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Synopsis :

Fatigue properties of newly developed steels with a tensile strength 50 kgf/mm2 grade,
which are manufactured by Kawasaki Thermomechanical Rolling (KTR) and
Multipurpose Accelerated Cooling System (MACS), are reported. The newly developed
steels exhibit excellent weldability and low-temperature toughness. From the view point
of fatigue strength, an investigation has been made on their fatigue properties in the
through-thickness direction and on the softening of their high heat input welded joints.
The relationship between the through-thickness fatigue strength and sulphur content
only was obtained for KTR, MACS and conventional steels. There was no other factor
which affects the through-thickness fatigue strength of newly developed steels.
Reduction in fatigue strength due to the softening of HAZ was less than 15% when Kt
was 1 and less than 10% when Kt was 3. Change in the value of m in Paris' formula due
to the softening of HAZ was predicted to be 0.2, which was negligibly small. Base metal
and high heat input welded joints of newly developed controlled rolled steels revealed

excellent fatigue properties.
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TFatigue properties of newly developed steels with a tensile strength 50
kgf/mm? grade, which are manufactured by Kawasaki Thermomechanical Rolling
(KTR) and Multipurpose Accelerated Cooling System (MACS), are reported.
The newly developed steels exhibit excellent weldability and low-temperature
toughness. From the view point of fatigue strength, an investigation has been
made on their fatigue properties in the through-thickness direction and on the
softning of their high heat input welded joints. The relationship between the
through-thickness fatigue strength and sulphur content only was obtained for
KTR, MACS and conventional steels, There was no other factor which affects
the through-thickness fatigue strength of newly developed steels. Reduction in
fatigue strength due to the softening of HAZ was less than 15% when K,
was 1 and less than 10% when K, was 3. Change in the value of m in Paris’
formula due to the softening of HAZ was predicted to be 0.2, which was negli-
zibly small.

Base metal and high heat input welded joints of newly developed controlled

rolled steels revealed excellent fatigue properties.
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Table 1 Chemical composition of materials (wt %)
T Thick- _"_‘ N e B
Process Steel ness | C Si Mn P 5 ‘ Al Cu Ni ‘ A" Cuq P
! (mm) I
P M1 | 25 | 0a7 | 0217 0.69 ) 0.012, 0.002 0.029‘ — — | — | oz { 0.212
MACS- Mi; A || 015 | 024 | 101 | 001 0.003| 0.081] — — 1 — ] o} 0209
ACC M3 ‘ 0.14 Q.25 1.04 0.013 ¢.003 1 0.034 — — ‘ — 0.31 0.200
M4 | EH% = 38 | 0.08 | 0.26 | 1.48 | 0.009| 0.001| 0.039| — — — | 0.33 | 0.163
P K1 | 38 0.07 | 0.31 | 1.56 | 0.010] 0.001| 0.028| 0.20 | 0.22 | 0.037 | 0.37 | 0.176
KTR VK 2 | EH36 0.08 .41 1.50 0.006 ! 0.001 0.030, ¢.20 0.21 0.036 | 0.37 0.186
B 35
K3 | 0.09 0.42 1.50 0.014 1 0.003| 0.032] 0.15 ¢.14 0.042 | 0.37 0.193
Cc1 i 0.18 0.37 1.36 0.017 | 0.003 l 0.033 | 0.008 | 0.016 | 0.003 | ¥0.42 0.261
Conven, SM50 35
cz2 ‘ 0.16 0.35 1.40 0.017 | 0.008 ‘ 0.031| 0.009| 0.013 | 0.003} *0.41 {0.243
Coy =C+Mn/6+(Cut Niyf15+(Cr+ Mo+ V)5 (%)
*C,=Crt-Mn/6 -+ Si/24 + Cr/5-+ Mo/4-+ Nij40+ V/14 (%) hanical ies of material
P, = C+8i/30+(Mn + Cu + Cr)/20+ Nij60-+ Mo/10+ 5B (%) Table 2 Mechanical properties of materials
Thick- |, | YP | TS
Process Steel ness ]::!1::. (ket/ |(kef/ (E/::)
(mm) mm?)| mm?)
Test plate ———
L | 28 ‘ 52 | 35
Q/_ Test plate M1 25 C 39 l 52 32
i o
< \Q‘a ‘""’5)", 7z | a7 | B2 | —
Z N8|/ 302 L | a0 | s | 20
@ 3=
fL 15 M2 | AH36 C 39 56 28
35 __I L 35—
250 —1(}1{3)'* 250 4o AGS. . 2w | | —
y CL—-T(Z) ACC L | 41 | 54 | 25
)—‘T(Z) M3 C 41 55 24
“ Z 40 55 —
L 37 57 29
Fig. 1 Welding procedure of through-thickness direction M4 | EH36 a8 c 98 56 24
specimens
Z 40 53 —
L 43 52 32
2.2 B R K1 38 C 44 54 | 30
3 . X ) - . zZ 43 52 33
FEHEBRA O Y X AEEERF OB R BLUTE % ‘
Fig. 2 ()~ (g) 1TmT., #F HAZ BULBORHME L R0 B 1 L | 43 | 53 | 28
DAV RES LOWRA & ABRBRSETEoMmAIT HAZ i KTR K2 | EH36 C 1 42 53 I 28
EMANET 2 L ST L, IE/EMEN K 2 1 B\, 1.9, 3 3 i 2 | a8 | o83 i 04
5L, o3 K OIFENCHERRY %R . I
(/8 - | L] 0| e ‘ 32
= — 4 —_— —_ 1+g4 P’d ........................ ; IA‘-‘—_ -0
K=1+(Ke-1)1 (180) } (1) K3 EEEAE
o [ |
T KooV EBHREIRICHT D SRR ; | z [ !5 o
Koo 7 o o MEHAGIRIC S B 151 | L3 s
2) . = ! —_—
, gﬁ%;terson OREIZ X D) . C1 ‘ Cc ' 30 i 53 | 40
. 5 : i | ——
. N ! Z 35 54 21
o IRHE Convent. .| SM50 | 35 | 5 |
d: GRES | ‘Li35‘53|37
. 1 SR
B BERRRA AR BRYRMHE (CCT) & CT ®Ch o ¢ n  m | W
5, BEMTFRABR COURMBE Yo AF 2 Kb 6mm fEh/: : : ? - ‘“5"51 o
HAZ B#r{bi & L, | | ‘ | '
N5 ELER Vol 17 No. 1 1985 — 74—




FHEITIERS: TMCP (2 X ) BLE L 2 50 kgf/mm? $RTFRIIROE Y 75
Table 3 High heat input welding conditions
i . Welding Arc Travel Heat
Process Steel Vn\:::ggldg Shape of groove current voltage speed input
(A) (V) , {cm{min) | {(k]/em)
\,10“-.1/
M1 EG {"'N{ \ / % 660 30 7.2 165
4
16 i—-—
MACS !
M2 f 500 40 1.9 632
o
CES R
M3 | o o 510 32 2.0 450
. 1450 33
MACS | M4 N 4/
One side f
welding - 1350 42 38 266
(OSW) =
KTR K1 | (—+
, 1200 53
KTR K3 1350 36
ditto 25 229
Conven. Cl1 1000 47
4 <
s SR 0l
Avavavd 1 T : __(_T
R.D 3 = ¢ S ¢’% o
.D. )+
— |5 ' 1 i _L;;—E—L
l 570% _! Av.VAVARNE N T
= FAYAVAY D =
600 —‘i
C=—=T [ Is , o .
{(2) Base metal specimen, L direction, 2¢=35, 38 (f) Center-cracked-tension (CCT) specimen
b
W - _'_ - ——
' B B gL 16 ¢ N I
(b) Base metal specimen, Z direction, 2¢ =26 | L_ﬁi"' My EB_,:
LIS P pad SRS I A U
(c} Welded joint specimen, 2¢ =25, 35, 38 _L_ )
S !
A 2 -re
5 2 p=15 K. =19 4]
. p=05 K. =30 Naxie El " = 65—
31 20! ¢ e 81.0
2 .
(d) Round bar specirggn (g) Compact type (CT) specimen
T
AR 14 ¢ 20 ¢
ey i -
10 ¢ =
301.5

(e) Netched round bar specimen

2.3

HKEBAZE
FHEBL PEARK 20Tl 100, RERBA IOV

Fig. 2 Dimension of test specimens {mm)

Detailes of notch

10t dWFh b BRMERETHRBE#L AV, HEHERED SR
(0-813R) =0, EELHEE 5~15He T » 7z, B XEEHERE
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LML 10Hz ©hs, CCT 550 CT HBaA OIS IE A FER
DM, 4K OFFEIL TR TR (2) 3P, (3) /Y 2R,
HEOEHEIVWTRE (4) RV ITi-1,

CCT: dK=0y- vza- ¥ Wiratan{ma/W) i (2)

CT: =20 G 8644 64(a/ W)

—13.32(a) W¥+14.72(a/ WP —5.6(a] W)} -+ (3)

QEUANZCLAK Y™ v oereerieimas e (4)

oD op: G AEE
4P fiE

a: EEEX

W HEAiE

2 BERAE

N: BELH

c,m: BRI

KRABBHERIO L o b AMEE S ARET 2mm OAECH
i L, HBICET S, BFHRF 2B OV TREROARA N
WO AL 8 e BT T 10 ik L, Fig. 3 10
THEER s, WhENVAK I, KBRS A YAE L, WES
REVEAEHRSR K % (5) XY LR, EHREEOMERY
i R

B

Fig. 3 Definition of the toe radius p and the flank angle #

09T (= —8) .65
KFH_[ 11_83—0-9”_/?“:/2 }( 2.8T1,ft—2 %) e (8)
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it s
2 MhENDARK
ki GREFES
2T: wE+2h
28 WE

3 HERER

3.1 KABFREFBRFIO5RME

Table 4 ~#t3Hfe NKU2A S#T3ERBE LU0 HAZ 3]
RREAERY SEHICOWT R, #FIIRER TIRILAL R
S TEE LTED, BEETR v, HAZ 3EECIEX 8
kgffmm? OMEETAABRES I,

3.2 KARBRRFOEZ

KABEERTHTO €y 7 — AW E A bR HAZ R
fEHOE S 35 X O fibiE % Table 5 2R3, HAZ S®{HE ST
MACS #t-c# Hv 136, KTR # T4 Hv 153 & MACS #oJ5s
KTR # L hEboRERRE, L LT, $iuls MACS HoO
HEREFWEACSHZ,
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Table 4 Tensile properties of high heat input welding joints

| T UNKU2ZAT - HAZ tensile

‘ ‘ El ate, Weld-  type __!_p_rpp_eg_lf:_s__
Process ! Steel lngt m]:{gh \E:?ccd TS JTS**

(mm) ad { ", *loca. (l;]g]ﬂ') (};r%ri’[)
‘ tlcm*

Ml‘ % i (524 BM | 51 | 0

M2 | AH36 1 51.5 ‘BM‘ 50 ‘—6
MACS '—— | 35 | CES:

M3 |53 0 HAZ. — | =

M4 ‘EHSG 38 1osw‘ 53.3 | BM ijg | -8

K1l 38 }542|BM 51 | —1
KTR | EH36 OSW |

K3 | | 3 15’37‘BM 56 | +3
Convent. | C 1 ]SMSD‘ 35 osw\ss.q\ BM | 58 | +5

* BM: Base metal
HAZ: Heat affected zone
#* BM tensile properties—HAZ tensile properties

Table 5 Results of hardness in high heat input welding joints

! T Weld

i Plate |Weld-| metal HAZ Egifrig
Process Steel thick-| ing hard_' hard- | zone | AHv*
ness |meth-1 ness © idih
(mm)| od |(ave- | PE% | W
rugez‘ ] (mm) -
M1 o5 | EG | 192] 1361 11 | 23
M2 | AH36 183 137 11 | 13
MACS - 35 | CES
M3 ! | 180| 130| 25 | 26
M4 |EH36 | 38 |OSW| 202 138 | 10 | 32
K 1 38 ‘ 20| 183 7 | 1t
KTR | K 2| EH36 OSW 188} 152 5 | 11
35 e
K3 215 | 155] 10 | 19
Conven. | C 1| SM50 \ 33 OSW| 195 | 151 7 +1

* BM hardness—HAZ hardness

Table 6 Toe radius p, flank angle 4, reinforcement height A
and stress concentration factor K at the toe of high

heat input welding joint for various high tensile

strength
Plate | Weld- i _ ’ _
thick-| ing o ] I
Process Steel ness | meth-| {mm) | (deg) | (mm) K,
(mm)| od ‘
M1 25 ‘EG‘320‘1459 0.61 ° 1.30
M2| AH36 [ 1.08 '136.6 2.04 2.24
MACS 3% |CES — - -
YE) 2,27 143.5 2.15 | 1.74
M4 |EH3 | 38 |0SW 0.95[123.3 1.89 ' 2,43
K1 | 38 | ' 2.65 | 136.3 2.0 174
KTR EH36 —— OSW | .
'lo01 1197 2.80

KB. 35

Convent. | € 1 ‘ SM50 35 OSW 0.57 1412 3.80 3.16

3.3 KAMEHESHIFRER
£ EEGTFORBIHRAEGE L K O FAT Y Table 6
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WRT, —RICNABMBERTO K, 13 3~ BEOBERNE <,
TRIZEAND & RARERERT O K i/ D3VERSALRS, O
DI EFAABERRTORBRELR AL UREEYTERLTY

3.4 EHRABER

3.4.1

B s LI FORSEE

D, Fig. 4, 5, 6 iz Fig. 2 (), (), (o) HBAR = HVTIT =08
50E—— T ! ’ ! 50f— ! ' [ ' T
‘ ] - M3
? ‘ M4 —_ 4DE A ,._K2
0 E 4 =
£ E K3 E E 3 ]
g 30 C1, C2: B —— ; 0E o s
< kB i & E 3 ]
v g
2 0k 2 ool a AN —
gL £ ca-/
™ w
% - f_,é - A
ﬁ : N ) ': -
100 11 Ly N AT T 10 Lo b Lo lan Lol
10 108 10° 107 10 10° 108 107

Number of cycles to failure, N

Fig. 4 S-N diagram of the base metal for MACS, KTR and
conventional steels (L-direction)

Number of cycles to failure, &N

Fig. 5 S-N diagram of

through-thickness

MACS, KTR and conventional steels

Number of cycles to failure, N

— T T T r r ;
SOE [

. aoF

E 3 M‘z (CES) g MIED

B 30F M4 (OSW) ——

< E K3 (0OSW)

e E 7

g F

5 2F

¢ r

s | _
10- [ SRR ' T N B MRS N PR
10° 104 10% 10° 107

Fig. 6 S-N diagram of high heat input welded joints of MACS, KTR and conventional steels
50
o 405
E E
E E
% 30E
Ea:
s F
5 20 EKL -
E L 1 19 30
+ F @ ® ®:M4{BM
£ [
S Fo & &:M,05W .
[ v ¥ ¥ I M3CES
10- Il lll]lllL 1 ||l||J 1 lJ!l[ll 1 \Illll
0 10* 10° 0% 107

specimens of

Number of cycles to failure, N

Fig. 7 S-N diagram of notched round bar specimens which are machined out from HAZ
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HLAM, ZAABIUETESRED SN i@y 3 LbUR
. MACS /7o B30I KTR BEHE L Ao 2x 107 [mieE 37y,
Pkt Fiu0r 31 kel/mm?
Z Fo MACS, KTR #D 2x 107 HE¥EIE, oy, 13 24~25
kgf/mm?, GEFAE DAL 18.4~20 4 kgljmm?® =45, MACS H &
KTR #o @immEE iRz LA, fRM o kit 1<
WA ELEL (N<K10Y) -Co i 3R T ks
& e, £, E¥HoEFoE comymmizsShinlih
WOl EROFNC2@ME by, BT L5L510, TnbhD
EXSEEoEr LTHRTESL, —7, MACS KTR #o
BT 2x10° BEYHREE ows 1T 18~25kgl/mm?® Linip g ok
Db D, oy OEE EG BERTE MLED MAELE
25 kpffmm?, OSW MSiEgkF M4, K3 #) 310 CES auT
7 18 kgffmm? & HL3EMHEL, Lo Ligdsh, Slms o wike
Wi HH, M, BEFLREOMBELTLEE TRV, i,
HEHOBTF oy, 13 Mkegfimm? TH D
3.4.2 $F HAZ S{bEOEFEE
Table 5 CEFE S & HAZ 20zl k & MACS §f M4 &

Tupn 13 33~35 kgfimm?, ThG,

4~5 kel/mm? 305,

M4 OSW

(OSW) 23108 M3 4 (CES) (22T HAZ H{LRDEH &Y %
Fig. 2 (d), () 103 i H IS RSB 1V Tskabiz, S
Ny Fig TI007, $7, MR ORE 5 SITlRE
) oD B e F 0 72 25 Flg Tz, s HAZ &
s min®xt, K =1 ¢t 3~Skelf/mm?, K =19 T
1324y dkgf/mm?, K, =3 73 1~2kgf/mm? =30, HAZ Fili{5
DPEITAMIT E}M@ FREDIETF535, K oolnd & Lizto
FERS kD, MolymEET D HAZ o iimiaolt
K, EEEHIILED 005 v 2R LD, 84~1002%
DML > T, K=3 Zflhiy 90% DL -Tn5s,
3.4.3  EHBEEKR

BEERET O IREAIEIT Photo 1 TR LS, T H
MILGcd Y, HAZ RS -cidsiy, Z A% Phoeto 2
AR, WERGREBH CEM LT D, Photo 3 [0 R-TETEH
MEREGERILZE, FORARBCANMERINTFLL TV, &

Ey EPMA 04 LRI MnS & ALOs Th -7, ZHA

I B L CRA TR oM BE THD L L ARE SRS,

01 2 3 4 SB[1 2 3

K3 Z5

LG AT G U I|ll|||i|1}|‘l]ll‘|;;-llll!ll]lﬁlpian‘[ﬁrpn
4

LIRS PYUOY PO PR PUUNY JUU P

6 |III||I|II|Hl|'IIH|IIII|IIII]HHFHH“IIIIHII‘HH]\
.l a 5 8 7 8 9

or=235.8 kgf/mm?*
N=159500

or=231.5 kef/mm?
N=447900

or=233.9 kgf/mm?
N=141 100

Photo 2 Fracture appearance of through thickness fatigue specimens
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Photo 3 Scanning electronmicrographs of fatigue crack initiation point of through thickness fatigue specimens of various steels

10_2 T T T T T 17T T 7T 10! i ! T T T

de/dNimm/cyele)
=

dadN(mm; cycle)
S

107
fovb—L L 11 Illll“lli““ o N | [ ‘l 108 et gedea bl UL T
20 40 100 204 400 20 40 100 200 400
AR (kgf;mm*?) . AK (kgf/mm¥?)

Fig. 8 Relationship hetween fatigue crack propagation rate, Fig. 9 Relationship between fatigue crack propagation rate,
da/dN, and the range of stress intensity factor, 4K, in daf/dN, and the range of stress intensity factor, 4K,
base metals of MACS, KTR and conventional steels in through-thickness specimens of MACS, KTR and
(L-direction) conventional steels :

Table 7 The value of # and C obtained in fatigue erack propagation tests

L direction

| ‘ { 7 direction : HAZ
Process Steel i i
. ‘ m ! C 1 m | C | " ‘ C
‘F ML | — — = ‘ —~ D320 | 9.91x10mm
MACS* M2 | — ¢ — | — b — a3z | s0sxion
! .
M4 | 3.77 | 5311072 | 2,90 | 2.11x100 | 3.76 ‘ 7.18x 10712
LK1 | — — | = — s | stk
KTR*  : K2 | 3.31  3.83x10% | 2.68  9.85x10-0 © 4.49 | 1.14x10-9
- —_— - ‘- S
K3 | 820 7.87x1070 | 2,93, 2.38x1070 452 | 1.00x 107
1| 338 2.78x10% | 3.02 | L.66x1079 ; 4.16 | 6.01x1079
Convent, *#* : ‘ : ! I— .
L Ccz 0 — — 352 | 2.26x107 1 | -

* CCT specimen
*#* CT specimen

— - TGRSR Vol. 17 No. 1 1985
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3.5 EHERGCEAR
3.5.1 FH0EREEAR

Fig. 8 351 v¢ Fig. 9 13 MACS, KTR 7o oo fEsks o st L
Kl L0 L HRAOEY X HEHHEY T, MACS §f (M4 8D
4 L ArciE CCT M, Fhishzat CT BB 2l
\VWCFT2te, Fig. 8 Fig. 0 ofEnBROLEAD m, C Offiz
Table 7 (=34, Fig. 8 10 MACS, KTR & X uifEskst s bz L
HEE WS 2EA BT A8 T5 LA TES,
Fig. 9 &0 Z HAEE XU EREREER 250 959 2 BEDH,
MACS, KTR Ji3edest & ML L0 g & 2 REER Y 5 LT

107 { — S —
10 31
T
o L _
g
E -4
,5 10 M1
= Ry CCT
= | specimen_|
B L M4
© L M4 (BM)
) K3
103 e -
K‘z JLTspeclmBH
| Ci i
PP ST VNN PO BV POV Y Y A
20 40 100 200 400

AK (kgf mm* %)

Fig. 10 Relationship between [atigue crack propagation rate,
dajdN, and the range of stress intensity factor, 4K,
in high heat input welded joints (HAZ) of MACS,
KTR and conventional steels

WALEX A, SAFEOD W C2 HOFEN 2 EBEE LMo T
NE oM, ¥ 4K FicsuTEOEMSHE L 1D, S QA
MTLEmofdkZ{ k3l EMNABRTEID, Th AL
firi &~ T,

3.5.2 KASUREHE HAZ © & BHTHHY

Fig. 10 (= MACS, KTR % 5 Uto ik ok ABEEST HAL
W BBy T, MACS # (M1, M2, M4 ) Is kT
KTR # (K1) i CCT BBA %, Fheshs CT ZBR &1
WCFFate, BabRbro o m, C it Table 7 (2T L
t2, CCT MR Tl o B f s L 0igs & HEE M
<, CT HBRF TBoRFRIIBH L0y, Zhid CCT ik
o H ST ISR, CT BRABRA Tl ERTREIG
HAMEHT A DY L Er bhD, AUMBRA TRy
D &, EHC L AERL LI,

4 &

4.1 FEHEE
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