20254F 545 % /TR N S S 2025, Vol. 45
BS54 93— 101 5 JOURNAL OF AERONAUTICAL MATERIALS No.5 pp.93— 101

S| ARG S UL, INEKIE, 1955, 5. IRIEERERS NisAl 20 0 iR A IR T R (500 [T]. A2 BHREEAR, 2025, 45(5): 93-
101.
ZHANG Zengkai, SUN Jiazheng, SHANG Yong, et al. Creep behavior of a NizAl single crystal superalloy under thermal
gradient conditions [J]. Journal of Aeronautical Materials, 2025, 45(5): 93-101.

mREBEN NZAl ERERS RS SETITAR N

kKEP, IKE, W OF, EER, FHEI
(Abat i as iRk R2: MoRRkaE S TR 2E B, dbat 100191)

FEE: i E S WG R RAE— AR RE R ) 25 T E T, SR MIAEM 2 ﬁd]ﬂﬂ&f&ﬂ o T A S IR,
WS AR TR R T I AR R IR B R B, DRI AR T B i & A e TR R B R I AR 7o B S ToRE i
Ml AR TAEFI Ni;Al 55 S SR A ST R — R Tk i LIRSS TR fr’zv"r“ AR S, R R AT
107, 5x10* K/m., Z5H50, /mf“ﬁr“miwﬂ’w%ﬂ“ﬁﬁﬁ%ﬂmﬁ%, AR LY, 10° K/m 5L B (1 25
B T HEIT 46%, T 510" K/m Y5 BERE BE UK T 24 30% U578 v, BT 140 BT 5 44100 2B, IELBE BRI 5610 F
TRRWT A4Sl S s 3, o IR AR S B AR, EER X, SR BE HRE RN 7GR
X, A E A FURE R R, JHerf 107 Ky/m 58 B0 1R AL 7R AR IX TR A2 40, 7 s IR X A2 4, ix 3
PR A e kDX R X ) I A 3 SR N — B

KR R RRERE S BARES S, A

doi: 10.11868/j.issn.1005-5053.2025.000119 CSTR: 32420.14.j.issn.1005-5053.2025.000119

FESES: V25222 XRKFRIRAD: A XEHES: 1005-5053(2025)05-0093-09

Creep behavior of a NizAl single crystal superalloy under

thermal gradient conditions

ZHANG Zengkai, SUN Jiazheng, SHANG Yong, PEI Yanling*, GONG Shengkai

(School of Materials Science and Engineering, Beihang University, Beijing 100191, China)

Abstract: Traditionally, the creep performance of superalloys are characterized under isothermal and constant-stress conditions.
However, in the service environments of aero-engines, internal cooling introduces notable through-thickness temperature gradients
within turbine blade materials. Consequently, examining the creep behavior of single-crystal alloys under such temperature gradients
holds considerable engineering significance. This study conducts a series of temperature-gradient creep experiments based on a
NizAl-based superalloy. Temperature gradients of 10’ K/m and 5x10" K/m are imposed. The results indicate that temperature
gradients exert a substantial influence on specimens creep rupture life. Specifically, compared to isothermal creep, the application of
a 10’ K/m gradient leads to an almost 46% extension in creep life, whereas a 5x 10* K/m gradient results in about 30% improvement.
Fractographic and microstructural analyses reveal enhanced anisotropy on the fracture surface under temperature gradients.
Furthermore, the oxidation behavior varies markedly across different temperature zones: the high-temperature region exhibits a
denser, thinner oxide layer, whereas the low-temperature region displays a porous, thicker oxide layer. In the 10" K/m gradient
specimen, the low-temperature area exhibits a rafted y' structure, while the high-temperature area shows a de-rafted morphology,

suggesting differing strain rates between these regions.

Key words: thermal gradient; single crystal superalloy; nickel-based superalloy; creep
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Table 2 Test condition of six experiments

Experiment Exp No. Furnace Avg. outer wall Avg. inner wall Avg. coolant Nominal
type temperature/ °C temperature/ C temperature/ C temperature/ C stress/MPa
ITC 1 1050 1050 137

2 1050 1050 137
TGC-50 3 1130 1029 953 688 137

4 1130 1044 1019 671 137
TGC-100 5 1150 1029 906 663 137

6 1150 1047 916 613 137
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Fig. 2 Temperature measure point on specimens
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Table 3 Calculated isothermal creep rupture life under vari-
ous temperature

Location Temperature/  Stress/  Rupture
C MPa life/h
High temperature end 1029 137 185
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916 137 24112
953 137 4431
1019 137 274
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(a)fracture morphology of ITC-1050;

(b)fracture morphology of TGC-50; (¢)fracture morphology of TGC-100
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Fig. 9 Process for monitoring phase volume fraction changes on the high- and low-temperature sides

(a)panoramic image

capture locations along thickness direction (including zone (D remote from fracture surface and zone ) near fracture surface ) ;
(b)stitched panoramic image showing microstructures from both high-temperature and low-temperature ends;
(¢)schematic of two-phase microstructure identified using trainable WEKA segmentation method
(red = y phase, green = y' phase, purple = TCP phase, green areas outside edge = resin)
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Microstructures far from fracture surface of specimens under different conditions

(a) ITC-1050;

(b)TGC-50; (¢c)TGC-100; (1 )outer wall section microstructure; (2 )inner wall section microstructure

2550 R W1, TR IRLRERR BE AT, o it S A {ER e i 14
JO7 AR T RAN— 2, IZ LG ANSCHR [9] AP A RUE AU
SR, WIS OZ B Y OU L8 75 21 7
— DA TS . 5 ERTIE, T AR A e
AR IR T PG L R, 1R A BE v e 20 RE
05— 7E T BE I 2 — B B p AL A, T AE
IR IR A5 i

3 it

(1) 4 B A R o S AR A I AR oy B i - AR
F i (5x10° K/m 1 10° K/m 48 48 5 T 29.7% M
45.6% ), FLIGEERRRE T B4 855 A8 5t o H2 30T i Y it 1)
B FH . X ERMAE TN Y, AT paiifb
- S IS DA R B R, ) 1 3 J B 1k
Jr R AR, DIk e e i S 80 e R

(2)FEA RN SL5G v, WL 2 i B i R IR
T i T A B SRR R A S TR e A A B 22
5o Xy AR BN ST o it — 2 R B, ARIR
st S B MR B B A ARARIR S o SRIMTAE R SEE
PR BR B R BN E AR 22 5, X IRE T AR 7 A
F 5 i) iy A 22 30 B I A

(3)IRLEEAS BE Az ) 1 A8 R 3aURE i 45 1] S
PEASONE, S 7 WA T 1T 2 001 R 1% g 450 A R R AR
IR e e — 4 e ) By a) | p=ak 205%, [t
TG A A T

(4) TGC-100 R FE 2T B 111 B 3T 79 o I I i
N5 3] PRI AN (1] 1) o7 A% TR T S B 41 41 2% 57, [ A
1 X IS A ORI ) 75 38 i — 20 S5, R i
FERREE | AT T N5 B A5 ) Stk =3 2 E) AR
fEH .

5% 3k

[1] STAROSELSKY A, MARTIN T J. Creep, plasticity and
fatigue of single crystal superalloys: physics-based life
prediction for turbine components in severe operating
environments[M]//Inelastic Behavior of Materials and
Structures Under Monotonic and Cyclic Loading. Cham:
Springer International Publishing, 2015:207-241.

[2] DEES J E, BOGARD D G, LEDEZMA G A, et al.
Experimental measurements and computational predic-
tions for an internally cooled simulated turbine vane[J].
Journal of Turbomachinery-Transactions of the Asme,
2012, 134(6): 061003.

[3] GAOZZ,ZHI X Z, HOU N X, et al. Deformation and
failure mechanisms of single crystal superalloy under
temperature gradient[J]. Theoretical and Applied Frac-
ture Mechanics, 2011, 56(3): 180-187.

[4] SUNJY, YANG S, YUAN H. Assessment of thermo-
mechanical fatigue in a nickel-based single-crystal super-
alloy CMSX-4 accounting for temperature gradient
effects[J]. Materials Science and Engineering: A, 2021,
809: 140918.

[5] YUANH, SUNJY. Thermal gradient mechanical fatigue
assessment of a nickel-based superalloy[C]//12th Interna-
tional Conference on Multiaxial Fatigue and Fracture
(ICMFF) . Bordeaux: Soc Francaise Metallurgie Materi-
aux, 2019: 07004.

(6] T2, BRumi, s sy, 5. iR s B m 5L m R 5 4 05
AEVERERTSE [T]. PN T.TZ, 2024, 53(16): 125-128.
SHANG W, CHEN R Q, SHI J, et al. Research on creep
behavior of cobalt-based superalloy under temperature
gradient[J]. Hot Working Technology, 2024, 53(16) :
125-128.

[7] LIMA R S, MARPLE B R, MARCOUX P. Thermal gra-
dient behavior of TBCs subjected to a laser gradient test


https://doi.org/10.1115/1.4006280
https://doi.org/10.1115/1.4006280
https://doi.org/10.1115/1.4006280
https://doi.org/10.1016/j.tafmec.2011.11.006
https://doi.org/10.1016/j.tafmec.2011.11.006
https://doi.org/10.1016/j.tafmec.2011.11.006
https://doi.org/10.1016/j.msea.2021.140918
https://doi.org/10.1016/j.msea.2021.140918
https://doi.org/10.1016/j.msea.2021.140918

55 1) TRLBE R BE X Nis Al A5,

& AL AT o B R 101

rig: simulating an air-to-air combat flight[J]. Journal of
Thermal Spray Technology, 2016, 25(1/2): 282-290.

(8] JaiF, i, XIZL, 55, Bt i Sl 2 R dasicoR
M sE it L], AR, 2020, 39(10): 707-722.
ZHOU Y C, YANGL, LIU Z Y, et al. Research progress
on insulation performance of thermal barrier coatings
on turbine blade[J]. Materials China, 2020, 39(10) :
707-722.

[9] HOU N X, WEN Z X, YUE Z F. Creep behavior of sin-
gle crystal superalloy specimen under temperature gradi-
ent condition[J]. Materials Science and Engineering: A,
2009, 510/511: 42-45.

[ 10 ] SUBRAMANIAN R, YAMAGISHI S, OKAZAKI M.
Small creep crack growth interacting with microstruc-
tural and mechanical factors in a polycrystalline Ni-based
superalloy [J]. Transactions of the Indian Institute of Met-
als, 2016, 69(2): 365-371.

[11] SUNJY, YUAN H, VORMWALD M. Thermal gradi-
ent mechanical fatigue assessment of a nickel-based
superalloy[J]. International Journal of Fatigue, 2020,
135: 105486.

[12] OKAZAKI M, YAMAGISHI S, MILTON M, et al.
Small crack propagation behaviour during thermo-
mechanical creep-fatigue loading of Ni based superalloy
specimen under non-uniformly distributed temperature
condition[J]. Materials at High Temperatures, 2015,
32(3):293-297.

[13] ZHAO H G, GUO W Q, ZHAO W Y, et al. Thickness
effects on oxidation behavior and consequent y' degrada-
tion of a high-Al Ni-based single crystal superalloy[J].
Crystals, 2023, 13(2): 234.

[ 14 ] ARGANDA-CARRERAS I, KAYNIG V, RUEDEN C,
et al. Trainable WEKA segmentation: a machine learning
tool for microscopy pixel classification[J]. Bioinformat-
ics, 2017, 33(15):2424-2426.

Wik H H: 2025-06-30; 52 A H #: 2025-09-05

WINAEE: JEHER (1979— ), Lo, T4, #z, #F5EJy ml hi
RS F AR5 B P v )2, 6 R Mk - 6T T I UE DX 2 B i
37 S AT A R KA B B2 5 TR 4 B (100191),

E-mail: peiyanling@buaa.edu.cn

(AKX orh: AW )


https://doi.org/10.1007/s12666-015-0802-7
https://doi.org/10.1007/s12666-015-0802-7
https://doi.org/10.1007/s12666-015-0802-7
https://doi.org/10.1016/j.ijfatigue.2020.105486
https://doi.org/10.1179/0960340914Z.00000000071
https://doi.org/10.3390/cryst13020234
https://doi.org/10.1093/bioinformatics/btx180
https://doi.org/10.1093/bioinformatics/btx180
mailto:peiyanling@buaa.edu.cn

	1 实验材料与方法
	1.1 实验材料
	1.2 实验方法

	2 结果与分析
	2.1 温度梯度和等温条件下的蠕变行为
	2.2 温度梯度试样和等温试样的断口与组织

	3 结论
	参考文献

