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Research Projects

1) Nonlinear structural analysis of gas turbine blade and thermal barrier coating

2) Development of 𝜆 -controlled environmental coating for a high-temperature

components

3) Maintenance system based upon controlling crack propagation

4) Development of life management system for aged structures

5) Damage mechanics for structural components attacked by natural disaster

6) Improvement of fracture toughness of high-temperature materials based upon bio-

mimetics concept



Nonlinear structural analysis of gas turbine blade and thermal

barrier coating

This project is supported by TEPCO, TOCALO and JSPS KAKENHI Grant Number JP 18K03847.

Turbine blade

0.1 mm

Thermal barrier coatings

Ni-based superalloy

Complex stress-temperature exposure and related damages

First stage bucket leading

edge strain/temperature

variation (Ref:GE gas turbine

philosophy, GER3434-D )

Cracking and TBC

delamination in leading edge

(Courtesy by Chugoku

electric company)

Cracking

TBC delamination



Nonlinear structural analysis of gas turbine blade and thermal

barrier coating

This project is supported by TEPCO, TOCALO and JSPS KAKENHI Grant Number JP 18K03847.

Viscoplastic constitutive equation:

Ni-based superalloy IN738LC
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Bond coat CoNiCrAlY

Bilinear model:

𝑬 = 𝑬 𝑻

𝝈𝒑 𝜺𝒑, 𝑻 = 𝝈𝒀 𝑻 + 𝑯 𝑻 𝜺𝒑

Top coat PS-YSZ
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Nonlinear structural analysis of gas turbine blade and thermal

barrier coating

Crack propagation simulation

𝛀

𝒙

𝝃𝑑∗

Nonlocal damage theory

 𝐷 𝒙 =
 Ω 𝐷 𝝃 𝜙 𝒙, 𝝃 𝑑Ω

 Ω 𝜙 𝒙, 𝝃 𝑑Ω

𝜙 𝒙, 𝝃 = exp −
𝒙 − 𝝃

𝑑∗

Local approach of fracture

 𝐷 > The critical damage 𝐷𝐶

Crack propagation 

by deactivating elements

TMF simulation

Cycle: 300Cycle: 400

In Phase

t

Temperature

t

Mechanical Strain



Cycle: 300 Cycle: 100Cycle: 400 Cycle: 200

TMF simulation

In Phase
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In out of phase, the

interfacial crack is

initiated at number of

cycles shorter than

one of in-phase.

This is very important

result from view of TBC

maintenance as follow:

Actual GT stress-

temperature pattern is

similar to that of out-of-

phase, and it means

that we can’t do visible

check for TBC

cracking! During in-

service of TBC, there is

possibility of losing the

detection of interfacial

cracking !



Application to GT operation simulation

Nonlinear structural analysis of gas turbine blade and thermal

barrier coating

GE Turbine blade

This project is supported by TEPCO, TOCALO and JSPS KAKENHI Grant Number JP 18K03847.



Other damage – Thermally grown oxide -

50 mm
TGO

Cracks

Thermal cycling test (60cycles@1273K)

*)T.S.Hille.et al, ”Oxide growth and damage evolution in thermal barrier coatings”, Engineering Fracture Mechanics, Vol.78(2011), pp.2139-2152

Oxygen diffusion-reaction model*):

𝝏𝒄

𝝏𝒕
− 𝛁 ∙ 𝑫𝛁𝒄 = −𝑴𝑹 𝟏 − 𝒄 𝒄

𝝏𝒏

𝝏𝒕
= 𝑹 𝟏 − 𝒏 𝒄

𝒄:oxygen concentration
𝒏:Volume fraction

𝑫:Oxygen diffusion coefficient

𝑴:Oxygen molarity in alumina

𝑹:Reaction rate in oxidation 
process

Growth strain*):

∆𝜺𝒊𝒋
𝒈
= 𝚫𝒏𝜺𝒈𝜹𝒊𝒋

TGO growth curve



Other damage – Thermally grown oxide -
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Concave Cracks were initiated at

concave in top coat, which

corresponds to FE analysis.

The crack was generated by

stress component after

cooling process in thermal

cycling test.

The validity of FE code

installed TGO model was

shown.



1273K-500K temperature gradient @ 120,000cycles

Other damage – Sintering process-

Sintering strain:

∆𝜺𝒊𝒋
𝒔 = 𝚫𝜺𝒔𝜹𝒊𝒋

where

𝚫𝜺𝒔 = −𝒌′𝒆𝒙𝒑 −
𝑸

𝑹𝑻
𝒏𝒕𝒏−𝟏𝚫𝒕

High-temperature gradient test by laser irradiation

Sintering layer

Vertical cracks

Horizontal cracks
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Sintering stress Sintering effect

was taken into

account in FE

code. It was

identified that the

coating stress is

increased due to

sintering strain

accumulation .



Impact event –FOD-

Damage evaluation for external event in gas turbine

Single Particle Impact Testing System (SPITS)

TBC surface damage by FOD

FE analysis



Maintenance system based upon controlling crack propagation

Fiber laser system

This project is supported by Chugoku electric company and Japan ultra-high temperature

material research center.

Combustion chamber

Crack initiation at

cooling hole

Fatigue crack

Repairing technique by fiber laser process
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Maintenance system based upon controlling crack propagation

1X10-3

600 700 900 1000

Stress Intensity Factor Range DK[MPa mm1/2]

C
ra

ck
 P

ro
p

a
g

a
ti

o
n

 R
a

te
 d

a
/d

N
[m

m
/c

yc
le

]

1X10-4

1X10-3

800

Fatigue crack initiation

Fiber laser repairing

Fatigue crack initiation
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The cracked specimen was recovered by fiber 

laser repairing treatment.

Fatigue crack propagation

Fatigue crack propagation
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Crack repairing process



Maintenance system based upon controlling crack propagation

Relationship between right crack length a

and Crack propagation rate da/dNN=60001 mm
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Repairing technique by laser irradiation ahead of crack tip

It was confirmed that

crack propagation rate

in crack repaired by

laser irradiation was

delayed in comparison

with that in non laser

irradiation. Thus, this

technique is available

for repairing small-size

crack in brief process

period.



Maintenance system based upon controlling crack propagation

Continuous Distribution Dislocation Method

𝒇𝒙𝒌 𝝃𝒙𝒌 , 𝒇𝒚𝒌 𝝃𝒙𝒌

 𝜎𝑦𝑘𝑦𝑘 𝑥𝑘
 𝜎𝑥𝑘𝑦𝑘 𝑥𝑘

=  

𝑚=1

𝑠

𝑇 𝜓𝑚 − 𝜓𝑘

 𝜎𝑥𝑚𝑥𝑚 𝑥𝑘
 𝜎𝑦𝑚𝑦𝑚 𝑥𝑘
 𝜎𝑦𝑚𝑦𝑚 𝑥𝑘

𝑘 = 1,2, … , 𝑠

Traction due to the dislocation distribution

𝑇 𝜓 =
sin2𝜓 cos2𝜓 sin 2𝜓
1

2
sin 2𝜓 −

1

2
sin 2𝜓 cos 2𝜓

Crack propagation simulation

𝛼𝑅

𝛼𝐿
𝑑𝜂

𝑑𝜂

𝐾ΙΙ𝑅 𝛼𝑅

Crack −𝜙

+𝜙

+𝜙

−𝜙

𝐾ΙΙ𝐿 𝛼𝐿 = 0

= 0

𝑑𝜂: Increment of crack

𝑑𝜙: Increment of angle

Probing method

 
< 𝐾ΙΙ𝐿min + 𝐾ΙΙRmin

−𝐾 < 𝐾ΙΙ𝐿 𝛼𝐿 − 𝐾ΙΙ𝑅 𝛼𝑅 < 𝐾

 
𝐾ΙΙ𝐿 𝜓𝐿 − 𝜙 = 𝐾ΙΙ𝐿min

𝐾ΙΙ𝑅 𝜓𝑅 − 𝜙 = 𝐾ΙΙ𝑅min

 Crack propagation direction

𝐾ΙΙ𝐿 𝛼𝐿 + 𝐾ΙΙ𝑅 𝛼𝑅

 Discriminant

𝐾ΙΙ𝐿min 𝐾ΙΙRmin



Maintenance system based upon controlling crack propagation

Continuous Distribution Dislocation Method

𝜎𝑥𝑦

𝑷
𝑦

𝑥𝜑
𝑷𝟏

𝜎𝑦𝑦

Influence of 𝜀

𝑦

𝑥

𝐸1 = 𝐸2

𝐸2, 𝜈2

𝐸1, 𝜈1

𝐸1 > 𝐸2

𝐸1 < 𝐸2

Case1

Case2

Case3

Influence of Young’s modulus

It was confirmed that 𝜀 and Young’s modulus of 

inclusion have an influence on the crack deflection.


