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The study of IASCC

 IASCC is one of the critical concerns in materials 
for nuclear in-reactor components of Light Water 
Reactor. 

 In order to investigate the mechanism of IASCC, 
PIEs at NFD hot laboratory were carried out on 
the materials obtained from commercial LWRs.

The PIE techniques were developed for our 
IASCC study.
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Facility for crack growth rate test

Shielding capacity: 740GBq (Co-60)
Load capacity (inside and outside load cell): 50kN
Specimen: two 0.5T-CTs or one 1T-CT each autoclave
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Facility for crack growth rate test

Load cell (outside)

Internal Ag/AgCl
Reference electrode
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Crack growth rate test results (1)
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All of the data are below the upper limit 
and low fluence data are below the 
disposition curves of JSME code.

Fluence:
High fluence > 5.0×1024 n/m2

Low fluence < 5.0×1024 n/m2Upper Limit: 9.2x10-10 m/s
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S. Ooki et al., Proceeding of 12 th International 
Conference on Environmental Degradation of Materials in 
Nuclear Power System, 2005

Specimens (0.5-1.0TCT) were 
machined from in-core 
structural materials using in-
cell milling machine.
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Crack growth rate test results (2)

K. Chatani et al., Proceeding of 14 th International Conference on Environmental Degradation of Materials in Nuclear Power System, 2009
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The CGRs in +100 to +200mVSHE

level (32ppmDO) were increased 
with increasing dose in the range 
about 0.9-4dpa, and there were a 
slight difference among the CGRs in 
the range about 4-13.5 dpa.

288℃ pure water
<0.2S/cm at outlet
ECP : +100-200mVSHE

4

Specimens (0.5TCT) were irradiated 
with neutrons in high temperature 
water of JMTR.
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Facility for slow strain rate tensile and
uniaxial constant load test

Shielding capacity: 3.7TBq (Co-60)
Load capacity : 10kN
Specimen: one or two tensile type specimen each autoclave
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Slow strain rate tensile test results
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IASCC susceptibility increased markedly for fluences 
exceeding 1025n/m2

K. Chatani et al., Proceeding of 12 th International Conference on Environmental Degradation of Materials in Nuclear Power System, 2005
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High resolution grain boundary
analytical techniques

FE-TEM

Acceleration Voltage: 200kV
Probe diameter: <2nm
Specimen size: 1 mm diameter disks

EDS

Reduction in volume to 
minimize radiation flooding of 
the X-ray detector. 
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FE-TEM results of irradiated Type 316SS

The enrichment of nickel and depletion of chromium increased 
with increasing neutron fluence.

K. Chatani et al., Proceeding of 12 th International Conference on Environmental Degradation of Materials in Nuclear Power System, 2005
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Dependence of (Cr+Mo) segregation at
G.B. on IASCC susceptibility
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The IASCC susceptibility increases when the (Cr + Mo) grain 
boundary depletion increases.

Δ
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The application of FIB for
a microstructure observation technique

FIB (Focused Ion Beam) systems

Worked 
layer

Weld joint

Crack tip

Surface worked layer

Crack

Sampling from various parts
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Example of FIB sampling procedure

Thin film processing after sampling (Thickness: about 50nm)

Crack

SIM Image

Crack

Sample

20m 20m



NIPPON NUCLEAR FUEL DEVELOPMENT CO., LTD. 14

Crack tip chemical composition analysis
across the grain boundary

10nm

Composition changes on the nano level at the crack tip were detected.
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Deformation structure at the crack tip

The sample was obtained from 
the part distorted 0.2% strain of 
CT specimen irradiated to 1.9dpa 
using FIB.

316L/1.9dpa

Sumiya et al., Proceeding of 13 th International Conference on Environmental Degradation of Materials in Nuclear Power System, 2007

Dislocation channeling and grain 
boundary steps were observed.
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PIE techniques for the study of
IASCC in NFD

StressStainless Steels

High temperature water

Oxide film
・Chemical composition 
analysis
・Microstructural Observation

Grain/Matrix
・Microstructural Observation
・Micro-hardness test
・Tensile Test
・Fracture toughness test

Crack tip
・Chemical composition 
analysis
・Microstructural Observation
・Crystal orientation analysis

Grain boundary
・Chemical composition analysis
・Corrosion test

Inside of a crack
・Chemical composition analysis
・Microstructural Observation

neutron/-ray

IASCC behavior
・Crack growth rate test
・SSRT/UCL test

・Residual stress measurement
using X-ray diffraction 
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Summary

 Various material evaluation techniques were 
developed in order to study IASCC and the data 
required for an IASCC mechanism elucidation is 
obtained. 

 For mechanistic understanding against IASCC of 
in-core structural materials, we have to make the 
further improvement or upgrade of present PIE 
techniques.
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*

Thank you for Mr. chairman, I would like to talk about PIE Techniques for the study of irradiation assisted stress corrosion cracking. 



Nippon Nuclear Fuel Development (NFD), a joint venture of Hitachi and Toshiba, has been operating hot laboratory facility since 1977 for extensive post-irradiation examinations (PIE) of boiling water reactor (BWR) fuels and structural materials. 

NFD is located close to the Japan Material Testing Reactor site..
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The study of IASCC

		IASCC is one of the critical concerns in materials for nuclear in-reactor components of Light Water Reactor. 



		In order to investigate the mechanism of IASCC, PIEs at NFD hot laboratory were carried out on the materials obtained from commercial LWRs.





		The PIE techniques were developed for our IASCC study.





*

IASCC is one of the critical concerns in materials for nuclear in-reactor components of Light Water Reactor.

In order to investigate the mechanism of IASCC, PIEs at NFD hot laboratory were carried out on the materials obtained from LWR power plants.

And the PIE techniques were developed for our IASCC study.



From next slide, I will present some PIE techniques for IASCC.
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Facility for crack growth rate test

Shielding capacity: 740GBq (Co-60)

Load capacity (inside and outside load cell): 50kN

Specimen: two 0.5T-CTs or one 1T-CT each autoclave



*

Facility for crack growth rate test is schematically shown in this figure.

Crack growth rate tests of irradiated materials are carried out in order to support plant life assessment of  reactor components.

 

The autoclaves with the mechanical loading devices are located in the hot cell while all other equipment is placed outside the hot cell. 

The shielding capacity of this iron shielding cell is 740GBq 60Co.

Load capacity is 50kN.

The load is controlled using a load cell installed inside or outside the autoclave. 

Each autoclave can accommodate two 0.5T-CTs or one 1T-CT.

DO concentration is measured continuously at the inlet and the outlet.

Conductivity is measured continuously at the outlet and measured periodically at the inlet. 
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Facility for crack growth rate test

Load cell (outside)

Internal Ag/AgCl

Reference electrode



*

This photo shows the view of the facilities for crack growth rate test. 



In order to take out an electrode and the lead wire for crack length measurement, some penetration holes are made in the lid of autoclave.

A crack length is measured by the reversing dc potential drop method. 
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Crack growth rate test results (1)

All of the data are below the upper limit and low fluence data are below the disposition curves of JSME code.

Fluence:

 High fluence > 5.0×1024 n/m2

  Low fluence < 5.0×1024 n/m2

Upper Limit: 9.2x10-10 m/s

32ppm DO
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S. Ooki et al., Proceeding of 12 th International Conference on Environmental Degradation of Materials in Nuclear Power System, 2005

Specimens (0.5-1.0TCT) were machined from in-core structural materials using in-cell milling machine.



*

This figure shows the stress intensity dependence of CGR data obtained from in-core structural materials under Normal Water Chemistry using explained facilities.

All of the data are below the upper limit and low fluence data are below the disposition curves of JSME code.
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Crack growth rate test results (2)

K. Chatani et al., Proceeding of 14 th International Conference on Environmental Degradation of Materials in Nuclear Power System, 2009
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The CGRs in +100 to +200mVSHE level (32ppmDO) were increased with increasing dose in the range about 0.9-4dpa, and there were a slight difference among the CGRs in the range about 4-13.5 dpa.

288℃ pure water
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Specimens (0.5TCT) were irradiated with neutrons in high temperature water of JMTR.
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*

This figure shows the neutron dose dependence of CGR data obtained from JMTR irradiated materials under Normal Water Chemistry using explained facilities.

The CGRs in +100 to +200mVSHE level (32ppmDO) were increased with increasing dose in the range about 0.9-4dpa, and there were a slight difference among the CGRs in the range about 4-13.5 dpa.



At high neutron dose region, CGRs were very high.

Since these CGR data is obtained only with small specimen size such as 0.5CT specimens, it is necessary to  investigate the effect of a specimen size on CGR.
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Facility for slow strain rate tensile and uniaxial constant load test 

Shielding capacity: 3.7TBq (Co-60)

Load capacity : 10kN

Specimen: one or two tensile type specimen each autoclave



*

This figure shows schematic of facility for SSRT and UCL test.

These tests are carried out in order to evaluate the neutron fluence, stress and water chemistry dependency of IASCC susceptibility.

 

Eight autoclaves with the mechanical loading devices are installed in the hot cell. 

The shielding capacity of this iron shielding cell is 3.7TBq 60Co.

DO concentration is measured continuously at inlet and measured periodically at outlet using a bypass line. 

Conductivity is measured continuously at outlet and measured periodically at inlet. 
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Slow strain rate tensile test results

SSRT

288C

32ppmDO

Neutron fluence (n/m2, E>1MeV)

IASCC susceptibility increased markedly for fluences exceeding 1025n/m2 

K. Chatani et al., Proceeding of 12 th International Conference on Environmental Degradation of Materials in Nuclear Power System, 2005
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*

This slide shows the dependence of neutron fluence on IASCC susceptibility using explained facility.



IASCC susceptibility increased markedly for fluences exceeding 1025n/m2

SUS316 is better in IASCC resistance of SUS304.
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High resolution grain boundary

analytical techniques

FE-TEM

Acceleration Voltage: 200kV

Probe diameter: <2nm

Specimen size: 1 mm diameter disks 

EDS

Reduction in volume to minimize radiation flooding of the X-ray detector. 





*

In order to elucidate the IASCC mechanism, it was important to study the chemical and physical properties at/near GBs, because the IASCC propagates along GBs. 

To study the chemical compositional change at/near GBs, Field-emission type transmission electron microscope (FE-TEM) with energy dispersive X-ray spectrometer (EDS) was installed in a hot laboratory.



Acceleration voltage is 200kV, and the EDS analysis is performed using a fine electron probe of less than 2 nm in diameter.

The analysis samples are punched into 1 mm diameter disks for reduction in volume to minimize radiation flooding of the X-ray detector. 



Next slide shows the grain boundary analysis results of irradiated 316 stainless steel.
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FE-TEM results of irradiated Type 316SS

The enrichment of nickel and depletion of chromium increased with increasing neutron fluence.

K. Chatani et al., Proceeding of 12 th International Conference on Environmental Degradation of Materials in Nuclear Power System, 2005



*

Chromium and nickel segregation at G.B. did not occur at 2.0x1024n/m2. The left view graph shows the chromium and nickel profiles of 316 at 5.4x1024n/m2, The right one shows the data at 13x1024n/m2. The depletion of chromium and the enrichment of nickel concentration at G.B. was detected at 5.4x1024n/m2. Cr concentration at G.B. was decreased with increasing neutron fluence. and Ni concentration at G.B. was increased with increasing neutron fluence. 
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Dependence of (Cr+Mo) segregation at G.B. on IASCC susceptibility

SSRT

288C

32ppmDO

K. Chatani et al., Proceeding of 12 th International Conference on Environmental Degradation of Materials in Nuclear Power System, 2005

The IASCC susceptibility increases when the (Cr + Mo) grain boundary depletion increases.

Δ
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*

This view graph shows the relationship between (Cr+Mo) segregation at G.B. and %IGSCC.



The IASCC susceptibility increases when the (Cr + Mo) grain boundary depletion increases.

These data indicates that the grain boundary depletion of Cr and Mo due to radiation induced segregation (RIS) is a dominant factor of IASCC .

However, in spite of observing sufficient grain boundary chromium depletion, there is data in which IASCC susceptibility is not indicated.

Therefore, It is necessary to take into consideration not only grain boundary chromium depletion but other effects such as radiation hardening in IASCC mechanism.
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The application of FIB for

a microstructure observation technique

FIB (Focused Ion Beam) systems
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*

This slide shows the application of fouced ion beam to a microstructure observation technique.



TEM specimen can be prepared with rapidity and accuracy using focused ion beam. 

In-situ microsample extraction from specific site is possible.

For example, they are worked layer, crack tip, heat affected zone and fusion line of weld joint.
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Example of FIB sampling procedure

Thin film processing after sampling (Thickness: about 50nm)



Crack

SIM Image

Crack

Sample

20m

20m



*

This slide shows the example of FIB sampling procedure.



This is crack.

The around of the observation area at crack tip are cut off by an ion beam.

A micro specimen is picked up by the mico-manipulator.

After sampling, this sample is made thin to 50nm thickness using FIB.
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Crack tip chemical composition analysis

across the grain boundary 

10nm

Composition changes on the nano level at the crack tip were detected.
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*

This TEM image shows the crack tip obtained from reactor component.

These figures show nano crack tip chemical analysis across the grain boundary.

Only by 50nm of distance from a crack tip being different, it is clear that the width of grain boundary segragation is changing.
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Deformation structure at the crack tip

The sample was obtained from the part distorted 0.2% strain of CT specimen irradiated to 1.9dpa using FIB.

316L/1.9dpa

Sumiya et al., Proceeding of 13 th International Conference on Environmental Degradation of Materials in Nuclear Power System, 2007

Dislocation channeling and grain boundary steps were observed.



*

This TEM image shows the crack tip obtained from CT specimen irradiated in JMTR.

The sample was obtained from the part distorted 0.2% strain of CT specimen irradiated to 1.9dpa using FIB.

Dislocation channeling and grain boundary steps were observed.



Dislocation channeling had accumulated in the grain boundary and formed large grain boundary step.

Such a grain boundary step is one of the roots by which CGR becomes high in IASCC. 
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PIE techniques for the study of

IASCC in NFD

Stress

Stainless Steels

High temperature water





Oxide film

・Chemical composition analysis

・Microstructural Observation

Grain/Matrix

・Microstructural Observation

・Micro-hardness test

・Tensile Test

・Fracture toughness test

Crack tip

・Chemical composition analysis

・Microstructural Observation

・Crystal orientation analysis

Grain boundary

・Chemical composition analysis

・Corrosion test

Inside of a crack

・Chemical composition analysis

・Microstructural Observation

neutron/-ray

IASCC behavior

・Crack growth rate test

・SSRT/UCL test

・Residual stress measurement

   using X-ray diffraction 





































*

This figure shows all PIE techniques for the study of IASCC in NFD.



Red indicates the presented PIE techniques today.

In NFD, in order to understand IASCC mechanism, other PIE techniques are carried out and developed. 







NIPPON NUCLEAR FUEL DEVELOPMENT CO., LTD.



*

Summary

		Various material evaluation techniques were developed in order to study IASCC and the data required for an IASCC mechanism elucidation is obtained. 



		For mechanistic understanding against IASCC of in-core structural materials, we have to make the further improvement or upgrade of present PIE techniques. 





*

Finally, the following summary can be made.



We have collaborated with international research program of nuclear fuel and structure materials until now.

International collaboration is welcome.



That’s all, thank you for your attention.
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