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Effect of Alloying Elements on Perforation Corrosion Resistance of Hot

Rolled Steel for Automotive Bodies

Takenori NAKAYAMA, Kazuo MIONOYA, Hidenori SHIRASAWA,
Haruo ToMARI and Hiroshi SATOH

Synopsis :

The effect of alloying elements on perforation corrosion of mild steel was studied by cyclic corrosion
tests and an outdoor exposure test. Ultra low C-P-Cu hot rolled steel has been alloy-designed for the
perforation corrosion resistance application for the automotive bodies.

The newly designed TS 45 kgf/mm? steel, produced in the mill, shows the excellent mechanical properties
and an equivalent paintability to a low C mild steel. In addition, the perforation life time of the developed
steel is about twice longer than that of the mild steel, according to a cyclic corrosion test conducted on

automotive underbody parts.

Its excellent resistance to perforation corrosion was considered to be achieved by the formation of a pro-
tective rust layer of amorphous species, judging from the results of rust analysis by EMPA, FT-IR and

laser Raman spectrometer.

Key words : automotive corrosion ; perforation corrosion ; ultra low carbon steel ; corrosion resistant steel ;
cyclic corrosion test ; rust analysis ; corrosion resistant mechanism.
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Table 1 (23 M DL MM %R $. No.1~No. 5 &
& e %48 (0.05% C), No. 6~ No. 11 i3 1K jx 3% 9
(0.003% C) #X—Z2BDHD 1% Mn, 0.07% P, 1%
Cr, 0.3% Cu B U 0.07% P-0.3% Cu % Hfhid % i3
BORMLEZDOTHA. 22T, P, Cr, Cu DER
e iESS, HiEKMAOBELXVESEL LTR
FLZ ChOOMIZERSCEERRL, EHID—
BB ERE (BE : 2 mm)— T A VERLD B B0
B (550°C X 60 min, Xiy) O L%, KEAFE£1To
CTEE 1.5mm DM E L7, No. 12 KU No. 13 i,
BOBOEE OBIERFN T A7 CHI% L 2Tl
B ABAESK (THRAEM) CTd 0, &Rk T5HK9
2, chspEHIagERERE Y HaORIEFERL D
DThHH. b, —EHOBARERCIE No. 1 ZHEIRE T
LESLERMES D - X HH (BfHE 45 g/m®) b HE

1.

Table 1. Chemical composition of steels tested
(wt%).
No. C Si  Mn P S Cu Cr Note
1 0.048 0.02 0.21 0.008 0.001 — — 0.05C
2 0.048 0.03 1.03 0.009 0.001 — — 0.05C-Mn
3 0.049 0.03 0.20 0.071 0.001 — — 0.05C-P
4 0.047 0.02 0.19 0.008 0.001 — 1.01 0.05C-Cr
5 0.050 0.02 0.21 0.068 0.001 0.31 — 0.05C-P-Cn
6 0.003 0.03 0.21 0.09 0.002 -— — 0.003C
7 0.004 0.02 0.97 0.010 0.001 — — 0.003C-Mn
8 0.002 0.01 0.20 0.074 0.001 — — 0.003C-P
9 0.004 0.03 0.20 0.010 0.001 — 1.00 0.003C-Cr
10 0.003 0.02 0.20 0.010 0.002 0.33 — 0.003C-Cu
11 0.004 0.02 0.20 0.066 0.001 0.31 — 0.003C-P-Cu
12 0.042 0.02 0.27 0.014 0.014 — — Mild steel (SPHC)
13 0.004 0.27 1.25 0.087 0.003 0.33 -—— Developed steel
Table 2. Corrosion test conditions.
Type Content
ssT |} wer ] bRY || o
. (5%Nadl, (RH 85-90%, (70°Cx 5.5hr) (5%Nacl,
CCT-1* 50°Cx thr) 50°C x 15hr) 50°C x 1hr)
{1.5hr)
SsT { bRy s wer
(5% Nadcl, (50°C x 2hr) (RH 95%,
ccT-2* 35°C x 6hr) 50°C x 15hr)
{1hn)
Qutdoor Set at Kakogawa Works' quay for 10 months
exposure test (Added salt spray once a week)

*: 1eycle/day

MELTHW.
2-2 EEER

ARFFECER L - ERBOME % Table 2 12T &
W5, Thbb, WAEE (SST), &#H (WET), &
# (DRY, BEHMZ L) S2iladbe 2 EORE
H 4 7 WRER (CCT-1, CCT-2) KUV SLEkm =aE
BWTHE—EOEK (5% NaCl) 8fi % i L 72 KA %
GBREBREITo /2.

Kio, ThOBAERBRICHAVAREEKE Fig. 1(a)
Bt (b) RT. (a) OBKAERA (70 X 150 mm) i,
7 v Y BRE, Kk, %k, EEKUREE T ARIER
F—FCHEL-HDTHY, CCT-1 :ER, CCT-2 R
BREVAKAEERBRICH L. A—&OGT COBARER
WAL L E—RER o8 3K e L7z, REBRERO AT
i & LTk, 70°C » 10% 7 T VBT € =7 LW
PHVCHSEL, RARRRSEHE LA 22T, &
KRR ST, RBEBROZABRF OMBHER TRV
BHEEELS (60 X 125 mm) OSLEE 5 mm I8 % kBT
HE3H, WSS E L THEZ 15 X (17 X 23 mm)
HOSKBABRELS 2 F7AF -V Tk, Hiv
TRAME O BAEF IR ESD (V& Xl O R KiEE
INS b DHBNEC 45 B (15 XE X 3 %) df -~ il
RKEIc TS0y b LCERLLERRA L.

(D) EHEFEEE ) HHmEEE L 2K EHwTH 5.
No. 12 B0 No. 13 08t #4800 L%, 7V 2L,
TAMBEEE, WM Ty h—-BEE L TERL,
CCT-1 BRIt L 72, HEBEOFEE LT, 70°C D
10% 7 =87 VE=Y AKEBEBRZ A TRER, 5
BrEEFRLREWE LI 90 BEILICYRTL
TEON ETESHEIC2WT, REFEEIT > THITH
T OFARER B Wi O KR EIR S KD 72,

Ll

Insulation tape

Disk portion Bend portion

\{2-51) / (2.01)
S =

Rubber

50
\

(b)

(a) Plate specimen (b) Automotive underbody parts
Fig. 1. Schematics of specimens for corrosion
tests.
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HHEE (FT-IR, JIR-100) R L —+H— 35 < v 4%
KEEEH (JASCO NR-1000) 2k hEEL 2. 22T,
Ay F—F A7 TESICHEE-RIT & 8% %2588,
ABERIRAE L -HEARBH L LTEE 9 TON
L7z, PIBSEIX, H vy 9 —FA 710X VBREHE L » 34
D THHICHE L 72,

&5, RKEfFo—HoHEIZowTik EPMA 2w
THERBWITH DITE S A & 54T L 72,
2-4 BREHEMESAR

SER MBS I oW T, D AERIEME (HAR~A
> F(BR)BL SD5000, 43+ 2°C X 24) A F 4 L BE
B (AKRAL ¥ MER)E, PTUS2, 15um) ¥R L7
AR (70 X 150 mm) ZFER L, KD 2 OB EE%MRE
%ﬁgﬁi’ﬁo 7-.

@zuzsy b SSTRHE: 02 v MiGkIEK
% (SST) #®&EK 840h T\, 202 A v b2 HOB
fEA < hg (RS L D 1/2) #E L 7-.

@ity K% 2 HKER - BAKIRIE (40°C #iAkF 10 BB
H) BiRORBREICOWTHy ¥—F A4 752 HWT 2
mm (JDZTEAB% 100 gL, 7— 7R8I L 2%H
iR IaVAR

3. XBRRRUEBE

31 ABHZEMBICRIZFTEETEORE

R FMAR (0.05% C) K UK i & #8 4 (0.003%
C) Dild EEEIZKITT 1% Mn, 0.07% P, 1% Cr,
0.3% Cu KO 0.07% P-0.3% Cu iR FE;IZO T
CCT-1 BB T CCT-2 RERIC L WA~ ER 2 Fig
2WRY. 9, KREM (0.05% C) Tix, P RV
P-Cu ORI CCT &4 T THILd & A%

REITHBH, Mn iz CCT &0 & - TR iR
20, CrifMdMmEHTEb b EBas*IET A
FRE 2 o TWD. RIZ, BIERER (0.003% C) Tid,
P RO P-Cu &Mz CCT-1 2B WL 5 EAH
FERAH D, Mn BMIZEICHEBEIRSAY, Cr &
O Cu DN CCT-2 DEMTILG 2R & LAB)
BYBHERTHD. —FH, &K1, BERITHEK
(0.003% C) 13Kk FMM (0.05% C) 2 H~THILD
EWEABIENR TS, ChHDERY T EDL L, &
KR #FAL (0.05—0.003) X P ikiN, &5z P-Cu
DEETRMI LD CCT £ BT AL S EEM»
MESTAZEdbhos 7.

Fig. 3 13, W{ERFE (0.003% C) ¥ ~X— X2 1% Mn,
0.07% P, 1% Cr, 0.3% Cu & U* 0.07% P-0.3% Cu ®
BETLELRML-HKD 10 »ADKREBRBRER T
HY, CCT-1 REER UV CCT-2 RERDHER LMz ¢
TRLTHA. KEZEBRT TR, “TFhoTERM
KEoTH, LD EBAPUBZEENIHREL L -THY,
SST-WET-DRY OEEH 1 7 VEHT L 3ERO %
BINRE->TVDBIEPRBENSD. 4512, P-Cu 0¥
BRI K 2UBEDRLIBEETH ), N—2AWIcH~T
BREES % 15 T TRIEETVS. bXy, ik
KEBOER, Pifdsvid P & Cu DBEARMC
LNHMOILD EBEAVBERTELZ Ebror. T 7,
1% O Mn RMOEBIBEFMBICL->TREZD, 1%
D Cr, 0.3% ® Cu FmMEFHBICEL->TRILD XA
EIRTAEBNODLEDbD ol 26 ORI,
BMETHE, RO EBRICRIEFTEETEOY
RIBEFMFCL>TRELZY), HBHEEKOBEN DS
iRt L BT 2 CHET AL E O L L %
RETALDTH S,

Fig. 4 i3, tROZABRTERLHILS SBAM LT
L 72 0.003% C-P-Cu 8 (No. 11) DB KB EIES O

Max. corrosion depth in CCT-1* (mm)

* 120 cycles

£
~ 1.0Cr
-::\l 1.0p 0.05C
lt: o L 1:)Cr
o Yor

0.07P 1.0Mn A 0.3C
£ -0.3Cu ®iomn | =
£ 06} 0.07P
s 0.07P -0.3Cu 0.003C
'Z 0.4k » 0.07P
'% 02 L Fig. 2. Effect of alloying elements
£ low C (0.05%) steel ultra low C (0.003%) steel on maximum corrosion depth at
© L ! ) ] ! y ] ! CCT-1 and CCT-2. The maximum
g 0 02 04 06 08 02 04 06 08 depth was analyzed by the extreme-

value statistics.
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*: 10 months

** .20 cycles

Fig. 3. Effect of alloying elements
on maximum corrosion depth at
CCT-1, CCT-2, and outdoor expo-
sure test. The maximum depth was
analyzed by the extreme-value sta-
tistics.

5
E 0.003%C 0.003%C
* 1.0F -
é 1.0Mn 1.0Cr 1.0Mn 1.0Cr
o 0.8 »
@ a 0.07p
2 0.07¢ A0.3Cu 0.3Cu
= 2 0.6k -~
2 3
g .
° g 04f -
2 :'-'; ultra low C (0.003%) steel
© © 0.2f @) -
§ < 0.07P-0.3Cu 0.07P-0.3Cu
N i 1 1 1 i 1 1 1
= 0 02 04 06 08 02 04 06 08
= Max. corrosion depth Max. corrosion depth
in CCT-1** (mm) in CCT-2** (mm)
CCT-1
- 0.05C
g 1.5+
E
£
B
% 1.0 0.003C-P-Cu
< ) ,/ﬁf
3 /A
= L,
S o5k 7
% /X CG-A (45g/m2)
= /’
’ | ! |
0 20 40 60

Time (cycle)

Fig. 4. Relationship between maximum corrosion
depth of 0.05C, 0.003C-P-Cu, and CG-A steel
sheets and test time (CCT-1).

B L% X— R TH B 0.05% C (No. 1) R Z D
WECHEE 45g/m?> OS5 ELERES D> S 2L
@ (CG-A) EHBLAELOTHE. ZhSHMOM
ILd XEEMFEIIE, CG-A, 0.003% C-P-Cu, 0.05%
COMETHBH, ThoDFHFELEFHRIEVNIIRER -
Twa,. Thbb, 0.05% C DEREGFE S TEMERIC
LB A L TWB S, 0.003% C-P-Cu it L
PwitEer e e b@mEAT A —HT, CG-A i,
D DEERED/PE VA (HED - IC K BHEHR
REG LD EEZONS), BHEAIE-T (B
XFESEDNRBICONT) ZOREEES 0.05% C
LRELAVICETHE T AENERL TS, 0T,
0.003% C-P-Cu i2B W T, BEEABL L I,
0.05% C L DREFRLDENET TN, CG-A
DIEIZKREIESSEMTH S Z b o7k,
PEoER,S, HPREENKRESL P-Cu DM
ickby, FAoiILd S EEUIHETE LI EFHLL

ot F7, IO LSO RER LMoL EE
HOEBERE IREREEE & LIS AEBEET S
723, EHIICIZESD - SWMMOMILS S WAL D
ERZATEEE ORI R
3-2 BREEAYHZTCOMAH ZEEMERE

EBRZTO FERAEERICESHT, Wild ZEAE%
BIESARZE T A CTRMEL, SHICHBEER Y Hm
INT LR A D SR L 72z, P RERaR X, T AInmmEE
EHEOETH » EPHEAEH LICCWETAVEME L.
KR DT 13, HENEMEERME LTOBEHAELE
B LCHIaRM S 41 kgf/mm® DL E% BIEIZ L 7.

3-2-1 e o MERE

SRUESAM 1L, Table 1 1277 No. 13 Dz ERFE
B (15t) L, &8, BREEEICE-T, 2.0mm R
2.6mm B S OBMBIC L, BREERGLETLTH
Wi C'iE, ILdXBREOBAENS 0.005% K& L
7o, ZhiE, ZAEy MAEMERNIHERBFBICLANTS
rrBEbhs. BERELCILZMERTEHICEE
Hige LT Mn % 1.25%, Si % 0.25% L\)L ¥ TR
XETwn, ThoTEOHMEBR L L ICHEHBMLICXD
MOMEFARCHFSTAHALDOTHAH., T/, SiE, 1l
FoORELLZS MnS® OB EBHESE L DT,
0.005% LAF & L7z, B, ILbaEARTUET A LT
ELEELMBEERRELEZ P L Cu 2 EERMEE T
5.

2.0 mm B O BEMAME % Table 3 (Z/RY. 45
kgf/mm® BOBELETH I h byt 2, &
BETH D 255, nfl, FLILFEL b I@E OBREK
LHNTKREL (BlxE, F—HED 38 kgf/mm® MK
BEEZBHO o H13E 0.14, FLILTERIZH 125%), N
THICHERTW A, 2.6 mm EEKIIOWTH, A%
DHEL XNV TH o7z,
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Table 3. Mechanical properties of the developed
steel sheet.

YP TS Hole expanding ratio
(kg/mmZ) (kg/mmZ) E]( % ) n-value ( % )
33.8 44.8 37.9 0.179 162.0

Plate thickness 2.0 mm

RIZ, BREEZOFMEMK O O A BRIEE R IE o K IR
PZ2WT, BE OBIERHMR & HE S & TR ER
T BDBD Photo. 1 IT/RY. EMIR & FMkoREL D
ABRESRERDPE O ONTE Y, RN L AEoREN
2ETHLDOLBbRS, T, Table 412, KK
BT 2R ERR OB ERERABROKRE 2R
F. 77U v b SSTRERICBIHRES hIE, K
U K TBERERIC X 5 I A BRIBERE L b 2R
RO zh & EZRII R, KEIRKEFFELXLVO®RE
W HT B LSRN,

B, RVEMROFHAERR £ Hv T CCT-1 #ABk%
#7v, A Fig. 4 1R L7 0.003% C-P-Cu & A%

1

DEDfled SBEMEZHT5 2 & 2IEMEL T
505, T OREMEIZD W CTIREFORIER ST HORKER
BRTHLBRDBbDET S,

3:2:2 iffld EBAMFEREE

Fig. 512, BESMRR UM EEAIERE Y &85 % H
WTHT o 72 CCT-1 RERDIE R %2R

Hix, WO KRKBEES OBRKENLERLAEZLD
Thh, MELZSHENEAL DREKIESDOHDHEN
MEi23 /& 7ay bLTEBY, ZOMEIRD EHRES 100
ELEESRTHERLTCYAS, T, EHEE b,
SAERARBLEDS S SIBER 2 & 0 WTLD =GRS
BNDZEFEOSHTH S, LI, BITE, PR
EbIZ, BKEWO 60 1 2 VBOBRKBEIES L HUE
B|MED 12094 7 VBOFAFFRIETH Y, BEILH
HICHENTH2EOILLEHEFGTHH LV S,
Photo. 2 12, 120 4 4 7 VERERTL O RIS S, O WFE L
RBE/RT. KPR TIEFRE S 5 CIHITERIC BT S
BEILOEEFSR OB, REFERKCIE®RT Tt
EoTWnihWnZ Edbhs.

Table 4. Results of paintability tests.
Test item Mild steel Developed steel
T 4 — 4
]
E st £ 3f
< 2F < 2
2 5
Blistering test 2 ‘2 U
g‘ or o 0
T L G\ £ 1 ] ] ]
< 200 400 600 800 8 200 400 600 800
= SST time (h) % SST time (h)
o As painted 0/100 As painted 0/100
Adhesibility test o o
. . After water dipping 0/100 After water dipping 0/100
(peeling ratio)

Mild steel

Photo. 1.

Developed steel

SEM photographs of phosphate crystals of mild steel and developed steel.
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{-f-<— Plate
Mild thickness
[ @r—
steel ° 002 (2.0 mm)
50 e
‘7>\ Developed

steel

(a) Bend portion
1 l

100 1< Plate
- Mild thickness
- (2.6 mm)
=
50

Developed
steel

Max. corrosion depth ratio (%)

(b) Disk portion
1 ]
0 30 60 90 120

Time (cycle)

(a) Bend portion (b) Disk portion
Fig. 5. Maximum corrosion depth ratio of automo-
tive underbody parts as a function of test time
(CCT-1).

Mild steel Developed steel

5mm

Photo. 2. Cross section of underbody parts after
120 cycles of CCT-1.

ko Xz, MERR Y &mo CCT A<, UE
SR BRI N TR LS A2 A TAH S
LSRR A Tz, RETH, S OWSEROILD BN
BOERIISWT, ARMOMK L BECBALVET
NEBR*THLDET A, ,

3-2:3 RSOl & B AUHERIE

Fig. 6 J2 0" Fig. 7 i, CCT-1 3RE& 120 41 7 VD
VSRR R OSBRSS T S E SR d 7 & $REL L 724 i
FT-IR A7 PV R L —HF =52V ART P VER
LEbDTHA, WA PVEDBIZ, FONRETIE,
TR D ZEREHICL L, 7-FeOOH, o-FeOOH,
FesO4 2 EDRIELTWB I EDbA B, —F, &AW

Y- FeOOH
70 T— . - FeO —_
9 70 ] l—__‘ 70 T Y~ FeOOH
1o i 9 I 1
o o 60 o
>| ‘!‘:’ ] d ) 60
1+ o 50 . Q
—_— *E‘ ] a~ FeOOH ,5; u
i |e a0 - ]
Q|5 1 2 E 50 - o~ FeOOH
- |8
3 |F 304 Fe304 &
o ] = Fe304
20 T T T T 40 Y T T T T
1200 800 400 1200 800 400
Wavenumber (cm™ ') Wavenumber (cm")
5 80 a— FeOOH
£ 0 -
- 40—J ® 60
gﬂ § 30 Iy Y—FeOOH
LR ER 2 a0 4
e = - FeOOH <
E 20 £
e (7} ] £
m g [ 20 4
C |z 10 s .
c 1 Fe304 = Fig. 6. FT-IR spectra of the
- 0 T w0 o T e b outer and inner rust layers.
0 .
Wavenumber (cm™) Wavenumber (cni') The rusts were obtained frf)m
bend portions of automotive
Mild steel Developed steel underbody parts after 120
cycles of CCT-1 (KBr disk

(KBr disk technique)

technique).
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Fig. 7. Laser Raman spectra of the outer and inner rust layers.
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Fe:04
- H
Fes O, Y-Fe0O
> Y-FeOOH
= 2> a-FeOOH
g a-FeOOH ‘®
- c
. £ 2
k=
Outer | ¢ °
s 2
la © ©
ver | :
o
| n L 1 1 1 1 1 1 " 1
700 800 500 400 300 1200 7(I)O y GéO ! 5:30 * 4100 * 3l00 y 2400 t
Wavenumber (cm =
( ) Wavenumber (cm b
> o-FeOOH
g 2
2 ®
£ E,
Inner | ¢ E MM N
= o
layer |3 2
o 1]
E 1 i 1 . 1 " I n 1 " A L
' 1 : 1 1 . @ 700 600 500 400 300 200
700 600 500 400 300 200 Wavenumber (cm ')
Wavenumber (cm ')
Mild steel Developed steel

The rusts were obtained

from bend portions of automotive underbody parts after cyclic corrosion test (CCT-1) for 120

cycles of CCT-1.

Mild steel

10um
b

Developed steel

10pm
—

Photo. 3. SEM and X-ray images of Cl of rust layers of mild steel and developed steel.
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BBV Tid, EfRICIh oA EICHERT S AR
FOVEREEIE55 <, HFICAIESRR CIE 2 oEALSBEE TH
. T/, ZOREMBOENED FT-IR L U'7 <~
2R P AVOEEKOTE, Wiy, SR6D kUt
Keiser 58 5B O BOEER A F ¥ KE{LEk & L TH
ELTCwb IREFIT AR PLVORII—HTHD
DTH5H. HoT, AEMKONBE LIS EN 2
Wb DLEEZOLNS,
. Photo. 3 1, AVEMARK K AR BBy ELE [l 1) 3K
YEERER D CCT-1 3REX 120 A 7 VEOSFHRBWIE ()
) o SEM R OFRE O Cl DX BEER L
bDOTHAH. KR, AMEMKE IS, HFERIIClO
BEABED LN TWEY, BEMEIWMETREZ Ty
. Tbb, KEKTEIHB/HREORER, AIEH
WTRREL,OETHEN-FHERTIC ClLEBHEIAONT
By, METE, HBEEAFEICHNTREOEREE
METHH Cl™ A+ HERICTTELICCWRAE
RLTWA, RICBRLERFOTHEREEZGDE
HE, BED Cl” A F B2 AHGMERNLIESENRE
HRERICLA LD EEDbLRLY, ZOFEHEWERITE
FBESMOBEREEOBAIHICOEFS LA D
EzxzbhBh, Tabb, FMEHTIIZ) LATEOEE
REBOBAMHOMEIC LN HILS X BAMIEE -
VAR YR58 0¥ (N ’
—#4C, EPMA KX WiboTEOBRNE -PAHRREE
WCREL CRANAER, SME#RIC BV Tdek/ERE R
HZBC Cu OEMESEMMICED SR, BT, ARY
OANTEHEREICET AFR#HE I XL, MED Cu®r
DIFEIZ Fes04 RO E L HIHI L T X #AYIZ Fez04
#IEFETHE L b, NIHEOEHEEY SO L1EH
BhbeLTnh, toT, RIEFHICROS NI ERHE
Wi, SHEES ThHD Cu DFEFICK DAL ZWHE
WhaHsH, 7, AHSO oMoitEdIcRizTE&E
TREOREBICETAMERE L hE, ATESR R
oD —oThHsDB PIZonThH, Cu LK, HHRBIC
WAL CHOERBEERET AEAFHLE LT
%, KW CEML 7 CCT-1 RELMT Cit, ¥HicH
FTH P BfIEOON L, o7, P OBMS LW

¥ Cu L DEARIMIC X - TILd BRI HF SN
EELEZAbEAE, AEFEBCHML P bIEaA
BB B L Tl SBRIEICEHFS L - Trek
KhHAHS.

Dk ewnl, AEHMKIE Cu P OERHICLD
BRERAR ( Te~ OB 70 A S MO SH T8 % Mb Bk TR T 1 AR R
LTCl A R EaBEr EREEROBRAZI
Wl athtErdY, B -Wildaira L b0t
Bqanb,

4. & B
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