
論文 / 著書情報
Article / Book Information

題目(和文) 温度と時間に依存したNi基超合金の疲労き裂進展

Title(English) Temperature and Time Dependent Fatigue Crack Propagation in Ni-
base Superalloys

著者(和文) 鈴木子游

Author(English) Shiyu Suzuki

出典(和文)  学位:博士(工学),
 学位授与機関:東京工業大学,
 報告番号:甲第11737号,
 授与年月日:2022年3月26日,
 学位の種別:課程博士,
 審査員:阪口 基己,轟 章,水谷 義弘,因幡 和晃,井上 裕嗣

Citation(English)  Degree:Doctor (Engineering),
 Conferring organization: Tokyo Institute of Technology,
 Report number:甲第11737号,
 Conferred date:2022/3/26,
 Degree Type:Course doctor,
 Examiner:,,,,

学位種別(和文)  博士論文

Category(English)  Doctoral Thesis

種別(和文)  論文要旨

Type(English)  Summary

Powered by T2R2 (Science Tokyo Research Repository)

http://t2r2.star.titech.ac.jp/


（博士課程） 

Doctoral Program 

論 文 要 旨 

ＴＨＥＳＩＳ ＳＵＭＭＡＲＹ 

 

系・コース： 
Department of, Graduate major in 

機械 
機械 

系 
コース 

 申請学位（専攻分野）： 
Academic  Degree  Requested 

博士 
Doctor  of 

（ 工学 ） 

学生氏名： 
Student’s Name 

鈴木 子游 
 指導教員（主）： 

Academic Supervisor(main) 
阪口 基己 

 
 

 指導教員（副）： 
Academic Supervisor(sub) 

井上 裕嗣 

要旨（英文 800 語程度） 
Thesis Summary （approx.800 English Words ） 

Cast Ni-base superalloys are used for turbine blades and vanes in jet engines and gas turbines for power 
generation, and are subjected to a combination of the fatigue and creep loading along with time variation of 
the temperature. Under such thermo-mechanical fatigue conditions, fatigue cracks propagate and result in 
the failure of the components. In this study, the fatigue crack propagation behavior in the cast Ni-base 
superalloys was investigated focusing on effects of crystal orientation, grain boundary, temperature and 
creep deformation. To simplify the phenomena, these factors were separately evaluated by using different 
types of materials and experimental techniques. 

The effects of the temperature and crystal orientation were investigated using a single crystal Ni-base 
superalloy, ICMSX-4. Fatigue crack propagation tests were conducted at room temperature, 450 °C, 700 °C 
and 900 °C under ΔK increasing conditions using four types of C(T) specimens with different combinations 
of the crystal orientations in loading and crack propagation directions. The crack was found to propagate in 
“shearing mode” along crystallographic slip planes at room temperature, whereas a transition from 
“opening mode” on non-crystallographic planes to the shearing mode occurred as the ΔK level increased at 
450 °C and 700 °C. ΔKI values at which the transition started were higher at 700 °C than at 450 °C. At 
900 °C, the crack was found to propagate only in the opening mode. These phenomena were mainly 
attributed to distinctive temperature dependences of strength of γ matrix and γ’ precipitates. Dependence of 
the transition behavior at 450 °C and 700 °C on the crystal orientation corresponded to that of fatigue crack 
propagation rates, da/dN, of the shearing mode crack at room temperature, which implied that the driving 
force of the shearing mode crack strongly affect the transition behavior. Difference in da/dN of the opening 
mode crack at 450 °C and at 700 °C depended on the crystal orientation in the loading direction. This was 
attributed to a difference in the configuration of the γ/γ’ microstructure with respect to the loading and 
crack propagation directions. 

For the next, the effect of the grain boundary was investigated using “two-dimensional” polycrystalline 
specimens extracted from a directionally solidified Ni-base superalloy, MGA1400. Fatigue crack 
propagation tests were conducted at room temperature, 700 °C and 900 °C under ΔK increasing conditions, 
and the distinctive crack propagation behavior both in grain interiors and around the grain boundaries was 
observed in-situ using a high-resolution microscope. The crack propagation behavior in the grain interiors 
corresponded well with that in the single crystal superalloy. The crack propagated in the shearing mode at 
room temperature, whereas the crack transitioned from the opening to the shearing mode as the ΔK level 
increased at 700 °C. At 900 °C, the crack propagated only in the opening mode. The crack propagation in 
the shearing mode at room temperature and in the high ΔK region at 700 °C was retarded near the grain 
boundaries, whereas the opening mode crack in the low ΔK region at 700 °C was not observably affected 
by the grain boundaries. The retardation was attributed to a transition from the shearing to the opening 
mode induced by the slip plane incompatibility at the grain boundaries. At 900 °C, the crack propagated 
along high angle grain boundaries with higher da/dN than in the grain interiors. The acceleration was 
greater at the grain boundaries with larger misorientation, which was attributed to higher grain boundary 
energy. In high ΔK regions, secondary cracks were nucleated along the high angle grain boundaries ahead 
of the main crack tip. This was attributed to external stress normal to the grain boundaries and/or the strain 
incompatibility at the grain boundaries. 

Finally, the effect of the creep deformation was investigated using the single crystal Ni-base superalloy, 
ICMSX-4. Unique creep-fatigue crack propagation tests were conducted at 700 °C and 900 °C by 
introducing single tension hold into fatigue loading to isolate the effect of the creep. When the tension hold 



of Kmax of the prior fatigue loading was applied, a nascent crack was immediately initiated after the restart 
of the fatigue loading after the tension hold. Subsequently, da/dN rapidly decreased and remained low for a 
certain distance despite increasing ΔK, after which da/dN rapidly accelerated and converged to that under 
pure fatigue conditions. This transient crack propagation behavior was attributed to mechanisms based on 
two different concepts, i.e. residual stress and crack closure. From a viewpoint of the residual stress 
concept, material degradation at the crack tip was examined using scanning electron microscope (SEM), 
while the residual stress was quantified by elastic-plastic-creep finite element analysis (FEA) in 
combination with digital image correlation (DIC) technique. By the SEM observation, depletion of the γ’ 
precipitates was implied. From the FEA and DIC, the stress around the crack tip was found to be relaxed 
during the tension hold, and the relaxed stress was found to remain as residual compressive stress during 
the subsequent fatigue loading after the tension hold. Based on the calculation results of the residual 
compressive stress, it was possible to predict the retardation of the fatigue crack propagation after the 
tension hold. 

Based on the above investigations, the effects of the crystal orientation, grain boundary, temperature and 
creep deformation on the fatigue crack propagation in the cast Ni-base superalloys were clarified. These 
fundamental properties of the fatigue crack may contribute to better understanding and predictions of the 
crack propagation under more complex conditions, i.e. the thermo-mechanical fatigue, in the actual 
turbines. Furthermore, the design of the turbine blade that has a better resistance to the fatigue crack 
propagation was proposed. 

備考 : 論文要旨は、和文 2000 字と英文 300 語を 1 部ずつ提出するか、もしくは英文 800 語を 1部提出してください。 

Note : Thesis Summary should be submitted in either a copy of  2000 Japanese Characters and 300 Words (Engｌish) or 1copy of 800 
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