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Effect of Chemical Compositioh on the Formability of Flash Butt
Welded Joints in Hot-rolled High-strength Steel Sheets

Masatoshi SHINOZAKI, Hiroshi HASHIMOTO, Toshiyuki KATO, and Toshio IRIE

Synopsis:

A study has been made of the formability of flash-butt welded joints in three types of hot-rolled
high-strength sheet steels, solid solution hardened steel, precipitation hardened steel and dual phase
steel, to clarify the factors which are required to high strength steels for wheel rim use.

Formability in stretch-flanging depends strongly on the hardness and microstructure at the weld. It
is impaired by localized fracture due to the softening at heat affected zone or weld interface in dual
phase steels and precipitation hardened steels having low alloy content. To avoid the softening in
precipitation hardened steel, the carbon equivalent should be raised in proportion to the tensile strength
in newly proposed equation; Ceq[FBW].

Formability in bending is deteriorated by two types of defects, penetorator crack and hook crack.
The former is caused by oxides gencrated at weld interface during welding. It is suppressed by
controlling Si and Mn content to maintain Mn/Si in an adequate range, 4~23. The hook crack can

be suppressed by lowering the amount of sulfide inclusions.
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Table 1.
C Si Mn P S Al Cr Nb, Ti, Mo B
A%

Chemical composition of steels used (wt%5) .

0.04 0.02 0.2 0020001 0.001 0.03 Tr Tr
~0.15 ~1.1 ~2.5 & ~002~006~10~006~02~0005

Table 2. Conditions of flash-butt welding.

Size of specimen t X 50X 90 mm?

Secondary voltage 4.8v
Curve of platen travel parabola
Flash-off . 13 mm
Flashing t]me 4.0s
Upsetting current time 0.2s
Upsetting force exerted by compressed air
Upset distance 5 mm
Loading
Thickness direction
,‘”( Punch
/Test piece
3 . _
. =
Weld line —-»i  Scratched sE
' line z=
H =
—Lg— T
Test Gauge length Test
die (50mm) die

(a) Side-bend testing tool

E1=(L-Lg)/Lg
(b} Specimen deformed

Fig. 1. Method of side-bend testing.

Penetrator crack

Hook crack
Weld line

8 = 40°

Fig. 2. Method of bending test and defects in
welded joint. .
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Fig. 3. Relation between tensile strength and
side-bend elongation in hot-rolled sheets.
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Fig. 4. Relation between side-bend elongation in
hot-rolled sheets and in flash-butt welded joints.
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Photo. 1. Microstructures and hardness across
welds in mild steel (0.0894,C-0.0039;,8i-0.32,Mn,
TS 34 kgf/mm?). Nital etching.
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Photo. 2. Microstructures and hardness traverse
across welds in solid solution hardened steel
(0.0669%,C-0.529;,Si-1.78%Mn, TS 52 kgf/mm?).
DP etching.
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Photo. 3. Microstructures and hardness traverse
across welds in dual phase steel (0.0639,C-0.52
2%,5i-1.79%Mn, TS 53 kgf/mm?2). DP etching.
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Photo. 4. Microstructures and hardness traverse
across welds in precipitation hardened steel(I)
(0.0849,C-0.05%Si-1.07%,Mn-0.0529,Ti, TS 64
kgf/mm?). DP etching.
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Photo. 5. Microstructures and hardness traverse
across welds in precipitation hardened steel(II)
(0.0979,C-0.35%Si-1.44%Mn-0.0449,Nb, TS 61
kgf/mm?). DP etching.
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Photo., 6. Cross section of penetrator crack.
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(a) penetrator crack, (b) sound weld interface.

Photo. 7. Scanning electron micrographs of
fractured surface at weld interface.
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Fig. 5. Relation between ratio

cracking and Mn/Si.
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Fig. 6. Effect of S content on ratio of hook
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BB Loy, BELIT5 MBY B hvwnE
D, ECMROBEEEC I O>THEEINBDT, TD
MIRE A DOETH B, Licd o TILEER & B LI
DIEEE & DEIFE Y % OO TRBIUTE, sk
OBEFOMOEKIED 5 VIEE{LEFATE S LE L
b,

% 2T Table 3 wRJEER, REIHEMEEMI XU
BILER 23 Mo TEEPLTOEEYHEL, B
FLEOE b — AFE Hy k@ EEy BERE
B X b Rdje. BEERE T ARR

Hv =constant+a-C+b-Si+c-Mn+d-Cr
+e:Nb+f-V+g:-Ti+h-Mo+i-B
+j-CxNb+k-CxV+1.Cx Ti
+m-CxMo+n-C><B ..................... (3)

L1, G. T. Eupis et al. 0B ATFLEBROKERY »
LML T, CxNbxTi 7o D 3KRDBEIFFHNE
WEEL LR EDOTEFTAENDLEA L. N§ Hv i
BETLHN, BE 50~70ppm L —FTHLDTET /L

Table 3. Chemical composition and hardness at
weld interface of steels used for mutliple regre-
ssive calculation.

Chemical compsitions (wt%)
Steel . Hv
C Si Mn Cr Nb v Ti Mo B

1 0.06 0.02 0.26 0.03 — —_ — — — 110
2 0.08 0.02 0.30 0.03 — — — — — 140
3 0.07 1.01 1.75 0.03 — — — - — 255
4 0.09 0.50 1.50 0.03 — — — —_ — 225
5 0.07 0.52 1.78 0.03 — — — — — 210
6 0.07 0.53 1.55 0.03 — —_ — - — 204
7 0.10 0.0¢4 1.51 0.50 — — —_ — — 219
8 0.10 0.22 1.99 1.02 — —_ — — — 295
9 0.10 0.98 1.98 0.03 0.09 — — — — 274
10 0.10 0.20 1.50 0.03 0.04 — —_ — — 214
11 0.10 0.99 1.52 0.03 — — 0.11 — — 258
12 0.04 0.04 1.07 0.03 — — 0.05 — — 192
13 0.05 0.04 1.26 0.03 — — 0.06 — — 190
14 0.05 0.55 1.25 0.03 — — 006 — — 215
15 0.10 0.21 1.00 0.03 — 0.0¢4 — — — 183
16 0.10 0.03 0.48 0.03 — 0.10 — —_ — 169
i7 0.09 0.05 1.10 0.03 0.0i — 0.05 — — 210
18 0.07 0.04 1.15 0.03 0.01 — 0.05 — — 210
19 0.08 0.05 1.07 0.03 0.01 — 0.05.- — — 180
20 0.10 0.35 1.44 0.03 0.04 0.05 — —_ — 241
21  0.10 0.97 1.00 0.03 — — — 0.19 — 215
22 0.10 0.04 1.49 0.03 — — - — 0.004 219
23 0.07 0.50 1.50 0.03 — — — — 0.005 200

AT,
FAEORE, Hv REYUEA Ceo(FBM) XK
DXHSCERING. 7ok, EMEBEGEIL 0.96 THS.
Hv=78+331 Coo  FBW) (6=18) «wevrerreen (4)
Ceq (FBW)=C+Si/154+Mn/5+Cr/9
+7Nb(1—-10C) +V (50 CG—~1)/3
+1.3Ti(1—-5C) +Mo(1—6 C) /2

429B(I1C—1) -oreevrnireiinnnns (5)
Coq(FBW) & SERIEER OBIGR Fig. 7 WR3 &3
DTHH, HEAIWvHEANLLRTHS, D Gy

CFBW) % B C#k#l, TS £ 50 kgf/mm? DEEE(E
8% (SS) Js Lot TS #y 60 kgf/mm? o Hiif{L88 (PH)
D BERFD 4 ¥y F HOER SEl % &35 L
Fig. 8 @ X 51t/ 5.

RO 2>DEHEA & BirggEdh oo SEl »fHE
Lich DT, ZHRERDOISKCLTRDOIS. T
b, BH D TS & SEl DERIZISEFEDOEVC LD
(1) FF(2)KRTEENDD, Thbe(4)AB LT
TS=3x Hv DOBjffa: bEggt.Liko SEL 1%

Hif A:S<30ppm DBFA
SEl=107—220 Ceq(FBW) -------e (6)
S>30 ppm DBE
SE1=77—154 Co(FBW)

B B:

LFEED.
IO ODOBEE L ASKE O ERLE O RERI RIS
Y T ]l T R

250

{ Hy )

200

1501 1

H, = 78+331 Ceq[FBW]
=18

Hardness at interface

6 02z 03 04 05 06
Ceql FEW] (wt%)

Fig. 7. Relation between hardness at weld inter-
face and carbon equivalent Cqq[FBW].
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Fig. 8. Relation between side-bend elongation of
welded joints and Cgq[FBW].

—o0k# (O) oSaFit wFhi 30ppm X
D&V, THhOOWEETERBOESFCHS. “h
VRERER TR B O & SR LI O A 1IER LT
by, Fig. 4 WiRLic X 5ic, BEMFED SEL 3
D SEL X0 ig LA LETFTLERWE &b FMk fEE T
H5b.

TS # 50 kgf/mm? oEEHH () oS aEL
T 30ppm LLFCTHY, THBHOREALERA L
h SEl oFflichs. o hEBBICE CizEED
DI OWELX M OWE X 0 &, BERLEIHED
LR T B OLERIEETCWBLHT, ZOZ it
BHEMFCHO» CHDEMBRCIVFT A7
FoofEE Y JE L CHEMDR. T Mn i K oRE
BH(E TR 0L EHEL T CoqlFBW) 2355
B0 SEl 3% EE#F O SEl #EE L T\w5 = S ini
5.

TS #y 60 kgf/mm? DHFHMILE (A, Ak ITVA)
DS FEELTNT 30ppm LT THBA, ZhbDf
ERLEBEHRAOHAT S L5, BT L1 48
(A) 1 SEL 2 30% DIEEEL, TXNTEHALD
SEl 23 llic 5. ZTHIIATR I 580, EE®
bl (D) &Rk CeqFBW) HigE <, B#H o SEl 5
BEHFO SEl 28HULTW3DHTHS. ZhIEE
LTCHEEPOTTHE U8 (A) 12 SEL A 25% LIF
LEL, ERALRAIU»Zh Xy SEl BMELCHIEH D,
Chil ATREINDWMCRBEDOROBELFH OF
EXviEL, BHYE v BRI CBEh OB

kT, BWEREBL(6)RC L EJESh, KEBERD
RANISRE N I BIF ThH D12 & h a5, Fig. 8
2 L¥WrT S &, TS #y 60 kgf/mm? D7 Hisa(LHRIC 3
WL Geg(FBWI 23 0.4 wt% Ll E7svs L 30% LUk
@ SEL M3 Hhigun T & ie B A%, Bivk Uic ki ik (bem
(I)E () D Ceq(FBW) x5 th 0.3¢4 & 0.421
wt% THH, SETRTDOTCE LR L EREELN
—H LT3, T O TS 3@ Ut 0 BRI
IOTHEHEZT B0 T, Ceo(FBW) 34D TS
EEHEORGIR A, TS 237c & 2134 50 kgf/mm?
DHTHFRIEIIC 35\ TR E IR AR T Ceq(FBW) @
BV, #) 70 kgf/mm? o HISEHBC 35\ Tt Coq
CFBW) oEifilicimEfMiFE o SEl RBEt s LEx
bRB. LIch>T TS pif 50 kgf/mm? o (L
PERET AHAIE 04wty Lo {ELTH Ly as,
TS »3 60 kgf/mm? & o @ T HERIESR & G 2454
IR E HIEE N Geq(FBW) MER S B 13 TH 5.
LaL Fig. 3 WRULA-L 51K, 4o SEI i3 TS 65
~T70kgf/mm? ) bC 25% LIFeicsoT, v A
B LColisgtsio TS o LRIt 65~70 kgf/mm?
EiBTHAH.
CETOBAL DT EERHEIC X 2T Rdte Ceq
(FBW) DRSZHTSKEE 2 B &, Cef (FBW) 0/ T
ROBREBUL~ LT V4 A+ R2~A 5 4 P FRERCRETY
BOEAETLTWD E W25, MBS c %
BB TELACIBGT I OTHRIL L T %1, B
I HT IR REE L T L T\, BSR4 i i
Bt WEEIREEP LR BT S ChEHET S
W= TF /YA PR A 34 FERBIC X A EGHES
ZHHBILOBAD L0 b RELTHNERDY, 0
1ottt G (FBW] % E L LisiFhuidis bioyv. FEE
LSRR © X 5 REILERM VW0 T, Bibinkz
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Mn/Si i X 2T THABEIIRD L H5TEL bR D,
RE b U= =R TALERAB LI X 51 Fe,
Mn, Si, Al ZofCHh 3h, KEBRTHGI Mn &2
0.9 wt% Ll kORISR T, MnO-5i0, oty
NEMBETHS, BUD wIss, SABEBECIVE
et & BT 5 854, MnO-510; i RREERIIC B\~ T
MnO & 8i0, DfifsrhCh 1850°C L 1723°C ¢
HAHH, Mn/SiH T~9 0L XIRLEIREOH 1250
°C ieien, FiezDb XOBEMBEORE MK 1550°C
CHWEIRTWA., —H, 759 ¥ay PBEECK
Tit, BRBOREZ 1550°C Xh|mwEHEIhS
DTN, Mn/Si 5 7~9 X b A\ G O O O
WLBRREBE Y, 7o 7y PVEIOTHMESREE
LhimHEi & h s &2 B, Mn/Si A 4~23 s
SIEVEIE TR A b v — & —EIhBEERNMES LS D S
—onMEE, EREOWBECKTULT v ¥ adils
$, ERULBLYPHERE T /0L, ¥ »0ibE
BT ERTAEBMEHN 75 9 vl L hDEDOEL
frEhirtcdbEL OIS,

Ll o EEiERIC oW THENC g Shic TS
60 kgf/mm? fHOHFHMBIEMD 7 5 » v oYy FEEM
Fiz, FTRAMMIkER L.

5. &

FA =Y AHAEENEESFE LV ED7 5y va
Ay FEBERF OB TR LFERS & OB B
THN, UToffHme z .

) BHovA4 FXv FRoiis|EmInEG kb
ONTETT 5. 5IEEIARLTY, SEHEEDODR
WL A FX v PR K E .,

2) 75y vasly VEREMFEOYM PV PR
BHOER I pIEL, ELSCBERLICHZER T
BT 5 DIy A FS v DA,

3) BEMTFOWEHMIABRECH KREL, v
4 PRy YRR BT MBI EEE T & —8T
5.

4) wEhOECRsT AEE Hy XEBREIC X

i

D RDIRFYR Ceo (FBW) TR MR OLFEE
PR 5.
Hv=78+331 Ce((FBW)
CoqUFBWJ=C+8i/15+Mn/5+ Cr/9
+7Nb(1—10C) +V (50C—1)/3
+1.3Ti(1—5C) +Mo(1-6C)/2
+29B(11C—1)

5) BERRBEREBHOEES XUEBROEN /NS
{, BElmna(bie Coo [ FBW) 2% 0.4 wty LI LEodri
BRALSRE, BEEBIC AT v A P RXAF A PR
U TiEkd 5.

6) Ceq(FBW) 2% 0.4wt% skiffi O HAR{EH T
BERC~LT /4 A b1 71 FEREHREI BT,
PR L s R WA &£ 5 D Tlk{b3-%. Dual Phase
TEBEEIC Y ) =T v 4 bHEED DD
b3 5.

7) Dual Phase $fl> Ceo(FBW) 2% 0.4 wt% ki
ThsH TS # 60kgf/mm? DffHEILETI1x, HERE
FOH A FXv PO 25% LT ThsAH, BEERIL
88 Ceq(FBWI % 0.4 wt% LA ETHS TS # 60 kfg
/mm? DL TRy 4 FX v FHUH 30~35%
ThHh, VABECHEL 25% IHhREW.

8) & br—z—EHhFEERIL Mn SfiDTHRE
WoEERE s OMCHELRBRE RS T, Mn/Si 2 4
~23 OFEO L ERLEL b,

9 7,223, 70RERISEEREN 0.005 wt
BT OHECEL 7t
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