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The Relation Between Manganese Sulfides and Rust Initiation

at the Surface of Steel Sheets

Synopsis:

Hideya OKADA and Haruo SHIMADA

The role of manganese sulfides as inclusions on the rust formation process of the steel sheet was investi—
gated by the microscopic observation and the electrolytic isolation method. The obtained results are as

follows.

(1) The first stage of the rust formation process is the dissolution of «(Mn, Fe)S inclusions intoc dew

water on the steel surface.

(2) The sccond stage is the one owing to the oxygen contained in dew water; the manganous ions of
the dissolved o(Mn, Fe)S reprecipitate as the fine colloidal particles of y~Mn,0,(Mn,;O,) in the surround

ings of the «(Mn, Fe)S inclusions.

(3) The third stage is the one in which the fine colloidal y-Mn,O4(Mn,;O,) particles remarkably ab-

sorb water and this accelerates the wet corrosion.
(MngO,) particles.

The brown rust is thus initiated around the y—Mn,O,4—
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Table 1. Chemical composition of sample.

C (%) Si (%) Mn (%) S (%)
0-002 0-02 1-12 0-123
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3. REAEFEZLOVICHER

3.1 SBREBEO EHBHR (ELICHEHO B
FELO
—fgiT, R L BEY AT, TRASEET B
RAENSLBADLNLDT, TOENFEERSEHNCHER
FTHZ LT L. Tibb Table | oik» Lz
RIRL, £mE~7EL, itz flgs FHEKAR
60°C ZiRE LIRSl (EFRKEA A o Baiaflik « &

@ pH 1% 5'5~6'0 TEGHD CO, DBELZIF 727k

The figures of the sulfides on the steel surface. %600 No. |

The dissolution behaviour of the sulfides after keeping in
humidity cabinet for 15min. X600 No. 3

?,;' E !? :
W‘jqi??i? 

After keeping the specimens for 45 min, the dissolution of the
sulfides and the rust initiation can be clearly observed.
' X600 No. 5

o pH It Y T5%) Rzl SBRECELEERNE
CHL OB AR Lis. Zh b oG R % Photo.
la iRt ARBIMEOEESR 60°C 1CFRE L/cHER
IEERAE R REISEDHDTHD. L THELL
Witz thico T L Fe2 BT ELra(Mn, Fe)STH S .

Photo. la ST OZ &b 5.

(1) MRoBBELE & i o (Mn,Fe)S oBaEHiET
@ HEBBICZELT 5. (Photo. la, No. 2) X RIRRC
—ED a(Mn, Fe)S 13EAMES HIEFT 5. (Photo. la,
No. 3)

kY
The colour change of the sulfides after keeping the specimens
in humidity cabinet for 7 min. X600 No. 2

The precipitates, T»Mn203(Mngp4) an be observed around
MnS keeping the specimens for 15min. X600 No. 4

‘;t£;_ :"

i e

23

.
. -
After keeping the specimens for 1hr, the brown rust can be
observed in the surrounds of the sulfides. x600 No. 6

Photo. la. The microscopic observation of rust initiation around MnS after setting the specimens
in humidity cabinet for various length of time.
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Rust initigtion spots
observed at specimens

(b)

Distribution image of Mn and S in the rust
spots and metal matrix examined by E.P.M.A.

(c)

Photo. 1b. The rust spots correspond to the position of manganese sulfides.

This Photo shows the sulfides remained in the rust sports. X600

Photo. lc. The relation between a(Mn, Fe)S and rust initiation spots.

(2) =5 RBT S L a(Mn,Fe)S oFREIIC
A B H3ER® Hbus . (Photo. la, No. 4, No. 5)
EHICEERISRIRT S & a (Mn, Fe)S oFIFICIAY X 5
) v S ROBEDREBMIED bhb.  (Photo. la,
No. 6) zhiifése LTARREERTE 5.

(3) LIEOBEZEST, a(Mn,Fe)S OFELT
WS Z AT LT Y v SROGEH R 2R
HENGX STl b. o '
3.2 BRERALFLHEDOREE

LEEDOEHEZERS S a(Mn, Fe)S MEFFAE DI AIC
DTWEZ Lo/, ZOosRILITEILETS
oD I EHRAE OB OIS CEH R ALY E-P-M-AT
FEL, MILHOBETETHS Mn, S ORITIKE
Fr v Lic. TODOFESR%S Photo.1lb iz L®F. Photo.
Ib X DEEREEME a(Mn,Fe)S OAEE XS HIEL
TVWBZ EDbhrd. BEETCHRLEBEMCEIES
THELTWS a(Mn,Fe)S % Photo. lc iKRT.
3.3 BRECEIBETOFR DA DBODXEMDER

FROKRBRERTCORBWEEEE A FALTT €F
o — X CHEEL, b~ KEER TOBLIEER
BFEITTHE L. SRBLEMHCET 2HBRWOAE
f&R% Photo.2a HMPET LB TCOUKMORE
fE R % Photo.2b {Z777. Photo. 2a X V) 554 O#IHE
T 3513 B IBDAS TMn,0, (%7213, MngOy) 25K
MO TED, F7- Photo.2b L V&S ET LEEKEICE

1 BB 1FeOOH (#i$h), FesOf M HEK DD

TWBDRp 5.
3.4 FHLHOMROEE
3:-4.1 BRiLWokamtEs, (LEEROFAE
CCTHIE LRt O EREE HE T 57 Table
I oF e S, DITOEMRMLEHCHRILDZ#» 545
L, oS S LEHEREREE L. XRET
X 5FEHERS Fig. la ¥, Fig. la X Y B
REH - aMnS OGBS CHEE TR THE &
pbh s, Fit, ZOMHBEERICIEE 24 M3E
LAEEENTE LT, 00, BRI BTV, L
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The detailed ohservation of the precipitates detected around
MnS after keeping the specimens for 15min. (ref. No. 4 of

Photo. 1a)

% 300

Data observed

d(A)
3-08
2°76
2-50
2-38
2:05
1-927
1796
1:575
1-542

Photo. 2a.

l/l‘, T Mn203
M 3-03 (90)
M 2:76 (90)
S 249 (100)
W 2-36 (30)
MW 2:04 (60)
M

w 1-79 (30)
w 1-57 (30)
M 1'54 (80)

The figure and the electron diffraction
pattern of the precipitates observed

X-ray diffraction data ASTM
Mn304
3-09 (50)
2:77 (90)
249 (100)
2:36 (40)
2-04¢ (40)

1:795(50)
1-579(50)
1-544(80)

in the surrounds of the sulfides.

Data observed X-ray diffraction data ASTM
d(A) /1, y FeOOH Fe 04
4-84 w ©485  (40)
4+ 14 vw
3-31 M 3+29 (90)

298 S 2:966 (70)
2-52 Vs 2:47 (80) 2.530 (100)
237 vw 2:36 (20)

223 M

2-10 M 2:09 (20) 2-096 (70)
1-935 M 1-937(70) ‘
1-85 VA% 1-848(20)

171 M 1+732(40) 1712 (60)
1°615 M 1614 (85)
1-535 M 1-535(20)

1-48 M 1:483 (85)

Photo. 2b. The electron diffraction pattern of the
rust spots observed in the surrounds
of sulfides.

eSO TR, Bt LCHEETS Mn, Fe 812
it & LCHFET S Mn, Fe BT 5L, HHE
LTHEDLTHD. Lok 2T HHEED HKTIEIE
a-MnS BIOFLHOERKEZTES. ZOFILOHM
& Table 2 wiRd. 7ni ZOBAIMH SHII IS
PEIVTE, TEKBBIET, b vo 2
ST 250 TH DY,
BRSNS
(1) BEWK:10% 7FL7 % b +05%5 b5
AFNWVT T nLZ2aS54 F+xF

[T

PR I 603 B R S (P SNl P S

S

Fig. la. X-ray diffraction pattern of the sulfides isolated from the samplé (Table 1).
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1b. The change of the crystal structure after keeping the isolated sulfides in ‘the humidity

cabinet at the temperature of 60°C for 15 hrs.

)i/?)l/:l—zl/
W& ; 300 m!
EREB/AT ; 100mV v.s. S.C.E.

(2)
(3)

Table 2. Chemical composition of the sulfides.

Fe (%) S (%)
6°1 354

Mn (%)
585

Table 1 2 Fig. la XD, ZZCTHEZRLLRLH?
Fe#6% §itt&tr a(Mn,Fe)S Tho = Liibhb.
3-4-2 BRI DK~ DU

BLRD Z <, 4@, FELicsskbh gt
B2 EENICIITER Lcdd, EEMLRTERIITRb
Tz .

The amounts of the isolated sulfides
4
o2 N
\ 20 min in N, atmosphere
oo e
w
a
= 008}
=
w
w
e _ o088+ N . .
IS
? ooa |
o
Q02 |- Lo
20 min in gir atmosphere
1 L i

20 40 60

Temperature of water (°C)

The relation between the dissolution of
sulfides into water exposed in mnitrogen

Fig. 2.

and air atmosphere and the temperature
of water.

LB 2T ZORZBHET 5D,

sEIh R EE LI, BE, ZEKORL 5KH
i 20min B¥E L, TOBRBEHELIAE L

Tisbb, T OHLE 2 EHESEE LT DR
Eo—#% RKRXLTLD S BE#REETCRIE LLLE
5, HPCHE LT hLh 0°120%, 0°118% T
Table | Dffid SEHEY TS O3 MESHTE T
BT EMbhof. FOERER Fig. 2 KRLTH5.
DERTZDORDBEODOFHILMEY, BE%S 25° 40°, 60°C
CRWTHFAKEZELRFHILERFERICSWTA
»aEHik (pH 5:5~6°0) iz 20 min R, BELER
WL, BIE2TWASHbmE LT SERMEEETK
Wi BREEERVCTRIFEhOFEECHELTE
Rl £0fERE% Fig. 2 Rd.

Fig. 2 X9 a(Mn,Fe)S RERFER CTRIIEMBE
2D L voRR LTEREHATIIZ DEHRENE
LLEARLTEKY, »2, BREDOLRITONTHEMBES
BALTWS ZEpbhd. 2, FREBRTESEH
K[HPTHAIL R KPP BRI, BREZRE LFES
D Mn 4%, FeA F o 2ERELI-ETA, BRLE
a(Mn,Fe)S o Mn, Fe o 10% @it L23EE Lisss
Dz, LB oTCwotABB L a(Mn,Fe)S 32z
[EBLFTREOHE D OMSNEUET 5 Lath

e e o

3-3-3 BRFEEK BT AL OEEZEL

DEFLSE O LHOBLAEARIC BT 5 EFH0LL
ZFARDS DT, HHSEELZESRD a(Mn,Fe)S & 5
T ALY — LD, 60°C DIREECRE LicigSssd
W thr 3hrs /L, Lo/ LERBEE2FAE L.
Z DfER% Photo.3 IC7RF. Photo.3 & D a(Mn, Fe)$
DRESFE» LIER, BHECELL, S50k
ERFLLELLTVWEDHPEED BNS. E7/Photo. 3
XY a(Mn,Fe)S 7 yMn,O3(MngO,) ZZ(ELTWL
KEPEY X5 C@BDOLNE. 5K a(Mn,Fe)S %
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a(Mn, FeS)

a(Mn, Fe)S+ y-Mn,;O03(Mn30,)

(b) The change of the isolated «(Mn, Fe)S after keeping the
sulfidies in humidity cabinet for 1 hr.

r-Mn;03(Mn30y)

i PN

(c) The change of the isolated a(Mn,Fe)S after keeping the
sulfides in humidity cabinet for 3 hrs.

Photo. 3. The change of the isolated a(Mn, Fe)S after setting the sulfides on glass plate and
keeping in humidity cabinet at the temperature of 60°C. x 300
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60°C DIREE T {R5E L@ RAEhic 1" Shrs REFL72H
Lo X#pmEifER (Fig. 1b) & Fig. la o XFREHAHR
BLrol@Es S a(Mn,Fe)S 55y MnyO3(MngO,)
ZLLTWL ONEDBNS. xF Photo. 3 Z{FHIT
gRET 5 L, 2D 7 MnOy(MngO, VkZEIEL, £
AR DERDS S T EMRbrb.
3.5 a(Mn,Fe)S MSFE Lz 7 Mn,0;(Mn;0,) @O
MEROEE

3.2, 3.3 OERICIVT, WMIREZEBSIECRRLC
g5, a(Mn,Fe)S OFRECEHFBEOCTIREREE LT 7
Mn,O3(Mn,O,) 2STLRET 5 2 L &2FER L, 3-4 DERIT
FVT a(Mn, Fe)S 2 BKHIC R L, RUTX S
7y Mn,O3(MngOy) PERTH Z 2R L. Lich
ST D a(Mn,Fe)S 7 5ZE{L Lz v Mn,O3(MnzO,)
DMk E BETHEC L. Thabb oL

. P S B o g
Photo. 4. The behaviour of 7-Mn,O3(MnyO,)
particles on the steel. xX75 This photo
shows that 7y-MnyO;(Mn,O,) disperse
very rapidly on the steel surface and
depositearound « (Mn, Fe) S after
keeping thespecimens in humidity cab-
eint for a few minutes. The deposited

particles cause rust formation.

o . W

Photo. 5. The colloidal particles of 7-Mn,O4
(MnzO,) dispersed on the surface of
the steel.

ju— N s - _—

a(Mn,Fe)S 2 HHERK L7z 1 MnyOg(MngO,) D{EDD
E% NNTHEE L7z Table | oxtflo Licow T, 60°C
DOBESHECREL, 20 7 MnO3(Mn,0,) OAEIDE
(LB TP 7o, RETMCSE Lz 1 MnyO3(MnOy)
DAEXFBETCHELR. ThHOFER% Photo. 4,
Photo. 5 ITRT.

CDERRE» LLUTOZ Ld5bhDic

(1)  #93~5min BEOERRT 7 MnO3(Mn;Oy)
HELDTHNTKERE L, SROKIPRFEMZH
FHETLEOERTT. wbPIR@ERo2TWER
BELEMY, KEMNTED. (Fig. 3a)

(2) 7-Mn,O3;(MnyO,) 13%9 3~5 min BEDER
BILARIC R Lokt 12T, EhdTaEITHEL,
Voo 4 FROERZERT S o914 F
B FDAZ XX Photo. 5 RT X Hic 500A BIFT
e D iR 2 L b b

(3) zoyrrkoaoA4 REFOERE 7 HE
LBl Emc iR 5hd a(Mn, Fe) S fiZ iz LT
T 5 EHmBRD 5D,

4. = 0

1.1 a(Mn,Fe)S DRBIZDNT

Fig. 2 kT a(Mn,Fe)S DK~DEFEMEIER
FEEATIRE DT, ZRFEEKTIIEF LIHEX
THEMIDTOX SHHAIhS. ThbbERFHE
K[RTESED (1) RoRGELIEZ Gixwv. fihFZ%E
KEASHTE (2) X, (3) RoREHFZ, £
DEE, Mn, Fe omE»34£T50T (2), (3) OIS
MELDTRBEAE~NEDZ LT 5.

F+hdbb MnS OBFREMRIE L. BRiInnerd) 50EHE
wwEhE 1°4x10-15 TH L0 LC, Mn(OH), ©
VSRREERIT 4x 10714, 1°69x10-14 riHEXhTHRD,
MnS OWBMREMEHELTERIZERER V. Lot
2T (1) RKOFEPA~EL D HS 2SR

BRESNDLENSHS. Ml Fe(OH): OBMBERIE

6:5%x10-47, 10-37.9 LIRLEINTOI D R D/ V.
¥ 72 Mn(OH), OBMBERIITHETH S, Fer++r &
FRCEOBMBRERD Mn(OH), OEMFERTHERL
THEDPEVEHEEEIND. LAE2T (2) KoK
GV LA EOERERO £ 5 AN EL T &2 AT
X, FOREL LT a(Mn, Fe)S BBEMETHIDEER
bhs. ThbbERFHATRERFHIL LB LT
a(Mn,Fe)S S EICEFE T ETind. itk (1)
OB TER L7 HeS 13KpT—8 H +SH- Lfig
5D TKO PHE T 281R b5 5. (pH 58-9)
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a(Mn, Fe)S+H,O 2
Mn(OH),+Fe(OH),+H,S ----eveeeen (1)
H,S 2 H++SH-

Mn(OH),+Fe(OH),+0,+H,0 —

Mn(OH)3+Fe(OH) g e oovveeenenincnn (2)
Mn(OH); — T‘anoa(MnsoA),
Fe(OH); — FeOOH-wivievvinnninnenn (3)

fifthoFegid 6°0% */ABEOTHEDO S
EMn OBt TH 5.
12 FREBROETNL

REIC a(Mn,Fe)S P52 L, rMn,O3(MngO,) &
UTHUMKL, HRECVW5BB%2 350 7 LEER

PEETLTERTS.

Fig. 3a /3 Fff B8 L7 Table | QRO T 7 MnOy

(MngO,) (a(Mn,Fe)S % 60°C 0@ &8z 3 hrs {F#
LTELIEDD) ZDRT 60°C BRI E
R (3~5 min) RIFI R THRELET VW HEREZNT
L7cbDTH%. Fig. 3b |3 Table | OFEHFL %
60°C DBKHEICRRF L 72 ST "a(Mn, Fe)S H¥hF L
T 7y MnpO3 (MugO,) & LTHILER L, R4 vz 5:8
BEERLEDOTHS.

Fig. 3b HAL/ZTEL, a(Mn,Fe)S %500
BREBBILTOL >t Ldbh 5.

(1) i?a@hiwsﬁ%mm@&#h%m®¢r
BRT5.

(2) CZoOBEELE Mnt+ BBohiciBircvw s
FRIZE>T Mn+t++ ZE{bEh rMn,O3(MngO,) &
LTS 5. 2@ rMnOy(MngO,) 13Kk ZB7E L2

After holding the specimens in the humidity cabinet

" Mn203( Mn 304)

!
I
I
I
|
i
I
!
I
|
I
[/

Water film

S —

Dispersed coll{mdol
particles of :a”MngO3 {Mn;0,)

[::_‘:l

Rust mlhahon
induced by Y M, 0

(M"’I;OJ)
|

I
|
I
1
]
1
!
1
1
|
!
!
[

!
I
|
{
1
!

e {Mn,Fe)S in the

. {Mn,0,)
specimens

¥ Mn,0; tends to precipitate in

the surrounds of « (Mn,Fe)S

Rust'ini'riafion

T Mn,0y put on the specimens |
( Mn304

Fig. [3a. The relation between rust initiation and dispersed colloidal particles of 7-Mn,O,;(MngO,).

The dissolution of a {Mn,Fe)S
info dew water.
«(Mn, Fe)sS.

The first stage

Fine &' = Mn,05(Mn;04) particles

precipitate in the surrounds of

The second stage

The brown rust was initiated
around the fine ¥~ Mn,0; ( Mn30,)

particles which tend to absorb water.

The third stage

Fig. 3b. The typical rust formation process induced by the change of a(Mn,Fe)S in the steel.
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Fuv. ThOLOFESEER (1), (2), (3) oRER B{PEECET LT FeOOH AR, KREFRE
Rt THETe. X7z Photo. 3 X ViHIFEREZR 3hrs HriEsRTVWLOrELBRS. i a(Mn,Fe)S A
BaEr L ABoBREFIEbTR 7 KKEBLEIVWRERTDED yFeOOH %z o

Mn,03(MngO,) TZEILL TV B DHEBDLNE DT,
yMn,O; (Mn,O,) DARKITATEE (1), (2), (3) X
mﬁbki&<,ammﬁdswﬁﬁ,ﬁm%agiﬁ
BT, MBRERELT a(MnFa)S — 7
(Mn, Fe),0; ((Mn, Fe);0,) LW HERFEX N5,
BELLEEIE (1), (2), (3) RORJGE LD
BRSO o0 RioH R 22 2TWw5D0THS
5. L# L Photo.la OEIREFER»HLLD X I, <
EEEHS rMn0,(MnO,) OWBEICELLIRETDOD
o (BMES)REEFELOEREZI LEVOREELT,
EIR, BB L 0REREE2EDDTOERILY
FULORTD LD, LEanoTHRECE 2L HAE
LE5F 5 ORISR, LB L rMn0s(MngOy)
Thb.

(3) SFizodgmklc rMnOy(MngOy) WEEEER
BECAKZ K E LTAECHBL, LD a(Mn, Fe)S
OEBCY v 7RO E LTIHET 5. ZoOBiR, X
RIS I LCVvisy a(Mn, Fe)S OFHEIC
)L SROUBWEERTS. 20 yMn03(MnO,)
KRS ERELRT L, LrbLhElk, 304 FRF
FLTEBCHB LT WERIZ 2T S. TDbhE
@ a(Mn,Fe)S i SN ZE{LDETL22H% a(Mn,
Fe)S oFEBICikfRE L 7Mn,O43(MnyOy) TaE T IR
PWHETSH. ZOX 5REEN» S rMn03(MnyOy) D
Bl CARTEENRAET LR E LTROELRE LD
hs.

F+bt a(Mn,Fe)S OBFELIEIWIZ—E D HlS
O XoThD pH B85 EL KT 50T, ZD
7Mn, O3 (Mn,;0,) DI Tlrafh & tBE U TERMBIBEREL
2F D, Lrdbihi ELT, & ZTREVIKESRS

 HETHOTEERGHEZ LT V. LEF2TXO
Mn;Oy (MnyO,) @384 FRFEDTREDE,

TMn,05(Mng0,) LEFTHDT, ThdFFO—EIL
LCHET 55, KEk4 OZFENE Z 0 yMn,05 (MngOy)
WEAEINRTWA EEZXLTINSS.

5. #% %

BRSAMRIC 3513 B a(Mn, Fe)S 2352 O & 2 TR
PDToXsTxsdbhd.

(1) FF a(Mn,Fe)S DRRIC T EFE AL AKDHIC
BT 5.

(2) AR LI Mn++ pkrho BERT BR(LEh,
Mn+++ 3EE#E LTIBRL , rMn,O5(Mn;04) %
kTS .

(3) -Fir, zoEk LI rMn03(MngOy) XA
ECHEMmCI 04 FRTFELTHEL, ERLELIH
ey a(Mn, Fe)S OFc bt Licamd F&L
THREL, VWb 3 ) v FVROWEMH a(Mn, Fe)S £
% & ® «(Mn,Fe)S oFBCLHBET 5. ZORRMIEIK
HEBIELLTVOT, BHKKORRRIGEHIE L
7FeOOH D 7iFERKICEL -
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