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Table 1 Composition of experimental alloys (wt%)

Alloy Cr Co Mo Ta w Al C B Re Hf Y La Ni
Y-containing 7.0 7.5 1.5 6.5 5.0 6.3 0.05  0.004 3.0 0.15 0.014 - Bal.
La-containing 7.0 7.5 1.5 6.5 5.0 6.3 0.05  0.004 3.0 0.15 - 0.013  Bal.

Y- and La-containing 7.0 7.5 1.5 6.5 5.0

6.3 0.05  0.004 3.0 0.15 0.012 0.0063 Bal
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Fig.1 Surface morphology (a) and surface line roughness (b) of Al,O, ceramic crucible substrate
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Fig.2 XRD pattern of AlLO, ceramic crucible substrate before

Lot

interface reactions
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Fig.3 Microstructure (a) and element distribution maps (b—f) of the Y-containing alloy bottom after interface reactions with Al,O, ceramic

crucible
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Fig.4 Surface microstructure (a) and BSE enlarged morphology (b) of Al,O, ceramic crucible corresponding to Y-containing alloy after interface

reactions
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Table 2 EDS analysis results of the reaction zones in Fig.3 and

Fig.4 (at%)
Point O Al Ni Y Hf
1 9.53 19.46 71.02
2 62.07 29.87 1.34 6.72
3 56.96 25.77 2.38 14.89
4 59.99 24.34 1.89 13.42
5 54.14 29.91 0.52 15.33 0.11
6 64.50 34.16 0.15 1.19
7 61.18 24.98 0.25 7.64 5.94
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Fig.5 XRD pattern of Y-containing alloy bottom after reaction with

Al O, ceramic crucible
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Fig.6 Microstructure (a) and element distribution maps (b—f) of La-containing alloy bottom after interface reactions with Al,O, ceramic crucible
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Fig.7 Surface microstructure (a) and BSE enlarged morphology (b) of Al,O, ceramic crucible corresponding to La-containing alloy after interface

reactions
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Table 3 EDS analysis results of the reaction zones in Fig.6 and

Fig.7 (at%)
Point (6] Al Ni La Hf
1 60.59 38.22 0.99 0.20
2 48.23 41.26 7.14 3.37
3 6.83 15.69 77.23 0.25
4 56.43 43.53 - - 0.04
5 51.65 4591 0.18 2.17 0.10
6 50.73 38.77 - 1.85 8.66
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Fig.8 XRD pattern of of La-containing alloy bottom after reaction

with AL,O, ceramic crucible
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Fig.9 Microstructure of the bottom of Y- and La-containing alloy after interface reactions with Al,O, ceramic crucible (a); BSE morphology (b)

and (c—h) corresponding element distribution maps of Fig.9a
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Fig.10 Surface microstructure (a) and BSE morphology (b) of AL,O, ceramic crucible corresponding to Y- and La-containg alloy after interface

reactions
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Table 4 EDS analysis results of the reaction zones in Fig.9 and Fig.10 (at%)

Point (6] Al Ni Y La Hf
1 5.84 21.14 72.75 - 0.28 -
2 55.24 26.45 2.83 15.42 0.07 -
3 58.84 36.54 0.98 3.64 - -
4 58.80 41.13 - - 0.06 0.01
5 58.73 28.45 0.41 12.23 0.14 0.04

6 62.07 31.88 0.46 5.60 - -
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Fig.11 XRD pattern of the bottom of Y- and La-containg alloy after

interface reactions

HETE A T R AEAS , RONERAR SR H B, TOMSERIRE , O
RN 5 BN I SR B FE AR A

TR TCER -5 M R A R A Y B A SR T T LT
INWEES R

M (1)y+y/3ALO, (s) MO, (s)+2y/3Al (1) 2)
M AG(T)RT T R,
2y/3
AG(T):AG°(T)+RTln(aA1)Y (3)
(ay)

KB a, MFETETTER MITEE  a, N ARSI . 8t
T FRAT Factsage 70 7300 3 A& 6 19 Y L ALLHE
AN La (3 BEEAT THA, TH LA R IR 6 T

#5 AT XPS HTHIEXESRERE
Table 5 Relevant binding energy values for XPS analysis

Element Phase Spectral line Literature data/eV
Y Y,ALO,, Y 3d,,/Y 3d,, 157.43/159.44""
835.1, 838.9/852.4,
La LaAlO, La3d,,/La3d,, O
Al Y,ALO,, Al 2p 74132
Al LaAlO, Al 2p 74.1087
Al AL, Al 2p 73.62%
Al o-ALO, Al2p 74.70%
(0} Y,ALO,, O ls 530.36""
0} LaAlO, Ols 530.90%"
0} AL, Ols 531.60"
(0} a-Al0, Ols 532.00""
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(6)
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FR A SN =40 0] 1, E 1550 °C R RAE RN (4) . (5)
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Calculation \ — Calculation
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2 /
& 531.97eV
2 / 74.77 €V
=]
=
540 535 530 525 81 78 75 72 69
Binding Energy/eV Binding Energy/eV
Experimental vad €
Backgrand
—— Calculation
=3 — Y;AL0,, 3ds),
=
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2
=
=
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Fig.12 XPS spectra of the Y-containing alloy bottom after interface reactions
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Fig.13 XPS spectra of the La-containing alloy bottom after interface reactions
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Fig.14 XPS spectra of the bottom of alloy containing Y and La after interface reactions
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6 1550 °CET & & Y AL Hf F La BO5EE
Table 6 Activity of Y, Al, Hf and La in alloys at 1550 °C

Alloy a/x107  a,/x10* @, /x10°  a /x10°
Y-containing 1.57 7.32 6.95
La-containing - 7.32 6.96 3.27

Y- and La-containing 1.35 7.32 6.95 1.58

R7 1550 CHIE Y A EREMEHHTEHEEAGT)
Table 7 Gibbs free energy AG(7) of reactions of Y-containing
alloy at 1550 °C

Reaction equation AG/kJ-mol
Hf(1)+2/3A1,0,(s)—HfO,(s)+4/3Al(1) -29.17
Y(1)+1/2A1,0,(s)—1/2Y,0,(s)+Al(1) —54.28

1550 “C ¥ S SR~ LaAlO, . FH S 4 m] il
La CERH MBS S, T AIMOJLE KA T ALO, M &
KM, LaAlO, 1 La 55 ) % FE AR 19 ALO, S8 A A
I, TT R AR IR AR 5% B B 5 R

La (I)+ALO, (s)—LaAlO, (s)+Al (1) @)

Hf (1)+2/3A1,0, (s)—HfO, (s)+4/3Al (1) (8

PR S B 7= 0 AT AL, 76 1550 °C R & AR N (7D F
(8), % HETC F IR P S0 B, v B P45 B S 1) 35 A 397 B B
REUNZR 8 FIT R, AG ,<AG,,c RN Last R & N

#*8 1550 °CHfE La B € RN B HETHREEAG(T
Table 8 Gibbs free energy AG(T) of reactions of La-containing
alloy at 1550 °C

Reaction equation AG/kI-mol”
HI(1)+2/3AL,0 (s)—~HfO (s)+4/3Al(l) 29.17
La(l)}+ALO (s)—LaAlO (s)+Al(l) 46.09

H 2at% /5 47, LaAlO, TE ALO, R A i i iz N 2 5
AL, M % Fe A& T8 50 2= 7 8K, T HEO, & & M 43 A7
SRR . La o & BRI e] Bl 2% HE e R 2 5
SN

EHETHME T, &Y M La & &6 5 ALO, My &
Iy B AR FE 1550 °C B S % R B S R BN
Y,ALO,,, B S =Py A KW La TG = AFAE , H XPS 254
REZX MT ARSI B La 70 3R AFAE , & 42 I 036 1 5 P e 1
3 3 B 2% T P R W 5Z B HFO, (2 . R R
AAY JCRRARE S S, M AIMO LR K E T ALO,
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Y(1)+1/2A1,0,(s)—1/2Y,0,(s)+Al(I) (9
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Table 9 Gibbs free energy AG(T) of reactions of Y- and La-containing alloy

Reaction equation AG (1450 °C)/kJ-mol™ AG (1550 °C)/kJ-mol™
HF (1)+2/3AL,0, (s)—HfO, (s)+4/3Al (1) 27.61 29.17
Y (I+12AL0, (5)—1/2Y,0, (s)+Al (1) 55.60 ~51.95
La (I)+ALO, (s)>LaAlO, (s)+Al (1) 39.65 3511
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Fig.15 Gibbs free energy change AG(7) for correlation reactions between

Y- and La-containing alloy melt and AL O, ceramic substrate
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Fig.16 Schematic diagrams of interfacial reaction process between superalloy melts and Al,O, ceramic crucibles: (a) Y-containing alloy,

(b) La-containing alloy, and (c) Y and La-containing alloy

4 £
DEY @ik G RS ALO, M B b kLR A= Ft il
SRR, Y FTHE 7R 25§41 8, A2 B HFO, F1Y 0,4, T
Y,0, M1 ALO, 4k 45 S B A2 i Y ,ALO 0
2)% La st & &R 5 ALO, B 8 3 3 4 ) R A2 5t
T S B2, LasHE TG 3 2 5 OB, 26 ) LaATO, A1 filt 2 1)
HfO,, H LaAlO, 5e & il T ALO, P& . Lasn g IIus I
—EREE B T HE TR AR
DY EE TR FEEIANY FLab, T Y o RiGHE
i, A0 T La A HE T ER I RONE, B [ S R N Y e R
Sy A1203}§&/_3EEE Y,ALO,,-
SE K References
[1]Reed R C. The Superalloys: Fundamentals and Applications[M].
Cambridge: Cambridge University Press, 2008
[2] Guo Jianting( ¥ # 5%). Materials Science and Engineering for
Superalloys(Fit & &AM kHF)[M]. Beijing: Science Press, 2008
[3] Cui Jinyan( % 4:#{), Zhang Jianting(7K Z JZ), Yao Jian(58 f#) et
al. Rare Metal Materials and Engineering(%i 6 & @ # £l 5 T.12)
[J1, 2023, 52(4): 1490
[4] Caron P, Khan T. Aerospace Science and Technology[J], 1999, 3
(8): 513
[5] Chen Guoliang( ¥ E R). Superalloy Science( f5 il & 4= %) [M].
Beijing: Metallurgical Industry Press, 1988
[6] Shi Zhenxue, Liu Shizhong, Yue Xiaodai et al. Rare Metal
Materials and Engineering[J], 2023, 52(6): 1977

[7] Wang Hang, Liao Jinfa et al. Ceramics
International[J], 2018, 44(7): 7667
[8]Zi Yun, Meng lJie, Zou Mingke et al. Ceramics Internationalll],
2020, 46(6): 7324
[9] Zi Yun, Meng Jie, Zhang Chaowei et al. Journal of Alloys and
Compounds[J], 2019, 789: 472
[10] Chen Xiaoyan( % i), Xiao Lv(i4 /i), Yu Jianbo(4X i) et
al. Special Casting & Nonferrous Alloys(F5 Fh #5 i& X H 05 &)
[J1, 2016, 36(8): 844
[11] Valenza F, Muolo M L. Journal of Materials Science[J], 2010, 45
(8): 2071
[12] Chen Xiaoyan, Zhou Yizhou, Jin Tao et al. Journal of Materials
Science & Technology[J], 2016, 32(2): 177
[13] Wang Haiwei, Yang Jinxia, Meng Jie et al. Ceramics International
[J], 2020, 46(14): 22057
[14] Hou Jie(f% ), Li Shangping(ZF [#*F), Han Shaoli(i#i /> [ili) et
al. Rare Metal Materials and Engineering(%i 8 %= B # kL 5 T.12)
[7],2023, 52(12): 4147
[15] Zheng Liang(#$ %), Xiao Chengbo( H #£1%), Zhang Guoqing(ik
[ IX) et al. Journal of Aeronautical Materials(Fi Z= ¥ KL S 48) (1],
2012, 32(3): 1283
[16] Fan Jiaxian, Fan Hongna, Song Zhuo et al. Ceramics International
[J1, 2022, 49(6): 8762
[17] Cingi C. Mold-Metal Reactions in Magnesium Investment Castings
[M]. Helsinki: Helsinki University of Technology, 2006
[18] Zhang Huarui, Tang Xiaoxia, Zhou Chungen et al. Journal of the
European Ceramic Society[J], 2013, 33(5): 925
[19] Xue Ming( B%

Shang Genfeng,

). Study on Ceramic-Superalloy Interface



5 1]

RS MR AR & SRS ALO, MBI S S N IT

* 1327

Reactions During the Directional Solidification Processing( i€ 7
5t 8] 3 72 v B & 5 IR A 4 ST BT 90) [D]. Beijing: Tsinghua
University, 2007

[20] Wu Xingjun(E % F), Guo Xiping(Z8E*F). Materials Reports(}f
BEFR)[I], 2006, 20(5): 63

[21] Cao Shuting, Yang Yaqian, Chen Bo et al. Journal of Materials
Science & Technology[J], 2021, 86(9): 260

[22] Ren Lei(fE &), Fu Guangyan(f} ] #), Liu Enze(X| &%) et al.
Rare Metal Materials and Engineering( ¥ 1 & J& #1 ¥t 5 L
F£)[J], 2023, 52(11): 3857

[23] Wang Yang(E ¥£), Yu Jianbo(4X # 3#), Wang Haoxuan( F 52 §f)
et al. Rare Metal Materials and Engineering(%i 5 & J& M k5 T
FE)[J], 2023, 52(2): 728

[24] Liu Lvguo(Xl| & %8Y). Study on Interface Reaction Between DZ22B
Superalloy and Ceramic Materials Used for Investment Casting
(DZ22B & i & < 5 K ¥ B RO ORE BRI R R RR 9T) [D].
Nanchang: Nanchang Hangkong University, 2018

[25] Wan Beibei, Zhang Huarui, Gao Ming et al. Materials &
Design[J], 2018, 138(1): 103

[26] Kritsalis P, Coudurier L, Eustathopoulos N. Journal of Materials
Science[J], 1991, 26(12): 3400

[27] Shang Genfeng( it #2 I&). Study on Interfacial Reaction Between

Nickel Based Single Crystal Superalloys Containing Rare Earth
and Calcium and Its Mold and Evaluation of Oxidation Behavior
G M 85 TT 3R IR B Rl < 15 8 28 TS SERE 5 e
H AL AT AP [D]. Ganzhou: Jiangxi University of Science and
Technology, 2018

[28] Pawlak D A, Wozniak K, Frukacz Z et al. The Journal of Physical
Chemistry B[J], 1999, 103(9): 1454

[29] Alexander V N, Anna K V, Stephen W G et al. NIST X-ray
Photoelectron Spectroscopy Database[DB]. 2023

[30] Saiz E, Cannon R M, Tomsia A P. Acta Materialia[J], 2000, 48
(18-19): 4449

[31] Chen Xiaoyan( [% 5 %), Zhou Yizhou( /& 71 &), Zhang Chaowei
(i 5AEK) et al. Acta Metallurgica Sinica(%:J&%4%)[J], 2014, 50
(8): 1019

[32] Liang Yingjiao( % ¥ #). Inorganic Thermodynamics Data
Handbook( JC . # 71 % % %% T M) [M]. Shenyang: Northeastern
University Press, 1993

[33] Virkar A V, Jackson T B, Cutler R A. Journal of the American
Ceramic Society[J], 1989, 72(11): 2031

[34] Zhou Heping, Liu Yaocheng, Miao Weiguo et al. Journal of
Materials Science[J], 1999, 34(24): 6165

Study on Interface Reaction Between Nickel-Based Superalloy Melt Containing Rare
Earth Elements and Al,O, Ceramic Crucible

Tang Qian'?, Liu Jide', Zhang Hui’, Li Jinguo'
(1. Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China)
(2. Key Laboratory of Electromagnetic Processing of Materials, Ministry of Education, Northeastern University, Shenyang 110819, China)

Abstract: To elucidate the reaction mechanism between the nickel-based superalloy melt containing and AlO, rare earth elements Y La ceramic
crucible during the preparation process of components, in-situ drop-solution method was employed to study the interface reaction between the
superalloy melt containing Y and La and the Al,O; ceramic crucible at 1550 °C. Results indicate that following the occurrence of interface
reactions between the superalloy melt containing rare earth elements and the Al,O, ceramic crucible, the surface quality of the alloy is favorable,
with almost no adhesion of reaction products. When the alloy contains only Y, Y element reacts with ALO, to produce intermediate product Y,0,,
which subsequently continues to react to form Y,AL O ,. Additionally, a small amount of Hf element reacts with Al,O, to generate HfO,. When the
alloy contains only La, La element reacts with Al,O, to generate LaAlO,. La element inhibits the participation of Hf element in the interface
reaction, and there is no generation of HfO,. However, when the alloy simultaneously contains Y and La, due to the higher reactivity of Y element,
Y preferentially reacts with ALO, over La element, forming Y,Al,O ,. As a result, the reaction between La element and ALO, is suppressed,
effectively reducing the burning loss of La element.

Key words: rare earth element Y; rare earth element La; superalloy melt; Al,O, ceramic crucible; interface reaction
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