST RuTSEANHARER «121-

rials Transactions A, 2022, 53(8): 2890-2901.
[31] WANG X G, LIU J L, JIN T, et al. Dislocation motion during

high-temperature low-stress creep in Ru-free and Ru-containing

[32] LI'Y M, TAN Z H, WANG X G, et al. Stress rupture anisotropy of
a Ru-containing fourth-generation single crystal superalloy at

760 ‘C and 1 100 C [J]. Materials Science and Engineering: A,
single-crystal superalloys[J]. Materials & Design, 2015, 67: 543- 2022, 856: 144006.
551.

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



