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Under-film Corrosion Mechanism of Cold Rolled Steel Sheet for

Automobiles

Kimitaka HAYASHI, Yoichi ITO, Cynichi KATO and Yasuhiko MIYOSHI

Synopsis :

This report attempts to elucidate the under-film corrosion mechanism of cold rolled steel sheet for

automobiles in cyclic wet and dry environments.

It was found that an anodic site was the front of growing rust and a cathodic site was the interface

between a substrate and corrosion products.

The Fe(OH) , was found to be formed at the initial stage of the corrosion and it was transformed into

mainly Fe30,, o, 8-FeOOH, Fe,04 by oxidation.

The porosity of the corrosion products increased by the phase transformation which accompanied the
change in density. The void space fraction was about 40%. This void space was a passage of C1—, H,O and
O, from the cross scribes to the corrosion tip and to the interface between the iron substrate and corrosion

products.

Key words : under-film corrosion ; anodic site ; cathodic site ; corrosion mechanism ; cold rolled steel sheet ;

void space fraction.
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Table 1. Cyeclic corrosion test.
~SST 4hr
¥
Drying 2hr

(70C, RH60%)

Humidifying 2hr
(49C,RH 95%)
Y
Freezing 1hr
(-200)
I
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Fe 2mm —~|

paint 2 s |
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pH meter

40C, 85% RH

Fig. 1. pH measurement.
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pH electrode

front side irmen
(A hole to } :2?3;':‘

measure pH % %

is on the
Fig. 2. pH measurement apparatus.

back side.
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Fig. 3. Specimen for O, gas permeability mea-
surement.
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Fig. 4. Gas permeability fractometer.
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WHUTFTCRARGF T L3S NGB r B CURERBO®
BHEITo 72, 727220, AP CHISKOE K4 & B
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Fig. 5. Variation of dotted rust on the specimen.
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Fig. 6. Rust shape variation along with growing
rust in wet and dry circumstances.
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C 5% NaCl spray
8
xl (unstable) I (stable) L I (stable) | N(unstable)
7 L
o]
=
6 —o o ,
T 10
~0
2mm ﬁ Q @ ﬁ
a4k fe—={ /scratch
—— il i
%PH slectrode ,// , A i l , } , Fig. 7. Time dependence of pH.
% 10 20 30 40 50 80 70 80 %0 100
Time / days
W< FefddHoBES(NTH 7. —~
- S HE A Eny N & 4 ~pant__ 2
¥ 72, BMAMESRBRRR Y CCT TRAET B L - — &2
BULTWAIERND, COZOORBEICBIIAEAR ey
ﬁg‘i;ﬁ&ﬁﬁ& Iﬂ%f‘ﬁ);& &%‘2 C)fLZ} E*T621)22) volume increase v

b SST, &%, BERE*SUCBEYA 7 VARLYH
WT Zn-Fe &0 - 2 ROBELAZTL, BETHE
BAFARREE U270 V2R LETTADLDE
HELTWAS.

3:2:2 WP ELEBHEE

ZOETRERES S AR L IRE L T 5809
BEERY (o) IZ2WTKRETS. Z2EHREKO CR
WM OWIE % CFEEME T H Vv OB RERY TR
HSRETFToOEBEMERAE L. 272U, MEBREr&
Mz e &b, WEEREEED 20 EErT1T
v, FOFHELEIES L. EEZECBETS
KRR RET A OB RERY % LT OB ETH#E
L7-. Fig. 8 2o pREEM=ER Vi+ Vo/Vy. THidE
HRIOH#Ek (Fe) 8 V, 28 BB ICHPERY & R
LT i+ Vo KL A L 2EBRLTBY, Z”o
OEIF BRI TR TH S, Fe OWEINZIIROKXTE
Enb.

PrVi _ 0ol (Vi+ V)

M. M,

2L, o MBOMBBEERY o BE M; 5%
FE V;AHEBE o;Fe BEERW1I5FHD Fe R
FH.
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Fig. 8. Volume increase at the first stage of
corrosion.

Table 2. Measured and calculated a, o, /M, value.

a 0, /grem™3 |M, /g mol ! auPy /M, /mol-cm™3

a,

— — — — 0.043*
FeCly 2.99 126.76 1 0.024
Fe(OH), 3.40 89.85 1 0.038
FeOOH ~5.10 88.85 1 0.057
Fe;03 5.10 159.70 2 0.064
Fe30; 5.16 231.55 3 0.065

% Measured value

Table 2 ICRTEHICTFHEEND Fe EEERDD a, o,
Mb»5 ao/ M 23K, (4) e BT 5L Fe(OH),
25 DMENRDENEL S OHICIEL, i Fe(OH),
ThorEEZONS, 7275, EMEESHEEOEICE
FOERNDDHHM, ThIZBRETHOKS% Na*, ClI™
LEDAFT U OHEBIIILbDOEEZLNS, /2,
a A Fe(OH), ThH % = L B BERIALFWIT AT,
pFe?* /Fe, pFe* T /Fe? ™, $ 0,, H,O/OH™ BD B D
—0.440, +0.771, +0.401V vs. NHE TH 5 Z &0 5,
DZDFZTIE F2ToFel T +e pRRESH W, @7
J—F, #Vv—FRIiE(1), (3)THhH, BOBDO®
SHR L7 Fe?t, OH™ 3{bk& L, Fe(OH), 2R T
Bb0eEZOLND. QWAL WRT pH ETTAHIL
»o(2)DMASTBIRBODEELLNRS. Ed
HHRBEEND.

3-2-3 Mgk D IHIE A EsED

FMEI T 3L 05 LRERBRY CCT DL) KB
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Bocris #HICX D ETTHLEIZONS. BT 138
KR Z B VEBEEMG L LT OERRICBITAKDE

DFELEE DT,

Fe+6H,0—Fe(H,0)2" +2¢ (¥ 2.7/MJ-mol™ 1)
TFeD7 /7 —FEBIEIBELE BEDEIAZ
DFMEIAHTH 5.

ftF, in-situ pH WED SBEEEMAT /7 — FEMLT
0, pH=4 £RT e bh o, 77— FEfz
LD EICHTA Tk pH=6 (Fig. 3 DN & v) TH 3
EDSBREROEETIE SV — FRIBAE S 5 Tw
ZVWHDEEZLND,

BI(3) R0V —FRIbRFEE LTEEERY &M
BrORMTEILEEZ LN, BANRETHIICE
501k, BEEBY EHFORETH vV — FRIGH
B oTWAEEDIZ, Fe D7 /) — FBBFEZIDIS
(o TWALDEEZONLY, ZOFMIZOVWTIE
BICREAFLETH 5.

3-3 BRBRERDOIR

3:3:1 BREBWOBED D

Table 3 ICRBEBREREZORES A SERIL 7258
BEABRYO XBEIHERE LR T BEERWITEL LT,
Fes0, T 1, o, 8-FeOOH R UE D Fe,05 HHER
ahi,

Table 3. Under-film corrosion products in wet
and dry environments (X-ray diffraction).

Corrosion product of iron

FE304
af-FeOOH
Fe203

15~ Sw = 0.2687 S (slope + intercept)
= 08.305 /f?.g"!

x 103/~

P/Ps

Va (1-P/Ps)

0 5 10 15 20

L 2,
P x 104/

Fig. 9. B.E.T. plot of under-film
products with Kr gas used as adsorbate.

corrosion
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HERKRE® Fig. 9 12RT. BET 7oy boQER L YH
BUOTHLEREE (Sw), W& Kr BEF 0L 5w
(S) DEICERDBERITEH A.

Sw=10.2687 S/(HEALIFT) weevermeeranecenens (5)
L7z#oT Fig. 9 £(5)RX& b, Sy,=98.3/m?-g~!
BEREN,FEIIR-FTALBEETHL b2 b.
RIZ Fe BMEAENYHERB OZERELHE L. #gko
I R A X I C Rl & /- BT R c 21t
THRICELHAZERFOEEERIDTOLBNTHS.

e=1—-V,/V,

2L, & BRETHEBOZEE o; ko WHBE
HERY B; BETHBEES o KT iOFE M;
B i DAFE e Fe BEEBRYES () 1 5 FHo
Fe FHF# V;; Fe 1mol %7: ) O E.

Fig. 10 ICFTEMERETRT. WHAERY % Fe(OH),,
BRERBEERY * BDOBD Fe;04 FeOOH, Fe,0; &
L, (6 )RNE*HVWTERE (¢) xRKOTHB L, MHIC
Ees0,=0.434, Ereoon=0.353, €pe,0,=0.408 & % %.
Thabb, HEEIX 0% BEOEREAL, MO TH—
FALRRBE L TWAEEZLNS.

3:3-3 WEERWHERI N L R

UE»SHEENZBRERYOIHBIILLTO L ) 2k
IHhbDLEZLNS.,

gk D MBI A TRIES R % iR5E L 72 Fe(OH),
X E D%, BLICE D Fes0,, a, 8-FeOOH, Fe,05 ~ &
ZbT5. COBICHERICHE) BERLCXY, R
ERHERERBIC 40% BEOZBRIFELHLEEILR
H, WHEBOR— AMUEBREEIFHE*BLTEALT

@ Initial corrosion @ Final corrosion @ Fraction of void
product products space in corrosion
products (€)

Fe (OH), FeOOH 0.353
Fe30, 0.434
Fe;03 0.408

Fig. 10. Fraction of void space in corrosion
products.
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X7-Cl” 44>, HO, O, ¥ 20 BHRILEZRT Z &
R0, BRERND CI™ A4 » oftfa e hek/ B4
BHREA~D H0, O, ¥AOHIEERZNLT (TS
ERE ZoTWwAHbNDEEZOND, DI LR
RucGer'® & % Kaesche!® D#ED» S bFFHE N HER
EHhoTWA, THRIZOWTIRKRETEIZHRNS,
3-4 SREICHT S 0, HANZDO®KE

HHI CTORBLEIHERERD 0, 7 RUK & 54K
FEHWTHRETL 7.

3-4-1 SKEIIBITS 0, ¥ AL DOMKE

EREBEY A 7 VREBRTRA L 2250308 o W T &
(Ap) 2 ZHEMBE L HVTRD L, £, BELIAR
RHBOKERE (v) ZETHLOHBOFLRELIL
kobhrz, Thky, RRFEBBEAERE (V) 3K
ARCTEHshS.

V=AxXv

COBEERIEREODMERDIC I VRES LD B D
Thsb. EXREFRACTGRREBOBRRICLER 0, 7 AH
B#EE (Vo,) &
RTPFE(OH)Z %
PMFe(ox-l)2
TEHTHIEHNTES.

775U, R; A AEHK p; KAKE (=latm) T;id
B (40°C £ LCEEIMA) room,; Fe(OH), D
fE (3.4/gem %) Mreomy,; Fe (OH) , O 77 T &
(89.85/g mol ™) ¢ BAXBEERM (i) 1 E VAR
£ HE 0, ENVE/IHE Fe TVEL

BWECOERD S Ag=9.079X107%/mm?, F 7%

REOKFEHE T v=1.786X10"%/mm-h~1. LEXY
V=AgXv=1.621X10"%/mm*h™ ' &% %. T2 THh
BOBAED Fe(OH), 2 TE & LT Fez04, a, -
FeOOH 22 5b DLt L, BOBODBFEDUE O, H
AHBEE L RD 2.

i) Fe(H#i8k)—~Fe(OH),—Fe;0, IZBRARBDIGE
V(Fe(OH), #%)/mm*-h '=10"2% V/cc-h ™!
Mieom), = Preoy,” 107° V/g-h ™}

(Fe(OH), D4 BLEE)

MEe(OH), -1
——— /mol*h™ ' = ng.=3nF.,0,

V02 =9 X

MO ™ Mrom),

_ 1 MpeoH),
n mol-h l==—+———
Fe304/ 3 MFe(OH)Z

&,
noz/mol'h*I:ZnFeso‘,

no,RT
Vo,= O; X10%/mm3-h™*

DE*T L oCEET S L,
RTor,
LTEOFeOy 1 0496% 105 /mm®h !
pMFe(OH)g
ii) Fe (#18k)—Fe(OH),—a, £-FeOOH @ F A& K
DIGE LR L FEBRICEIEZIT) &,

VO =%X

2

= e /mol-h™

1 _
M = NFe™ NFeOOH
Fe(OH),

NiFe(OH),

4, Fe+%H20+%02—>FeOOH L LT O, HEEE
TROD L

1.3
no,/mol-h™! =74 MFe00H

RT
Vo,= nozp X 108/mm3-h~?!
DEFLOTEETALE
3 _ RTogcony,

V02 4 pMFe(OH)z 4
FE® i), )X VEFEREICLELR O, TAHEEERE L
1.0456 X 107%/mm*-h™' < Vo, < 1.1808 X 107%/mm’:

h!e%b.

3:4:2 BED 0, ¥ A B BEEE

23— bhEBTDH 0, ¥ RAEBEE (Vo,) BT
DEtERIcE a5,

1.181 X107 %/ mm3-h™!

h+l lp | I . .
=D 4 DERR,
Pen.  Pep | Py (FEBDFEAT)

A'X
ET%; ............................... (8)

727U, Pep; W F A v EBEERED O, ¥ AEBE
Pi; LB ®ED O, ¥ A EBE Pgpr; 23— ME
D0, WABBE lp; W F AV BEREOREE
Ip; FROBEORBE A ; 0, ¥ AEBEME p; %
BA® 0, # 2E (=760 mmHg).

0, ¥ ADEZEBEREL D

Vo6,=Pgp X

_ _; ccomm
Pep=1.157X10 /-———cmz.h_mmHg

- ~6 ccmm
PL=1.812X107%/ 57—
F72, lep=0.020mm, [=0.035mm TH5AHZ LB,
23— FEEBLTD O HADE B
— PED P_l:
Pgp, = Polot Penly (lept 1)

cc-mm
=2.862X10" 7/—s——
2.862X10 /c Z b mmllg

CNEDBED O, #AEBEEE (8 )RNEANT
V6,=3.9548X1072 A’/ce-h™?
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2 2 THRIRGE D Head MO HFE (4) BFEOTKH S
A=10""em® 2 DT V5,=3.955X10"*/mm®-h ! & %
5.

3:4:3 HFRHD 0, H A EBHEE

R EEBET S 0, ¥ ABBEE (V),) kX%
Hwtglsns.

Ps A= Pg (A— Ag) + PrAg

EBOT TS A AR DT
Pr=(Ps—Pg)A/Ag

AgP
1; ....................................... (9)

V’:)z:PRX

72720, Ps; BERBDOY TN 0, H ABBE Pg;
BRI O > 7N 0, HZEBE P HBO 0, # 2
BBE  Ag; SFEWHEAE A; Y IVERE p; HEA
D 0y H#AJE (=760 mmHg) 1; % > 7 VEEH (=1.0
mm).

FIRFEF D O, H A BBEREDKEE % Table 4 (2753
7.

ccomm

=6. X -2y - -

Ps=6.787x10 /cmz-h-mmHg
ccmm

=1.009X10"3/—5——

P 00910 /cmz-h-mmHg

Table 4. O, gas permiability of filiform rust
(40°C, dry).

02 GAS PERMIABILITY /——f£omm_—

cm®-hr+mmHg

SAMPLE BLANK FILIFORM RUST
Ps = Pg = Pr >~ (Ps—-Ps)A/Ar
6.787%x1072 1.009x10°3 = 16.660

AREA OF FILIFORM
RUST ; Ar

AREA OF SAMPLE

O2 GAS PERMEATION THROUGH PAINTS ;

3955 x 107*/mm? hr”!

Oz CONSUMING RATE
FOR GROWING

FILIFORM RUST ; 1.181 X 107/mm3+ hr™!

DFEFR L SRIREF Pz
PRZ(PS—PB)A/AR:16.660/ﬁﬁg
ERRoEEZ(9)KIAT B L, LKEBEHND 0, /2
EWHEBEE VE,=1.150X10%/mm*-h ™! &% 5.

3+4-4 SEWREFD O, # R

AIEHE CORKRE* T DT Fig. 11 IZ;EL. RifiT
w7z Ruccert 58 OFER L RBICHHFER 2@ L T
D Oy HAEBREN, HREEEOLE 0, ¥ AHE
WE (7272 LR Tid Fes04 £ DB EEHV) 12
HRTHE, HIPHERELVIERL 2D, Ruccer
CRREL oM I0BLEVIEERKELC L bLER
&% ot THERPEFIRESRM 40°C ORIk
T2 iliab0ThY, ERICIIHERIIKS
YEATVLIOMEMBEY DRR/NEL 2BbDLE
Zohh, FICEEZELTO 0, EBEED, O,
HAHBEBEICHRTH WO EOEE 2> T VDI L
Lol WRREICHSBHBHLELTD 0, A&
BEEREDPIEFICRERBEE 257D, FROEK—F 2
HIERRTEIDTH B LiEmEND.

DELY, HBROBETRAEKCEHERL TWHDIR
BESCEHBHEEBL TL B 0, H ABAEEE TiE
WIZEERRETLLDTHA.

4. ¥ & &

WEMR DTN S BIET IS BT 5 REHRIEAEH)IC
DVWTHRE L. BONLHERBIIRDL I CEHENS.
(1) OBRZROKIETHER, EEERY D2
HEUTOEBNTHA.
Fe ——  Fe(OH), — Fe304 0.434
(8% <M%ﬁﬁ¢mmf_1E:QﬁFdMH 0. 353
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Fig. 11. Comparison of O, gas

permeation and O, consuming rate
for growing filiform rust (40°C).
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