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Abstract:

The utility of hyperspectral measurement was assessed as a means of predicting the corrosion
risk of steel materials based on surface information. Carbon steels exposed to outdoor conditions in
Choshi and Miyakojima were used as the test specimens. Exposure tests were conducted every six
months for a duration of two and a half years. Corrosion loss was calculated by comparing the
weight of specimens before exposure test and after removing corrosion products from the surface.
Hyperspectral measurements were conducted on these specimens, with corrosion products
identified through SAM (Spectral Angle Mapper) analysis. a-FeOOH, -FeOOH, y-FeOOH, and
Fes04 were employed as reference data for SAM analysis. In both Choshi and Miyakojima test
sites, -FeOOH was predominantly detected on the specimens after ordinary exposure tests,
whereas Fe;O4 was prevalent on the specimens exposed to sheltered environments. The correlation
between the proportion of each corrosion product identified through SAM analysis and the amount
of corrosion change for one year was explored. a.-FeOOH exhibited a positive correlation with the
amount of corrosion change, whereas the amount of corrosion change tended to decrease with an

increase in B-FeOOH fraction.

Keywords:

Hyperspectral measurement; Carbon steel; Corrosion; Corrosion product; Exposure test.
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1. %S

BREDOA 7 THEEW DL TR ERFREMICEZR SN TEY, TFEIERICLD
ERRELIEDRERBEIZR > TS, ZORI KW TT, EROX A7 TR K
<HEEBELTHLER - BT 2 ERREBOMFE 2T 254, 2048 EEF TIC

2.3 KMHOBRNPLEIZ L EREINLTWD, ZhicxiL, #EICRBREZ L TA >
TINEMP I T A =T EZ T LRI LT ORA T T RAEERD TPHRER A VT F
VAEFER LSS, BEE0%D A MERAHIFTE L LS TWD Y, Ll
BRD, BRTEEEOB LT IFELHGALFENEHEL TV, MEEHRICHED DL
A O RCHEFFEBL 2 X M2 EORBE I ORE A 0 2 TV D H 7 A JEFUEIC I W T

X, MERFERZOLOOAMBIEFICKRE L, L0 HECHEN L OFBINICTHREE
HEFFE BEAS ATRE 7R AL B 23R D BT D

BUEDA 7 TIEEM OB RELCZWIL, 2WEOEBN LM E NS AE YR

T TH DD, TETIE, FB»OEBEWFHME L L TORFNRBZEER R RE ST
W5, Choi & VL, TUXNARATRENCLHEEEGR LG, 77 AF v, RO 32D
BT AV =LK TREST, BERGLY—HE, RHER, L&, 7LvyT 17
£, MAEEICEBICHET 2 FIEEFREL VD, £z, Feliciano & "X, K&RE
BRBRAAT o 72 ASTM A36 JlICOWTRESMBL O EEZIRGL, ThoDT 7 AF v
ST D REHIHEDIFEZGL ZENTEHEMELTVD, 61T, FEDS Vi3
ERPKETHWS DR OKREEIRIZIST DT 7 AT v OB L 22 MR M)
b, R, BEBIOABOERHMEOAREEEZREL TS, LNLARRSL, Wi
DOFELIMEN D EREOF IO, = OfH AT 2 RS {LZEEich v, 2%
I FRARRRE R AT 5 72121, MECEEMICFHMECX 27210 T/ <, FHli L7728
IRV D DBRITIFREDETT 2070, BURMER RO R EBFEI A7 ETTFHTED

.+

TENBEETHDH, FIT, Y=L LT, WEAIVMNS ST HZETABD
HST U H L AT CTIERHMIR 72 W) D R0 E 72 E & A[ AL T& DA /R— A
MV B AZIZEB LT,
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INAIR=ARY N A =D U T, AT RVIEH & S8 B T ARSI o T
BRIICBWTHEMIC A A=V 7T 5HMTHY ¥, oD A /R—=2A~T b
E{R1E, KT ONMBEIFRIZNZ, TOHRFTORMEEZ RIERO ZReT —F Lb, I
B, NAN=ZRT FVIEIZ K D5 - TR AV BT STl Y, FFlL L
T, FLv—Rar sV — e EOMBOSLFHM T RO AERTE ) O A
Wil Rnd s, £, EROBARICBEELZEAG & LT, #Hilj7 L—20 S C0H#T
AL L2 "R d 5, S 51T, MRS DI EL DA =27 h Lz o
TIESUBEEMENT 23 272y, O HRIRIC & 0 I &MERHE S FTRECTH D Z L 2R L
7o LInL722M G, IEBUCFRESRNTIE, SMBLO S O @0 S REIE 2 FRIRAL L 72 fiftr TH
D, B/BONTIEEOMBRNERIZ 28 & I o Ty,

AHFFETIX, S EIOREOEHRN O ZOROBRY 27 2T+ 5 FiEEHLT 5
ZEEAME LT, BATHEAERE LICRFMIONTAA RN=AXT MV 24TV,
Bk SN DB RAERM OB EIToT2, SHIC, BREELHI L EaEAERmE L O
R ERAEL, BRY A7 &2 THIT 2 FIEE LTONA =27 MVRAEDOAH AHEIZD
WTRRET L7z,

2. ERGE
2.1 Rk

R RARD DORIEZAT D T2 DT A7 MV ORIEHRENIIE, 4 FEOBEmO
BRI ALY (a-FeOOH, B-FeOOH, y-FeOOH, Fe;0.) % V7=, HIERTO U & L
T, A/ UvHOAHKB LOABEHWTERENB LZ 10 5B Lz,

INA PN AT S OVIRAT OF IIVEZ BREET 2 72 o OB A 1T, BAVREE TR L
TIRFBEE N2, IREHOY A X1 170 x 70 x 5t (mm) TH D, B A OLFERL S 1T
Table 1 |Z/R9H Y ThH D, kB £ % Ra 0.4~ 1.6um 2L THHIE, 2021 F£4 AnD
2023 4£ 10 H E TOMMICEWNT, AR =BV 77 2 e 2 —ihvilly (b

35°43°, LR 140°45°) 5 L OVE & ERERYS (AL 24°447, WX 125°19") THEHEZRE AR
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B R OMER T AR 2 K L7, BRERBRM T O -R BRG R L O0E & SRRSO

BT — Z OFHfE % Table 2 (2~ d, #BRA O REABRYIMIZ 0.5, 1.0, 1.5, 2.0, 25

FETHY, ThZhvn=4 THERZIT o7, WEBEIZ 4O H3IKMEMNT, BEAEK
WabrE%, BEEIELZITVRBERRATOER L OELZFH L TRDO, N /=27
MARIENE, 72D O 1K TITo T,

2.2 NAR—RXRY "MVHIE

INA R= AT NVRIIEIZIE, S0 f#EE 5 nm T 350 nm — 1100 nm O 7 % B HiPH D A~
7 MV ERIGTE B NARN—=AXT ML AT (X« Dy 408 NH-7) &2 v
7oo Figl ICHIE Y AT AONEX 2T, BEHIREIBICAKEIC 2D Ko EL,
BRI EICEE SN NA N—=AXT M T ATIZEY EHGFBHIE LTz, BETHED
HIRZIE a7 o7, 3 RN bRRICRN Lz, 28 —IcBE+T 5729
B I I3 AR v 7 2 &2 T T2, MIEFIEE LTIE, ROIERET—% & L TH
WEPERE LTIREL, RIUERSEYZRE L. (0T —%), K87 8L THE
TR ERIET — X THRET L2 LISV KEEEZ R, WEX Fig2 IR 2kd 5
WX HLERO P £ TR - 72 fElkIc it LT, 22 OBEHZ DWW T S BRIIEZ 1TV, fiRT
TIEZE DY AT bWz, 2B, AMETOREIKOH S SITONWTIE, AFxy

L — b 100 line /sec, 71 > 50 D —ESRMTHE LT,

2.3 NAIR—RT VIR

INA IR—= AT R OVREMTIZIE, SAM (Spectral Angle Mapper) fi##T % v 7=, SAM fig#T
TR OWHBFER N ES THHZ L, NP (IETEAHEDE) RL\ Ao —
AR MVT—=ZIZK L THREARMB/NE N Enb, N X=X T MLT — X Ofif
BrCIE< HWBIRTWD 2 19 0 SAM f#NTIX, Fig3 IZRT X DA~ bl s L kf5:
MOFHARZ M x L DRI FVIIOAE 0 DOMEDREZAT I T HIETHY, AR
7 M OAEZFELEa L L THRO I I ICERIND, AL TR, 4 FHEOSRE
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BB D NA N—=ZRXT SUIZXE LT, 2 DOFHTEENOHEI~7 ML EREL, Z
Na AW TRIOBRIEREAERD DO~ bV EDRUEZRD, RbBEEENmVEES W
EARMOER SO EHHI LT,

XS

|x||s]

(1)

a = cosf =

3. fERLEBLE
3.1 R DOERBRELERY DA NR—=RAXT bV

a-FeOOH, B-FeOOH, y-FeOOH, Fe;O4 D NA 73— AT FVRIERSE SR % Figd 1ZR
T ENTNDOBEAERD D AT SR OFHE E LT, a-FeOOH I 580 nm it &
760 nm T, B-FeOOH % 740 nm 3T, y-FeOOH % 600 nm 3T & 790 nm f}iF TZNE
NEHRRNELS RD AR SR HbTe, —T7, FeaO4 RO EAERM TH D720
R R AT MViEH b odc, B ED X H1Z, ZhEnoERAERDIL
R 72 AT MV ERLTRY, N A=A 7 MHEIC L - T 4 FBEOSRE /A
) DR FIRE T D Z &R0 D,

3.2 SAMfEATIC I VT B TR DR Et

2.3 TR L7 X DI SAMENT TIX 2 DDWEREZ W TIIT 21T 5 72, T b DR
FENTFE S B % AT T RIREME DN D D, £ 2T, SAMFENT 21T 2 72D D Fei 72 3% Rl >
T, vy BV IEBIZET DR OBBIREE I X0 IRE L, BAREE O
%, vy ECTRBHNOBZ OBV EE Y P TEDLE Yy vy THERSE - N
TYZ7 v =7 (GIMP : GNU Image Manipulation Program) % A\ 7=, Fig.4 M/ A s8—
AT PVRIERER NG, NI R O —D1% 3 FEEHO FeOOH DSR2 i bK< 72 % 500
mm & Lz, b9 OO EIZ OV TIE, FeOOH 78 Z i E AUV 72 F i 3R & 7”9
750nm 7> & 800nm DHiFH T 10nm = & |\ EmE & FHA L7,

Fig. 5 (CakBIKEEE DS R & LT, y-FeOOH O Z =4, B o M EHE 4y 23 y-FeO0H % HEfE
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SHETH Y, o-FeOOH ; #(h, B-FeOOH ; #h, y-FeOOH ; #R{a, Fe;O4 ; JR{ & LT
BN D KO ICEOREEIT>To, T OMDIEEAERIZHOWTHIEEEIZ, 750nm 725
800nm DHIPH CTREBIGE 2 515H L1z, £ OfER % Table3 (237, y=FeO0H IZFBWVT, Wi
NWOMHTIEETH 99% L EOFKBINEE L 72 57223, 750-770nm D & & OFBIEE K b &
<, 780nm LA ETIXFRBIREEIZMK T L7z, FesOuld & DN FAT IV T HkBIKE FE2N F
EAEBN LTy, a-FeO0H, B-FeOOH IXMAENTIR & 2S 750 nm 38 K OV 760 nm D BRI
AR R &< Tr o7,

Fig. 6 [Zf#HTIEE2Y 750 nm & 800 nm DIFO XA R ERD DY VO X IR
79, B~FeOOH |Za-FeO0H & y-FeOOH D fIZ & ¥, 800nm DFIZILa-Fe00H (2, 750nm D KFIC
ILy-FeOOH |21 < 72 DAR N I LTz, SAMEAT TiL, &~ MREOAEZENRKE LR
UL, KVBRIRERM ET2EB2000Z L0nb, RIFEICEWTIE, SREREER
WD SAM FEATIZ I 2 MEHTI R 2 500 nm & 760 nm & L7z,

3.3 BARBRBROMBR

BB K OVE o RS CIR B O E R X O BB AT o 72 L 2 ORI
BORIFELE Fig7 \OrT, BERBHEAEL 22 & & bICERBEITHML, i
BEOBMLWE HEOFNEDOBANEE TCHDLZ ENmhd, £z, SRlomERRT
X, EHL0RBIGICEVWTS 14FER E CRE#ERBRBAR COBERENRE S RoTWH
7o EFEERGRBRTIE, FBEWRICXK D RmIE LIRRIEE R & OB E ATV S
NWOMBEDR DD T ENMBILTND R T, AWFIE T O #BEARBFICB N TIT 14 F
TIHEICENCHBER EOBNIC L 2EREDORBNRREr>T2EZLND, —T7, 1.5
FEHUBE T, EfRBREAR COBRMENSIEL, K& /o T\, MRMIKIZE T
5 EMEBREE CIE, B72 I X 2RO 72 E OB R E BTV SR\ adls, £
HCHEOEREMNEL L ZENMON TS, ZOLA, MEEOWIRIC LY RERRIK
(R, SH3NDTEICRVERIIRE EITT D, 2.0 05 2.5 F Ol #RTRR
BRCOBRIMEDOE(L N EERERRE L L OERICRES o THEY, ZIUIER
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DERIC L DB O RARE RER E L TEADND,

3.4 SAM FRHTIC & 2 RBRBRA IR S W2 B RAERY DR

PR BRI L OVE SRR CEBR L ORI RERBR AT o T R ToORBR I
WT, NANR=AXT MLVEJE L ST 21T 72, ZD "R~y B 7 0flE L
T, L5FMBERRZITo 2R BT OF R % Fig. 8 1T T, $hrRkBY;, =i &R
E BT, EERERBRA TIXEERAIZy-Fe00H % < fFET D DI L, WHikaaE L=k
B ClE, EIZFes0i BMEH SN TWD DR300 5,

POBRARM O EIZ OV TIE, Evans Model™ V3R TEY, ZOETNIC
L5 L, BEOGERETOBEAERYIL, FITFeO0H L5 LRI Tnd,

Fe — Fe?* + 2e~ (2)

1
2Fe?* + 20, + 3H,0 — 2Fe00H + 4H* (3)
Fe?* + 8FeOOH + 2e~ — 3Fe;0, + 4H,0 (4)

—J7, WMMHEREIZEIND LIFEBERMOEITTE, TOXERD THEKOR{LNEZ D,
TSR DOER{L THARK L 72 Fe*' I FeOOH & & L TEALE DR W SRR b 22T 5, T
bbb, WHEBRETIE LT Q- ORI EY Fea0 N FET D EELZLND 2,
i sk D IERRER B2 TIIACRIBIE SO B AZFH R T 2WEOERBAEL, Zh b OWIRIC
F O RBRAIIREH, BHEREICSOINDIEEZAONDL T D, Fig 81T LT-#R
BB ORERERITZ YRR E VR D,

3.5 BRARMOREFESEG LEREEIME L OBK

BRAREDNSERZ THT 2720I100%, BREIHEICK D37 A =& LIFRZLE L O
BEAEMETILERD D, REIIERINDERERDIT, TNE TOBREDORKRT
boE b, TOBROBRFEHEICHHEZRITTEBEZOND, IWFDL ™ 2%, it
PESICTERL S D S OV ORGENMERE 2 E mAVICFHE S 2 FiE L LT, WHEREE & X il
PrETHON SN SO Da-Fe00H & y-FeOOH D'E B A o/yilE & L THE L, Z DD
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2 BBR D LRHEIE SO LW T2 HEEFRELTND, £72, a/yEIZONT
I, WHEHE AT ERFEES B TCha/YERBEWVEEZ R THANH Y, fHEL
L CTo/y*l (v = y-FeOOH+B-Fe00H+Fes0.) IZMETE X LT 5 2,

Fig. 912, SAMMEHTIC X 2 F W RAEMM O REHAEEE L Z D% O 1 FM O RE( &
EORRETRT, AMREORBZERRTIL0.6F I LIERERBRTOY 7Y v T %54T-T
WD, BREEL 0.5 FE T L TEXLGE, BRZHICHT 2FHOXENHTLE
IAREMEN B H 72, 1 FEROBRE(LEZ AWV, #Ilx1E, 0.5 FMEHEHRER LR
T DINA 2= AR S OVIRETIZ X 2D R ORBFESIEIC LT, BREEIZ
X, 0.5 FHDEARMESE 1.6 FHDBEBE L DEL VW,

y=FeOOH & Fes0, 12O\ Tix, M St 7zy-FeOOH & Fe:0, DR EAFIEEE & G2 E
I E A BB ALNT, BREZTHT L7200 EE LT L T2 E28bh
Sy LZLZARD, Fig. 8 TTTIRLTWS LBV, y-FeOOH 1T EICEBERTERR L
TeRBR AT, FesOu X FITHRIRIEIC S b ShicilBf TR Tk Y, WilREICR
EBLENTWEAR EEMEMNTIZSH 575, y-FeOOH & Fes0, DEEAFAEEIEIZ &k - TERES
WoOFRRERESGD Z LN TE L AREN RSN,

a~FeOOH (ZOWTIE, BRZLE L IEOHMENR® bivlz, —M&IZ, a-Fe00H (L)%
FNCZERBRAERY E LTMLNTEY 2, BHEESTIE, o/yRa/yHIC & DB R4 A
WOREERROAMER RSN TVD, ZhiE, BEAERDNDa-Fe00H DEIGH K & <
22% EIFRERDOREER G R, BREPIMHEND ZEE2E%T 2, LR
5, MHEMES O S OVE OfEEITANE L NE O 2 JBREEIZR > TV L DIZK L, REHDY;
%, FeOOH & Fes0i 2MREAEL TWVWD Z EMWMEINTHY *, MHEMEM & FRERIZ I3 T
ERVWEBZOND, BRAEKRDDOREIAFIET Ho-FeO0H M EMEITX LT~ A F R
B < ArREtE L LTIE, ZOMMEEIC L OFBSEBMEREMO LT SR 6D,
OKADA & *1%, A ANT T A lIEIC K 0 KRR TR S5 a-FeO0H DRLT-H A ik
FEFININWZLEREL TS, BBEBSLCEMEEMO LT SIZo0TE, (6)RUTR

T LIS, RO RVERE OWEE EOZRKE (A) (2, MiE A b Ok - ORKE (P)



202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

TSN ERMLNTEY, MBEO/NIRMILLH DT EfEfAKEIT/NEL 720, &
FEDS 100%1272 572 < THAKDEMENEL 5 2,

P 20V

l0g g — =
08105 = TRT

(5)

I TCoIREES, VIS TRE, riZBEORE, RIIREES, TIXEHEETH D,
L7eho T, Mt % b Da-FeOOH NERMIZHFIET 256, BMERMKELELLT IR
LHAREMED N B D

—7J57, B-FeOOH (Z2>W T, REMFEEENKE L R EWREENEN/NEL R HH
MzmR LTc, —MIC, B-FeOOH IXFEH ITTRAUMEIRL 1- 232 < JE R A gk L WVERER T CHARK S

BERARDE L GRS TR 2, BRELP-Fe0OH XHHIT 25 LEX DT
D, LinL7eidh, Fig. 9 OFERITZN EITWOMEMER LI, ZOMRICONTIE, &
JE 5 04 Bl R G CEERERBR AT o 72 Fe-Ni 41220 T, SV X HERSD
Hrs 6 B-FeOOH BB DI E & BITERBEN DT HZ AR LTS, ZOEHH L
L, B-FeOOH (X% Dfbidh A< 5 Fe0;(0H) 3 8 TAD R v hU—27MICCl 2#&HT 5
W TEY, HA A OREEN ™ 72 S L0 NE~O CL DIREDIH S
n, ZOROBREDOETEIMZ 2 LI ITHELZOTIZ AW EEZOND,

LLEIZE DT, NA /=27 O SAM T 6 A O EAERD TN L, a-
FeOOH X°B-FeO0OH DR HEFEH G R RAEE LHMER S L Z LA m Lz, L LA
5, SAMEHT TIX, BEEDOE S THEARM ZHA LT LE D mBEED 1 DISME
ZIUTIEWE AR LT 22 L1270 D, ZOFIETH D LREOMNFITMHFRF T
HEEZLNDN, SLRLIWHIFEOM LTI BEAERMZIREG LIz 7 LT
DEERART FVT — 2 OFEM, MO FEORTN R ENESHZROMETH 2,

4. TS
AL TIE, M BIOEBROIERN S ZFDHRDIERY 27 2 PR+ 5HY—L e LT
AN—=AXT MVIZER L, BATEERR LIZREBHIZOWNT/NA X=X T [ URNT
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ATV, R SNICERAERDZ#RN LTz, S 5I2, TOREHAERG EEREE(LEE D
Rz LR, LT Z &inbnol,

1) NAR=RT F LD SAM FENTIZ K o C, [RFEEAR ML S 78B4 mlith D7k
MEIG ORI FRE T dH D,

2) EBERFERBR AT - BT Tl E12y-FeOOH, ERERBIIC S & S n=HBr Tk
FAZ FesOs IR 7z,

3) 1 FER DB AL EITK% L, o-FeOOH DO REAFIEEISIZIEDFHE, B-FeOOH D Ff
FFEEAITAOHEND 5,

4) RJ|MADOKEEY) 27 OFRENTE LT, NA /=27 "I K D FEANBLIE D
A RED R S LT,

PEE
AWFZEIX, AARSHHGSEST T4 7 52D i- DT —Z A = AT
2] MHLOXBIZLVZEITENT-bDOTHD, ZZICHELET S,
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Table 1 Chemical compositions (mass%) of specimens.
C Si Mn P S Fe
0.17 0.02 1.07 0.013 0.003 Balance
(mass%)
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353

Table 2 Average values of environmental data during exposure tests at Choshi and Miyakojima

test sites.

Choshi Miyakojima
Ave. Air Temp. (C) 16.8 244
Ave. RH (%) 78.4 83.3
Monthly Precipitation (mm) 162.1 178.7
Chloride deposition Rate 15.8 341

(mg NaCl/(m?-d))
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354
355
356

357  Table 3 Identification fraction of corrosion products by SAM analysis using each wavelength.

750 760 770 780 790 800

o-FeOOH 94.3 93.3 92.6 92.4 92.2 920

B-FeOOH 99.9 99.9 99.9 99.6 98.5 97.4

v-FeOOH 99.9 99.9 99.9 99.6 99.2 99.2

Fe,O, 99.9 99.9 99.9 99.9 99.9 999

358 (%)
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Scheme of the hyperspectral measurement system.
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Fig.2 Hyperspectral measurement area.
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Fig.3 Conceptual diagram of SAM.
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Fig.4 Reflection spectra of a-FeOOH, B-FeOOH, y-FeOOH and Fe;O4

using hyperspectral camera.

21



477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

Fig.5 Identification fraction of y-FeOOH by SAM analysis using each wavelength; a-FeOOH;

blue, B-FeOOH; yellow, y-FeOOH; red, Fe;Os; gray. (color in print)
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Fig.6 SAM classification for each iron corrosion product.
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542 Fig.7 Change over time of corrosion loss of carbon steels exposed to ordinary and sheltered
543  environments at Choshi and Miyakojima test sites.
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Fig.8 Two-dimensional mapping by SAM analysis for specimens exposed to outdoor
environment for 1.5 years. (a) Ordinary exposure test at Choshi, (b) sheltered exposure test at
Choshi, (¢) ordinary exposure test at Miyakojima and (d) sheltered exposure test at Miyakojima.
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Fig.9 Relationship between the identification fraction of each corrosion product by SAM analysis

and the change of corrosion loss over a year.
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