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Outcome of Project

The Project of “Development of Materials for Supercritical-Water-Cooled Reactor”
(hereinafter this Project) has been conducted from fiscal year (FY) 2004 through FY
2008, which produces the following outcomes.

Keywords:

Generation-IV Nuclear System, Supercritical-Pressure Water, Fuel Cladding,
Reactor Structure Material, Neutron Irradiation, High Temperature Mechanical
Strength, Creep Strength, General Corrosion, Stress Corrosion Cracking (SCC), Swelling,
Phase Stability

1. Objective
The SCWR is an innovative Light Water Reactor, which has high potential of

improving the economics of power generation system mainly through its high thermal
efficiency and system simplification. To make this potential viable, material development
for SCWR core components, especially for fuel claddings, is indispensable. In this Project,
the material data accumulation essential for reactor design, and the material selection
for SCWR core components are carried out through the evaluation of neutron irradiation
effects, high-temperature mechanical strength and corrosion characteristics in
supercritical-pressure water.

In addition, to keep the material tests consistent with the SCWR design, design
studies are carried out on the target plant specifications, requirements for the fuel
cladding material, reactor structure and materials, and so on. The test data are used to

evaluate the integrity of fuel claddings.

2. Outcome of Technology Development

This Project consists of three sub-themes, which are ‘Material/design
compatibility’, ‘Irradiation properties under SCWR temperature condition’ and ‘Complex
effect of irradiation and SCW corrosion’.

Material/design compatibility

In this sub-theme, target specifications of SCWR plant have been set. Especially,
the specifications of the fuel and core have been set, which is necessary for determining
material test conditions, and the material characteristics necessary for the integrity of
fuel claddings are clarified to decide the items and their ranges of the material tests. The
reactor structure and materials are studied and structural analyses of the outlet nozzle,
which is specific to SCWR, to make the technical issues clear.

The Maximum Cladding Surface Temperature (MCST) is one of the most
important specifications for both design and the material tests. Improvements on

fuel/core design have shown the possibility to keep the MCST low enough, while the main
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steam temperature is as high as that of fossil-fired power plants.

Technologies to be developed in the future R&D are made clear.

The material test data are used in the evaluation of the fuel cladding integrity
and it has been shown feasible. This sub-theme was closed successfully in the end of 2007
FY.

Irradiation properties under SCWR temperature condition

Assuming the application to fuel claddings, high-temperature strength, creep
strength and phase stability were evaluated for the candidate materials at elevated
temperatures corresponding to the steady and transient states of SCWR plant operation.
The manufacturability of the small-diameter tube with thin wall for the potential
candidate alloys was confirmed through the trial tests in the factory of the actual fuel
cladding tube. The mechanical properties, void swelling, helium embrittlement and phase
stability were evaluated by means of pressurized tube tests under neutron irradiation
and post irradiation examination on high-temperature strength, hardness, micro
structure observation. The creep rupture stress for 50000 hours was evaluated using
Larson-Miller parameter, considering the importance of creep performance for fuel tube
design. The results demonstrated that some candidate alloys satisfied the requirement
for creep strength at 700°C. The results of the pressurized tube tests revealed that the
creep deformation was dominated by thermal effect rather than at 700°C.

This sub-theme was closed successfully in the end of FY2007.

Complex effect of irradiation and SCW corrosion

Weight change and penetration rate were evaluated via general corrosion tests
with unirradiated samples on the parameters of temperature, exposure time and
dissolved oxygen concentration. Corrosion resistance increased in the order of HCM12,
SUS 316L, SUS 310S, Ni base alloys. The penetration rate at 700°C was estimated by
extrapolation of corrosion data, which results showed the possibility of SUS 310S family
and Ni base alloys. Oxide dispersion strengthened (ODS) steels demonstrated the
decreasing weight change with increasing chromium contents.

Corrosion test loop with an autoclave was installed to handle radioactive
specimens due to neutron irradiation in the hot laboratory of International Research
Center for Nuclear Materials Science, Institute for Materials Research (IMR), Tohoku
University. Specimens, which were irradiated with neutrons at 600°C (design
temperature) in JMTR irradiation capsule and JOYO irradiation capsule, were used for
general corrosion tests in supercritical pressurized water at 600°C. The selected
specimens were made of SUS310S and modified alloys of SUS310S. General corrosion of

irradiated specimens were studied for 500 hours wunder the condition of



supercritical-pressure water at 600°C, 8ppm dissolved oxygen. Weight change of the
irradiated specimens showed slightly larger than that of unirradiated specimens, but
much less than that of SUS316L. These facts suggest that general corrosion seemed not
to be accelerated by neutron irradiation. Therefore, corrosion thinning of the fuel
claddings in supercritical pressured water under neutoron irradiation would not be a
serious issue on the fuel design from the view points of the integrity of them.

Stress corrosion cracking (SCC) properties were evaluated up to 550°C utilizing
slow strain rate tests (SSRT). While SCC susceptibility of sensitized material decreased
with increasing temperature in supercritical region, most austenitic alloys exhibited a
significant number of surface cracks. Through SSRT under vacuum condition, these
surface cracks were understood to be primarily caused by grain boundary slip due to
thermal creep. The SSRT was performed for miniature size specimens irradiated in
JMTR at 600°C with fluence up to 4X1024n/m2, which is regarded to be the lower limit of
irradiation assisted (IA) SCC under the BWR condition. It was revealed that the
high-temperature irradiation in SCWR did not have higher effect than BWR temperature
for IASCC.

3. Summary
The objectives of this project have been fulfilled. The outcome of the project will be

utilized effectively to promote technology development for early realization of the SCWR

plant in domestic and international collaborations.
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Summary of FY2007 and FY2008 Results
The Project of “Development of Materials for Supercritical-Water-Cooled Reactor”
(hereinafter this Project) has been conducted since fiscal year (FY) 2004. The following
results have been produced in FY 2007 and FY2008.
Keywords:
Generation-IV Nuclear System, Supercritical-Pressure Water, Fuel Cladding,
Neutron Irradiation, High Temperature Mechanical Strength, General Corrosion, Stress

Corrosion Cracking

1. Objective
The SCWR is an innovative Light Water Reactor, which has high potential of

improving the economics of power generation system mainly through its high thermal
efficiency and system simplification. To make this potential viable, material development
for SCWR core components, especially for fuel claddings, is indispensable. In this
project, the material data accumulation essential for reactor design, and the material
selection for SCWR core components are carried out through the evaluation of neutron
irradiation effects, high-temperature mechanical strength and corrosion characteristics
in supercritical-pressure water.

In addition, to keep the material tests consistent with the SCWR design, design
studies are carried out on the target plant specifications, requirements for the fuel
cladding material, reactor structure and materials, and so on. The test data are used to

evaluate the integrity of fuel claddings.

2. Results

This project consists of three sub-themes, which are ‘Material/design
compatibility’, ‘Irradiation properties under SCWR temperature condition’ and ‘Complex
effect of irradiation and SCW corrosion’. The former two sub-themes were closed
successflly on the end of FY2007. Major results of ‘Complex effect of irradiation and SCW
corrosion’ are show as follows.

Following FY2006, general corrosion tests were carried out to evaluate
temperature dependence of weight change and penetration rate with unirradiated
samples. Corrosion resistance increased in the order of HCM12, SUS 316L, SUS 310S, N1
base alloys. The penetration rate at 700°C was estimated by extrapolation of corrosion
data at 500°C, 550°C and 600°C, which results showed the possibility of SUS 310S family
and Ni base alloys. Corrosion tests on ODS alloys demonstrated the weight change
decreased with increasing chromium contents.

Corrosion test loop with an autoclave was installed to handle radioactive

specimens due to neutron irradiation in the hot laboratory of International Research
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Center for Nuclear Materials Science, Institute for Materials Research (IMR), Tohoku
University. Specimens, which were irradiated with neutrons at 600°C (design
temperature) in JMTR irradiation capsule and JOYO irradiation capsule, were used for
general corrosion tests in supercritical pressurized water at 600°C. The selected
specimens were made of SUS310S and modified alloys of SUS310S. General corrosion of
irradiated specimens were studied for 500 hours wunder the condition of
supercritical-pressure water at 600°C, 8ppm dissolved oxygen. Weight change of the
irradiated specimens showed slightly larger than that of unirradiated specimens, but
much less than that of SUS316L. These facts suggest that general corrosion seemed not
to be accelerated by neutron irradiation. Therefore, corrosion thinning of the fuel
claddings in supercritical pressured water under neutoron irradiation would not be a
serious issue on the fuel design from the view points of the interity of them.

SCC tests were performed for H2 alloy at 550°C and for Alloy 625 at 290°C to
complete SCC database. The both alloys showed low susceptibility to SCC.

3. Summary
The objectives of this project have been fulfilled. The outcome of the project will be

utilized effectively to promote technology development for early realization of the SCWR

plant in domestic and international collaborations.
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£ 3.1-1 #EM D LFH A (wt.%)

C Si | Mn P Ni Cr | Fe |Mo| Al | Ti [Nb+Ta| Zr | W | V | Cu
SUS316L 0.023| 0.67| 0.96| 0.028 | 1221|1757 |Bal. [208| - | - | - | - | - | - | -
SUS310S 0.05 | 0.70| 1.26| 0.016 | 19.17 (2519 |Bal. | - | - | - | - | - | - | - | -
HCM12 0.11 | 0.23| 0.48| 0018| - |11.97 |Bal. (095 - | - | 005 | - |099/025| -
Alloy 600 007 | 019|033 - |7479|1463|977| - | -| -| - | -| -] - o022
Alloy 625 0.01 | 0.10| 0.15| 0.009 | 61.21 | 21.40 | 3.61 [9.26|0.19(0.30| 376 | - | - | - | -
Alloy 690 0.02 | 0.33| 0.29| 001 | 5905|2945 (103 | - | - | -| - | -| -] - |002
H1(SUS316L+Zr)| 0.006 | 0.46| 0.73/ 0.016| 1071|1654 | Bal. |222| - | -| - |os6| - | - | -
H2(SUS310S+Zr)| 0.034 | 0.51| 0.74/ 0.016| 20.82|25.04 | Bal. [051| - | -| - |os9| - | - | -
a4 C Si Mn P S Ni Cr Fe Mo Others
T3# | 0099 | 025 | 1.20 | <0.005 | 0.0007 | 21.92 | 2474 | Bal — | T0.81, N:0.0006
Co<0.01
TeN# | 0092 | 025 | 143 | <0.050 | 0.0014 | 22.81 | 2503 | Bal. | 2.38 NT:'(')(_)(')‘(");" ';286.2(?1
T7# | 01 024 | 149 | <0.005 | 00017 | 2281 | 2497 | Ba. | 204 | 2"0:002 ND:0.58
N:0.0015
C Si Mn P S Ni Cr | Fe | Mo w Ti Al N [Y203| O
9cr-oDS Mm14 | 0.14 | 0.01 | <0.01|<0.005 0.003 | 0.01 | 891 | Ba. | - | 197 | 021 | - |0013 /0356 0.17
11Cr-0DS P20 |0.026|0.011| 0.004|0.0008/0.0021| 0.26 | 11.1 | Bal. | 0.3 | - | 085 | - [0.0223 0.28 | 0.11
14cr-ops MA957 [0.014| 003 | 006 | - 024 | 142 | Bal. | 03 | - | 100| - |0.036| 027 | 0.21
20cr-oDs MA956 | - | - | - | - - 2021 Bal. | - | - | 035|435 0048 052 | 0.22
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= 3.1-2 BEAEKEEGLEEEHABRY NI YIR
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% 3.1-3 BEREKDTOHRADENITOFEIEIRILF—E)E
700°CTDHAEH & WBAIE E (Dioss) D IMEIE

AW = A, EXD[— E] 700°C, 1000 HFfH 700°C. 50000
N KT R
(LA B AR | RS | RS
Ao R2
(eV) ( mg/dm?) (um) (z m)
SUS304 | 7.93 | 1.19 |9.61E+09 | 0.9917 6,380 80.50 569.0
SUS316L | 800 | 1.39 |1.35E+11 |0.9908 8,140 102.00 720.0
SUS310S | 7.98 | 0.57 |2.78E+05 | 0.9844 305 3.82 27.0
HCM12 | 7.80 | 0.73 |5.57E+07 | 0.9947 9,020 116.00 818.0
Alloy 600 | 847 | 0.92 |5.20E+07 | 0.7520 919 10.90 76.7
Alloy 625 | 8.44 | 0.24 |8.01E+02 | 0.8964 48 0.57 4.1
Alloy 690 | 819 | 0.87 |[2.40E+07 | 0.8432 728 8.89 62.8
H1 bt 800 | 1.38 |1.81E+11 |0.9990 | 13,100 164.00 1,160.0
H2 bt 7.98 | 0.83 |9.28E+06 | 0.9810 468 5.86 41.5
T3 £ 798 | 0.82 |7.15E+06 | 0.9971 394 4.94 34.9
T7 #4 7.98 | 054 [9.33E+04 | 0.9722 156 1.95 13.8
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