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1 Introduction

In recent years, 50 kgf/mm’ (490 MPa) class high-
strength steels with a yield point of 32 or 36 keffmm?
(314 or 353 MPa) have been developed with the aid of
the thermomechanical control process (TMCP) for use
in hull structures. The TMCP is divided into @ the
MACS-ACC (Multipurpose accelerated cooling sys-
tem-accelerated control cooling) process, in which
water cooling is conducted following the TMCP, and @

* Originally published in Kawasaki Steef Giho 17(1985)1, pp.
73-83

Synopsis:

Fatigue properties of newly developed steels with a tensile
strength 50 kgfimn? (490 MPa) grade, which are manu-
Jactured by Kawasaki Thermomechanical Rolfing (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 direc-
tion and on the softning of their high heat input welded
joints. The relationship between the through-thickness
JSatigue strength and sulfur content only was obtained for
KTR, MACS and conventional steels. There was no other
Sfactor which affects the through-thickness fatigue sirength
of newly developed steels. Reduction in fatigue strength due
to the softening of HAZ was less than 15% when K, was |
and less than 10% when K, was 3. Change in the value of m
in Paris’ formula due fo the softening of HAZ was pre-
dicted to be (.2, which was negligibly small.

Base metal and high heat input welded joints of newly
developed controlled rolled steels revealed excellent fatigue
properties.

the KTR (Kawasaki thermomechanical rolling) process,
in which rolling is conducted while steel is in the
(y + @) dual-phase. TMCP steels produced by these
methods have high strength, high toughness, and excel-
lent weldability in spite of their low carbon equivalents
(Ceq). From the standpoint of fatigue strength, however,
these steels pose the following problems which required
examination: @ Effects of local softening that occurs in
the heat-affected zone (HAZ) during a high-heat-input
welding and ® through-thickness fatigue strength.
Against this background, an investigation was made
into the properties of TMCP steels, such as the fatigue
strength of welded jeints produced under high-heat-
input conditions, and fatigue strength in the through-
thickness direction (Z-dircction). This paper presents
results of this investigation.
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2 Materials and Experimental Procedure

2.1 Materials

Steels with a yield point of 36-kgf/mm?’ (353 MPa)
class produced by the MACS-ACC (hereinafter called
MACS) and KTR processes and general hot-rolled
steels (conventional steels) of SM50 were used as test
materials. Table 1 and 2 give the chemical compositions
and mechanical properties of these steels, respectively.
The MACS steels are AH36—25 and 35 mm in
thickness, and EH36—38 mm in thickness. The KTR
steels are EH36—35 and 38 mm in thickness. The con-
ventional steels are SM50—-35mm in thickness.
Through-thikness joints and high-heat-input weided
joints were prepared from these steels. Figure 1 shows
the procedure for preparing a through-thickness joint.
Steel plates (tab plates) were placed vertically on both
sides of the test plate (r x 85 x 1000 mm) " and
submerged arc welding was conducted. Table 3 shows
the high-heat-input welding conditions employed.

2.2 Test Specimens

Figure 2(a) to (g) shows the shapes and dimensions of
fatigue test specimens and fatigue crack propagation test
specimens. Smooth and notched round-bar specimens
used for determining the fatigue strength of the softened
part of the HAZ of the joint were prepared in such a
manner that the softened part of the HAZ was located at
the center of the reduced section. The stress concentra-
tion factors were assumed to be 1 {(smooth specimen),
1.9, and 3. The following equation’’ was used for calcu-
lating X

Test plate
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Test plate
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Fig. 1 Welding procedure of through-thickness direc-
tion specimens
) 9 1+2.4y pfd
K=1+(K,— 1)1 —{— - ~(1)
—ret-nf-(o)
where
K,: Stress concentration factor for an annular
V-notch
K, Stress concentration factor for a semicir-

cular annular notch with a radius of p
(according to Peterson’s” diagram)

&: Notch angle

p: Notch radius

d: Notch depth

Center-cracked tension (CCT) specimens and com-
pact type (CT) specimens were used in the fatigue crack
propagation test. The notch in welded joint specimens

Table 1 Chemical composition of materials (wt %)
e ———— = — 77'7|, Thlbk- —_ = .|.._..._ [rp— e ; —— —
Process Steel | ness C S Mn P 5 Al Cu Ni v Cea P
- i i (mm) ‘ R
i M1 ‘ 25 017 | 0.21 | 0.69 | 0.012 | 0.002| 0.029 — — — | 0.29 | 0.212
MACS- M2 | AH36 ‘ 0.15 0.24 1.01 0.014 0.003 0.031 — —_ — ¢.32 0.209
. 15 ) R ~ .
ACC
M3 ‘ 0.14 | 0.25 | 1.04 | 0,013 0.003| 0.034 — - — | 0.31 | 0.200
M4 i EH36 ‘\ 38 0.08 | 0.26 | 1.48 | 0.009 | 0.001| 0.039 — — — | 0.33 | 0.163
K1 E 38 0.07 | 0.31 1.56 | 0.010| 0.001| 0.028 | 0.20 | 0.22 | 0.037| 0.37 | 0.176
KTR K 2 | EH36 ! 0.08 0.41 1.50 | 0.006f 0.001| 0.030{ ¢.20 | 0.21 0.03 | 0.37 | 0.186
_— i35 .
K3 | 0.09 | 0.42 | 1.50 | 0.014] 0.003| 0.032| 0.15 | 0.14 | 0.042| 0.37 | 0.193
C1 0.18 | 037 | 1.3 | 0.017 | 0.003{ 0.033| G.008| 0.016| 0.003 | *0.42 | 0.261
Conven. | SMB50 15 [ S N R i —
c2 0.6 | 0.35 | 1.40 | 0.017 | 0.008 1 0.031| 0.009 | 0.013| 0.003 | *0.41 | 0.243
|

C.y=C+Mn/6+(Cu+Ni)/15+(Cr+Mo+V)/5 (%)

*C oy =C+Mn/6+Sif24+ Cr/5+Mofd + Nifd0+ V{14 (%)
Poon =C+5if30 +(Mn + Cu 4 Cr)/20 + Ni/60+Mo/10+5B (%)
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Table 2 Mechanical properties of materials

ik g P | TS | g
Process Steel ness tion (kgff (kgf,’z (%)
| (mm) )| mant)
o Lo | 52| 3
M1 o5 | ¢ | 3 | 52 | 32
_TZ B 37 52 e
L | 3 | s | 29
M2 | AH36 c | 39 | 56 | 28
MACS- | S T i I
ACC L 41 54 25
M3 c | 4| 56 | 24
z | 40 | 55| —
L | 37 | 57 | 29
M4 |EH36 | 38 | C | 38 | 56 | 2
z | 40| s | —
i L | a3 | 52| 3
K1 38 | c | 44 | 54 | 30
7 | 43 | 52 | 33
7[ L 43 53 28
KTR | K2 | EH36 e a2 | ss | o=
| | 7z tas | s3| 24
* L | '5? 52
K3 c ‘ a3 | 53 | 30
bz | a8 \ 51| a1
- 7 ‘ ji Loj o E s3 | 39
cit 10}30 |_?37 40
| Trs?jq_‘wﬁi N
Convent. %—— SM50 35 —_— R
| L ‘ 35 ’ 53 ‘ 37
c2 | fc_‘ 35 ‘-STT
. | } z ‘ 37 j 53 | 19

was prepared in the most softened part of the HAZ
6 mm from the cross bond.

2.3 Experimental Procedure

The fatigue test was conducted using a +100-t servo-
hydraulic fatigue testing machine for flat-plate speci-
mens and a £10-t unit for round-bar specimens under
load-controlled zero-to-tension at frequencies of 5 to
15 Hz. The fatigue crack propagation test was carried
out using a =50t servohydraulic fatigue testing

No. 13 September 1985
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Fig. 2 Dimension of test specimens (mm)

machine for CCT specimens and a +5-t unit for CT spe-
cimens at a stress ratio R (minimum stress/maximum
stress) of 0.04. The crack length was measured with a
crack gauge. The frequency used was 10 Hz. The range
of stress intensity factor, 4K, of CCT and CT specimens
was calculated by Egs. (2)* and (3),Y respectively.
Results of the calculations were rearranged by Eq. (4).”

CCT: 4K = oY na -y W/na tan (na[W)




Table 3 High heat input welding conditions

Welding Arc

Weld; e Travel i:leat
Process Steel m;thlci‘lg | Shape of groove current voltage speed input
| (A) (V) | (emfmin) | (ilfem)
\,1{}"/
M1 EG {é \ / { 660 30 7.2 165
f
—-l 16 |~—
MACS | ——-——— e o |
M2 } 500 40 1.9 632
urah
CES e
M3 L 95 = 510 32 2.0 49}
. 145
MACS | M4 N 40~/ 0 3
One side , T T T
welding 1350 42 38 266
(OSW) & 4 )
KTR K1 ‘ ——3,_
I 1200 53
KTR K 3 ; N 1 350 36
ditto = - 25 229
‘ o~
Conven. c1 =) 1000 47
A T
CT: Ak < 4P (2 +a/W) defined in Fig. 3 were measured. The stress concentra-

tion factor, K,, was determined from measurement
results using Eq. (5)® and the relationship between
K, and fatigue strength was investigated.

L 0SyTR
K=1+ l—e (z—8)
1— e ™k gf2

2/ W (1 — af WP
0.886 + 4.64(a[ W) — 13.32(af W)’
+ 14.72(a) W) — 5.6(a/ W) ---)

4 _ oK)
JN

where

Tg.
AP:
a:
W
2t
N:
C,m:

Stress range

Load range
Crack length
Specimen width
Plate thickness
Number of cycles
Material constants

The Vickers hardness of high-heat-input welded

N A
28Tjt—2 p

2T

Joints was measured at a point 2 mm under the surface.
Before the test, a total of eight areas in weld toes at ends
of both upper and tower surfaces of all joint test speci-
mens were enlarged tenfold by a projector and the notch
radius p, flank angle 4, and reinforcement height A
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Fig. 3 Definition of the toe radius p and the flank
angle 4
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where

test and HAZ tensile test conducted on each type of

K. Stress concentration factor steel. In the joint tensile test, specimens almost always
p- Notch radius fractured in the base metal, and the increase in strength
&. Flank angle was small. In the HAZ tensile test, however, a maxi-
k. Reinforcement height mum decrease in strength of 8 kgf/mm? (78 MPa) was

2T: Plate thickness + 24 observed.

2¢; Plate thickness

3 Test Results

3.1 Tensile Strength of High-Heat-Input Welded
Joints

Table 4 shows results of the NKU2A type joint tensile

Table 4 Tensile properties of high heat input welding

3.2 Hardness of High-Heat-Input Welded Joints

Table 5 gives the hardness of the most softened part of
the HAZ and the width of the softened part as deter-
mined from the Vickers hardness distribution of high-
heat-input welded joint sections. The hardness of the
most softened part of the HAZ is about 136 HV in the
MACS steels and about 153 HV in the KTR steels.
Therefore, the degree of softening is higher in the
MACS steels than in the KTR steels. The width of the

joints softened part also tends to be larger in the MACS steels.
= Ty | NKU2A [HAZ enste 3.3 Geometry of High-Heat-Input Weld Toes
! i Plate \Weld-,  type | strength
Process Steel ke "e | T E:::d 15 475+« Table 6 shows results of measurement of weld toe
; (‘;gfj) Toa (ket] | o0 (keif |(kef/ — geometry and of calculation of X for each welded joint.
H N [ - . . .
N I tion® i mm?)| mmt) The K, of low-heat-input welded joints is often 3 to 4,
M1 ! 25 | EG | 52.4 ! BM | 51 0  while that of high-heat-input welded joints is smaller.
M2 |AH3 15 ' M | 50 | —6 Thls suggests‘ that the fatxgge strength of high-heat-
MACS 35 | CES B input welded joints can be high.
M3 53.0 {HAZ| — | —
M4 |EH36! 38 losw 5331 BM | 49 | —g  Table 6 Toe radius p, flank angle @, reinforcement
height # and stress concentration factor K, at
K1 38 5.2 BM | 51 | 1 the toe of high heat input welding joint for
KTR -——| EH36|- osw i high tensile st th
K3 5 53.7 | BM | 56 | +3 various high tensile streng
Convent. | €1 |SMs0| 35 |OSW|56.4| BM | 58 | +5 | Plate |[Weld- ]
Steel thick-| ng A (i) 3 K
* BM: Base metal Process tee ness | meth- | (mm) | (deg) | {mm) t
HAZ: Heat affected zone {mm)| od
** BM tensile strength — HAZ tensile strength M1 25 ' £G ' 3,20 145-9: 0.91 ‘ 1.39
L ) Mz | AH36 1.08 |136.6 2.04 } 2.24
Table 5 Results of hardness in high heat input weld- MACS | 35 | CES | .
ing joints M3 2.27 |143.5' 2.15 | 1.74
Weld ) M4| EH36 | 38 {0sW|0.951123.3 1.89 | 2.43
Soft- o i ! 1.
Plate | Weld- | metal HAZ : —_— I : oo
P Steel thick| ing | hard- || S|SB L K1 38 | 2.65 1363, 2.30 1 1.74
rocess tee ness |meth-| ness naerss- :;iél]r.h KTR ——| EH36 | OSWi : |
(mm)| od |(ave- . K3 ] 5 | '1.04]119.7, 2.80 | 2,55
_ l rage} e - e —_— e e
M1 75 EG 192 136 11 23 Cf)nvent. I Crl SM50 35 OSW i 0.57 1 4l .2‘ 3.80 3.16
M2 AH36 183 | 37| 11 | 13
MACS |- a5 | CES -
M 180 | 134| 25 | 26 .
’ _ L 3.4 Fatigue Test Results
M4 EH36{ 38 |{OSW| 202 138 | 10 32 .
o R R I 3.4.1 Fatigue strength of base metal and welded
K1 38 20| 163 7 | 11 joints
KTR | K 2| EH36 55 05w} 188 | 152 5 | 11 Figures 4. 5 and 6 summarize S-N diagrams
2 N . -
K 3 ! 215 155| 10 | 10 obtained from fatigue tests conducted on specimens
—_ R S N E . ; taken in the L- and Z-directions of base metal and high-
Conven. | C 1 SMEO‘ 35 1OSW 195 151 + heat-input welded joint specimens. The fatigue strength

* * BM hardness— HAZ hardness at 2 x 10° cycles, oys, obtained in L-direction base

No. 13 September 1985 87
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Fig. 5 S-N diagram of through-thickness specimens
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Fig. 6 S-N diagram of high heat input welded joints of MACS,
KTR and conventional steels

metal specimens of MACS and KTR steels, ranges from
33 to 35 kgffmm? (324 to 343 MPa); that of conventional
steels is 31 kgf/mm? (304 MPa).

The fatigue strength at 2 x 10° cycles, oy, obtained
in Z-drection base metal specimens of MACS and KTR
steels ranges from 24 to 25 kgfmm? (235 to 245 MPa);
with conventional steels the range is 18.4 .to 20.4 kef/
mm?’ (180 to 200 MPa). There is scarcely any difference
in fatigue strength between the MACS and KTR steels.
These steels show fatigue strength values 4 to 5 kgf/
mm? (39 to 49 MPa) higher than those of conventional
steels. However, these differences in fatigue strength in
the short-life region (N < 10°) are relatively small. In
the conventional steels, the fatigue strength in the long-
life region is higher with steel C 1 than with steel C 2,
the sulfur content of which is higher than that of C 1. As
will be described later, this difference can be understood
to be caused by the difference in the sulfur content.

88

The fatigue strength at 2 x 10° cycles, oy, obtained
in welded joints of MACS and KTR steels ranges consi-
derably, from 18 to 25 kgf/mm? (177 to 245 MPa). The
value of g is 25 kgf/mm? (245 MPa), the highest value,
in electrogas welded joints (steel M 1). A relatively low
value of 18 kegf/mm? (177 MPa) is observed in one-side
welded (OSW) joints (sieels M 4 and K 3) and consum-
able electrosiag welded (CES) joints. However, the rela-
tionships between the magnitude of fatigue strength and
manufacturing processes, steel grades and welding
methods are not always constant. Incidentally, the ay;
of joints of conventional steels is 14 kgf/mm? (137 MPa).

3.4.2 Fatigue strength of softened part of HAZ

For steels M4 (OSW joint) and M3 (CES joint) of
MACS steel, which show great differences in hardness
between the base metal and the HAZ, as in Table 5, the
fatigue strength of the softened part of the HAZ was

KAWASAKI STEEL TECHNICAL REPORT
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Fig. 7 S-N diagram of notched round bar specimens which are

machined out from HAZ

Photo 1 Fatigue crack path in high heat input welded joints (Arrow indiates crack initiation point.)

determined using the smooth and notched specimens
shown in Fig. 2(d) and (e). Figure 7 is an §-N diagram
thus obtained. This figure also shows, for comparison,
the fatigue strength obtained in smooth and notched
specimens of the base metal of M 4. The difference in
fatigue strength between the base metal and the most
softened part of the HAZ is 3 to S kgf/mm?® (29 to
491 MPa) at K, = 1, about 4 kegf/mm? (39 MPa) at K, =
1.9, and 1 to 2 kgf/mm?’ (20 MPa) at K, = 3. Further,
the fatigue strength of the most softened part of the
HAZ is lower than that of the base metal. However, this
difference decreases with increasing K. The ratio of the
fatigue strength of the HAZ to the fatigue strength of
the base metal varies stightly, depending on K, and life,
ranging from 84 to 1000%. If K, = 3, this ratio is 90% or
more.

3.4.3 Appearance of fatigue fracture

As shown in Phetoe 1, all fatigue fractures in welded
joint specimens are observed in the weld toe, not in the

No. 13 September 1985

most softened part of the HAZ. Photo 2 shows the
appearance of fractures in through-thickness fatigue
specimens. In all cases, the fracture occurred in the test
plate. The results of observation under an electron
microscope are shown in Phete 3 and reveal that inclu-
sions are present at these fatigue crack initiation points.
These inclusions were analyzed by an EPMA and it was
found that they are MnS and AL O,. This suggests that
inclusions have a significiant effect on through-
thickness fatigue properties.

3.5 Fafigue Crack Propagation Test
3.5.1 Crack propagation test of base metal

Figures 8 and 9 show the fatigue crack propagation
properties observed in base metal specimens of MACS,
KTR and conventional steels taken in the L-direction
and through-thickness direction. CCT specimens were
used to investigate the MACS steel (M 4), and CT spe-
cimens were used for all other tests. Table 7 shows

39
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Photo 2 Fracture appearance of through-thickness fatigue specimens

Photo 3 Scanning electronmicrographs of fatigue crack initiation point of through thickness fatigue specimens to
various steels

Table 7 The value of m and C obtained in fatigue crack propagation tests

L direction Z direction HAZ
Process Steel | —— -

m C m C m C
M1 | — — — — 3.20 | 9.91x10m
MACS* M2 — — — — 3.24 | 8.05x107H
M4 3.77 5.31x 1012 2.90 2.11x 1010 3.76 7.18 x 1012
J K1 - - . — 3.35 | 6.54x10-1
KTR** K2 3.31 3.88x 101t 2.68 9.85x 1010 4.49 1.14x 1018
K3 3.20 7.37x 10~ 2.93 2,38 x 1010 4,52 1.00x 1612
CcCi1 3.38 2.78 x 101t 3.02 1.66x 10— 4.16 6.01 x 103

Convent.** —
cCz2 — — 3.52 2.26 x 101 — —

* CCT specimen

** CT specimen
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Fig. 8 Relationship between fatigue crack propagation
rate, da/dN, and the range of stress intensity
factor, 4K, in base metals of MACS, KTR and
conventional steels (L-direction)

values of m and C of each steel as determined from the
results shown in Figs, 8 and 9. Figure 9 indicates that
there is no difference in the crack propagation properties
in the L-direction among the MACS, KTR, and conven-
tional steels: The crack propagation properties of these

steels in the L-direction can be considered to be the |

same. Figure 9 shows that there are some variations in
the fatigue crack propagation rate in specimens taken in
the through-thickness direction. It may be said, how-
ever, that the MACS and KTR steels have resistance to
fatigue crack propagation equal or superior to that of the
conventional steels. The fatigue crack propagation rate
of steel C 2 with a high sulfur content is higher than
those of other steels, and this tendency is remarkable in
the high-AK region. It is known that the m-value
increases with increasing sulfur content”, and the same
tendency is ohserved.

3.5.2 Crack propagation properties of HAZ of
high-heat-input welded joints

Figure 10 shows the crack propagation properties of
the HAZ of high-heat-input welded joints of MACS,
KTR and conventional steels. CCT specimens were
used for the MACS steels (M 1, M 2 and M 4) and KTR
steel (K 1), and CT specimens for other steels. Table 7

No. 13 Sepiember 1985
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Fig. 9 Relationship between fatigue propagation rate,

da[dN, and the range of stress intensity factor,
4K, in through-thickness specimens of MACS,
KTR and conventional steels

shows values of m and C of each steel as determined
from this figure. Fatigue crack propagation rates
obtained in the CCT specimens are higher than those of
the base metal specimens, while fatigue crack propaga-
tion rates obtained in the CT specimens are lower than
those of the base metal specimens. It is considered that
this is because residual tensile stresses act on the area
near the crack tip of a CCT specimen, but residual com-
pressive stresses act in a CT specimen.® A comparison
of results obtained from the same specimen reveals that
there is no difference caused by the difference in manu-
facturing processes.

4 Discussion

4.1 Fatigue Strength

4.1.1 Comparison between TMCP and conventional
steels

Figure 11 summarizes the S-N diagram of base
metal specimens (L-direction) and welded joint speci-
mens of MACS, KTR, and conventional steels. This
figure contains past data® for reference. The gy of the
base metal of TMCP steels ranges from 33 to 35 kef/
mm?’ (324 to 343 MPa); that of the base metal of conven-
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Fig. 10 Relationship between fatigue crack propaga-
tion rate, daf/dN, and the range of stress
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joints (HAZ) of MACS, KTR and conven-
tional steels

tional steels (C I and C 2) and SM50B in past data is
31 kgf/mm? (304 MPa). In Fig. 12, the relationship be-
tween owy and tensile strength is included in past
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. 12 Correlation between tensile strength and fati-
gue strength of base plates with mill scale on
the specimens surface

data.'” The values of TMCP steels are close to the upper
limit of the variation range of base metal with mill scale
shown in past data. Therefore, it may be said that the
fatigue strength of the base metal of TMCP steels is
equal or superior to that of the conventional steels.
The fatigue strength of welded joints of TMCP steels
ranges considerably, from 18 to 25 kgf/mm? (177 to
245 MPa). However, these values of fatigue strength are
higher than the value obtained in OSW joints'of conven-
tional steel C 1 (o, of 14.6 kgf/mm?) (143 MPa) and are
distributed in a range from the middle to above the
upper limit of the range” shown by past data obtained in
SAW joints of SM30B. It may be said that the fatigue
strength of high-heat-input welded joints of TMCP
steels 15 equal or superior to that of welded joints of the
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Fig. 11 §-N diagram of base metals and high heat input welded joints

of MACS, KTR and conventional steels
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conventional steels.
4.1.2 Effect of weld toe geometry

As is apparent from Photo 1, fatigue cracks almost
always form in the weld toe in the fatigue test on welded
joints. Stresses are concentrated in the weld toe, and it is
evident that K has a significant effect. Figure 13 shows
the relationship between the fatigue sirength of welded
joints and K, (Table 6). A steel showing high fatigue
strength in Fig. 11 shows a low K -value of 1.4, with a
steel relatively low in fatigue strength showing a high
K -value of 2.4. The K, of a conventional steel is as high
as 3.4, which is the highest value among the high-heat-
input welded joints. Therefore, it might be thought that
the difference in the fatigue strength of welded joints is
caused by the difference in the weld toe geometry.

4.1.3 Softening in HAZ. and fatigue strength

The tensile strength of M 4, which had the lowest
strength in the HAZ tensile test as shown in Table 4, is
49 kegf/mm’ (481 MPa), about 8§ kgffmm’ (78 MPa)
lower than the strength of the base metal. Table 5 shows
that the hardness of the softened part of the HAZ of M 4
is also lower by 32 HV than the base metal. This
decrease virtually corresponds to the decrease in tensile
strength, Therefore, the amount of softening in the
HAZ of the test material may be considered to be a
maximum of 8 kgf/mm?’ (78 MPa). An investigation
was made into the degree of the effect of softening of this
order on fatigue strength. It should be noted, however,
that as mentioned above, fatigue cracks almost always
develop in the weld toe, where there is less softening
than in the softened part of the HAZ and, as well, some-
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Table 8 Comparison of measured and calculated
fatigue strength, reduction due to softening
of HAZ various stress concentration factor,

K,
Stress concentration factor, K, i 1.0 1.9 ‘ 3.0
Cal. doy, (kgf/mm?) ‘ 48 | 25 ‘ 1.6
Meas. dgy, (kgffmm?) ‘ 3~5 ! =4.0 | 1~2

times more hardening than in the base metal.

Ifa welded joint is regarded as a kind of notched speci-
men, its fatigue strength g, can be estimated from the
fatigue strength of the base metal, o yp, and the K, of the
weld toe. Because g is considered to be generally pro-
portional to tensile strength, it is given by Eq. (6):

Where « is a proportionality constant and is approxima-
tely 0.6 in the case of fatigue strength under zero-to-ten-
sion loading. as a first approximation, ¢y, 1§ given by
Eq. (7), if notch sensitivity is not considered:

Now, if the change in gy, which occurs when TS
changes by 4TS, is supposed to be doy,, then:

dow, =a- ATS[K,

The relationship between a change in fatigue strength,
Aa y,,, of a welded joint and K, was determined for a case
where ATS was taken as 8 kgf/mm? (78 MPa) and  as
0.6, as mentioned above. Table 8 gives resuilts of the cal-
culation. This table also shows results of experiment
with round-bar specimens. The calculation results are in
good agreement with the experimental results. [t may be
said from this that the effect of softening is significant
when the weld toe has a smooth geometry and X, is
small (in this case, the value of fatigue strength is high)
and that the effect of softening decreases with increasing
K. It may be thought that the effect of softening in the
HAZ is negligibly small because stress concentration
occurs in actual welded joints and the softening at crack
initiation points is slight.

4.1.4 Comparison between fatigue strength in
threugh-thickness direction and that in
L-direction

Figure 14 shows the relationship between the ratio

of the fatigue strength in the through-thickness direc-
tion to fatigue strength in the L-direction, o wz{ow., and
the sulfur content, together with past data™. This fatigue
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strength ratio is approximately 70% in the TMCP Steels
and approximately 63% in the conventional steels.
Figure 14 clearly shows that the O’WZ/ o, ratio tends to
increase with decreasing sulfur content. The relation-
ship between the rate of decrease in through-thickness
fatigue strength and the sulfur content observed in the
TMCEP steels is the same as the relationship in the con-
ventional steeis, This relationship can be understood in
terms of the effect of inclusions.

4.2 Fatigue Crack Propagation

4.2.1 Comparison between TMCP steels and
conventional steels

Many investigators'" have shown that the relation-
ship given by Eq. {10) exists in Paris’ formula between

-8
e \
C=216x10 /991"
&)
w— 14—
=]
BM Z HAZ
=16 O @& @& I MACS
O @ W _KTR
— 18} A A A Convent
_ | ] | | 1
20(1 1 2 3 4 5 6
m
Fig. 15 Correlation between m and Log C in Paris’

formula
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the material constant C and m, and that this equation
holds for steels ranging from mild steels to high-strength
steels.

According to a report'?, 4 =214 x 10~* and

B =99.7. Figure 15 shows this relationship together
with the results of experiments with the present TMCP
steels and conventional steels. Results obtained from the
base metal and welded joints of TMCP steels also agree
with an equation shown in the above-mentioned
report.’?

4.2.2 Softening in HAZ and fatigue-crack
propagation rate

It has been confirmed that the relationship given by
Eq. (11) exists between the material constant m and the
yvield stress Y P;

M=y —f-YP -, (11)

Although investigators have shown various values of
mgand £, my, = 4.7 and # = 0.035 or so if the averages
of values shown in many data are taken. According to
Table 4, the difference in tensile strength between the
base metal and the sofiened part of the HAZ is 2 maxi-
mum 8 kgf/mm? (78 MPa). This value is approximately
5 kef/mm? (49 MPa) when converted to Y P. Ifthis con-
verted value is considered to be the minimum Y. P, the
change in m is only about 0.175 (= 0.2), an almost
negligible difference. By substituting Eq. (10) showing
the relationship between C and m for Eq. (4), a formula
for crack propagation, we obtain:

da/dN = 4 - (AK/B)'” ............... (12)

This means that da/dN is 4 when 4K is B, irrespective
of the material used. The above-mentioned values were
obtained for A and B. Figure 16 shows changes in the
relationship between da/dN and 4K resulting from the
softening of the HAZ, in which the foregoing facts are
taken into consideration. Changes in the relationship
between the da/dN and 4K due to the sofiening of the
HAZ are predictable as the differences in the solid and
dotted line. These changes, however, are practically
negligible.

4.2.3 Crack propagation rate in through-thickness
direction

Figure 17 shows the refationship bewtween da/dN
and sulfur content found in specimens of TMCP and
conventional steels'” in the through-thickness direc-
tion. In the conventional steels, da/dN increases when
the sulfur content exceeds 0.01%. The higher the 4K
value, the more noticeable this tendency will be. It has
been reported,’” however, that this tendency is not
observed in specimens taken in the L-direction. In this

KAWASAKI STEEL TECHNICAL REPORT
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Fig. 16 Estimated influence of softening in HAZ on
the fatigue crack propagation behaviour

figure, the da/dN of the specimens of TMCP steels
taken in the through-thickness direction is almost on an
extension of the curve for the conventional steels. Thus,
no additional factor resulting from the difference in
manufacturing processes can be observed.

5 Conclusions

Fatigue tests under zero-to-tension and fatigue crack
propagation tests were conducted on base metals and
high-heat-input welded joints of 50-kgf/mm? (490 MPa)
high-strength steels manufactured by the TMCP pro-
cesses (KTR and MACS). The following conclusions
were obtained:

(1) The fatigue strength awy, at 2 x 10° cycles of the
base metal of TMCP steels ranges from 33 to 35 kgf/
mm?’ (324 to 343 MPa). The fatigue strength ratio,
aws/TS,150.58 to 0.65 and is close to the upper limit
of the range of data on the conventional steels.

(2) The fatigue strength of high-heat-input welded
joints of TMCP steels is 18 to 25 kegf/mm’® (177 to
245 MPa), while that of the conventional steels is
approximately 15 kgf/mm?® (147 MPa). Thus, the
fatigue strength of the TMCP steels is equal or supe-
rior to that of the conventional steels.

(3) The stress concentration factor, K, for the weld toe
is 1.39 to 3.16. The lower the K, value, the higher
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the fatigue strength. The difference in fatigue
strength of welded joints may be considered to be
the difference in K.

(4) The decrease in fatigue strength due to the soften-
ing in the HAZ is estimated at approximately 5 kgf/
mm? (49 MPa) for smooth specimens and 1.6 kgf/
mm? (16 MPa) at X, of 3. This result agreed with
resuits with round-bar specimens. The effect of sof-
tening in the HAZ would be regarded as negligible
in welded joints where stress concentration occurs.

(5) The through-thickness fatigue strength increases
with decreasing sulfur content. This tendency is
also observed in the conventional steels and can be
understcod as an effect of inctusions.

(6) The fatigue crack propagation properties of the
TMCP steels, observed both in the base metal and
welded joints, were in good agreement with the
equation obtained in the conventional steels, i.e.,
C =216 x 1074/99.7".

(7) The change in m, an exponent in the equation for
fatigue crack propagation, resulting from softening
in the HAZ is estimated at 0.2 or under and is practi-
cally negligible.

(8) The through-thickness crack propagation rate of the
TMCP steels has a correlation to the sulfur content
and no additional factors resulting from the differ-
ence in manufacturing processes were observed.
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