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Relationship Between Pickling Kinetics and Scale Structure of Silicon Steel
at Different Cooling Rates

BIAN Meihua, PENG Jianing, YIN Liqun, LIANG Qingguo, ZHANG Xingsen
(Electric Power Research Institute, Guangxi Power Grid Co. Ltd., Nanning 530023, China)

Abstract: The phase structure of hot-rolled silicon steel coil is different due to the different cooling rates. The work aims to
provide a theoretical basis and data accumulation for the structure control of hot-rolled silicon steel scale and industrial
pickling process. Field emission scanning electron microscope (FE-SEM), secondary electron (SE), backscattered electron
(BSE), X-ray energy dispersive spectroscopy (EDS) and X-ray powder diffraction (XRD), combining with the industrial
pickling and laboratory simulated pickling, were performed to study the relationship between the scale microstructure structure
and pickling kinetics of the hot-rolled silicon steel under different cooling rates. Pickling mechanism was discussed
preliminarily. Results show that oxide scales of rapid and slow cooling hot-rolled silicon steel coils are both double-layer
structure, which consists of Fe, Fe203 and Fe304 with different relative contents. The oxide scale of slow cooling coil is
uniform with many cracks on the surface. And the interface between the substrate and oxide layer is smooth. The oxide scale
of rapid cooling coil is uniform and dense, and the interface with the matrix is rough. The microstructure difference causes the
pickling kinetic of rapid cooling coils to be slower. The pickling mechanism of rapid and slow cooling coil is similar, at which
chemical dissolution plays a major role in initial stage and two-stage electrochemical corrosion in later process.
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Table 1 Chemical composition of silicon steel coil (W/%)
Composition C Al Si Mn P S Fe
Content 0.089 0.29 2.08 0.23 0.014 0.004 Bal.
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Fig.1 Microscopic morphology of the oxide coating at rapid and slow cooling rate (SE)
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(b) Slow cooling
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Fig.2 Microscopic morphology of the oxide coating at rapid and slow cooling rate (BSE)
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(a) Rapid cooling
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(b) Slow cooling
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Fig.3 Elemental analysis of oxide coating at rapid and slow cooling rate
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Table 2 Result of element content analysis

Atomic percent / %

Sample ID Test position
O Al Si
Gray phase 3791 60.88 0.11 1.11
Rapid cooling
Black phase 34.56 64.96 0.01 0.48
Slow cooling 39.75 58.14 0.89 1.22
180 180
© Fe ° © Fe
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B o
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—~ ° —~
T AT °
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(a) Rapid cooling

20/ (°)
(b) Slow cooling
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Fig.4 XRD patterns of oxide coating at rapid and slow cooling rate
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Fig.5 Cross section morphologies of oxide coating at rapid and slow cooling rate (BSE)
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Fig.6 Microscopic morphologies of sample surface at rapid and slow cooling rate after pickling

3500
—Spectrum 1
3000 + O
2500 | Element  w/% al%
Fe 0 37.65  67.82

é 2000 + Fe 62.35 32.18
S 1500 |

1000 t+

500

. 4 + Energy / KeV
(a) Surface image (b) EDS

Bl 7 PR Tl FRUES R 5k B TR T

Fig.7 Elemental analysis of surface remainders at rapid cooling rate after pickling



%24 WFEAE, A RRINSHIHEE T R AL B 5 SRUESN 1% e R 93

Bl 12, nfRIIAE Ak B A B AR
KPS HIRERR I AR

2.5 1RIERITIRLE

S T A P A X R R AR R
M), S 56 S A A A FUA R VR VR A T R VA . 5
B w BRI, 1 380 2 P PR S Ak
FRUEBLZARDL, HRAZ NG A i a7, Pl
R, FEAEREAE R B, FRUER IR IR TR
R,

DL H PSR ) R R JE A E AR N R Tk
Lo PR IR R Uk 2 10 B 58 4 25 BRIV e ) AS
], 12 HREELE 0~20 s I, Fi Ak i 818
I SR BT (8 RIBETR), BEJE LT R A
WP, TCARMA R 20 s BRI AHE A Ok
SREABEREE; 20~60 s B, ARMARL, HA
HORBHINME; 60~87 s, AL ek, K
AR, A ERRIARREEE T, 87 s If AL
WhRoE A, MUER LR @, Podd HI Ak
Bz A BUSEE BAT 30 s, MRV E ALK SE 4 iR
B EREESY 102 s,

3 a5iTe

3.1 AENRFRI RGN ER R E SRR
&N 0pA1 |

T HELE N H BRI, e
LSRG S AT 3 25 57,

PEL Tk B o R [ 04 R 2 1T Ak B 8
Fe3O4. Fe2Os. Fe ix 3 FPAHZH N, (HA&ZEHAHY
FEXT & R A AR . &A1 FeO f77E, Tl fiE
SEAE S AR A B T T Y FeaSiOa #H, FHAT T4
AR R — 20 A

EM Sk FREEALH (18 A A A 4 AN I
W, SNBA K. JNZEEEN FeaOs, IR, 45
FIEiAS . FEEVF 28, BB AR5, NZ
F L FesO4. Fe Mk, ZH5HMIXTEE, Hik
SEE TR, MBS R R

E IR AAL B (DA HT) o Fe, Fe3O4 A
X wERE, W ANZ AU, EA KRR
o351, HANZ EEH Fe 03, FesOs HIL,
GEAARXT R, ML N2 FEEH FesOq.
Fe Mk, WAMNEEE, SRS 24Uk,
RS BEAR K . 1R AR T, ERIMNZE T

Bf AR XS 84, 5 3ebt Fe e i w4, HNZE
Fe304 JZREHIE

3.2 AHRFRIFHRELIENERTE R MK ERTY
AR

Tk PR Fe P AP B A B AN [A] . Al
SRR (12 H0R ) BRUEE B, ROIES
SR ST T, S0 A B Y AR Bk R K R
Kio A AR R A URE (PR A BRVE S SRR T
HAVFZERE Fes04, MUEIFAWIIR, XWEH Tk
PR I % T A B 1) D R BT A o

B RR Ui g0 & I, A Sk APl (18 e
) SEBRVERT AN 87 s, BRI (k%
1) SEATRVERTTEIN 102 s Tl iR Yk AR R 1k
AR, M AR AR (PR A,
BT () ) TIRYE. Hit, ™
PR A RGeS )5 R AP E DT R 25 5

FRELAE B 2 T 4810 i R VR A8 e T
AL FERTDES, JERE, SRR A it
PR AL 2 Fe. FesOs, FexOs 411, 52
VR LR IOV, Fe lx%5 %), Fes041RZ, FexOs
HE TR, AR (12 3R A Ak
HMZFELL FeOs N FE, M TRMAEMREZEL
JERESM A S B2, BINEXTERGE B RH
BAERAK; WIZEMH DL Fe, FesO4 A E, HR
VR T g, P R s A e #0553
AN Sk AR S A B 5 3R ) 45 G B TR RS B
AN, BNESE IO, SR S TR

P, Ak BB IAE (1 3 A AL S T
MRk, AR (PR A0) Ak oh = 3%
Pl Fe20s3. FesO4 T, ZEHEUR, AAm¥s Hig
JE X RRUE R Y BELASAE R . A e B e 41
b Bz 5 LR 25 & SRR BE AR, A5 A T
B, YR VR i SRR, AL IR S
TES, T LA AR R R v 2R A S A S B B
DR A

3.3 ELEEWIR. BRLENAHERITAIH IR
Wever-Engell %2 FERFGY T AELAR N TR BE 1)
oAb I, @57 T Fe/HCUFeO Ry o fhaf i R
PERIAL, Frisch &2 iH 3 2 & 1k ) 45t B Al
(Fe203/Fe304/Fe0), X% Wever-Engell #7717
BIE, A RRRVE I AR R Jm i v b s A A,



94 b B xR T L FE

2019 4F

SRS LR S =R =] AL G

AL RN R Ve HLEE AT LA 3 25 ok ik s,
O M a ) AR BE, 5IKEESTEE
() FeO #zfilf- I i ; QWA RIS FeO 2 i ik
7, PrAs R, JRPERERS > FesOa MR
N o QHa WA, XA R 5 PR VR,
FFPEREFRAR Fe ROTEMH, FeX HUib A,

A RIS, M4 XRD 434 R,
RBEPIRRVE BN G . IEL Ak A9 45 M 1) R DEATL B 50 W 25
AT,

(1) fe2E i i /2

BB A, PAALAE N R Y Sk B
SERRNTAF LR A, A XRD 4518 4 H 21 1
A (Fe203/Fe304/Fe), A& FeO Wisr. KI5
Wi, S LR FesOs. Fer03 5ERIR H X
N AE AR S A, IR WA R AR

Kl 8 At r i i B B, YPRVEI 5
1 B My (4] 8(a)), HH FesOa. Fe2Os 53R
L, RSN (1), (2) Fis, AR AT T RRUE
) FeCla(R 2k {0) Al FeCla(3R 5 (7) (K] 8(b)(c)),
T RUAAE R AR R AR A B IR, i
PRI G RE . ISRk B i fe s, fL
BRAEBRIGA T, BRUEMAL o i A BRIE AL AT 127
fifRel, FRVERTH, PRP AL Ibees i B

Fe304+8HCI = 2FeCl3+FeCl,+4H,0 (1)
Fe,03+6HCI = 2FeCl3+3H,0 ®)

(2) HLAb A B gl

Wil B R A, PRV T B B b AR, 4/
TG, RV A B, Fe(BHIR)/MR K
(HLA 30 /8 AL B2 (Fe203 il FesOa) A4 A Ja) 3B J5 H

i, Rzl e Al it A

AR A AR R AR TR, R Al 7y
ARy BB RRUERCP AR S N R A AL
BRI B Y, RO (3). (4). (5) B
N, BB N Fe SR HLFARIK Fe™, ARSI A
HA5 L FA i Ha, B H R F I & b, Ak
AAEEZLY RO . 8] 9(a)(b) AL AR
b S — R o S s

FHAR SN : Fe—2e” = Fe?* (3)
FAIAR SN : 2HY +2¢ =H, 4)
B N: Fe+2H' = Fe?™ +H, 5)

Bl SR S TR T AR 1S OK, R H R
T, Hrh iR AR, RENEASH
RRIEE=1i1) 1 QEWAPOE =R 78 9% 5 I 0 (- E Ll =}
b5 5B RORFE BN o5 — 850 T8 )54
PR TR VW e 0 Bk AL B0 AR
AN (6)~(12) s o FrLL, FRUESS MV R St vk
g, 181 9(c)(d) S Ha AR T ek R AR 43 S
R

FHAR SN : Fe+2HCl—2e =FeCl,+2H"  (6)

B N : FeyOs+2HT+4HCl+2¢” = 2FeCly+3H,0
(7)

B(Fe304 +2H" + 6HCl+2¢ = 3FeCl +4H,0  (8)
B{2FeCl3 + 2H" +2¢ = 2FeCl, +2HCl  (9)
BNV Fe+FeyO3+6HCI = 3FeCl,+3H,0  (10)
5{Fe + Fe304+8HCI = 4FeClLL+4H,0  (11)

Y Fe + 2FeCl3= 3FeCl, (12)

111

Outer layer q ’

Inner layer —»

L1

Substrate

(a) Initial

(b) Out layer dissolving

(c) Forming yellowish-green spots

Kl 8 bR A A i AR

Fig.8 Schematic diagram of scale chemical dissolution process
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Fig.9 Schematic diagram of electrochemical corrosion process
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