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Table 1 Nominal chemical compositions of alloy (mass fraction, %)

Al Ti Cr Co Mo W Ta Re Hf Ni

Al 6 07 8 9 0 85 7 0.5 0.15 Bal

A2 6 07 65 9 0 9 8 0.7 0.15 Bal

DD5 62 0 7 75 145 5 7 3 0 Bal
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Fig.1 Schematic of the heat treatment

TEAAE RS A LA AR 10 mm, &5 20 mm [1[H
M, I L& R A A Ra<<0.5 um, HIfAS
RMER, FitERER. LB AEERT,
TTHBRMAEE . il s o f dhH in B AR R
WS RGBT, KNI BRI 1150 °C L 3l bt
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0.1 mg LT RFARIE SR, B FEARE 5 G B0
BIE, )5 BRICBON S 3505 AR ] FR i 2 AN [) 3E AT A
FEFARE, EEATE MR E LR 2 <0.2 mg. il
FEE TN, HHTARE, S REREFIMEIE 9]
R mo FRE A, R R % B GWL-1400°C

i B s TR, 34T 1100 CHEFR AR . 7E 1100 °C

FAEN, BRI 25 h ), B SR IF RN R B3,
B RS B2 K, 2 R R B TS R A 30
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B EAG =50, Al BEP R Cr & (8%) tH
RARE T &4 Al TR IR A, FEVHPOE TR
BIAEKIES: ALO R Z (WG 4 fik 2) , I
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Fig.3 XRD patterns of the surface of alloys after oxidation for 100 h at 1100 °C: (a) A1, (b) A2, and (c) DD5
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Fig.4 Surface morphologies of A1 after oxidation for 100 h at 1100 °C: (a) low-magnification view, (b) high-magnification view of the marked area
in (a)
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Table 2 Chemical compositions of surface oxidation products of alloy Al analyzed by EDS (wt.%)

Oxidation Product Lable (0] Al Ni Cr Co Ti Ta w
ALO; A 3254 6280 213 1.91 . 0.62 . .
(Ni,Co)AL:Ox B 3507 4644 1338 094 1 og4 - -
ALOs C 3497 59.14 134 3.62 . 0.93 . .
TaOx+TiO D 1888 509  3.85 0.80 = 523 66.15 .

50 pm S pum

Kl 5 A2 22 1100 °C/100 h 44 5 (¥ 2 T 5
Fig.5 Surface morphologies of A2 after oxidation for 100 h at 1100 °C: (a) low-magnification view, (b) high-magnification view of the marked area
in (a)
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Table 3 Chemical compositions of surface oxidation products of alloy A2 analyzed by EDS (wt.%)

Oxidation Product Lable O Al Ni Cr Co Ti Hf Ta W  Re
(Ni,C0)AL204+NiCr204 A 21.03 21.89 3354 12.67 8.69 0.55 - - - -
NiO B 1644 - 7641 352 498 - - - - -
NiCr204+(Ni,Co)Al204 C 2006 896 2047 3556 132 1.21 - - - -
NiCr204+(Ni,Co)AL2O4+NiTa20¢ D 2248 16.06 26.79 21.08 9.03 1.23 - 3.33 - -
ALO3+(Ni,Co)ALL04 E 31.57 4681 15.17 228 251 1.66 - - - -

Matrix F - 384 5888 965 1154 033 008 575 9.64 03

ALO3+TiO G 3718 5152 267 071 051 548 - 1.92 - -
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Fig.6 Surface morphologies of DD5 after oxidation for 100 h at 1100 °C: (a) low-magnification view, (b,c) high-magnification views of marked
areas 1 and 2 in (a)
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Table 4 Chemical compositions surface oxidation products of DD5 analyzed by EDS (wt.%)

Oxidation Product (estimate) Lable O Al Ni Cr Co Ta W Mo Re
(N1,C0)A1204+NiCr204 A 1891 22.82 3844 1231 6.56 0.95 - - -

NiO B 1676 05 7559 266 327 121 - - -
ALO3+(Ni,Co)Al2O4 C 2698 34.09 30.29 346 4.02 1.16 - - -
NiCr204+(Ni,C0)Al204+Cr203 D 1952 7.66 225 37 1023 294 - - -
ALO3+(Ni,Co)AL204 E 2724 279 3051 798 485 15 - - -

Matrix F - 3.67 63.59 972 9.14 5.08 5.14 1.65 2.01
ALO3+(Ni,Co)Al204 G 27.77 4036 2699 2.51 2237 - - - -
(Ni,C0)A1204+NiCr204 H 3045 24.67 24.03 1436 4.04 245 - - -
NiCr204+(Ni,Co)Al204+Cr205+NiTa20s 1 25.77 6.05 19.15 2523 6.83 1696 - - -

2.3 BEFUERRET

K7 83 FhE44 1100 °CEAL 100 h J5 I E T
5, BENEFERES Al 5ENENEEEZ 7 um,
SN EHE, NWEE T EEL S, B
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AF-. DDS & 4 Pk MR F A0 SR A -
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AL =R I ) AL 2 A SR AL AT 0] . EHIET 8
AL Al BEERERBT N2 B, EERANELS S
A IR AR R AR S 4R, R B NIE LA Z A R
44 XRD Mk 2 KE 8 MmmER4 R oM, LEA
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TE S BRI ALO; HIEMEEE] T /& HF ALY,
A2 EEHABINENER TR WE 9 Fis, EHER
9N 3 2, 454 XRD MR 3 R 0 FOENESE
Ni SR NiO; EQZEF WA EK Cr. Cov Ta. Al'H
£, DAEMER Ni 54, Cr. Co TR EEREEMNL
2T IBWFEAS, Ta SE39I0 /5 B, ALNI JTE BTG N,
ZJZ AL ) 5 Y NiCryO4- NiTaxOg F1(Ni,Co)ALO4
BEREAHER: EREN Al TEEHEM ALOs, HIE
7o) W, ALOs JEFEAES:, FERTE AR i H A AL RS
DD5 & &AM E s R & 10 Bk, DD5
EE&RXENETLE AL Ni. Cr. Co LK Ta KR &SN
VIR, 456 TOR 'S AR N XRD 1, 439149 NiCroO4
(Ni,C0)AL,O4v Cr03 Fl NiTaxO¢ ZH; T JENAELE )
ALO;; i#id EDS LHFMINETTIZE P M S RIR B
ZARA A AN,
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Fig.7 Cross-sectional morphologies of alloys after oxidation for 100h under 1100 °C: (a) A1, (b) A2, (c) DD5
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Fig.8 SEM images of longitudinal section of alloy A1 after oxidizing
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Fig.9 SEM images of longitudinal section of A2 alloy after oxidizing
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Fig.10 SEM images of longitudinal section of DD5 after oxidizing
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Fig.11 Kinetic curves of experimental alloys after oxidizing at
1100 °C for 100 h
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SR, RERTEIELE ALOs RYPZIEHR T Cr & & Mt
Y HEh 1%, Cr TTERAERN YRS i ALOs
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T — My AT TR Ti 2 K B2 3 S| i AR
WA, B AR R A R m AR R AR 5 VR A
TiO., B4 Ti & BHAKK, W& E&MPANIER AR
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&, Hf fg S EMH SR A LR, R
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High-Temperature Oxidation Behavior of two Novel Low-Re Single Crystal Superalloys
Cui jinyan'? , Zhang Jianting'? , Wang Zhishen?, Duan Fangmiao®, Li Weiming?
(1.State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China)
(2.Shenzhen Wedge Central South Research Institute Co., Ltd., Shenzhen 518000, China)
(3. China United Gas Turbine Technology Co., Ltd., Beijing 100016, China )

Abstract: Developing low-cost, high-performance nickel-based single crystal superalloys has become an inevitable trend to fulfill the performance
requirements of advanced gas turbine blades. In this study, the cyclic oxidation behavior of two novel low-Re single crystal superalloys, Al and A2,
was systematically compared with that of the commercial DDS alloy at 1100 °C for 100 h. The oxidation resistance of the target alloys was assessed
via the static weight gain method. The oxidation kinetics, evolution of oxidation products, and oxide scale structure were comprehensively analyzed
using XRD, SEM, and EDS. The results show that a continuous and dense Al-Os layer with a thickness of approximately 7 um is formed on the
surface of Al alloy. This alloy exhibits the lowest mass gain (average oxidation rate K'=0.0081 g/(m?-h)) and the minimal oxide scale spallation
(5': 0.28 g/m?), indicative of its superior oxidation resistance among the three alloys. For the A2 alloy, due to its insufficient Cr content (6.5%), NiO
and spinel preferentially form and dominate the oxidation path. This leads to the formation of a loose multilayer mixed oxide scale with a
discontinuous inner Al>Os layer, accompanied by severe scale spallation (5': 15 g/m?), resulting in the poorest oxidation resistance. Although the
DDS alloy has a relatively higher Cr content (7%), the absence of synergistic regulating elements such as Hf, coupled with its high Re content (3%),
gives rise to the lack of a continuous inner AlO; layer and the occurrence of internal nitridation. Accordingly, its oxidation resistance is inferior to
that of A1 but superior to that of A2. The synergistic effects of alloying elements during the oxidation processes induce distinct differences in the

oxidation mechanisms of the three tested alloys.
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