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Overview of Fukushima Daiichi & Daini Nuclear Power Station Reference
[ Location | -~ B

Fukushima Daiichi | &

b

Okuma Town, Futabagun Futaba Town,
(2,812 MW} Fulabagun

1 : Iwaki ~ TomiokaB2tEE2E— ~ X ERAERANL EE



B Decommissioning will be carried out safely and steadily over 30 to 40 years.
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B Current situation at each unit

[ Unit 1] swartin Fraoza Unit 2] swinfrzozs [ Unit 3] swrti apra 2019 [Unit 4| [ e s Completed
Eraar Funl

Fatrieval of fusd debwis ot the first unit begme within 2021 —I
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Current status at the Fukushima Daiichi Nuclear Power Station

B Situation inside the power station

Unit 1 Unit 2

AT el 1B acad et neeuontd Tl

4 :;rf'w _‘.r"

: 18
Removal of rubble is in progress with thorough measures to A survey on the contamination situatéon ower the entire area of
prevent scattering of dust in preparation for fuel removal upper part of building has been teking place in order to remaore fizel
Unit 3 Linit 4

A et g shes gocilpne meunred

There were troubles during installation of fuel remowal All fuel remowval has been finished, and the fuel has been
equipment. while preparatiens were being made. Fuel removal transferred to the common pool or other places and is being
has started oo April 2% after a safety inspection. stored and managed salely,

Sea-side Storage tanks

impermeable wall g

Quality of seawater around
the plant has been improved
by installing ste£l piles on
the seaeaide.

Contaminated water, which
bas been purified, 15 stored
in approx, 900 tanks
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Management of contaminated water

# Mechanism of generation of contaminated water

Water for cooling fuel debris touches that debris, and thereby becomes highly contaminated water containing
highly concentrated radioactive materials,

Mew contaminated water is generated due to mixing of thiz highly contaminated water with groundwater
and rainwater that flow into buildings.

BPY  IFFRUKRER DR sE 2K~ R E KR A
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Reducing the amount of contaminated water generated
through completion of a wall of ice surrounding the buildings

Land-side impermaable wall
[fropan-soll wall)

Freezing tubes

Frozen-soil wall in the ground Actual situation of freezing
{thermometer reading is <1006 C)
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ZEds  “Prediction of Joint Mechanical-Corrosion Failures of Carbon Steel Components and
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JAEA®Y Kyohei Otani 8% “A mechanism of the accelerated corrosion of carbon steel
in the simulated condition of air-solution interface” - 1FAXEEMIEE ML 1% » DUBIEHEE N
R APCVEUH] - S EPC VR 12 7T 447K B 22 SR (Air-Solution) 3 FrHVERER » Z RilYERSE
HUR - Bl mA /KRR » Hgehag s - QE+T
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A E M The university of Newcastle » Robert E. Melchers » J5 By T AR&EHE TAZAT » 18
ARE AT A A Y S el - 22 RMEE B “Microbiologically Influenced Corrosion
(MIC) of Steels and Alloys in Seawaters”  {HEFHIFAEYE 8 2 — Wi RS E R E

(Sulfate Reducing Bacteria, SRB) » EEREMEAVA B B E 0T » AE+—:

4Fe—4Fe?*+8el ([EfiiEfE)
8H20—8H*+80H" ( /KEEHE )
8H"+8e1—4H, ([afiifEfs )
SO42+4H2—S*+4H0 (4R Ltk )
FeZ*+SZ—FeS (JEghEY))
3Fe?*+60H—3Fe (OH) 2 (JEELEY))

= SRBEZZSFEHFE - AR RE~EE

TEE RN YIS LR ERR 2 Ky MIC » (i R ETEMBER 2 F eMIC -
BRI AEYIEEL - W ROBKORE RCE YR T GE T R SO AR R EU(DIN,
Dissolved Inorganic Nitrogen) - {EZ R HCUNiG RN 2 - SEMEYESE: - §5
G EE o BT MAEYIEE: - SRR SRR m R R - faf] st T
TRAME ) A P el 3R 9) AP TROREREE - (B HEE 2% &) T. Liengen, D. Feron,
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R. Basseguy and 1. B. Beech, (Eds.) (2014) Understanding Biocorrosion European Federation of

Corrosion Publications, Number 66, Cambridge, Woodhead Publishing in Materials, 213-242.
UEr M B R AT EERE -

#H Japan Agency for Marine-Earth Science and Technology, Dr. Satashi WakaiZ&§=%
“MIC is infectious disease of metal Materials” - $&t: HETEAE VG eI AT
GARERR - WE NS SZEE EE IEMEZE - BRAUEEHVARE - BIA[5E805E -
BEREYIRaEHIANERE - FEEM R - (Ho] e RetmE A TR - E-+= - T8 -
JGs kB (W A ) B R B B [ BRI SRB A2 > 5941 > iron-corrosive methanogen(ZE FH ),
iron-corrosive nitrate-reducing bacteria(fi¥B& B8 %2 i ), iron corrosive acetogen(zE ZBEE),
iron-corrosive neutrophilic(®& 5 M4 ([ EK) iron-oxidizing bacteria, iodide-oxidizing bacteriaZs

TR - HREE S RBIRH TR ARG R AR -

E+= EBMEYRE ARELRTEE

A B Savannah River National Laboratory FY Robert Sindelar DA & # 2 =X 28 3=
“Chloride-induced Stress Corrosion Cracking-Growth rates for application to Canister Flaw
Disposition” > HHAMEEHYSLE M EESCP (Extended Storage Cooperation Program)& s
BFRIMFUUCE - BN BT 2 5EH > FrAEE AR T2 ME - O
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A E R - (FEHYER 55 T2 AWOL(Wedge Open Loading)stl /7 » 24 .2 FsBLCT(Bolt
Load Compact Tension) » BUR&RHIIME ST - AkE+-VU - TERIE LLEAEZR (Cellulose) &
AR B B ERBE DR - R > NS EER SIS BFETEERL
HRA S — VBB RIS AKSIREE T - A EdS - AR e - Bl
IKERERIE ARG B85 2 HGERYs - NS - AR SRR -

Relative Humidity &
Temperature Controlled

Instrumented Bolt

Salt Cradle
Cellulose Holder
Wick

Air fatigue pre-crack to a/W~0.6

I
Loaded to ~33 MPa v m Each condition has companion
Test initiated March 2018 teardrop specimen

BP0 WOLS A el R & # 7=

A& E Toshiba Energy Systems and Solution Corporation Y Dr. Junichi Takagi &% 3%
“Water Radiolysis and Its Effect on BWR Plant Materials and Radioactive Wastes” * 75 &
modelfi AT 7K i (Radiolysis) KECP(EALEZEEAL) » i B AE EHVKIEEY)E 7RG
{6 - /28 Amodel MVEEZESH - N EEA KAFEZELAFIVH ~ KO0~ HO: ~ Ho ~ e’
H ~ OHZEY) - At LAKE EEModeling i £3-H 7Kg 2EY) - Fi AECP modeling °J 5 H AR 4=
RHER - RAET 7 - GEERME 1IN -
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Radiolysis Modeling

Input : G-value, Rate constant, Dose rate, ...
Output: Chemical species distribution

- Hydrogen, Oxygen,
Hydrogen peroxide, radicals
Input : Chemical species concentrations,
Flow rate, ...

Output: ECP distribution
-» Stainless steel, Ni-base alloy

(Ref.1)

e e L L R T T

B+FH Modelingifi A 28

Water radiolysis is a key event to predict corrosion

environment in a BWR plant.

# Water radiolysis
H,0 — H*, e,,, H, OH, H,, H,0,, HO,

4 G-value Oe-¥

radiolysis product yield (number)
absorbed energy (100 eV)

*determined as the primary vields at about 10-%sec
after the spur reaction is over.

<G-value at room temperature>
» Reliable data exist. LET dependency has been
shown clear.
<G-value at high temperature>
» Reliable data have been reported.

» In high temperature water, G-values (n, y)
show an increasing tendency. (Ref.1)

G-value* =

B+ GEER

HRGEEEARY) - BMIUREE T m)EE(r FHERITARE - a1 &
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G-values at High Temperature

High temperature G-values were reported and adopted for

the water radiolysis simulation of the BWR plants.

{nf100 &V}
Temp. | & H | H H: | OH | HaOs | HOs | -HsO | Ref,
H.T. | 254|354 | 004|056 348106 - | 560 5

Gamma| H T | 352 352 090 063 | 468 050 - S68 | 6)
BT 270 | 270 | 061 | 043 | 286 | OB1 | 003 | 494 7}
H. T 068 | D68 | D52 | 152 | 166 | 1.79 - a.24 5)

Neutron| H.T. | 061 | 061 | 034 | 126 | 202 | 0.65 | 0.05 | 342 B)
RT |0%3 083|050 088|108 088 004 |315| T7)

H. T. : High Temperature, B. T. : Room Temperature

(Ref.5)
{Ref&)
(Ref7)

Water radiolysis and ECP are essential to evaluate the
corrosion environment and crack growth rate.
Radiolysis Modeling

Water Chemistry Distribution

ECP Modeling

Corrosion Potential

Crack Growth Rate
Modeling

Crack Growth Rate Prediction
of a Specific Component (Ref.8)

H sir bk g b ey e

AL A Hiroshi Abe#$%%  “Effect of gamma-ray irradiation on corrosion rate of
carbon steels at water line” > FHA IFEE RS Lo/ 2 Al /K K20 BT 20 ARZK - T/ L PCY
FEA ARk > &t gamma-ray > IFEMarklI EE[HAS - PCVIZHikEN 1 SAT388
A EL > > PCVAIRE AR - (EHUHEE (Debris) R & FPCV MR FFERE » [ 1185
SHra s B ER e S I PCVIA RIS I ARSI/ K (R )RR S gamma-ray
B - SR Y el R 2 52 AE - -
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Bt PCVEIRAE ~EE

K B (Water Film)ig SEFE(E 5 — SRR » Ep AT - SRS s
N+ 81+ B KRR + G402 Orfi (L + th B sk T - A0
FI A

E+/\ irsEaRR KRR R E
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1 GRS ER Aa R ST R S K R B R A

TEE Rt s S RIBE KR+ LB R —+ o PRI - R R ZERF
2 R B o DIColAAT  ray(F &2 f52.76kGy/h) - IR E50°C » HERA Ky
25-1000/ N < JHIERAS @ —+— DREBLERE Y R ek MNE IR R SN Ry v
-FeOOH > J& FsFesO: » {HFH3D Shape Measurementi {4 53 M5 i Kz 28 82 1] 43 #E
IR v BFERIRH Z JEahE iR B - 4l -+ - 3D Shape MeasurementsZ 5 73
F 4% 2 1E &% F Keyence Y2 i Wide-Area 3D Measurement System VR-5000 - &8

M5 SoiRE R EYIE LRz F - NI E NS AE eh R -

& =B IR EEESRS R e
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+ Position of specimens
WI%MIMn @Gas part

= Solution times diluted artificial sea AS Cl'ls
il water(ASW) ([CI']51 ppm)

Temperature : 50 £ 1T

Aerated

Dose rate[kGy/h] : 2.76 (%Co)

Test time{h] : 25 ~ 1000

&8 W

o bt -hl.pr-
[ R w“mu_..um.l Sommrr asd T baikesars (1T

B —+ PCVitt Rk Ksl A BEREE

*'[ﬁl corrosion products are confirmed two
ﬁwmﬂm& F::)mlnd
outer
is y-FEOOH. 4

by ﬂ-’wmmzr—rzr
,. Fe,0, mm+mu;+wmp-wm

Corromion liper mrociel by Pvmngd 18001

] B e, P e, i B 001 171 ]
“hf_ [*TTE R | m i

B —+— REEERE RN SR » JNE R v -FeOOH > NJ& FsFe:0:
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I"_d':l:lp- nnn:-l-—— —=|:.u..-.|._. : ,_. ey
(momyear] (336 h) KGYh [ iotion | 278 KGyh
water film
0.255 LT_IT!‘:} 0421

EE} 122 IE:) 2.02 e"j‘il‘“

B+ K v HERA 2 e iE s E

B—+= SBNEERERA
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“Corrosion Prediction and Mitigation for Key Components
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- Key Corrosion Issues tg Maintain Structural Integrity
for the Next Three Decades? -

December 9-11.2019
Tomioka Town, Fukushima Prefecture, Japan
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Scope

Eight years have passed since Fukushima Daiichi NPS (Nuclear Power Station) accident.
Decommissioning is progressing step by step and safety. Also,. the procedures to retrieve
nuclear fuel debris from the reactor are almost prepared. It is, however, considered to take
more than thirty years to complete the decommissioning. There are number of important
components which bear the safety furctions, such as primary containment vessel, piping
system etc. One of the potential concern about ageing degradation of the important
components of is “corrosion” of metak and alloys. The conference focuses on potential
corrosion phenomena to predict and mitigate those to maintain the key components for the
next three decades.
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Long-term prediction of uniform corrosion of carbon steels

Passivation and localized corrosicn of carbon steels in borate-containing solution
Critical condition for re-pa.s'sivatiun of crevice corrosion of stainless steels and other
corrosion resistant alloys

Radiolysis effect an corrosion

Microbially induced corrosion

Corrosion management of piping systems

Corrosion management of primary containment vessels

Corrosion deterioration of reinforcing steel bars in damaged RC structures

and others

[ < : Topics more general and fundamental ]

» . Topics more specific to the particular components

Sessions

Opening Session _

Session 1 : General Corrosion of PCV materials (Carbon steel)
Session 2 . Microbially Induced Corrosion

Session 3 : Radiolysis Effect on Corrosion

Session 4 : Passivation and Localized Corrosion

Session 5 : Corrosion of RC Structure in Radiation Condition.
Poster Session

Wrap-up Session
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Venue

Main Conference Room : Tomioka Town Art & Media Center “MANABI-NO-MORI",
Tomioka Town, Fukushima Prefecture.

Evening Session : Hotel HOJINKAN, Tomioka Town, Fukushima Prefecture
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FRC-Corrosion 2019
Conference Program Dec. 9-11th

Fukushima Research Conference on

" Corrosion of Key Components of Fukushima Daiichi NPS
— Key Corrosion Issues to Maintain Structural Integrity for the Next Three Decades? —

1st Day : December 9th, Mon.
10:30-11:00
< Opening Session
Chair : Masahiro YAMAMOTO (JAEA, Japan)

- Opening Remarks
Damien FERON (Conference Chair, CEA, France)

- Main Discussion Targets of FRC-Corrosion 2019
Yutaka WATANABE(Tohoku Univ, Japan)

711:00-11:50
Invited Lecture : Status of Fukushima Dalichi NPS
Chair : Shunichi SUZUKI (Univ. Tokyo, Japan)

- “Fukushima Daiichi Decontamination and Decommissioning Current Status and Challenges™

Tomoyuki ARAI (TEPCO)
11:50-12:00 ’
4 Photo Session

12:00-13:10
<= Lunch

13:10-14:10
< Session 1 : General Corrosion of PCV materials (Carbon steel)
Chair : Takayuki AOKI (Tohoku Univ., Japan)

- “Prediction of Joint Mechanical-Corrosion Failures of Carbon Steel Components and Structures”
Frazer KING (Integrity Corrosion Consuilting Ltd., Canada)

- “A mechanism of the Accelerated Corrosion of Carbon Steel in the Simulated Condition of
Air-Solution Interface” Kyohei OTANI (JAEA, Japan)

14:10-15:10
< Session 2 : Microbially Induced Corrosion
Chair ; Hideki KATAYAMA (NIMS, Japan)

- *Microbiologically Influenced Corrosion (MIC) of Steels and Alloys in Seawaters”
Robert MELCHERS (Univ. of Newcastle, Australia)
- “MIC Is Infectious Disease of Metal Materials”

Satoshi WAKAI (JAMSTEC, Japan)

15:10-15:30
< Coffee Break



15:30-16:30
“ Session 3 : Radiolysis Effect on Corrosion
Chair : Shinichi YAMASHITA (Univ. Tokyo, Japan)

- "“Radiolysis & Irradiation Influences on Water-saturated Corrosion of Carbon Steels at 80°C *
Damien FERON (Conference Chair, CEA, France)

- “Water Radiolysis and Its Effect on BWR Plant Materials and Radioactive Wastes *
Junichi TAKAGI (Toshiba ESS, Japan)

17:30-20:00
< Evening Session
- Working Dinner at Hotel HOJINKAN

# Participants of the Evening Session are required to move the venue, Bus ride for a several minutes.
Participation fee is required.



2nd Da : December 10th Tue,
9:30-10:30
4 Session 3 : Radiclysis Effect on Corrosion (Continued)
Chair : Yoshiyuki KAJI (JAEA, Japan)

- “Water Chemistry in the Core of a Boiling Water Reactor Experiencing a Long-Term Shutdown”
- Tsung-Kuang YEH (Mational Tsing Hua University, Taiwan)

- “Estimation of the Production of Oxidants from Radiolysis of Solutions Containing Ferrous
Compounds” Kuniki HATA (JAEA, Japan)

10:30-10:40
4 Coffee Break

10:40-11:40
4 Session 3 : Radiolysis Effect on Corrosion (Continued) )
Chair ;: Satoshi HANAWA (JAEA, Japan)

“Gamma Radiation Induced Corrosion of Candidate Alloys for Nuclear Waste Packages”
Young-Jin KIM (FNC Technology Co., Ltd., Karea)

“Effects of Gamma-Ray Irradiation on Corrosion Rate of Carbon Steels at Water Line"
Hiroshi ABE (Tohaku Univ., Japan)

11:40-13:20
< Poster Session and Lunch

13:20-14:20
<% Session 4 : Passivation & localized corrosion
Chair : Masatoshi SAKAIRI (Hokkaido Univ. Japan)

- TBD
Bemard NORMAMD (INSA-Lyon, France)

- “Corrosion Behavior of Carbon Steel in Sodium Borate Solutions Containing NaCl under Gamma-
ray Irradiation” Eiji TADA (TITECH, Japan)

14:20-14:30
=+ Coffee Break

14:30-158:30
< Session 5 : Corrosion of RC Structure in Radiation condition
Chair : Chiaki KATOQ (JAEA, Japan)

- “Possible Synergies between the Effects of Irradiation and Corrosion on Reinforced Concrete”
Yann Le Pape (ORML, USA)

- “Chloride lon Penetration via Concrete Cracks and a Courtermeasure”
Tomoya NISHIWAKI (Tohoku Univ., Japan)



15:30-16:10
< Wrap-up Session
Chair ; Yutaka WATAMABE (Tohoku Univ., Japan)

- General Discussion (Towards evaluation and measures for degradation in structural reliability)

- Concluding Remarks
Damien FERON (Conference Chair, CEA, France)

3rd Day : December 11th, Wed.

4 Tour of Fukushima Daiichi Nuclear Power Station

9:30-13:20
Tour of Fukushima Daiichi Nuclear Power Station

13:40-16:00
Lunch at the cape "“TENJIN-MISAKI!"
and Shopping al the roadside rest area “MICHINOEKI-YOTSUKURA PORT"

16:40
Arrival at IWAKI Station.



Invited Lecture : Status of Fukushima Daiichi NPS

Fukushima Daiichi Decontamination and Decommissioning
Current Status and Challenges

Tomoyuki Arail
1 Tokyo Electric Power Company Haldings, Ine.; ARAL TOMOYUKI@tepco.co.jp

In the Fukushima Daiichi Nuclear Power Station, more than eight years have passed
since the accident on March 11, 2011. The reactors have been maintained in a stable
cooling state, and the work environment have been greatly improved, being able to
work with regular work clothes instead of protective clothes in the most area of Power
Station.

Countermeasure for Contaminated Water

In Fukushima Daiichi, responding to contaminated water has become a major issue,
since the ground water flows into the reactor building and touches with contaminztion
sources and then becomes new contamirated water, etc. Therefore, Multi-layered
countermeasures have been implementex to reduce the risk with the three basic
policies (1) "Removing the contamination source”, (2) “Isolating groundwater from the
contamination source” and (3)"Preventing leakage of contaminated water”.
As an example of (2)"Keep water away from the pollution source”, there are
countermeasures such as paving the ground so that the rain does not penetrate in to the
ground and become groundwater, Land- side impermeable wall (ice wall) surrounding
with the frozen soil with a depth of about 30m so that groundwater does not approach
the building, and sub-drains that pump up and purify the groundwater around the
building.
As a result of the combined effects of these countermeasures, the amount of
contaminated water has been reduced by over 60% from FY2014 (470 tons / yearj to
FY2018 (170 tons / year).

Fuel Removal

The focus of decommissioning has shifted to preparation for fuel removal from the
spent fuel pool and fuel debris retrieval. The removal of fuel (1,535) from the spent fuel
pool of Unit 4 was completed in December 2014, and the removal of the Unit 3 pocl fuel
started in April 2019. We will continue to work for removal in Unit 1 and Unit 2.
On the other hand, the retrieval of the molten fuel is an unprecedented work in the
world. So far, the position of fuel debris has been analyzed, and various types of robots
have been used for investigation. In January 2019, a survey was carried out at Unit 2 by
hanging a survey device attached to the tip of a guide pipe with a telescopic pipe at the
bottom of the containment vessel. From the obtained image, it was confirmed that a part
of the fuel assembly, which is a structure in the reactor, was dropped, and there are
deposits that looked like pebbles or clay on the entire bottom
The structure is thought to be an offshoot of that molten fuel damaged the pressure
vessel. In addition, the deposit seems to contain fuel debris from the situation. On ~he
other hand, since no major damage was observed in the CRD housing on the under part
of the reactor pressure vessel, it was estimated that most of the fuel debris remained in
the pressure vessel as well as the analysis results. In the future, we are proceedingwith
a plan to start the retrieval of fuel debris according to the medium- to long-term
roadmap.
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Session 1-1

Prediction of Joint Mechanical-Corrosion Failures of Carbon Steel
Components and Structures

Fraser King
Integrity Corrosion Consulting Ltd,, fraser.king@shaw.ca

Abstract
Failure of metallic components and structures can result from either corrosion or mechanical
degradation modes. Perhaps more commonly, however, failure is the result of mechanical
overload following a period of degradation of the material due to corrosion. For some
materials, corrosion may simply result in the reduction in thickness of the load-bearing
membrane. In other cases, exposure to the corrosive environment (or other environmental
condition) may also result in the degradation of the material properties, such as the fracture
toughness or ductility. Carbon and low alloy steels may exhibit this type of interaction
between corrosion and mechanical failures modes, typically as a result of the effects of aksorbed
hydrogen on the material properties. An example will be given of how this type of interaction
has been accounted for in the lifetime prediction of nuclear waste containers. Possible
implications for the degradation of steel structures and components over the next 30 years at
Fukushima Daiichi NP5 will also be discussed.

Carbon steel nuclear waste containers will be subject to both corrosion and mechanical loads
during their long service life extending for periods of thousands of year [1]. Environmental
conditions within the deep geological repository are expected to lead to a combination of
general and localized corrosion, accompanied by the absorption of hydrogen. In additien to
residual stress from the final closure weld, the containers will be subject to external loads from
the swelling of the bentonite clay and the hydrostatic (and, for some rock types, lithostatic)
loads at the typical repository depth of 500-900 m. The time-dependent structural integrity of
the canister has been assessed using the Failure Assessment Diagram (FAD) approach for
components with defects (e.g., [2]).

The application of this methodology to the long-term structural integrity of steel structures at
Fukushima Daiichi NPS will be discussed. Among the factors that need to be considerec are:

¢ The current size, shape and locatiom of defects in the PCV, piping, and other steel
components (based on construction records or recent inspection).

* Mechanical and fracture properties of the PCV and other components exposed to
neutron irradiation during service.

= The effect of 30 years of general corrosion in (i) reducing the load-bearing capacity,
(ii) generating absorbable hydrogen, and (jii) either removing surface defects or
exposing sub-surface defects.

s Absorption of hydrogen due to atmospheric corrosion and/or localised corrosior.

s External loads and the levels of residual stress.

¢ Magnitude of handling stresses during decommissioning or possible dynamic loads due
to future seismic activity.

o Definition of failure and of a suitable safety factor.

References

[1] King, F. et al, Corros. Eng. Sci. Technol. 49, 2014, 442-449.

[2] British Standards Institute, BS 7910:2005, Guide to methods for assessing the acceptability
of flaws in metallic structures (2005).
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Session 1-2

A mechanism of the accelerated cnrmsiﬁn of carbon steel in the
simulated condition of air-solution interface

Kyahei Otani?

1 japan Atomic Energy Agency; R G

Introduction

In Fukushima Daiichi nuclear power station, cooling water is constantly injected into the reactor
pressure vessels (RPVs) for cooling the fuel debris after the severe accidents in March 2011. Inner
components of the primary containment vessels (PCVs) was observed by remote-controlled
robots and the observation showed that carbon steels of the PCVs wall above the contaminated
water level was exposed to an air-solution alternating condition. Previous studies [1] have
reported that the corrosion rate of carbon steel is accelerated in case of the steel with thin water
film exposed in air under the an air-solution alternating condition. This suggests that the
corrosion rate of carbon steel will be accelerated in the air-solution alternating condition.
However, the corrosion rate of the steel on the corrosion tests which simulated the air-s slution
alternating condition has not been clarified. In the present study, an alternating corrosion test of
carbon steel which simulated the air-solution alternating condition was carried out.

Experimental methods

The carbon steel was alternately exposed to air and solution for 144 h by rotating in a water tank
which was not completely filled with solution. The surface morphology of the specimen a‘ter the
tests were observed by digital camera and optical microscope, and the corrosion rate of the steel
in the alternating condition was obtained from mass loss measurement. The cross-sectional
observation and analysis for the iron rust layer formed on the specimen were carried out by a
scanning electron microscopy (SEM) and an Auger electron spectroscopy [AES).

Results and discussions
The cross-sectional SEM images show that the rust layer formed on the steel after the tests in the
alternating condition was thicker than 400 um. (Fig. 1) The corrosion rate of carbon steel in the
alternating condition was more than three times larger than that of the steel rotated always in
solution. A thin water film was confirmed on
the steel when the specimen exposed to the
air during the tests. It has been reported that
the mass transfer of dissolved oxygen to the
carbon steel surface is accelerated in case of
the carbon steel covered by a thin water film
and corrosion of carbon steel is accelerated
by the acceleration of oxygen reduction
reaction (cathodic reaction) [2]. This
suggests that the accelerated corrosion of the
steel in the alternating condition would be
caused by the thin water film on the steel
during the tests.

Fig. | Cross-sectional SEM images of the rust fayer formed

v . L8]

References
1. Yamamoto et al,, 151] international, 37 (1997) p691
2. A. Nishikata et al,, ). Electrochem. Soc., 144 (1997) 1244-1252.
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Session 2-1

Microbiologically Influenced Corrosion (MIC) of Steels and Alloys in
Seawaters

Robert E. Melchers

Centre for Infrastructure Performance and Reliability, The University af Newcastle, Australia
: rob.melchers@newcastle.edu.au

Some History

This section provides a very brief overview of the development of understanding of the cancept
of microbiologically influenced corrosion (MIC). The emphasis is on the main critical aspectsin
the development of the MIC concept and its practical occurrence. The present paper does not
consider detailed microbiological aspects but focuses on the effect of microbioclogical activity as
expressed in terms of general and pitting corrosion.

Background to MIC studies

The traditional or classical understanding of MIC for ferrous metals follows from sulphate
reducing bacteria since these are easy to detzct in practice and leave sulphur deposits, usually
taken as singles of their presence. This grouping of bacteria is by phenomenon and may include
a very wide range of species. In the 1930s the so-called cathodic depolarization theory was
proposed to explain the corrosion mechanisms involved. This led to furious scientific disputes
for many decades until in the 1980s when after much observation and inconsistencies a much
simpler explanation was proposed. This has the metabolites (waste products) of bacteria
lowering the pH at the metal surface and causing the observed corrosion damage [1,2]. Kisan
essentially chemical process and has been termed cMIC. It is still considered the most important
from practical MIC cases. Some laboratory work has shown the existence also of
microorganisms that directly consume electrons and this has been termed eMIC. Because of the
on-going difficulty of correlating microbiological species with their effect on corrosion, detailed
microbiological aspects are not considered herein. Emphasis is on the effect of microbiological
activity in terms of its result as general and pitting corrosion. )
Marine corrosion

This section reviews the bi-modal model for the longer term corrosion of steels (and various
other alloys) in seawater exposure conditiors. It shows the effect of MIC. The model has been
calibrated to a wide variety of (mainly field) data, and is influence primarily by water
temperature and seawater nutrient exposurs [1,2].

Nutrients

The essential requirements for all living things include shelter, energy supply and appropriate
nutrients. In most seawaters the critical nutrients are Fe ions and dissolved inorganic nitrogen
(DIN). For steels the corrosion process supplies the Fe irons. A high degree of correlation has
been found between DIN and corrosion loss, including over extended exposure periods [23].
This has been shown in long-term laboratory tests [4] and in various practical applications.
Accelerated Low Water Corrosion [ALWC)

This section gives a summary of the early effort to determine the origin of severe loss of s eel for
driven sheet piling in UK and later other harbours. Despite early identification that MIC was
likely involved, procedures to predict the occurrence of ALWC did not come about until
relatively recently [3,4] with demonstration of correlations with DIN concentrations in th2 local
seawaters.

Offshore Mooring Chains

There is increasing use of Floating Production Storage and Offloading (FPSO) vessels for
offshore oil and gas production. These are moored, often in deep waters, using mooring lizes
composed of wire rope and of large sized chains. The corrosion of the chains in the surfac?
water region has been observed sometimes to be very high. This can be shown to be relatzd to
local water quality, in particular the concentration of DIN [5,6].
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Water Injection Pipelines
Water injection pipelines are widely used in the oil and gas industry to help extract remaining
oil and gas in wells by pumping in seawater, fresh water or aquifer waters under high pressures,
- and very low oxygen conditions, the latter in an attempt to reduce internal corrosion. However,
in some cases severe channeling corrosion is observed. For many years this has been attributed
to MIC but clear proof was difficult to find. Data from actual operational pipelines and from
special experiments shows that MIC can be :nvolved but only if DIN is present. Most of the
corrosion appears to be due to settlement within the pipes during periods of shut down [7,8]. In
practice the use of biocides has declined owing to environmental impacts and some operators
have switched back to greater use of pigging to clean the pipes and reduce both bacterial
content and hence proneness to MIC as well as the sediments that can cause serious under-
deposit corrosion.
Corrosion in Soils .
The external corrosion of cast iron water pipes is a problem with a very long history
(>>100years) yet understanding of its influencing factors has, until recently, remained urclear.
It has now been shown that the inter-contact region between the soil and the ferrous metal (cast
iron and steels) plays a crucial early role and has long-term implications. The rate of supply of
surface water to the corrosion interface is critical for the (almost constant) rate of long-term
“corrosion. The rate of supply of oxygen is seldom critical owing to longer-term corrosion being
largely in the anaerobic domain [9,10]. Although MIC was considered in the early 1900s to be
critical for in-ground corrosion, evidence from a large number of actual field sites shows that
MIC often is not involved - it depends on the availability, at pipe depth, of critical nutrients.
Other Alloys
‘Alloys such a CuNi are prone to MIC in seawater owing to a small content of Fe, while Al alloys
cannot contain any Fe are not prone to MIC in seawater. However, they may be subject tos
macro-fouling, irrespective of Cu or Al content.

References

[1] T. Liengen, D. Feron, R Basseguy and 1.B. Beech, (Eds.), (2014) Understanding Biocorrasion,
European Federation of Corrosion Publications, Number 66, Cambridge, Woodhead
Publishing in Materials, 213-242.

[2] R.E. Melchers, Long-term immersion corrosion of steels in seawaters with elevated nutrient
concentration, Corrosion Science, 81 (2014) 110-116.

[3] R.E. Melchers, R.]. Jeffrey, Corrosion of szeel piling in seawater harbours, Proc. Instn. af Civil
Engineers, Maritime Engineering, 167 {2014) MA4, 159-172.

[4] R.E. Melchers, R.]. |effrey, Long-term corrosion of mild steel in natural and UV-treated
coastal seawater, Corrosion, 70 (2014) (8) 804- 818.

[5] T.M. Lee, R.E. Melchers, L.B. Beech, A.E. Fotts, AA. Kilner (2015) Microbiclogically influenced
corrosion (MIC) of mooring systems: diagnostic techniques to improve mooring integrity,
Proc. of the 20th Offshore Symp., Houston, TX, SNAME.

[6] R.E. Melchers (2019) Modeling Microbiclogically Influenced Marine Corrosion of Steeds, Ch.
3, (in) Oilfield Microbiology, (Ed) T.L. Skovhus, C. Whitby, CRC Press, Boca Raton.

[7] I. Comanescu, R.E. Melchers, C. Taxén, (2016) Corrosion and durability of offshore ste=l
water injection pipelines, Ships and Offshore Structures, 11(4) 424-437.

[8] Xiang Wang, R.E. Melchers (2017) Corrcsion of carbon steel in presence of mixed deposits
under stagnant seawater conditions, |. Loss Prevention in the Process Indus., 45(1) 29-42.

[9] R.B. Petersen and R.E. Melchers (2018) 3i-modal trending for corrosion loss of steels buried
in soils, Corrosion Science, 137: 194-203.

[10] R.B. Petersen, R.E. Melchers (2019) Effect of moisture content and compaction on the
corrosion of mild steel buried in clay soils, Corrosion Engineering, Science and Techmology,
54(7) 587-600.
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Session 2-2

MIC is infectious disease of metal materials

Satoshi Wakai?
! Japan Agency for Marine-Earth Scrence and Technology; wokais@jamstecgo.fm

Microbiologically influenced corrosion [MIC) refers to the corrosion of metal materials caused
by microorganisms. We have empirically known MIC, but little is known about MIC. Almost all of
case that are considered to be caused by microorganisms are based on elimination methads.
When we cannot explain the corrosion by physicochemical factor, the carrosion is considered as
MIC. Namely, systematic methods for diagncsis of MIC have not yet been established.

I have proposed that MIC is infectious disease of metal materials by microorganisms [1]. In the
case of human infectious disease, pathogenic microorganism infects to human body and takes
place pathogeny. In many infectious diseases, preventive care, diagnosis, and treatment are
established because causative microbes are well characterized. Accurate diagnosis would give
proper treatment and lead to proper preventive care. By contrast, in MIC, causative
microorganisms have not yet been characterized, and then diagnostic method have also not yet
developed. Therefore, we cannot evaluate whether anti-corrosion and treatment are sufficient.
Insufficient or meaningless anti-corrosion treatments cause higher cost, and improper
treatments after corrosion would cause reappearance of same corrosion. Therefore, we must
know about causative microorganisms and develop proper diagnosis and meaningful treatment
techniques.

Unfortunately, we don't know about whole view of iron-corrosive microorganisms, but recently
various types of iron-corrosive microorganisms in addition to sulfate-reducing bacteria (3RB)
have been reported. For examples, there are iron-corrosive methanogen [2-4], iron-corrosive
nitrate-reducing bacteria [5], iron corrosive acetogen [6], iron-corrosive neutrophilic iron-
oxidizing bacteria [7], iodide-oxidizing bacteria [B], and so on. These reports allow to change the
mind about overview of iron corrosive microorganisms. Namely we should not focus only SRB,
we have to pay the attention of the corrosion by other microorganisms, because we have to
protect metal materials from various types of corrosive microorganisms.

In addition to isolate and characterize novel iron-corrosive microorganisms, author has studied
on microbial community of various corrosion environments [9,10]. In this lecture, 1 will
introduce about latest knowledge of corrosive microorganisms and gene analysis for microbial
communities in corrosive environments.

References

[1] S. Wakai, Kagaku-to-Seibutsu, 53, 515-520 (2015).

[2] H.T. Dinh, et al,, Nature, 427, 829 (2004)

[3] T. Uchiyama, et al., Appl. Environ. Microb.ol., 76, 1783 (2010).

[4] K. Mori, et al,, J. Biosci. Bioeng., 110, 426 (2010).
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[8] S. Wakai, et al,, Microb. Ecol,, 68, 519 (2014).
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Session 3-1

Radiolysis & irradiation influences on water-saturated corrosian of
carbon steels at 80°C

Marie Fénart, Jean Michel Lameille, Mavion Le Flem, Christian Bataillon, Damien Féron

Den-Service de la Corrosion et du Compcrtement des Matériaux dans leur Environnement
(SCCME), CEA, Université Paris-Saclay, F-21151, Gif-sur-Yvette, France; lIGEINCIa i

The degradation of iron-based materials by atmospheric corrosion is a well-known issue that
has to be taken into account, including for the disposal of high-level radioactive nuclear waste.
In specific conditions (deep geological dispasal for instance), the environment will be saturated
with water either in an atmosphere with 100% humidity or with liquid water. During these
periods, it is important to determine the corrosion damages and evaluate whether irradiation
may influence these damages. In particular, the radiolysis of the water film in contact with air
can lead to the formation of oxidizing species and to anincrease in corrosion rates.

Experimental conditions are close to those expected in the French concept of nuclear waste

disposal (temperature and alloy) and are chosen to study the impact of some parameters, but

these conditions may be find also in other environments like in the Fukushima cooling systems :

Two carbon steels (APl SLX65 for the micro-tunnel casing and P285H for the overpack);

Temperature 80°C;

Twao irradiation dose rates {10 and 20 Gy/h) and of course one set of experiments

without irradiation for comparison;

The experiments were performed with coupons exposed in autoclaves with twa initial

gas compositions (02/N2 = 20/80 and 40/60) and two pressures (2.2 and 4.4 ba") in

order to look at the influence of oxygen initial partial pressure (which is directly elated

to the quantity of oxygen available for corrosion);

# In some experiments, coupons were exposed in 100% humid atmosphere {CASIMIR 2
experiments), but other coupons were half or totally immersed in a liquid solution
(CASIMIR 3 experiments).

¥V

v

The coupons have been exposed between 3 months and 18 months. At the end of the
experiments, gas and agueous solutions were analyzed. After exposure, weight gain and weight
loss after desquamation were performed on some coupons as well as visual examinations
including binoculars, On other coupons, X-ray corrosion analysis were performed and
observations by Scanning Electron Microscope coupled with Energy Dispersive X-ray
Spectroscopy were also performed.

The paper will include details of various results that can be summarized as follows:

* No major differences are found between irradiated and non-irradiated coupons;
corrosion rates obtained without irradiation are nearly highest than those obtained
under 10 or 20 Gy/h, the lowest ones being under 10 Gy/h;

*  No significant differences between the two steels, neither between the two gas
pressures, nor between the two oxygen concentrations (20% and 40%);

* The oxygen concentration decreases and the hydrogen concentration in the gas phase
increases when the corrosion damages increased, as expected, but oxygen and hydrogen
are found together in the atmosphere of several autoclaves, showing that the cathodic
reaction with water occurs before the end of the cathodic reaction with oxygen.
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* The corrosion products are mainly based on hematite at the beginning of exposure and
on magnetite after longer periods of exposure, in accordance with the evolution of redox
conditions;

»  Large scattering is found regarding the damages of the coupons under the same
conditions exposed to 02/N2 gas with 100% humidity: it is linked to the heterogeneity
of atmospheric initiation on these non-previously correded coupons;

*  For the immersed or semi-immersed coupons, the metal below the waterline exhibits
wide strongly corroded areas neighboring no corroded areas.

In summary, no detrimental effect of radiolysis was found on water-saturated corrosion of
carbon steel at 80°C between 0 to 20 Gy/h, while th= evolution of oxygen and hydrogen in the
gaseous atmospheres is as expected as well as the evolution of corrosion products.

Acknowledgments: the authors thank very much DM2S/LPEC tearn for dose rate calculations
and DPC/LABRA team for the irradiation experiments made in Poseidon facility. They would
like also to thank very much EDF, French waste producer, and Andra, French radioactive waste
management organization, for co-defining and co-funding this work.
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Introduction

Comprehension of the radiation chemistry of water is essential to understand the corrosion
environment of BWR plant materials and radioactive wastes. In this paper, basics of
radiation chemistry of water is briefly reviewed. Both radiolysis and ECP models are strong .
tools to evaluate the corrosion environment of BWR plant materials and radioactive
wastes, Finally, recent activities for Fukushima recovery are reviewed.

Basics of radiation chemistry and water radiolysis [1]

Twao types of modeling have been developed and utilized to estimate the BWR corrosion
environment. Water radiolysis is a key event to predict corrosion environment in a BWR
plant. G-values are essentially necessary fcr the water radiolysis simulation of the BWR
plants. Then, the generated chemical species react with each other subject to the reaction
rate constants.

Final molecular products are generated as a result of various secondary reactions.
Radiolysis and ECP modeling [2]

Radiolysis Model and ECP Model have been developed to predict plant water chemistry
response. For Radiolysis Model G-values at high temperature and key reaction rate constants
are important parameters. ECP Model has been developed based on the mixed potential
theory. Flow rate and hydrogen peroxide zre contributing factors. Mitigations by cathedic
current control and anodic current control are both well described by the model.
Radiolysis behavior regarding radioactive waste and fuel debris [2, 3]

In the case of pure water y-radiolysis, the hydrogen concentration reaches the equilibrium
concentration with time. Under only a-radiolysis condition, the hydrogen yield is largely
enhanced due to the high G-value for hydrogen. Under 100% sea water condition, the
hydrogen generation is accelerated significantly by the effect of halogenated ions. How:ver,
the effect of the sea water becomes negligible when it is diluted to 0.1% of the original
concentration.

From the material corrosion viewpoint, oxygen and hydrogen peroxide behaviors are more
critical. It seems that hydrogen peroxide concentration also becomes higher when
hydrogen concentration becomes high. Therefore, i) hydrogen is important from the
viewpoint of safety evaluation, while ii) hydrogen peroxide is important from the material
corrosion viewpoint. Conclusions

Basics of radiation chemistry and water radiolysis were briefly reviewed. Radiolysis madeling
is a useful tool to predict the corrosion environment of the BWR primary system. Together
with ECP modeling in series, ECP distribution has been obtained. After the Fukushima
accident, radiolysis modeling has been applied to show the hydrogen accumulation risk.
Seawater effect and alpha radiolysis effect have been evaluated. Furthermore, hydrogen
peroxide behavior should be investigated from the material corrosion viewpoint.
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Introduction

The operation licenses of the two reactor units at Chinshan Nuclear Power Plant (NPFP) have
expired one after another in the past one year. Although Taiwan Power Company has obtained
the decommissioning permit from the regulatory body, Atomic Energy Council, this year, the
fact is that no parts pertinent to the pressur2 boundary components has been dismantlec so far
since the fuel assemblies are still in the boiling water reactor (BWR) cores of both units. This
awkward situation happens because the New Taipei City government has not issued the
operation permit of the dry storage facility at this NPP. Under the current circumstances of
decommissioning transition, the core components of the reactor is inevitably exposed to a
highly oxidizing coolant for a very long time, though at a temperature much lower than the
operating temperature and at much lower radiation fields. In order to explore the long-term
water chemistry in the primary coolant circ it of a shutdown BWR, we conducted necessary
thermal hydraulic, radiation field, and water chemistry analyses. The outcome would assistin
evaluating the long-term integrity and safety of core fuels and comportments during the
decommissioning transition phase. The results of thermal-hydraulic and radiation field analyses
(e.g. temperature, flow velocity, and dose rates of neutron and gamma) were adopted in the
subsequent water chemistry analysis to calculate the concentrations of the two major ox idants
(namely oxygen and hydrogen peroxide). The preliminary prediction results show that the
integrity of reactor core components will not be affected by corrosion at various coolant -
conditions during the decommissioning transition phase.

Theoretical Analysis on Thermal Hydraulics
The canceptual schematic of the modeled regions in the selected BWR is shown in Figure 1, and
the temperature variations in each region is shown in Figure 2.
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Figure 1. Conceptual schematic of the modeled Figure 2, Temperature variations in the
regions in the selected BWR modeled reglons of the selected BWR.
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Theoretical Analysis on Water Chemistry
The structure of the theoretical model (DEMACE_BWR) is shown in Figure 3, and the coolant
flow path in the selected BWR is shown in Figure 4.
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Figure 3. Structure of the DEMACE_BWR madel. Figure 4. Coolant flow path in the selected BWR.
Results

The preliminary prediction results show that the integrity of reactor core components will not
be affected by corrosion at various coolant conditions during the decomm ssioning transidon
phase. The concentration variations of oxygen and hydrogen peroxide in the primary coolant
circuit of the selected BWR are shown in Figures 5 and 6, respectively. The concentrations of
these two major oxidants are predicted to be much less than those under operating conditions.
Accordingly, no serious degradation in terms of corrosion is expected during the
decommissioning transition stage.
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Figure 5. 03 concentration variatons along the circuit Figure 6. Ha0z concentration variations along the circuit_
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Introduction

It will take several decades to accomplish the decommissioning of Fukushima Daiichi Nuclear
Power Station (NPS]. Through this log-time project, the prevention of the leakage of
radioactivity is one big issue. To keep the radioactivity in the reactors, corrosion of primary
containment vessels (PCVs) and piping should be estimated and inhibited in a proper way. In
the PCVs, it is considered that materials are subjected to a corrosive environment due to
stagnant water. Moreover, hydrogen peroxide (H20:) and oxygen (0;) produced from radiolysis
of the stagnant water can enhance the oxidation of steels. Radiolysis effect of pure water has
been well identified to estimate corrosion potentials in reactors in operation. On the other hand,
the stagnant water contains some impurities, which would affect the radiolytic process and the
production of H202 and 03. The objective of this study is to understand radiolysis of the szagnant
water for the estimation of radiolysis effect= on corrosion of steels in PCVs at Fukushima Daiichi
NPS. In this report, we show our recent work on radiolysis of solutions containing ferrous
compounds, which we assumed as one candidate for chemical species affecting the radio ytic
process of the stagnant water.

Methods
Radiolysis simulations were carried out using COMS0L multiphysics® Chemical Reacticn
Engineering Module. Chemical reactions and their rate constants prepared by Elliot(!] and
Lundstrém(2l were employed. In this simulation, a 20 ml solution in a 30 ml glass vial was
assumed. To estimate the volatilization of 0: and Hs, interfacial mass transfer model developed
by Yakabuskie was implementedi3l.
=

Results and Discussion
A radiolysis simulation of a deaerated 5.0 » 10-* mol/1 ferrous sulfate (FeS04) solution

irradiated with gamma ray (1.2 kGy/h) was carried out. Fig. 1 shows concentrations of 0; and
H;z in the gas phase and a concentration of H20: in the liquid phase during irradiation. The result
showed that H: was rapidly produced by radiolysis of the FeS0, solution. In contrast with Ha,
the concentrations of Hz0; and 0; were very low. It is known that the following chain reaction
controls the production of Hz and Hz0; in water radiolysis.

H; + "OH — H" + H:0

H202 + H* = "0H + H;0
Because of high reactivity of Fe?+ with "0OH, this chain reaction is inhibited in the FeS04 sclution;
H: can easily escape to the gas phase. On the other hand, the reaction of Fe?* with H.0; ako
controls the amounts of H;0z. It is inferred that the consumption of Hz0; by this reaction
resulted in the suppression of the total amount of these radiolytic oxidants (Hz0; and 0;].

Conclusion

In this study, we carried out radiolysis simulations of FeS0, solutions and found that th=
production of Hz0; and 0z was suppressed by addition of Fez+. We also have been investigating
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effects of other impurities, such as seawater constituents and nitrogen. Taking into account
effects of these impurities, we will discuss the corrosive environment in the stagnant water.
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Fig.1 The production of radialytic praduces from a deacrated 5.0 « 10 mal/] FeS0d solution irradiated with gamma ray
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Gamma Radiation Induced Corrosion of Candidate
Alloys for Nuclear Waste Packages

Young-Jin Kim
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Commercial nuclear power uses an uranium oxide clad into Zr-based alloy tubes.
This fuel bundles used for approximately 5 years at plants, removed /stored firstin
the water pools and later transferred to dry cask storage. Spent fuel
generates heat during storage and this creates elevated temperatures in ranges of
50-150°C, and eventually, the storage ccntainer cools down to the ambient geolcgical
storage temperature (assumed to be ~30°C). The gamma field is produced by the
radioactive decay of radionuclides within the nuclear waste form in the container,
and its magnitude depends on the nature and age of the waste form and the waste
package.

The corrosion performance of nuclear waste package is determined by the exposure
environment established within the geclogical environmental conditions.  When
water contacts the surface of the waste package, its gamma radiolysis could produce
an additional supply of corrosive agents. Gamrma
irradiation of the package surface and the surrounding environment is known to
affect the corrosion behavior of the package: radiolysis of the vapor and agqueous
phases to produce oxidizing and reducing radicals and molecular products,
interaction with passive oxide films, and reduction in the number of viable microbes
at/near the waste package surface [1]. L

The nature of the radiolytic products and their concentrations depend on the
environment undergoing radiolysis. For relatively dilute groundwater, the
predominant oxidants would be OH", 0z, H202, and 03, while the predominant
reductants would be H', eaq, and Hz.  Figure 1 shows the effect of gamma radiation
on

the corrosion potential (e.g., open circu:t potential: OCP) of Ti-Grade 12 in brine
solution, shifting the OCP in the positive direction under the gamma irradiation;
conversely, being active when the radiation wasremoved [2].  This phenomenon
indicates that the radiolysis products may increase either the cathodic reactions or
the rate hydrogen reduction reaction, so that the mixed potential (e.g., OCP) moves in
the anodic direction. This hypothesis czn be explained by the presence of H20:
produced by the gamma irradiation and clearly shown in Figure 2; the small amount
addition of H20; produces the positive OCP shift and eventually a maximum effect is
attained in an intermediate time; confirming the important role of radiolytic products,
such as Hz0p, for altering the OCP of Ti Grade 12. This behavior is very similar to one
under gamma radiation (see Figure 1)

This paper will review more details on the radiolysis of water and its effect on the
corrosion behaviors of various candidate alloys for nuclear waste packages.
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Reference

[1]. D.W, Shoesmith & F. King, AECL-11999, 1999
[2]. Y-J Kim & R.A. Oriani, Corrosion 43, P. 92, 1987

36



Session 3-6

Effects of gamma-ray irradiation on corrosion rate
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Introduction

After the accident at the Fukushima Daiichi Nuclear Power Station, seawater was injected into
the reactor vessels and the spent fuel pools as an emergency cooling measure. Environmental
conditions at the site have been improved by reducing the concentration of dissolved oxygen and
removing the chloride ions. The inner walls of the primary containment vessels (PCVs) made of
carbon steel were either immersed in water or covered with a water film. Moreover, the inner
surfaces of the PCVs were exposed to gamma -ray irradiation. In this study, corrosion rate at water
line under a gamma-ray irradiation has been investigated.
Experimental details

SA738B steel plate was used for the PCV of type Mark Il primary containment. The fully and
partially immersed specimens were fixed in the cell. The corrosion experiments were con Jucted
in a diluted artificial seawater with 1 ppm chloride ion at 50 °C under aerated condition. The dose
rate in the experiments under gamma-ray irradiation was up to 2.76 kGy/h. The average ard local
corrosion rates were evaluated by weight loss and 3D shape measurement, respectively Other
detailed information for the experiment is described in another paper [1].
Results and discussion

The partially immersed specimen showed higher corrosion rate compared with the fully
immersed specimen in both non-irradiaticn and irradiation conditions, because the highest
corrosion rate was observed at water line (Fig.1). In addition, the corrosion rate was accelerated
by gamma-ray irradiation regardless the position of the specimen. The both water film effect
(acceleration of oxidant diffusion through a boundary layer) and irradiation effect (hy-lrogen
peroxide formation by water radiolysis) were clearly observed in the water line corrosiomn.
References
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Decommissioning work at the Fukushima Daiichi Nuclear Power Station will continue very long
of several decades. In the decommissioning process, stable and continuous cooling of fue! and
fuel debris in the vessels and the radioactive waste storage facility is one of the critical issues.
Therefore, corrosion deterioration of cooling system can be a problem to promote the
decommissioning process steadily and it is i mportant to evaluate corrosion degradation ef
carbon steel, which is main material of the reactor pressure vessel (RPV), primary contai iment
vessel [PCV), pipes, and tubes in the cooling system.

From the view point of the criticality management of fuel debris in the decommissioning
process, the use of boron compounds like borate, boron is a neutron absorber, can be injected to
the cooling system. In this case, carbon steel gets passivated, however, in the presence of
chloride ions, passivation may be broken down, resulting in localized corrosion like pitting
corrosion and crevice corrosion. In addition it is assumed that in the radiation environments,
corrosion potential of carbon steel can shift to higher values due to the generation of hydrogen
peroxide by radiolysis of water. This might enhance the initiation of localized corrosion even
when the chloride ion concentration is in a low level.

In this study, the corrosion behavior of carbon steel in the irradiation environment was
investigated by immersion test and electrochemical measurements in sodium borate (Na:B:0+)
containing sodium chloride (NaCl).

It was found from the results of the immersion test conducted in the mixtures of NazB40=and
NaCl under gamma-ray irradiation that corrosion behavior of carbon steel depended on the
concentration ratios of NazBs(r and NaCl. Carbon steel was basically in a passive state in
[MNazB405) without NaCl, however uniform corrosion was observed when the concentrati sn of
(NazB407) is low less than 0.5 mM. In the presence of NaCl in the solution, pitting corrosien was
initiated depending on the concentration ratio of Na;B407 and NaCl. The corrosion behavior of
carbon steel observed under gamma-ray irradiation was in good agreement with
electrochemical behavior investigated by electrochemical polarization and open circuit
potential measuremnt.

This project is conducted as a part of "Analysis of Corrosion Mechanism in Specific
Environment" supported by the Ministry of Education, Culture, Sports, Science and Technology
(MEXT) of Japan.
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Light Water Reactors (LWRs) concrete biological shields (CBSs) are exposed to high neutrons
and gamma irradiations potentially reaching levels for which degradation has been reported in
the literature, i.e, > 5 x 10'® n.cm-2 at E = 0.1 MeV, At 80 years of operation, it is estimatec that
the bounding fluence approaches 6 x 10" n.em=2 (E = 0.1 MeV) [1], i.e, about 12 times, the
potentially critical dose for irradiation-induce damage onset (As countries other than the U.S.
may consider different operation extension periods, the bounding fluence can be estimated
proportionally). The tolerance of concrete against neutron irradiation greatly varies as 3
function of its constituents, i.e,, coarse aggregates, sand, and hardened cement paste (hcp). The
first-order degradation factor was found to be aggrepates radiation-induced volumetric
expansion (RIVE) [2], i.e., the propensity of swelling under neutron exposure as a function of
their minerals contents, structures and textures. Irradiation-induced amorphization, also
referred to as metamictization is the mechanism of gradual disordering of the minerals’
crystalline structures accompanied by significant expansion, especially in silicates. For
example, the maximum volumetric expansion of quartz and feldspars - a group of rock-farming
tectosilicate minerals that make up as much as 60% of the Earth's crust - has been showr to be
as large as ~18% and ~8%, respectively, while the change of density in calcite remains rather
low [~0.3-0.5%). The main reason for higher swelling is the number of covalent bond [3i-0)
and the degree of polymerization of [Si04] tetrahedrons [3]. Depending on the mineralcgical
content, considerable variations in aggregate RIVE have been observed. Because rock-ferming
aggregates are a complex assemblage of minerals varying in nature and dimension, local RIVE -
rates may significantly differ leading to internal mismatched strains causing internal cracking.
Moreover, some observed post-irradiation expansions exceed what is considered as detrimental
by alkali-silica reaction (ASR) researchers. Because structural concrete is made of ~70% of
aggregates by volume, RIVE can impose severe stresses on the surrounding hep leading to
micro-cracking. A number of time-dependent factors can affect the irradiation-induced
damage formation in concrete constituents  Despite the lack of data and observation, it is
currently hypothesized that the thermal annealing of relatively low neutron flux can
significantly heal the irradiation damage [4] and that the hcp creep rate is accelerated by the
neutron bombardment leading to the relaxation of the RIVE-induced stress in the paste. Atthe
structural level, the radiation field's strong attenuation produces a high RIVE gradient cansing
high biaxial compressive elastic stresses near the reactor cavity. Simultaneously, the
prolonged moderate temperature exposure (< 65°C by design) and strong internal moisture
content gradient affect the degree of hydration of concrete, and thus, its mechanical proparties.
In particular, it leads to the development of lower strengths toward the reactor cavity.
Although, the extent of radiation-induced concrete damage appears to be limited to a depth of
about < 20 cm of the CBS, the consequences of this damage to the structural performance under
seismic conditions (e.g, impact on the reactor pressure vessel (RPV) supports, or accident
conditions; e.g., sudden increase of temperature in the cavity, or seismic events) still remain to
be investigated. It must be noted that the estimated damage area extends beyond the inner
layer of reinforcement and appears strongly oriented along ‘parallel’ planes to that layer,
questioning its ability to transfer effectively stresses due to possible degradation of the steel-
concrete bond. In the context of exposure to aggressive corrosive agents such as chlorides, the
irradiation-induced cracking may increase the diffusivity of those agents and increase the risk of
corrosion of the embedded reinforcement. It must also be noted the irradiation-induced
amorphization greatly increase the solubility of silicates at all pH [5].
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At gamma doses under 100 MGy, no literature data indicates significant loss of mechanical
properties. Radiolysis [6] can affect the free and absorbed capillary water and also may affect
the hydrates' chemically bonded water, causing the formation of gas, primarily Hz in alkaline
medium. In Portland cement, the oxygen is consumed by a redox sequence forming peroxide
[7]. The latter is captured by the calcium found in the interstitial solution and hydrates to form
peroxide octahydrate Ca0:.8H:0, which is very slightly soluble, but is capable of easily losing its
' water during crystallization in air and then decomposing with simultaneous carbonation. The
presence of residual oxygen can potentially increase the risk of corrosion of the embedded
reinforcement although no observation of such phenomenon has been observed yet.
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Introduction

Reinforced concrete (RC) structures are wid=ly used not only in nuclear power plants buralso
in buildings and infrastructures. RC structurss consist of reinforcing bars and concrete. Here,
reinforcing rebar provides tensile strength and ductility, while concrete offers compressive
strength and protective layers of rebars. Therefore, corrosion of the reinforcing bar directly
affects the degradation of the performance of RC structures. In general, cover concrete provides
a strong alkaline environment and serves as a protective layer against corrosion of reinforcing
bar. On the other hand, when cracks occur ir concrete due to some external force, e.g, chloride
ions reach reinforcing bars, or the alkaline eavironment is lost due to neutralization of concrete,
concrete cannot give enough performance as a protective layer. In this case, the risk of
reinforcing bar corrosion may drastically increase.

Here, some experimental results of chloride ion penetration into concrete are presented, -which
is exposed to elevated temperature simulated the situation of the Fukushima Daiichi Nuclear
Power Plant (1F) accident in March 2011, Inaddition, a concept of self-healing concrete to
prevent the ingress of aggressive substances via cracks is introduced.

Penetration of chloride ion into concrete exposed to elevated temperature

The 1F was severely damaged by the earthguake and tsunami due to the Great East Japan
Earthquake in 2011. It has been pointed outthat some concrete members of the power plant
were exposed to elevated temperatures, anc water with chloride ions were penetrated ccncrete
supplied by tsunami and cooling seawater. Generally, when concrete is exposed to elevated
temperature, cracks occur, and mechanical properties decrease. In addition, these gencrated
cracks allow rapid penetration of chloride ions into concrete. Here, concrete specimens were
prepared with the mix proportion which is assumed to be employed in the 1F concrete. These
concrete specimens were subjected to elevated temperature, 150, 300, 450, and 600 °C. And
then, these specimens were immersed in 3 % sodium chloride solution. Penetration behavior of
chloride ion was evaluated by AgNO3 solution spray method and the EPMA and SEM
measurement. As the results, in case of the specimen exposed to elevated temperature of 600 °C,
chloride ions penetrated to the whole specimen (200 mm from the penetration surface) s
shown in Fig. 1. Moreover, measured chloride ions exceeded 1.2 kg/m?, which is a general
corrosion limit as shown in Fig. 2: These results were drawn due to fine cracks generated
around the aggregate, which is observed as Fig. 3.
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Self-healing concrete to prevent penetration of chloride ion

Generally speaking, cracks in concrete can occur in any stage of the service life of concrete
structures due to various factors such as the above-mentioned elevated temperature, extarnal
load, drying shrinkage and so on. Once cracking occurs in reinforced concrete members, mot
only the mechanical performances reduce but corrosion of reinforcing rebars also occur due to
the permeation of water, oxygen, and aggressive substances like chloride ions. On the other
hand, concrete inherently has a "self-healing” capability to close cracks by itself[1]. This
phenomenon has been known for a long time and can be found even in some old literature[2]. In
recent years, many studies have been conducted to evaluate this function from an engineering
point of view. The concept of self-healing concrete can be roughly divided into two directons.
One is to strengthen the phenomenon observed in conventional concrete such as rehydrztion of
cement and precipitation of calcium carbonate, and the other is to provide means for autematic
repair and reinforcement by adding some functional materials and devices to concrete. Far the
former concept, fiber-reinforced cementitions composites (FRCC), which can sufficiently reduce
and keep crack width narrow enough, is one of promising approaches[3]. For the latter one,
methods using bacteria as admixture is widely studied[4]. And a lot of different concepts are
proposed all over the world[5]. Considering the characteristics of nuclear power plants, the
technology of self-healing concrete that enables unmanned crack repairing and closure
treatment can be one of the promising countermeasures against harmful cracks on concrete
members, Figure 4 shows an example of self-healing on cracked FRCC, which is provided by
precipitation of calcium carbonate and rehydration of unhydrated cement[6)]. Even though the
mechanical properties are not regained by this self-healing phenomenon, closure of crack can
recover its tightness against penetration of aggressive substances.
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Corrosion behavior of Carbon Steel A106B in Still Water Environment
after Decommissioning of Nuclear Power Plant

Wen-Feng Lu, Jiunn-Yuan Huang
Institute of Nuclear Energy Research; jvhuang@iner.gov.tw

Abstract

Carbon steels have been extensively used in nuclear power plants as auxiliary coolant system,
reactor coolant pressure boundary piping and control rod drive system, etc. However, corrosion
has been reported to be an important degradation mechanism for the carbon steels in nuclear
power plants due to their low Cr content. This study focused on corrosion behavior of carbon steel
in still water environment after decommissioning of nuclear power plant using cold-drawn and
hot-rolled A106 B tubing. The experimental results show that the corrosion rates of A106 B in
45 °C still water environment are divided inte three stages. The corrosion rates of cold-drawn and
hot-rolled A106 B in Stage 1 are 8.69 * 103 pm hriland 9.75 * 107 pm hr?, and in stage 3 2.47 *
10 pm hr? and 2.91* 10 pym hr, respectively. The corrosion rates in Stage 1 are higher than
those in Stage 3 because the dissolved oxygen level was higher in Stage 1 and the Fes0s oxide layer
had gradually formed in stage 3 during corrosion. In addition, no pitting corrosion was okserved
and general corrosion was the prevalent feature.
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Abstract

Carbon steel is used as a primary containment vessel (PCV). In the Fukushima Daiichi Nuclear
Power Station, addition of sodium pentaborate having neutron absorption function to cooling
water is being considered to prevent recriticality of fuel debris during [uel debris removing
process. Sodium pentaborate is known to passivate carbon steel, so stress corrosion cracking
(SCC) may potentially occur and progress depending on environmental conditions. Knowledge
about 5CC susceptibility of carbon steel in sodium pentaborate environment is necessary to
maintain the soundness of PCV. In this study, SCC susceptibility was investigated under different
sodium pentaborate concentration. First, the potentiodynamic anodic polarization measurement
at sweep rates 20mV/min and 1000mV/min was conducted to estimate potential regionwhere
SCC susceptibility may appear, because the previous study reported that carbon steel shows SCC
susceptibility in the transition potential regian from uniform corrosion to passive state. Next, the
SSRT was conducted at the several potentials in the estimated potential range at 80°C. At the
sodium pentaborate concentration 30000ppm as B, SCC was developed in the transition potential
range (-0.425Vagaga, -0.375Vagape, -0.325V 4 /m501). At the sodium pentaborate concertration
12000ppm as B which is considered the maximum concentration when the sodium pentaborate
is added to the actual plant, no SCC was found in transition potential at -0.45Va .
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Corrosion Investigations for Aging Management of Fuel and Structures
in Nuclear Service

Robert Sindelar, Bruce Wiersma, John Mickalonis, Joshua Boerstler, Christopher Verst, Pavan
Shukla, Poh-Sang Lam, Andrew Duncan !
1 Savannah River National Laboratory; robert.sindelar@srnl.doe gov

Abstract
Researchers at the Savannah River National Laboratory have conducted investigations over the
years to characterize corrosion of materials with objectives to maintain the integrity of materials
in nuclear service. The materials and applizations include carbon steel for waste storage tanks;
aluminum cladding of spent fuel in basin storage; and stainless steel for spent fuel dry storage
canisters. Characterization of the thermal, chemical, and radiation conditions of exposure is the
first step in evaluation of the materials’ behavior; the characterization of the various tyvpes of
corrosion attack under these conditions that can cause thinning, pitting, cracking, and/or
embrittlement of the material is the next step to manage the corrosion in service. Corrosion
control, and inservice inspection are methods to mitigate and monitor the corrosion, respectively.

This poster presents the following 4 case studies of recent work in characterization of corrosion
phenomena and management thereof for fuel and structures in nuclear service:

e Waste chemistry control for mitigation of carbon steel corrosion of liquid radioactive
waste storage tanks

Corrosion surveillance and monitoring for extended storage of fuel in a water basin
Radiolysis of free and chemically-bound water in dry canister storage of spent fuel

s Chloride-induced stress corrosion cracking growth rates in austenitic stainless steel for
application to aging management of dry storage canisters
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The development of the remote measuring device and the heat

resistance of continuous measurable ultrasound probe for pipe wall
thickness

_ Yusuke Sakai *
! Research and Development Dept., Takyo Electric Power Company Holdings (TEPCO),
; sakaiyusuke@tepco.co.jp

Abstract
The online monitoring for the thickness of pipe wall is effective for achieving the more =afety
operation of power plant under running. The objective of this research is to confirm the risk of
thinning phenomenon by monitoring the thinning area in the pipe under high temperature
environment. The monitoring device and the new ultrasound sensor have been developed to
obtain the heat resistance, flexibility and continuous measuring function. These characteristics
also have been evaluated not only by conducting tests by simulating the pipe thinning im

laboratory but also by applying to the power plant to verify performance. As these test results,
the vital performance for the monitoring is confirmed.
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Microbial Influences on Corrosion in Radioactive Environments

Robin Brigmon, John Mickalonis, Charles Turick!
! Savannah River National Laboratory; r03.brigmon@srni.doe.gov

Abstract
Microbial influences on corrosion of materials is an important consideration in maintaining the
safe operation of aging nuclear facilities. At the U.S. DOE Savannah River Site, microbial
contributions to corrosion are carefully monitored anc controlled.  Examples of issues
identified with microbial contributions to corrosion, filter fouling, etc. and solutions developed in
response to these issues will be described. Novel metkods for in-situ characterization and
monitoring of biofilms will be presented.
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Corrosion behavior evaluation for an isolated corrosive bacterium

in a bio corrosion inducing environment
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Yao Chengwei |, Nobuhiko Nomurase
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Abstract

Austenitic stainless steels are high corrosion resistant materials used in the power and chemical
plants. Even so, stainless steel does not necessarily have corrosion resistance in the natural
environment. Especially bio corrosion susceptibility of stainless steel welds is not necessarily
clarified. From this point of view, it is very important to clarify the initiation and propagation
behavior of corrosion of stainless steel in bio corrosion inducing environments. The e-fect of
solute content, corrosive bacteria (FT01) and microstructure on the pitting potential in artificial
seawater solution was studied. In-situ dynamical observation of corrosion behavior of austenitic
stainless steel welds / HAZ (Heat Affected Zone) was carried out. From the results of
electrochemical analysis, the significant reduction of the pitting potential was confirmec in the
biotic condition compared to the abiotic conditions. From the results of dynamic observation, the
high correlation between the bacterial attachment region and corrosion generate arsa was
. confirmed. Then the difference of height of corrosion area was investigated by a CSLM equipped
with a high-resolution three-dimensional height analysis function. Moreover microstructural
analysis by FE-SEM/EBSD was performed on the corrosion damaged area, then the traces of
corrosion distributed corresponding to the grain boundaries was confirmed.
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Electrochemical analysis of novel sulfate reducing bacteria with novel
corrosion activity

Shin-ichi Hirano 1, Irene Davidova?, Renxing Liang?, Joseph M Sulflita?
! Central Research institute of Electric Power Industry; s-hirano@criepi.denken orp
2The University of Oklahoma, Department of Microbiology and Plant Biology,
IPrinceton University, Depariment of Geosciences

Abstract

We have enriched a sulfate-reducing consortium with corrosion activity from marine sediment
even in the absence of hydrocarbons as a carbon source, We explored sulfate reducing bacteria
with corrosion activity included in the consartium. Desulfovibrio sp. and Desulforhabdus sp. were
isolated from the consortium with using elemental iron as an electron donor and bicarbonate as
a carbon source. The corrosion of carbon steel by both isolates were electrochemically
characterized. Relative to the abiotic control, polarization resistance decreased in both isolates
and a 4 and 50.5 fold increase in the corrosion current was noted with the Desulfovibrio end the
Desuiforhabdus, respectively. The corrosion potential of the Desulfovibrio decreased from -€50 mV
to -900 mV over 2 months incubation, while that of the Desulforhabdus decreased from -€50 mV
to -850 mV in a week, after which it increased to -750 mV. Cyclic voltammetry measurements
confirmed that electrons could be transferred between the isolates and carbon steel. These
findings are consistent with the view that the Desulforhabdus isolate exhibited a higher corrosion
activity than the Desulfovibrio isolate and suggests that both bacteria promote corrosion by
forming conductive biofilms that extract electrons directly from corroding metal surfaces.
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Corrosion of carbon steel in campacted bentonite buffer materials
using anaerobic corrosive microbial consortium.

Toru Magaoka !, Shin-ichi Hirano %, Norio Matsumoto !, Yuki Amano 2
! Central Research Institute of Electric Power Industry (CRIEPI); nagaoke@. riepi.denken.orjp
¢ Japan Atomic Energy Agency [(fAEA)

Abstract

Microbially influenced corrosion of metall ¢ container is one of concerns for nuclear waste
disposal. Corrosion of carbon steel buried in compacted bentonite buffer materizls was
investigated using anaerobic corrosive microbial consortium. The buffer material was composed
of 70% bentonite (Kunigel V1) and 30% silicate sand with different dry densities in test cells.
Compacted buffer materials were incubated in nutrient medium with or without inoculation for
one year at 30°C and 50°C. Corrosion rates were suppressed (9.4 - 12.9 mg/cm?/year) with
compacted densities of 1.3 and 1.6 Mg/m*® at 50°C. In contrast, a high corrosion rate (52.0
mg/cm?/year) was observed in the inoculated 1.0 Mg/m?3 compacted buffer materials at 30°C, and
microbial analysis showed the highest microbial abundance and the high relative ratio of sulfate-
reducing bacteria, such as Desulfovibrio sp.. These results are demonstrated that a sufficiently high
dry density is one of the important key factors to suppress microbial activity in buffer material
surrounding metallic containers, because of the physical characteristics such as small pores, low
water activity, less nutrient supply caused by low hydraulic conductivity.

This study was funded in the "Project on Research and Development of Spent Fuel Direct Cisposal
as an Alternative Disposal Option” by Ministry of Economy, Trade and lndustr}r of Japan in FY
2015-2017.
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P-09
Effects of Gamma-Ray Irradiation on Spontaneous Potential of
Stainless Steel in Zeolite-Containing Diluted Artificial Seawater

Chiaki Kato?, Tomonori Satch, Fumiyoshi Ueno, [sao Yamagishi

Japan Atornic Energy Agency
1 kavo. chiakil 6@jaeq.go.jp

Abstract

With respect to the long-term storage of the zeolite-containing spent Cs adsorption vessels used
at the Fukushima Daiichi nuclear power station, the corrosion of the vessel material is one of the
mast important issues. This is because the chloride ions (Cl) present in the contaminated water,
which is mixed with seawater and is exposed to radiation from the adsorbed radioactive Cs, can
accelerate the corrosion of the stainless steel in the vessels. In this study, we performed
electrochemical tests on stainless steel [type 316L) specimens in zeolite-containing artificial
seawater under gamma-ray irradiation. The spontaneous potential (Ese) and critical pitting
potential (V) of the type 316L steel in systems in contact with various zeolites were measured in
order to evaluate the corrosion resistance of the steel. The Eze value under irradiation, which can
also be defined as the steady-state rest potzntial, increased with an increase in the dos: rate;
however, the increase was suppressed in contact with the zeolites. The concentration of Hz0: in
the bulk water under irradiation also increased with the increase in the dose rate. This increase
was suppressed in the systems in contact with the zeolites, owing to the decomposition of the
H:0;: by the zeolites. A clear relationship was observed between Esp and the H:0: concentration.
As contact with the zeolites caused the increase in ESP under irradiation to be suppressed. it can
be concluded that the presence of zeolites in the spent Cs adsorption vessels can reduce the
probability of the localized corrosion of the stainless steel in the vessels.
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Corrosion Monitoring in Ozone-Containing Humid Environment
Simulating Gamma Ray Irradiation

Atsushi Omori !, Eiji Akiyama 1, Hiroshi Abe !, Kuniki Hata 2, Tomonori Sato 2, Yoshiyuki Kaji 2,
Hiroyuki Inoue 3, Mitsumasa Taguchi % Hajime Seito %, Eiji Tada 3, Shunichi Suzuki )
1 Tohoku University; *atsushi.omori@imr.tohoku.ac.jp,
Z Japan Atomic Energy Ag2ncy, ¥ Osaka Prefecture University,
+ National Institutes for Quantum and Radiological Science and Technology,
5 Tokyo Institule of Technology, & The University of Tokyo

Abstract
To evaluate the effect of oxidants, which are formed by radiolysis of water under gamma ray
irradiation, on the corrosion of a carbon steel in humid environment, ozone was introduced as a
model oxidant in to humidity-controlled air at 50 °C in a thermo-hygrostat chamber. Corrosion
monitoring was performed by using an Atmospheric Corrosion Monitor-type (ACM) sensor
consisting of a carbon steel anode and an Ag cathode. The output current of the ACM sensor was
increased with the increase in relative humidity and it was obviously increased with the increase
in the introduced ozone concentration at each relative humidity. The results indicate that ozone
accelerates the corrosion of the carbon steel, The effect of ozone on the corrosion acceleration is

attributed to the fast reduction reaction and ‘ast dissolution reaction in to water compared to that
of oxygen.
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Effects of gamma-ray irradiation and water film on corrosion rate of
carbon steels

Tomomichi Ariga 1, Hiroshi Abe %, Yutaka Watanabe 2
! Tohoku university;
2 Tohoku university

Abstract

Afier the accident of 1FNPPs, the environmental condition in terms of corrosion in the PCVs has been
significantly improved by nitrogen degassing and removal of chloride ions. The inner wall of the PCV's made
of carbon steel is immersed in water or covered with water film, and also irradiated by gamma-ray. It 1s
known that corrosion under water film can be aczelerated because the oxygen diffusion is enhanced as the
liguid film becomes thinner. Gamma-ray irradiation also accelerates corrosion due to H;O: generated by
water radiolysis. Corrosion behavior under the water film in gamma-ray irradiation environment is mot well
understoad. In this study, the local comrosion rates and morphology at water line under irradiation condition
are investigated with focusing the oxidant flux. In order to investigate the corrosion under the wader film
near water ling, two specimens were prepared, (17 full immersion, and (2) partial immersion. Corrosion tests
were conducted in diluted seawater at S0C under non-irradiation and irradiation condition(~2.76 kGy/h).
It was confirmed that the corrosion at water line was accelerated by water film effect both under non-
irradiation and irradiation conditions. Under irradiation condition, the corrosion rate at the water line was
the highest, This is considerad by the combined acceleration effects of water film and irradiation.
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Development of Corrosion Database under Radiation Environment

Tomonori Sato!, Kuniki Hata?, Yoshiyuki Kajit, Hiroyuki Inoue?,
Mitsumasa Taguchi®, Hajime Seito?, Eiji Tada%, Hiroshj Abe%, Eiji Akiyvama® and Shunichi S uzuki®

!Japan Atomic Energy Agency; I IORICHIEMNE

2 Osaka Prefecture Univ,
¥ National Institutes for Quantum and Radiological Science and Technology,
# Tokyo Institute of Technology, 5 Tohoku Univ, & Univ. of Tokyo

Abstract

Risk of corrosion degradation for plant materials in 1F site have been increasing with time
duration and/or environmental changes by decommissioning procedure. Preventing methods
for these corrosion risks are developed based on corrosion mechanism. To build a database for
estimating the degradation of corrosion in irradiated condition, corrosion and radiolysis data will
be accumulated. Concerning development of data set and database for radiolysis, -
arrangement/estimation of radiolysis existed data and preliminary radiolysis analysis were
carried out. Corrosion test environment in gamma-ray irradiation was constructed in Takasaki
Advanced Radiation Research Institute of National Institute for Quantum and Radiological Science

and Technology (QST). In this facility, gamma-ray irradiation can be carried out in the range from
ten to thousands of dose rate.
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P-13 .
. Effect of Oxygen Mass Transfer Flux on
Corrosion Rate of Carbon Steel in Slurry Flow

Ryota Nakagawa!, Hiroshi Abe?, Yutaka Watanabe?
! Tohoku University; ryouta.nnkangwa@rbm.qgse.tohoku.ac.fp
2 Tohoku University; hirochi abe.c?@tohoku.acp
? Tohoku University; yutako.watanabe@qse.tohoku.ar jp

Abstract

In order to perform decommissioning of the Fukushima Daiichi Nuclear Power Station (1F) safely
and reliably, it is necessary to predict the corrosion rate of carbon steel piping for cooling water.
On the other hand, during the fuel debris retrieval operation, fine solid part cles of the fuel debris,
metals, and other solids may be mixed in the cooling water to form a slurry. Solid particles in
cooling water may have two effects on the carrosion rate of carbon steel. The first is to accelerate
the mass transfer flux of oxygen, iron ions and hydrogen ions, and the second is to scratch the
surface of the carbon steel and destroy th: oxide film. Therefore, the corrosion rate may be
accelerated by the slurry. However, knowledge to be used for predicting corrosion rate of carbon
steel in 1F slurry flow is very limited. Based on these, in this study, we conducted experiments
focusing on the relationship between the corrosion rate of carbon steel andithe mass transfer flux
of oxygen in a slurry flow. First, the mass transfer coefficient under the slurry flow was measured
using a rotating cylinder electrode. It became clear that mass transfer was promoted by the
presence of solid particles, Next, corrosion tests were performed in a slurry flow and single phase
flow with controlling the mass transfer flux using a rotating cylinder electrode. The mass transfer
flux of oxygen was controlled by the rotational speed of the cylinder electrode and the dissolved
oxygen concentration. In single phase flow, a convex relationship was ebtained between the
oxygen flux and the maximum corrosion rate. This is thought to be because the corrosion rate
increases due to the increase in the oxidart flux, and the carbon steel is passivated when the
oxidant flux exceeds the passivation limit current density. In surrly flow, corrosion rate was higher
than trend obtaind in single phase flow.
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Propagation Continuity of Crevice Corrosion without Cathodic
Reaction outside Crevice Assessed with Full-Creviced Specimen

Hazuma Kitamaoto !, Kazuki Yakata?, Yutaka Watanahe?
1 Faculty of Engineering, Tohoku University; kazuma.kitamoto.p2 @dc.tohoku.ac ip
& Graduate School of Engineering, Tohoko University; kazukipokata@rbm.gse.tohokwacjp
3 Graduate School of Engineering, Tohoku University; yutoka watonehe@gse.tohoku.or jp

Abstract

In Fukushima Daiichi NPS, there is little possibility of initiation of another crevice corrosion on
stainless steel, because several corrosion mitigation measures have been taken after emergency
seawater injection, but it is still needed to consider propagation continuity of crevice corrosion,
which once occurred after the seawater injection. In crevice corrosion of stainless steel, it is
understood that cathodic reaction outside a crevice supports the anodic reaction ins.de the
crevice. However, the cathodic reaction inside a crevice has been confirmed in recent years, and
contribution of cathodic reaction inside a crevice on propagation of crevice corrosion has not been
clarified. In this study, propagation continuity of crevice corrosion without cathodic reaction
outside a crevice was investigated. 304L “"full-creviced specimen’, which has no free surface
outside the crevice, and 316L "outer cathode specimen” were used to observe cathodic r2action
inside or outside separately. Measurement of spontaneous potential showed that the crevice
corrosion on the full-creviced specimen continued to propagate very slowly by only cathodic
reaction inside the crevice until the experiment was terminated. Based on the spontaneous
potential, it is considered that not only hydrogen generation but also oxygen reduction played an
important role on propagation of the corrosion.
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Repassivation of Crevice Corrosion on Type 316L Stainless Steel
by NH," generation.
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Abstract

The effect of NO, on the repassivation of crevice corrosion on Type 316L stainless steel was
investigated. In situ monitoring of corrosion morphology inside the crevice was conducted during the
crevice corrosion tests. The solution was changed from 1 M NaCl to NaCl-NaNOQ, in the crevice
corrosion tests. Consequently, complete repassivation caused by NO, was observed. Repassivation of
. the crevice corrosion took place in two steps. In the first step, current inside the crevice gradually
decreased from ca. SmAcm™ to ca. 5 pA cm™. After that, in the second step, the current rapidly
decreased to less than 0.1 pA cm”. The first step was thought to be caused by the suppression of active
dissolution by NO,, since the active dissolution was suppressed in potentiodynamic polarizatien with
acidic solutions which simulate the solution inside the crevice (pH 0.2). On the other hand, NH," was
detected in the crevice solution by ion chromatograpiy analysis after potentiostatic polarization in
2 MKNO,. Therefore, it would be concluded that the generation of NH," results in a pH increase and
the further suppression of active dissolution, which induced the second step.
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In-situ measurement of leaching rate of fuel debris

Toru Kitagaki!, Atushi lkeda-Ohno?
! fapan Atomic Energy Agency; kitagaki.toru@jaea.go.jp

Abstract

Large amounts of fuel debris are expected to be accumulated under the cooling water in the
containment vessel of Fukushima Daiichi nuclear power plants. The accumulated debris is
planned to be removed from the reactors in the near future. However, parts of them cculd be
leached and dispersed into the water, and could be leaked out from the containment vessel.
Therefore, the leaching behavior of fuel debris under the relevant environment should be
estimated. However, it is difficult to evaluate the leaching rate of fuel debris by traditional methods,
such as solution analysis of immersion liguid, because fuel debris is multiphase and
heterogeneous materials. On the other hands, in-situ observation methods such as interferametric
microscope and atomic force microscope can measure leaching rate by surface shape change in
nano- and micro-meter scales.

Zircon, Zr3ils, is expected to be one of the main phases in molten core concrete inte-action
(MCCI) products. In this study, an in-situ observation method using an interferometric microscope
was applied to the measurement of the leaching rate of natural zircon under the flowing aqueaus
solutions with pH = 0 (HC1), 7 (ultrapure water), and 14 (ag NaOH) based on the change ofizircon
surface. It was confirmed that the dissolution rates under different aqueous solution can be
measured by the applied method. The disso ution rates of the main phases such as (U,Zr] 0y, can
be also measured by interferometric microscope and atomic force microscope for estimating the
leaching behavior of fuel debris.
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Uranium leaching from simulated fuel debris prepared from UO: and
stainless steel

Yuta Kumagai®, Ryoji Kusaka!, Masami Nakada!, Masayuki Watanabe?, Akira Kirishima?,
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2 Tohoku University, ? Kyoto University

Abstract

Fuel debris generated due to nuclear severe accidents is expected to contain a wide var.ety of
uranium compounds. In this project, we have investigated chemical stability of simulated fuel
debris containing elements from stainless steel (Fe, Cr, and Ni) against exposure to water. The
simulated debris was prepared from the powders of UD; and SUS304 by heating the mixed
powder at 1200 °C for 1 h under continuous gas flow of 2% 0z in Art. The produced powd=r was
characterized by XRD and SEM-EDX, Raman micro-spectroscopy, and Mossbauer spectrescopy.
The series of characterization revealed that the simulated debris comprised U(Fe,Cr)0s, Us0s, and
Fe(lll) oxides. Then, the simulated debris was exposed to pure water for 30 days. The same
leaching test of Us0s was performed for comparison. The chemical analysis of leached metals
demonstrated that the U elution from the simulated debris was significantly lower than that from
U304. In addition, Fe, Cr, and Ni were under quantitation limit as well. The Raman spectra showed
that the exposure to water induced insignificant change in the spectra of the simulated debris,
while the Raman band structure of UiOs seemed to become slightly unclear after 30 days
immersion.
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F'Iant paramaters including RPV and PCV temperatures, are monitored continuously 24 hours a day
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(2) Sea Area Monitoring Status

since the aceident
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i

T=PCO (3) Conceptional Diagram of Reactor Circulation Cooling

Pri tainment
Reactor building ;-VES"QZHF“SS; i # To stably cool the fuel debris, cooling
Spent fuel pool gty water is continuously recirculated into
Reactor pressure the PCV
- vassal (RPV) .

Inflow of ground water | . ; ' | Turbine

: Y= g . Drawn from well-points ete,
Approx. 310m*/day [l 1 building | Approx.40m3/day (Value in October)*

(Value in October)* || P 1911 : * 9/26-10/31

Cesium absorption apparatus

" SARRY D

Reactor cooling water Cooling by recirculating ] :
ADDFDX zoumarday cgghng water Added strantium ramoval function

Pump \‘D
. Approx. 550m*/day
. <
Treated water from multi-
nuclldtla removal Codlm g
equipment ooling water tan £ strantiuim-treated watar: Desalination
! Approx. 350m*/day

Stored valumf Lo . Z Stored volume
1,088,373 me S s, 80,335 m? t
(as of 14th November) | (a8 of 14th November) J

.*‘“

To priavant conlaminatad water from leaking from inside
the buildings, the water level difference between inside and
outside of buildings is maintained.

To curb the incraage of contaminated water which has been
increasing due to the inflow of groundwater ete., measures

L such as groundwatar bypass and sub-drain system, and the
Storage tani-m 1 operation of a frozen-soil wall (ICE WALL) have been taken,

Storage tanks ™
Remave ; =
r Reduced *1 Complalion af purification of Strantium-treated waler In flange-typa tanka
o, ﬁa rudlouut!:ra " strontium and cesium {Maummtar 11, 2018)
nucfor??lt?t’:::p Mul“'_l'\lm"dﬂ remaoval B *2 Complation of lranefer of traated water from multi-nuclide remaeval
equipment (ALPS) eguipment in lange-typs lanks (Mareh Z7th, 2018)
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Policy 1. Remove source of contamination

(1) Clean up contaminated water with Multi-nuclide removal equipment (ALPS)
2) Remove contaminated water in trenches (Underground tunnel with piping)
=(T)Completion of filtering highly contaminated water stored in tanks in May 2015

i2) Removal was completed in June 2015
Policy 2. |solate groundwater from contamination sources

f§? Pumping up groundwater through groundwater bypasses
&) Pumping up groundwater through subdrains (wells near buildings)
& Installation of frozen-soil impermeable wall (Ice Wall)

© Paving of site to curb permeation of rainwater into soil T sencime
=(3 Pumping up/Drainage operation being implemented (accumulated = e Wl

~ volume s approximately 512 thousand tons [ as of November 19th, 2019 ] )
) Pumping up/Purification and Drainage operation being implemented s
(809 thousand tons [ as of Nevember 18th, 2019 1)
5 Freeze work commenced in March 2016 and completed in September 2018
(& Paving was almost completed at the end of FY2015 (excluding Units 1-4

circumference and slope between Units 1-4 and the seaside area)

¥ lemporanly stored in tanks and relensed after TEPCO and & third-party organization
has confirmed thal the water quality has mel oparational targéts,

i E:Site pavin i ‘Ft‘mﬂtﬂﬂ: :”?\TM ik
Policy 3. Prevent leakage of paving Pumpsd up ) i R
contaminated water . Nt

L paliraTan
7) Ground improved with water glass

& Installation of sea-side impermeable walls

©) Augmentation of tanks
(replacement with welded tanks atc.) L , i
=(7) Ground improvement wark it T
was completed in March 2014 ]
{2 Closure of Seaside Impermeable Wall in October me%‘m’""

&) Ongoing (eompletion of purification of Strentium-treated water
in flange-type tanks(Novamber 17 2018))

B ub-drain

Mikeonnd impraoved with
Pumpid up P

ifrazan-soll wall (lce Wall) Hiirozen-soll wall {lce Wall)  ThSesside mpeme able wall
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(5) Multilayered countermeasures to reduce contaminated water generation

Multilayered countermeasures including frozen-soil Ice Wall and sub-drains etc. taken to control underground water level

The freeze work completed at the last unfrozen peint of the ice wall in Aug. 2017, Underground temperature will cantinue to be decline below
D°C in almast all areas, while on the mountainside, The water level difference between the inside and outside of the wall is keeping approx, 4-5
meters, It was confirmed that Multi-layered measures including ice-wall, sub-drains and paving etc. are keeping the groundwater level stable
and have contributed to the establishment of water-level management system to isolate the groundwater from the buildings. (The committee
held by METI in Mar, 2018 recagnized the effect of the ice wall}
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B Freezing plant ; Refrigerator
261kW and cooling tower (30
units) to lower the temperature
of antifreeze liquid (brine) to
around - 30 °C

B Length ; approxi.1,500m (whole
cireumferance)

Image showing how to block the inflow
of undargr'ound wnter |nt|:- Umts 1-4
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Frozen soil wall (Ice Wall)



u Effort

(Currently, approximately 90% of orders are fulfilled by negotiated contracts )
B TEPCO will continue to improve the work environment reflecting on the needs of workers.

Changes in the number of workers Improving the work environment

m Average number of workers (TEPCO employees and =Large rast housa which provide 1,200 workars
contractors) per weekday is 3,780 as of October . 2019. with spacious place to relax, began to operata
B The local amployment rafio | , 60O . on May 31,2015,
2019 Py Hede apprax 60% as of October =Fukushima revitalization meal service center,

which serva pround 2,000 het meals o doy

T e ——

' using ingredients from Fukushima prefecturs, . -
™ = was established on March 31 2015, Aulemalic driving EV bus
=15 /J B =Autornatle driving EV bus In April, 2018 was Introduced. The bus enable to move In
o --\__m the site of the woarkers with convenience effectively.
i — M 1
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Fukushima Revialzation Maeal
Survice Cenler (Dkurma Town)

Large rest houss lunch room {On-site)
Optimization of radioactive protective equipment
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ap towards the decommissioning (Fuel debris retrieval)

-TEFCG‘
Mllestane(main target pmcesms)ln the Mid-and-Long-Term Roadmap (revised in Sep.2017)
Nov,2013 (start of Unit 4 spent fuel remaoval)

Dec.2011 Apr2018 (start of Unit 3 spent fuel removal) Dec.2021 30 to 40 years aﬁe"v
| Stabilizing condition | Phase 1 ! A Phase 3 >
sAchieving eold uUntil start of spent fuel i Until complation of
shutdown removal (withi  2ymar) decommissioning
-Preventing leakage =
Fuel remaval from spent fuel poals 2 Rubble femaval on the ratiusling

Contaminated water managamant
DReduction of contaminated water generation to about 160m* ~day : Within 2020 DEtart of fuel removal from Unit1 : FY2023 (fargeled year)s 2 fbor commaricad in Jan, 2018

Al purified water by purification squipment ate, is stored in welding (5tart of fuel removal from Unitz : FY2023 (largeled year)
: Complation (March 27, 2019) (HStart of fuel remaval from Unil3 ; April 18, 2018

type lank f
Stagnant wator treatmont Fuel debris retricval
(D&eparatlon af the connacting part betwean Unita 1 and 2 and @Detarmination of fuel debria retdeval methods for the first implementing unit : FY2019
batween Units 3 and 4 ; Completion (September 13, 2018) (HStart of fuel debris retrleval at the first iImplemanting unit : Within 2021
(DReduction of radioactive materials in stagnant water in buildings up Waste management , i !
Technical prospacts conceming processing/dispasal palicies and thelr safety : Around FY2021

{o mboul ane tenth of the and of FY 2014 * 1
HGomplelion of traalment of slagnant water in bulldings : Within 2020+ 1
= | At the and of FY2014, the tnrget af ridusing Fidicagtiva matariale wa sat an ths asaumption that sontaminatad watsr

congentrations in each bulding were the same. However, pucording the progress of oontaminated water treatmant ligh Unit 2
fa Lrathons winrts detectid i o buldings, aod iU waa Gl 1o evaliite Wim. Thi treatiest of il
racionctive matarinin s prog v Tanitar than sehaduled and i [ teware laticn of cent ®  Tha investigation inside Ihe PCY was conducted in Jan, 2018, Deposile aseumed fo include
walsr trnatmand in buildings within 2030, funl dbris wera found at ihe botiom of the pedestal,
Investigation inside the PCV vessel = Tha Investigniion insde Ihe PGV was conduciad in February 13, 2010 in order 1s datermins
! ]D [_t 1 fhn sharactaristies (hardnass and fragllity) of depoaits. Deposits of ten [azatisne on (ke
I March 2017, the investigation was eonduicted to investigats the spreading f fusl debris to the pedestnl battom and ne platiorm wara fouchad by using Improved nvealigation device. As
i FaBult, we eonfirmed that pebbled deposits etc. of sevan lacations moved,

basamant cutside the padestal, A salf-propelled investigation device took Images of the FCV
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bottam status,
Unit 3
B The inside of the PCY
was investigated

Telmenping
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underwater vehicle in Jul,
2017,
®  Analysis of image data cbhiained
in the investigation identified
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! Route map for site visit

Tokyo Electric Power Company
Holding,Inc.

Fukushima Daiichi Nuclear Power Plant
(required time : approxi. 60min.)

Established Multi-nuclide remaoval facility(ALPS)
Additional Multi=nuclide removal faeility(ALPS)
Overview of 1 to 4 units

% Groundwater bypass
Unit 4 reactor building
Frozen—soil wall facility
Subdrain decontamination facility
Coastside facility
Emergency diesel generator 6B

0 Facility for incinerating miscellanasus selid
low=lavel wasta
Subdrain decontamination facility
Solid waste storage building No.9
Drycask storage facility
Main anti-earthquake building
Hi=parfotmance Multi-nuclide facility(ALPS)
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Corrosion Behavior of A106B Carbon Steel in Still Water
Environment after Decommissioning of Nuclear Power Plant

Wen-Feng Lu*, Jiunn-Yuan Huang

jyhuang@iner.gov.tw
=
1. To investigate the corrosion behavior of A106B carbon steel tubing in still water

environment after decommissioning of nuclear power plant.
2. To measure the corrosion rate of A106B carbon steel tubing in still water environment

L and prevent the leaking of decommissioned nuclear power plant. i

Experimental )

Table 1 Chemical composition of A 106 B

Content Fe C S Mn P 5 “r Ma Ni Cu ¥

Cald-drawn  Balonee (115 007 643 0015 0003 005 002 002 002 000

Hot-rolbed Balonce 0021 017 039 a3 pos 002 0 G0 0005 000

Figure 2 (a) Bafore corrosion test specimens and after corrosion specimen {b)
before deaning (c) after cleaning

® Cold-drawn (C) and hot-rolled (H) ALOG B tubing were used in this still water
corrosion test . The temperature was maintzined in 45 'C during the comosion
test.

® The lengths of the longest cracks at inner wall of as-received cold-drewn and
hot-rolled specimens were about 100 pm and 50 pm, respectively.

Figure 1 SEM metallographs of inner wall of the as-received (a) cold-drawn and (b}
hot-rolled specimens.

Cold-drawn Hot-relled
m § ST [
— Brawn anide Fe), g
| — Black coide Fe 0, Fe0,
*Feg0y @Fey0y
a, “af
400 0 am e
Fasan S, oo 2
Figure 5 Cross-sectional DM images of inner wall of the cold-drawn [a) 345 (b} 638
Figure 3 Raman analysis of Fe oxides produced during the corrosion test. {c) 1036 {d)1373 hours and hot-rolled (e} 345 (f} 698 [g] 1373 (h} 2040 hours.
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Figure 4 Weight loss of AL0G B specimen immersed at (a) the beginning of the test, Figure & IHustration of the weight loss behavior in A106 B specimens during the
\\ and (b) 1036 hours after the test. COImosion test. /

( # The experimental results show that the corrosion rates of A106 B in still water environment at 45 “C are divided into three stages.

# The corrosion rates of cold-drawn and hot-rolled A106 E in Stage 1 are 8.69 * 102 pm hr''and 9.75* 10°? ym hr?, and in stage 3, 2.47 * 107 ym hr?! and
2.91* 103 pm hrt, respectively. The corrosion rates in Stage 1 are higher than those in Stage 3 because the dissolved oxygen level was higher in Stage 1
and the Fe,0, oxide layer gradually formed in stage 3 during corrosion.

4 The A106 E in still water environment at 45 ‘C was uniformly corroded and pitting was not observed.




