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Development of the Corrosion Models for the Analysis of Candidate Materials
for Overpacks

*T. Shibata, **M. Seo, ***K.Sugimoto, ****T., Tsuru, *****H. Inoue
Abstract

A techpical committee was organized in Japan Society of Corrosion
Engineering to review and assess the study of overpacks in JNC.

The corrosion models for candidate materials for overpaks were developed in
terms of corrosion science to contribute the selection of material, establishment
of experimental methods and life prediction of overpacks.

It is expected that this report is used for the study of overpacks in the process
of the research and development of high-level radioactive waste disposal.

This work was performed by Japan Society of Corrosion Engineering (JSCE) under contract
with Japan Nuclear Cycle Development Institute.

JNC Liaison : Barrier Performance Group, Waste Isolation Research Division, Waste
Management and Fuel Cycle Research Center, Tokai Works
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BLAVBSEEERMLSBERARRBAOKRERRGICRIEZT
WESETRBMOHNE
EEx RmA"

TREAZAPRIEMAMEBIPER

1. #8

EONEICETEB L ALKSMEEEDLEELLE LT, #HT 1000 m LIEORL 4
BRICEEN)7LRATLERBELTASTEIHENEZOATVS, ZOHETIEK
SHEREROASABLGEANERAT Y LAERYX YR 4 —54——RNy H B8
ISURFA L =8, EREA Y 4 FOBEEHMORIZER TS, FCCoDA—N—Ry b
21375 AEHE R OB RO RS+ HET A ETORM. TR EHS
AELEDOEAZ T DBENRD S 5. ZOBEEAH RSN L FKIZ &
BA—N—RVIDBRICEUREZ LEZLNDZ O AHBETIZH T AEASTH
OFANEETHD. TLTHRED LA, EMRMETHS 2 &, HBRHEELNT
HICBhAZ L, SHIC/HBEEFEC LI VNETRERMETHhI S L L EQRIEN
BRFBEBT—N—RU O HHOBEHO 1 2ELTETONTNS, REHBEA—/—
Ry VHHICAN-ESITE, BRE. REMAEBTIEEEAY M4 FEDRER
BELTERMTRERFENERT I EICEYTTREAS b (FesOs) HERLTE
FHMEERAY bHA FORBISERB L., FhICHEVERESEBII S & TERYT
DRLESES,SEABAKICELL TV EEZ LMD, EXHSHESTHLS
KEBAY b+ FBRERICBEVWTREHEEMLETT R4 4 LTI

1.- 2HY+2~ — H, (KFEA A ERREE)

2. FesO4+8H'T+2e~ — 8Fe2 + 4H20 (BEETEM)
EVWI2BEDHYV—FRIENEEZLLEEZ OGN, COAYV—FRIBICE > THRFEHED
T/—FEEMEEShSZ I LEABESIATINS,

T RBETHBE LA~ — Ry S OBRZIMHT 2 -DIZIFLREOHYV— K
REGEIMHTACEREETHZ . T REA FEDAHY—FRBIZDVTIECAET
DHEBENS YT R A FEEIZ Cr0s, TiO2, MoO: i FEHEAEMT A &iz&k YA Y
~ FRBZIRTE DREENATEA TS, LA L, ZOMFIEEIZ DL TITSEH
SMTHEW, -, REHFICHEAFZREFIMLUCESEHEZERL, TOXRTIZHESE
EYMRREEBREEELETHY—FRIEFMH L LS & L-1BE, THOE,» S KiE
[CEATORMAROREYICLEZTITRIM4 PEEOESILEMEEDOELIZDL
TlE, FESH-> TR,



FITCHRARTHERT RS D Fes0s DR (2) IZEDETBEEINTH &M
Shho T BiEsEY MO, (M:Cr,Mo, TLALSVE S DEBTHEEZRML-ESE#HZ
ERL, COMOBESEEAY M4 MEfKD, BELTIEEDPIZETIKREBRIE
ERARBIELERANE L, ThHbhE, RAEEAY MA MERUKPTENEMZ SR
BT A EASHEMATIE—$ L LT FeaOs REAHESH. 5 UL0ME FesO4AUHEE
LI-BOBOHEEMDOHEEZALMITIONETHAROBNTHS. COHHIC FesO4
BEEZEHEIET, FTOREOHY— FETHEEZR~SER. BL U FesO.KEZD
H=REORMAOTHEL Z2HARIRRLBERBFTH LN, FETRELEL>TLR
WOT, ThiOVWTEHEEBRET S FETH S,

2. REBHE

2.1 =H#

AHFRTEHEH & LTH -y I ERHHORFESE (JIS G 3106,SM400B) ,#t
#k. B & UHRKIZ Cr. Mo, Ti. AL, Si#% 1 OBEEARICHS X I ICERFLIEIEE
BT A2 TCHELE-9BOESEBEFOFEDORETHL:, SHES 2~61X
FMEEORBAICLIFELRL-HOENMTHY . HHES 7~10 [FFESHFMIC
FEEEERRLEHTH D,

2.1.1 B |

SEICHAL-HRM (SM400B) OLEHRER2ITRT ., CORFRENH TS
A bENR~S4 FHASRHEIBERMAME L TOBERSEELTWS. RITANWDIKRRET
% ¢ 40 % 2mm DPAWHBTHY. Ch&Y T7 A 2N YA —T 26x 15X 2mm DAE &
OFEFICHYHL TR,

2.1.2 HBBIVESERAOHER

MBS VEARME. K3 ICEFRARER LHSERESR ) BELUR4
ICERERERLEBASERBELTR | OBRERICER L5 CRELEL0Z
ERBEBRFT 10 Torr A —4—QRZETHB L%, ¢17mm X 7T0mm OREIC
BRATCILISE>THRLE, EO®, BE Tmm £T 1000°CTRAEEETL. &
SICARMEERICK>TEE 2mm ORICMI L, EERI 74 Ay 2—ITkY 25
X 15X 2mm DR ESORFITY Y H L HEZRERIZ$H1T 123K T 1800s M.
FAOEHTRILEET o1z, BH. EETMAOEMIE. BHES 10 ZRVT, kKE
SHORRBEENDEETREMEICILDSTHS,



2.1.3 ICP RS

EB LI-ESSMOMBLIL ICP %D HDH (ICP—AES : 4 3—BFIT 24
S35, SPS1200A) ITKYREL. BohiHHBERER S5 ISR L, ARETHER
LA-EE&MIS0BENENTEORECEATEISMEL ., 1 BEOBKTILE
MTFEEROAMTERBFITTS S EMNTERVESD, BRBRISFMTRMTH L85
A 2BELRAV:. RNTRISFTHORHBRE, Y1B# 0.5 ¢ % 30ml @ 5kmol -
m3HCl , LU Iml @ 9kmol * m3HNOs F CTHE L., TOERAEPIZSiNERF L
TWHLDEENIZESIZ 46%HF % 10ml A TREISERSE-%. BBKEMR
T 1000ml & L=t DZERALV:, T, KOTHORBBRITEDFEMTRSTAD
AEBEE 2ml Y, BHEKTHOFIERLE-LOERAV,

2.2 BESRErAIE

R L-BSEHOBERILEMNEHERARILOICHELL V— FHBRAEZIT-
T=o BRERICIE, BEAD M4 MMEMIK (5.72mol - m 3 NaxS0;+8.86 mol - m ™3
NaHCO:E& K. pH8.3) & 0.1kmol - m3HCl ZFL =, EEA L b4 REAK
DI b F A FIZ 100 BREER S B KO 2 #HE (SO,2% : 550ppm. HCOs :
540ppm. Na* : 460ppm) FHHIZTLTRE LT, 0.1kmol - m3HCL X, E&EHEHD
KERELBLHARICHRDHICAN:-, F=, ERAEZEDAn—/IL+KOH BE
BREAMINIL AT UEIFREFBLTEE LI Ne HRXFRERIC 3600s L EERY
2IETHA L, AIRPEAMLy I REOHEBELRBE N2 THZL, ILEE
BEFRICANDZEIZEYEBER 25°CITE -1,

REZEICEARF O a3AR% v b (RBHAREER model 6600) TRV, WMBIZEB
£k, BAEEICIZE—15EEES (Ag/AgCl-3.83kmol - m-3) Z#HL V-, AR TIE
BHISHEL T OBEBREETTET,

SHEBBIEETIMNESE L TEMOME#E#150 i 5 #1500 £ TOMKHFERKIZK
DERE AT o RICEERLUNZF TR FRERGERITHE L THERSETEN
HOE/RARNLSF—ICEAFEL. SSICETOLALERBEUNE PTFE 7~ &85 741
DTHELE-LOERW=,

BEEHROICEHEREZEARDITERSAKREIZ300s RETAHALTERENE
REL, TOBRBREMELY 0.0V BELELA, SEMETEE 3.8X10V-s THY—
FaBEITo 1,

3. XBRABIUSBE
3.1 BEAMAYV— FoEHROEE



3.1.1 BHIEEAY A MERMKRICETHHYV— FoEdR

REIEBEA Y b MEMKPICETE 2HAREASMAOH Y — FABHEEZR 1
2. ¥ 6 HORBESHAOHV— FOBHEBRER 21277, 1 B8LUVE2 &VYE
REEN 0.1~1A - m2DEETKRREHOFI~T T VEHEFRT L hHA 5, B
3 (a). (WNZEZ—T T LEFZRITHBAOERRETT, KERERGEEHORER
BOESFIFLRFICL-TEEETZHTOLT VLD THLA-OBRVPETT S &
LHHH,. B 1~3 &Y, BERFEMTiE Al. Cr. Si. Ti DFEMAKRREEREOHH
[CEHTHD, EEFENTIE, 0.5%XI(E 1%D Cr. Mo, Si. Al, Ti ORIEFFNNEN
BHTHD, BH. REHE (SM400B) OAFBEFL., fiFe BLUEHL-EESE
oTho &UPhSLy,

3.1.2 0.1kmol - mBHCLIZE(T5HH YV — FHiEdRER

0.1kmol - m3HCL IZH17 % 2 HHRESEHEDH Y — FHEHRER 4 12, £/ 6
BAZRESSEAOA Y~ P EHEFE 5 I25RT. B4 B8LURHS5 LYEREEHN 1
~10A - m? DEE TKBERELOS— TN EBERT DM, RIAEEAY
o MERKGORERBRIZEG6 (a), DISKBEREOS—T7 T LEBERTHIO
BAEERT., COBEE. NV b oA MEKO & E LRIKRIC, B 4~6 & U BT
ITiE Cr, Al, Si OFMAKEREREOMFHEMTH S, Fiz, KFHFMSM400B)
(£ 0.1kmol - m3HCl P CEHEEAELNEEZ 5D, HEHMIE 0.5%0 Cr, Mo,
Si. Al Ti ORBAHENTH S,

4. F&H

1. REEERAY M MEMKDP TIE, FelZ Al, Cr, Si. Ti #FMT 3 &KkFRE
RIEHBEMICIEITE S, T, EEHMTE 0.5%XIE 1%D Cr, Mo, Si, Al,
Ti ORBEFMNAKFRERGOMBICERTH S,

2. 0.1kmol - m3¥HC] Tl Fe [T Al, Cr, Si #&FNT 2 LARRERIGHTHEMNIC
MRlTED, £, H5ENTE 0.5%DRAFREMNICKEYKFERERKITEEIZHE
BITWF S B,

5. SROAH

1. BEEHF# % 5 x104%kmol - m3NaOH $IZH VT 523K, 10h D4 TEEM
BY L LICLYREICRERIEED FesCs 2S5,

2. KEREADBEASSRAEEEAY b4 MMEfKE LT 0.1kmol - m3HCI hTE
BMAY— FABRTEETL. 0O FesOREDETEEZHLMT S,



3. BNV A FB &V 0.1kmol - m3HC] PITENTROESSEE L CRIER
BEOVESEHMOREARERBRETV. FNL-2EOBEL L UCESFNATHE
BICEDE S GREERIFTHEELHICT B,



= 1 ERICBAWNV-E#H

ANES AE / wth
0 RES (JIS G 3600, SM400B)
1 Pure Fe
2 Fe—0. 5%Cr
3 Fe—0. 5%lMo
4 Fe—0.5%Al
5 Fe—0. 5%Si
6 Fe—0.5%Ti
7 Fe—0.1%6Cr—0. 19Mo—0. 19%Si —0. 19%A| —0. 1%Ti
8 Fe—0.5%Cr —0. 5%Mo—0.5%Si —0. 5%A| —0. 19%Ti
9 Fe—0. 5%Cr —0. 5%Mo—0. 5%Si —0. 59%A| —0. 5%T1
10 Fe—19Cr—19%Mo—19%Si —1%A1 —196Ti




%2 HESEWIS G 3106, SWA00B (FEt#74M)) oIk Le4R B

{eesERE / wi%

C Si fin P S
0.12 0.15 0.65 0.02 0.04

®3 PIEKOLFEER

4Bk / ppm

G P S Si Mn Cu As Sn B N 0
8 <10 1 4 9 7 1 6 12
H Al Bi Cd Co Cr Ni Pb Sbh Zn
2 2 1 <0.1 2 4 3 1 1 1




F4 HREEOEFERK

LM/ wt%

Cr Mo Si Al Ti C P S Cu
ERFZE?zO20L (BIMEI (¥ %) | 63.5 — 0.53 —_ — 10.04010.023]0.003 | 0.24
ExFZF72zO0E)ITY KBS &) #R)| — [61.06) — — — 0.03 { 0.02 { 0.04 | -
ZxRAYYar (BFREEIZ () ®) —_ — 76.4 — —_ 0.040 1 0.028 | 0.003 —
ZxzO7ILS (hif () ) | — — 0.1 |49.056| — — — — —
ZTAFREY (EHF2 =L (B) 8) e o 0.02 | 0.04 | 43.1 | 0.08 | 0.01 0.01 | 0.02




£5 FRLE-ESEHOHEBIHHER

AHES BHiZsHRK / wt% RSO (ICP-AES) / wt%

Cr Mo Si Al Ti
2 Fe—0.5%Cr 0. 45 - - — -
3 Fe—0. 5%Mo - 0. 51 — - -
4 Fe—0.59%Si - - 0. 44 - —
5 Fe—0. 5%Al —_ — — 0.47 —
6 Fe—0.5%Ti - — - - 0. 40
7 Fe—0. 19%Cr—0. 196Mo~—0. 196Si —0. 196A1 —0. 19%Ti 0.07 0.10 0.05 0.08 0.10
8 Fe—0.5%Cr —0. 5%Mo—0. 59%6Si —0. 59%A1 —0. 19%Ti 0.45 0. 48 0.44 0.45 0.10
9 Fe—0.5%Cr —0. 5%Mo—0. 5%Si —0. 59%AI| —0. 5%Ti 0.48 0. 51 0.48 0. 47 0.53
10 0. 66 0.98 0.95 0.95 1.00

Fe—196Cr —19%Mo—19%Si —196Al —19%Ti




77T

] E : 298K
EEEE - 3.8x10 /s

B O EERAY A MERK

--------

--------

i 5 R
pure Fe
Fe-0. 5%Cr
Fe-0. b%lo
Fe-0. 5%Si
Fe-0. 5%Al
Fe-0. 5%Ti

i/ A-m?

I *
2 10

0.01 .

E / V vs. Ag/AgCl (3. 33kmo! - m™ KCI)

A N g L 18 .
-1.1 -1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4



10 Py

--------

........

oo ¥

pure Fe

Fe-0. 1%Cr, Mo, Si, Al, Ti
Fe—0. 5%Cr, Mo, Si, A[-0. 1%Ti
Fe-0. b%Cr, Mo, Si, Al, Ti
Fe-1%Cr, Mo, Si, Al, Ti

i/ A-m?

EEERE

L pkE (ES () \Q

o EERAY A MERK
B - 298K

3.8%x10 /s

0. 01 I 1 [ il
T 10 0.9 0.8 0.7 -0.6 0.5 0.4
F /N vs. Ag/AgCI (3. 33kmol = m™ KCI)
2 6FEAREAGHADEE L M+
EfAKPlcBlTsAY— FoiEM#R



-------

o 47
pure Fe
Fe—0. 5%Cr
Fe-0. b%Mo
Fe-0. 5%Si
Fe-0. 5%A|
Fe-0. 5%Ti

i/ A-m?

e, ';’u
[ B M BEEARY R MERK AN
R B 208K DAL

AR 3.8%x107 /s
): | f ! [ ]

0. 1 bmss -
~1.00 -0. 95

E / V vs. Ag/AgCl (3. 33kmo!l = m™ KCI)
(a)

-0. 85

Joog 25
pure Fe
Fe-0.1%Cr, Mo, Si, AI, T
Fe-0. 5%Cr, Mo, Si, Al-0
Fe-0.5%Cr, Mo, Si, Al, T
Fe-1%Cr, Mo, Si, Al, Ti

)
1%Ti |l
|

i/ A-m?

[ Eah
WM BB R MERDK.
m B 298K %
EEERE : 3.8% 10l_4V/s ,
-1.00 -0.95 -0. 85
E / V vs.Ag/AgCl (3. 33kmo! = m™° KCI)

(b)




100 r ; :

L |— KRR
~== pUre Fe
........ Fe—0_5%cr -
........ Fe—0_5%MO
- = Fe-0. 5%Si 1
-« Fe—0. b%Al
== Fe-0. 5%Ti
10 :
. i
_ - -
< =
~~.

KR (R 6 (a)

B % - 0. 1kmo! - m HCI
pd BE . 298K
EEEE - 3.8x10" /s

0 1 g 1 2 i : I
-1.2 -1.0 -0.8 -0.6 -0.4

F / V vs. Ag/AgCl (3. 33kmol - m™ KCI)

B4 2HRRESS ﬁoo 1kmo! = m °HC | &h
28115 H Y — FariEshs



100 : | A £ ¥ i
\ ‘l
VN
O
\
10 =
o
E
=
~ /V
#EKE (& 6 (b)) »
L ® 0 twol -wHCl - S
N ] FE - 298K Es ]
FEEEE : 3.8x107%/s 1H
— R i
~— pure Fe £y
-------- Fe-0. 1%Cr, Mo, Si, Al, Ti 5
-------- Fe-0. 5%Cr, Mo, Si, Al-0. 1%Ti 1
- = Fe-0. 5%Cr, Mo, Si, Al, Ti s )
- - Fe-1%Cr, Mo, Si, Al, Ti H
)
0. 1 SRR |
1.9 -1.0 0.8 -0.6 0.4

B5 6MSREASHDO. 1kmo!l - m°HCI b
28158 Y— KoiEhE

£/ V vs. Ag/AgCl (3. 33kmol = m~ KCI)



10 L T, I o8 | TR
: . 4 R\?ﬁ‘
N f [ — k%S
l == plire Fe
;E ....... Fe_g_ g%gr
....... e=0. 5%Mo
= = = Fe~0.5%Si q |
~ -~ Fe-0.5%Al %
- mmese Fe-O. S%Tl ':’=.
DY i
] -3 \:":‘-.. g
B  # :0.1kmol - m "HCI 1
B B 208K AV
SEEEE : 3.8x10 /s :\ "‘%
'i ] ] | ] i A i A A i B B A ] *; [ ‘.‘s B
-0.70 -0. 65 -0. 60 -0. 55 -0. 50
E / V vs.Ag/AgCi (3. 33kmol = m™ KCI)
(a)
10 I T . | »,F:.%u T
- WoooE
. N "..".-
% .,
b \
o ~ LN
? " \\ N
o LB 0. Tkmol + m PHCESY
~ 55. E : 298K s N '-.." :
“— FEEEE :3.8x10 V/s o
— RERH
=== pure Fe
------- Fe-0. 1%Cr, Mo, Si, Al, Ti
------- Fe—0. 5%Cr, Mo, Si, Al-0. 1%Ti
== Fe-0. 5%Cr, Mo, Si, Al, Ti
=« Fe-1%Cr, Mo, Si, Al Ti

-0.70 -0. 65 -0. 60 ~-0. 55 -0.50

E/ N vs.Ag/Agcl((s). 33kmo!| - m~> KCI)
b

(a) 2R RESEHE (D) 6 O RESEMD

0. 1kmo! = m3HCIIZBI1+2H v — Ryt
Ve XE

B 6



RRMMEHINWNZ w I RBEBITY TR A bR ERET HKED
H/NBIRIC K D HRH |

AeiEE R AP TERAER
WEERE, RRLE

1. %

[}

BT, FRE LT ORSERNTESEBASNET 25 A bl
NZwIRNEEETDE, TR MO RFBFIHIND y VERSTN, kE
HOBEVPMAEI NI ENBEINTNWS 7P, ZOFAMEREONY - KRG &
LT, (DRTFRIA MCEBKOBRERIE, (2)XT7X5 A4 FPESFOEILKIG, &
BWE(3)1 L2 DBRERIGATFEINS., FIEEORSE YT, HKLAZ 01 M
Na,SO, /kiE# (pH 5.8), $5WX 0.5 M NaCl K (pH 5.6) &, BfEms</
FIA BERBRADHNNy VMR OANNy VEREZRET B EEDIT,
BNEBBERAWTR IR 1 MRS RETHIRBORUERS, TT7RF1 MNkD
KOBRRIG (KERERIES) OBERDBESRY 50%THHZ&E2RLE . EWMET
i, L0EW pH OBBEPTHINZy IMNEERL, KEREOERDEEHRN,
WNEBEZAVWDSFHEEOEEEZEREALL, ok, EEERLEEBE
(SECM) ZRWTHANINZ v I/ NERRLERBEBLEITRI 1 b EOKER
ENmERELT.

2. ERAk
BEgERT TRy b, RFEH (SMA00B) BLURAEL BiFE :99.99%) 2HEE



BicHWE, XT3 Y A PBITREHDOHEEZE Table 1 177, HBEEIL, BE
OB}, BLIUOHEOEEREET>THS, THRFIHIRICHDASL, —EH
7 (0.02, 0.12, 0.25, 0.49 cm?) OBEESEHT HE S ICHEZBRKHIZ 3um
DT NI THEBREZERLUTNTHEL .,

?ﬁ*ﬁ%b&ﬁﬁ%@ﬁwﬁ:vbﬁﬁ@,%mEY»ﬁyﬁZTMﬁbEOJ
M Na,S0, (H,80,ZMAWT pH 3.3 5 Wi pH4.4 I[Z3H%) KIFKP, EEHER
it (HM-104 : 338 T) #RHWTHIE L=, Fig. 1 a) ITHINZy 7 EREBIEIC
AWirEBEOHEBREZTRT., MNEBERAWEERICH, Fig. 1 b) KRTEEZME
AL, #/AERICE, B8 S0um OBEBRENSAFrESY—IZHAL, TO
EMERELAZHOERWE, MAEER, VI ILRENUTRBER (77
31 MBLUBEHSER OPRELES, 100um OHNBEIREEL Z. R LEKE
K, REEBEEBRIY — E9ET3 LRAKICHB/NEBEOYI V) v RN >
ARU— (CV), B2VWAMNBBOEEMNIBET>%. CV JETHE, #NEE
DEME 100mV s OFERETHEIL 2. —F4, WNEBOEEMSEIL, 0.3V (SHE)
Tfiofk. B8, ETORRIIBVWTAREBEER, HSAEEZAWTHREL, BR
EHCEMET NIRRT EICLDBRRL .

Fig. 2 a) DX ICREFHET TR A FERBESETIRFIHEBICED I AL
BEEEML, EEESBHTAXSICHEZERERNIC 3um OFT NI IHEAZE
AUTNTHEL. BER 100m OHSM/NEEEZ 70— TEEICANWT, #B-7
O—7EBHEEREZH 0emIZRBRNE, LT 20044 TSECM 8 8£1To7.
723, SECM D¥EBEMBERIL Fig. 2b) TR
1) B&R U7 0.03 M K,Fe(CN); 8% pH8.4 RYBE/KBARPICHNMNZ y V%
BRLAENT, Bz8fLE. ZOoRMEELEZEEMSE (B, = 1.2 V (SHE))
Lie7n—7E8BeAWTEE L. EEMEMIT x #85MIZ 2500 um, v AR



1000 pm, FEEHIAIE xBAHMTSum, vyEFRT 10um &LK,

2) & U7z pH3.3 @ 0.1 M Na,SO, KEHHR, HINZw I/MNERREIELRES
LRWRBICZENTN 4 ks /5, BREEHL2EEMVSE (B, = 0.3 V (SHE) L
7o—-TEBERWTEELE, TO—T7BROEER x @AM 1 KTLEL, 5 u

m A& T 2500 um OEETIT-o 7,

3. BRBIUER

3. 1. pH3.3BXWpH 4.4 D 0.1 M Na,SO, KIEHB TOHIINZ w 7 ST

Bi& L7 pH 3.3 @ 0.1 M Na,SO, KK, Y7351 FERBHEOHINNZ v
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FECHNIN =y 7 BRVFRND. Fig. 3b) ITIXHIVINZ w 7 S REFEIAHRET 128
ks (35 BffEl) BOERBHRET /XYM FOBEEEEOBEHKERLEZ, WENL
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3. 2. HNN=w IRBEFICRET SKBORNERIZ L DRI
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4 FERBEERREO LEFICASMNEREREL, RBEBEZEERLY —F2
L& ERESNMNERO CV BIRE2 TN TN Fig. 4 BLU B ITFRT. HS,
BEUORTRIAMOEBLIIBVTD, AV—FER i OBz EHRW, #Uh
BED CV #IIIY /— RERAICS 7 M 3aRA5N5., ZHEHABEETR
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Fig. 4 T, 7 /— FAMIHMNERZEMRSI LZBD 0.3 V (SHE)E BV —FF
EHZHBUNBREBARSI LB O 0.0V (SHENI BT 5 HM/NEBOHELERKAL (=
LG) - 10, Nw 7 75T FEELIWEE ERBEROEEE2ENEN Fig. 6a)
BLU W) ITRT, X/, Fig. 5 T, 7/ —EBLUHYV— FEABICH/NEEREE
MRESILZEO 0.3 V (SHEX BT 2M/NEBORELERAL AR EROEGE
TNEN Fig. 7 a) BEV b) TRT, BLEBREZRABER L L THWEES, M/
BEETREENE AV - PGB ETKERERETH DT, Fig. 6 BXUK 7 i
BN EBERDOE AL, (magnetite)/ Al platinum) &, Y7/ %% BT
BIHKBRERICOERDBIZHYUT S, pH 3.3 OBE T Fig. 6 HDEKERE
&I, |i| = 8 pAcm? TEIF100% THDZ LARBENS, A, pH4.4
OBEWICBITDABRERIL, Fig.7a) HEK20% T, Fig. 7b) #5800 % T
BB, COFETRKDONZKEREDRICE, WINEBOBURSIICL2EENE
xINs,

Fig. 8 13, & L7 pH 3.3 ® 0.1 M Na,SO, KiEEH, ALIHd3NET I I+
FABIEEPREOEFICASMNEBLERBL, REEEEEERIV —ROEL
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REIEROBEGEZZTNEN Fig. 9 a) BLUD) IZRT. pH 3.3 BLY pH 4.4 OFE
W, KERERITEBICH 50 % LMD IENTRIND, IOMIT, FEHRE
L7z pH 5.8 OBEP TOEFRZIER (F50%) LRAKTH B,
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Fig. 10 b) &, BRA L7 0.03 M K,Fe(CN); &% pH8.4 RUBEKERY, =
ANF VBRI CAKREHE S BER T 72y 1 B (Fig. 10a) 28) O SECM
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T, AT OBEBETTREA positive feedback 125728, KERIO—TBRENE
s,

Fe(CN)¢*™ — FelCN)e + e (Fo—7EH)

Fe(CN)¢* + & — Fe(CN)¢* (REFDDNETTRIA M)
RS U7 pH 3.3 @ 0.1 M Na,SO, 7KiF#EH, Fig. 10 b) FOEB TR LD
ek, EEMOE (B, = 0.3V (SHE) LE7/O0—7EBEZEELTHSNTO
—T7ERIO7 7 )% Fig. 10 o) IZRT. RFEHE LTI, TN 7 MR
KEERRLD DO -—TRBREBETEAS TS, Zhicl, v 72 F 1 b ETI,
ANNRZy It BRT2RALEBIITO-TEBRIEML, 1 h BEEHEK
L7z, b, ZOTO-TERIIEE, HNNZv IWERRICTEILICEDD
ERRol, RIFRIA bLicBI ST n—T7EROEME, Ny IRERIC
Lo TIXTFFA PNERELEKBEORIERIBICEDDDOTHS, —F, REAMI
77— B nsoi, REFSETOKEREINFZH, To—-—TERIIET
BPTEHDEEALNS,

4. ¥&D

&Lz 0.1 M Na,SO, (pH 3.3 BXU 4.4) KBERY, BERTITRI1 MR
REOANNZ Y UREHRT B L, ITRIA MPOSRFBHEIHNVNZ y JBRS
fidice HWNZ vV BEREEOEEEITTNEN, 6.4 BEL 4.7 A cm™® TH
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Table.1 Chemical composition of magnetite and carbon steel.

(mass%)

- Magnetite Mg Al Ti \' Fe
004 0.02 007 0.30 bal.
Carbon steel C Si Mn P S Fe

(SM400B) 0.14 0.19 1.02 0011 0.001 bal.
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Fig. 1 Schematic diagram of apparatus used for a) measurement of coupling current
and b) voltammetry of the microelectrode.
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Fig. 3 a) Time-variation of coupling current, I ., flowed

through the magnetite electrode with an area of 0.25 cm”

in deaerated 0.1 mol dm™ Na,SO, (pH 3.3) solution.
b) Relation between steady-state coupling current, Lq,pie, 160ks:

and area, Sp,,onerite> Of Magnetite electrode coupled with the

carbon steel electrode with an area of 0.25 cm>.
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Fig. 6 Relation between specimen electrode current,
1, and normalized probe electrode current, AIp, n
Na,SO, solution of pH 3.3 when the probe electrode was

polarized at a) 0.3 V in anodic sweep and b) 0.0 V (SHE)
in anodic sweep in Fig. 4.

AL, = T(i)) - 1(0).
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Fig.7 Relation between specimen electrode current,
i, and normalized probe electrode current, AI in
Na2804 solution of pH 4.4 when the probe electrode was

polarlzed at 0. 3 V (SHE) in a) anodic and b) cathodic
sweeps in Fig.

AL =1(i) - 19(0)
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Fig. 8 Time variation of the probe electrode current, I, when
the specimen electrode of platinum or magnetite was polarized

galvanostatically at i, in Na,SO, solution of pH 3.3.

The probe electrode was hold above the specimen electrode with
a distance of 100 um.
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Fig. 9 Relation between specimen electrode current,
is, and normalized probe electrode current, AIP, when

the probe electrode was polarized at 0.3 V (SHE) in
Na,SO, solutions of a) pH 3.3 and b) pH 4.4.

AL =1 (i) - L0).
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J— FEHRMNENBEZ ENELMICE o f. —F, [CO21=0.1Tkmol*m*(& 4)DIHE
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#1 SM400BiR &N ILF M (Mmass%)

C Si Mn P S

0.13 019 069 0.011 0.007




R2 REAKRDOHEA(kmol-m3)
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0.075 0.025
0~sat.{(3.1)
0.05 0.05
0 0.1
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Mechanism of hydrogen evolution reaction on iron and magnetite
in neutral solutions.

Muhammed Rostom Ali’, Aya Araoka, Atsushi Nishikata and Tooru Tsuru*
Department of Metallurgy and Ceramics Science, Tokyo Institute of Technology,
2-12-1 O-okayama, Meguro-ku, Tokyo 152-8552 Japan

Abstract

The mechanism of the hydrogen evolution reaction in 0.05M Na;B407 — 0.1M H3BOs
solutions in the pH range between 7.19 and 9.4 have been investigated on iron and
magnetite electrodes using potential sweep technique. Tafel slopes and the exchange
current densities for the hydrogen evolution reaction on iron and magnetite electrodes
are 120 mV/dec and 2.2x 10 Acm™, and 46 mV/dec and 3.6x 10" Acm™ respectively.
Linear Tafel behavior has been observed in all cases. The analysis of the results
suggests that the reaction proceeds on iron via Volmer-Tafel mechanism in which the
first reaction must be the rate-determining step (rds). In the case of magnetite electrode,
the reaction proceeds via Volmer-Heyrovsky mechanism in which the second reaction
must be the rds.

Keywords: mechanism; hydrogen evolution reaction; iron; magnetite; Tafel plots.
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1. Introduction

The rate of corrosion of the base metals in aqueous solutions is controlled by
the cathodic reaction. In the absence of dissolved oxygen, the hydrogen evolution
reaction (HER) (most probable cathodic reaction) plays a dominant role in the theory of
the corrosion of base metals in acidic, neutral and alkaline mediums [1]. Therefore,
the determination of the HER mechanism on iron and magnetite (Fe;04) electrodes is of
more than academic interest in view of the practical importance of this reaction in
respect to the corrosion behavior of iron.

It is well established that in general the HER on metal electrodes [1-8] in
alkaline media involves an initial discharge of a water molecule on a site at the surface
{Volmer reaction namely);

M + HO + ¢ o MHq + OH. ()

This is followed by either an electrochemical desorption (Heyrovski reaction);




MHg + HO + e o« M + H + OH, (2
or by a chemical desorption (Tafel reaction);

M-Hys < 2M  + H,, (3)
with any of the three reactions being the rate determining step (rds).

Bockris and Koch [9] concluded from studies of the comparative rates of
hydrogen and deuterium evolution on iron cathodes that the rate-determining step is
slow discharge. Later Devanathan and Stachurski [10] studied the HER mechanism on
iron in acid solutions by determining of permeation rates. They concluded that the
reaction occurs by Volmer-Tafel mechanism with the first reaction being the rds at low
overpotential, and Volmer-Heyrovski mechanism with the last reaction being the rds at
high overpotential (>600 mV). Frumkin [11] also found the same mechanisms for the
HER.

In this paper the mechanism of hydrogen evolution reaction have been
investigated on iron and magnetite in neutral solution, and the results of the work are
reported here.

2. Experimental procedure
2.1 Working electrodes

All the experiments were carried out using a pure iron electrode (99.95%) in
the form of rod (diameter 9 mm), with an exposed area of 0.71 cm? and a crystalline
magnetite electrode in the form of cubic (length 5 mm), with an exposed area of 0.25
cm’. Both the electrodes were coated, thickness is about 8 mm, with epoxy resine
except the exposed area after soldering with a copper lead wire.

Before each experiment the electrodes were polished with emery paper starting
with 200 grit and finishing with 2000 grit and washed with ultrasonic cleaning in
doubly distilled water.

2.2 Cell and electrolytes

A single compartment cells with a standard three-electrode configuration was
used in the present study. The electrolytic cell was made of Pyrex glass of about 70 cm’.
Platinum sheet of about 5 cm® geometrical area was used as counter electrode. The
reference electrode was a saturated KCI/AgCl/Ag electrode (SSE). All the potentials
measured in this paper are referred to this SSE reference electrode.

' Sodium tetraborate (Na,B407.10H,0) and boric acid (H;BOs;) solutions of
concentration 0.05M and 0.1M respectively were prepared separately from AR chemicals
and doubly distilled water. - Two solutions were mixed together in suitable amount to give
the desired pH of 7.19 and 8.4. The pH of the 0.05M Na,B;O, solution is 9.4. The
electrolytes were deacrated with purified argon previous to the elecirochemical



measurements.

2.3 Electrochemical instrumentation

The cathodic polarization and cyclic voltammograms of the HER at the iron and
magnetite electrodes were measured by potential sweep method using a Hokuto Denko
HAB-151 potentio/galvanostat, Tokyo, Japan equipped with a potential sweeper and the
data’s were recorded on a F-35 X-Y recorder, Riken Denshi Co. Ltd., Tokyo, Japan. All
the experiments with the electrolytes were carried out int an argon atmosphere and at room
temperature (298 K).

4, Results
4.1 Cyclic voltammetry
Cyclic voltammograms, obtained on pure iron and magnetite electrodes in
deaerated 0.05M Na,B40; solution of pH 9.4, are shown in Fig. 1. The potential was swept
cathodically at 1 mV s” from the open circuit rest potential (Eres:) up to —1.08 V for iron
and —1.18 V for magnetite and then reversed to —0.61 V for iron (dotted line), and -0.38 V
for magnetite (full line). The second sweep of the voltammogram for magnetite electrode
(bold line) in the same solution was also carried out after holding 1 hr at —0.40 V. The
cathodic and anodic potential range for the second sweep was ~1.164 V and -037 V
respectively. The rest potential for iron and magpetite in deaerated 0.05M Na;B4O;
solution is ~0.71 V and —0.07 V respectively. In the first cycle, a rapid increase of the
“cathodic current was observed at about —0.90 V for iron and -1.06 V for magnetite
electrodes, A very small increase of the cathodic current was also observed for magnetite
electrode at about —0.35 V. The total electricity charge for this cathodic current was 5 mC.
However in the second cycle, one more cathodic wave (first cathodic wave) with a peak
potential of -0.97 V was observed before the cathodic wave of hydrogen evolution.
On the other hand, when the reverse potential sweep is made progressively more
noble than the equilibrium potential of hydrogen (E°qy+ {H, ) and iron (E°pe?* /Fe ) then
the increase in anodic current was observed.

3.2 Tufel polts _

The IR-corrected Tafel plots for the HER on iron and magnetite electrodes in
deaerated 0.05M Na,B,0; — 0.1M H3BO; electrolytes of different pH are shown in Figs. 2
and 3. Linear Tafel behavior was observed in all cases, It was found that the overpotential
for the HER on iron is low and magnetite is high. The corresponding kinetic parameters
(Tafel slope, b = 0 E/dlog f the exchange current density, and log i) for the HER on iron
and magnetite electrodes in different electrolytes are presented in Table 1. The values of
the exchange current density (i,) were obtained by extrapolation to n = 0 of the linear



portion of the curves in Figs. 2 and 3. It is interesting to note that the i, for the HER at the
iron electrode is very high than that of magnetite electrode.

Figure 4 also shows the Tafel plot of the second cathodic polarization at the
magnetite electrode in deaerated 0.05M Na;B4O7 solution. The Tafel slope for the first
cathodic wave is 70 mV/dec and for the second cathodic wave is 122 mV/dec. Hydrogen
evolution was not observed at the first cathodic wave of the polarization.

3.3 Electrochemical reaction orders

The electrochemical reaction order with respect to concentration of the
component can be obtained by the following equation[l]:

(0logi./0 log Ci)e = Dicath. 4)
Figure 5 shows the variation, (0 log i./8 pH)g-.1v, of the current density with respect fo
the pH of the electrolytes. The values of current density, i, for different electrolyte were
obtained from the linear portion of the curves in Figs. 2 and 3 at a constant potential (E
= -1.0 V). The slope of the plot is —0.16 for iron and -0.75 for magnetite electrodes,
which indicating that the electrochemical reaction order for the HER on iron is 0.16 ~ 0,
and on magnetite is 0.75 =~ 1.

3.4 Exchange current densities for HER on iron and magnetite

Figure 6 shows the variation, (@ log i, / & pH)gon+n, of the exchange current
density (i) with respect to the pH of the electrolytes for the determination of transfer
coefficient, B. The value of 3 for the HER -can be obtained from the slope of log i, vs. pH
curves, which is 0.31 for iron and 0.38 for magnetite electrodes.

4, Discussion
4.1 Cyclic voltammetry

Hydrogen evolution was observed at the iron and magnetite electrodes at the time
of rapid increase of the cathodic current in deaerated sotutions. The rapid increase of this
cathodic current in the first cycle of the voltammogram (Fig.1) at —0.9 V for iron and —1.06
V for magnetite electrodes is attributed to the evolution of hydrogen from water by the
following general reaction [1]:

2HO + 22 — H; + 20H. (5)
However in repolarization (second cycle of cathodic polarization) in the same electrolyte,
two cathodic waves were observed at the magnetite electrode. This type of behavior was
not observed in the electrolytes of pH 7.19 and 8.4. Hydrogen evolution was observed in
the second cathodic wave, and was not observed in the first cathodic wave. The Tafel slope
(Fig. 4) for the first cathodic wave is 70 mV/dec. However, the Tafel slope for the second
cathodic wave is 122 mV/dec, which is similar to the Tafel slope of the HER at the iron



electrode. This suggests that iron deposited onto the magnetite surface during the first
cathodic wave and hydrogen evolved from the iron deposited in the second cathodic wave.

It is reported that a magnetite layer in a passive film on iron is cathodically
reduced by the following general reaction:

Fe;0p + 4H,0 + 3xe — xFe + (3x)Fe® + 8OH. (6)

The value of x depends on the pH of the solutions[12, 13]. It is very low at low pH value
and increases with the increase of pH of the solutions.  In this experiment, the magnetite
electrode was polarized up to —1.18V in the cathodic direction, then reversed the potential
sweep direction and kept at —0.4V for 1h before the next cathodic polarization. By this
procedure, the magnetite surface will be covered by passive oxides similar to magnetite.

In the potential scan for anodic, the increase of the anodic current is attributed to
the oxidation of the adsorbed hydrogen atom (Hu) and iron from the iron electrode
surface, and the Hyys and the deposited iron from the magnetite electrode surface by the
following general reactions:

For iron electrode;
FeHys + OH — Fe + HO + ¢ (7)
Fe — Fe* + 2¢, (8)
and for magnetite electrode;
Fe;:00-Hyye + OH — Fes0Oy + HO O+ & (9)
FesO4pFe-Hys + OH — FesOpFe + HO0 + & (10)
Fe;0»Fe — FesO, + Fe¥¥ + 26 (11)

Where equation (9) is for the first anodic polarization, and equations (10) and (11) are for
the second anodic polarization in the same electrolyte.

4.2 Mechanism of HER on iron and magnetite electrodes

In general, two reaction paths have been suggested for the hydrogen evolution
and each of these is a two-step reaction. In neutral/alkaline solutions, water molecules are
discharged on free sites on the electrode to form adsorbed hydrogen atoms. If the first step
in the hydrogen evolution consists of adsorption, the second step must be a desorption step.
The desorption step is either chemical or electrochemical one. The surface concentration of
the adsorbed hydrogen atoms (6) must be very low for chemical desorption. step, and very
high for electrochemical desorption step. '

In the present paper, potential sweep method has been used to determine the
mechanism of the HER on iron and magnetite electrodes in deaerated sodium borate-boric
acid solution of the pH range between 7.19 and 9.4. The kinetic parameters (Table 1),
electrochemical reaction order (Fig. 5), and transfer coefficient (Fig. 6) obtained in the
experimental study lead to the conclusion that the most probable mechanism of the HER at
the iron electrode is slow discharge-fast chemical desorption step, which are as follows:



Fe + H,O0 + € — FeHys + OH  (rds) (12)
Fe-Hps + HO + € e Fe + H, + OH. (13)
Assuming the proposed mechanism, one gets;
the total forward current, i, = 2Fk;(1-0) exp(-BFn/RT)  (where 1-0~1), (14)
transfer coefficient, a. =B =0.5 (experimental value = 0,31),
Tafel slope, 8 E/0 log i, = 2.303RT/0.5F = 120 mV/dec,
and electrochemical reaction order, ( 8 log i, /0 log [H'])s = 0.
On the other hand, the most probable mechanism of the HER at the magpetite
electrode is fast discharge-slow electrochemical desorption step, which are as follows:
FesO, + HO0 + € « FesOp-Hys + OH (15)
FesO4pHus + HO + € — FesOp + H; + OH. (rds) (16)
Assuming the proposed mechanism, one gets;
the total forward current, i, = 2Fk,K;[OHT.exp. {~-(1+B)F1/RT}, (17)
transfer coefficient, o, = 1+ =15 (experimental value =1+ 0.38 = 1.38),
Tafel slope, 8 E/8 log i, = 2.303RT/1.5F = 40 mV/dec,
and electrochemical reaction order, ( & log i, /8 log [H s = 1.
Similar mechanism of the HER at the iron electrode was also reported by Bockris ef al. [9]
and Devanathan ef o/, [10] in acidic solutions, and Savadog ef o/. [14] in alkaline solutions.

5. Conclusions

The electrochemical studies of the HER on iron and magnetite electrodes have
been conducted in 0.05M Na;B;O; — 0.1M H3;BO; solutions using a potential sweep
technique. Kinetic parameters of the HER on iron and magnetite electrodes are different in
this solution. Linear Tafel behavior is observed in all cases. The exchange current density
for the HER on magnetite electrode is very low as compared with the iron electrode, The
rate of hydrogen evolution reaction on iron is faster than that of magnetite electrode. The
mechanism of the HER on iron is rate-determining discharge followed by fast chemical
desorption. In the case of magnetite electrode, the reaction is fast discharge followed by a
rate determining electrochemical desorption.
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Table 1
Kinetic parameters of the HER on iron and magnetite electrodes in 0.05M Na;B4O; —
0.1M H3BO; solutions at 25°C.

Electrode pHofthe Tafelslope, E°H*/H, Exchange current  log i,
solution b, mV/dec vs.SSE,V density, i,, mA. cm™

7.19 120 0.623 4.6 x 10* -3.337

Fe 8.4 118 0.694 12 x 10° -2.921
9.4 118 0.753 22 x 107 -2.657

7.19 46 0.623 54 x 107 -8.268

Fe;O, 8.4 45 0.694 27 x 10% -7.569
9.4 46 0.753 36 x 10° -7.443
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Fig. 1 Cyclic voltammograms for the HER on purg iron and
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