- 1 A STEEL PLATE SUPERI OR I N FATI GUE CRACK
PROPAGATI ON RESI STANCE AND A METHOD OF PRODUCTI ON OF
THE SAME 5 BACKGROUND OF THE | NVENTION 1. Field of
the Invention The present inventidn-relates to a stee
plate superior in fatigue crack propagation
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are used. However, these have the following problems.

Among these, grinding and TIG dressing improve the shape
of the weld beads, but both are remarkably poor in work
efficiency. Shot peening and hammer peening have the
30 effect of improving the fatigue strength, but shot
peening requires massive machinery and requires various
utilities.
Further, hammer peening has a large reaction
force, so the results of the treatment are not stable and
35 sometimes conversely the press formability or fatigue
strength end up dropping. Further, hammer peening gives

too great a plastic deformation, so there was the defect
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in some cases. Further, there is the problem that the
amount of improvement of the fatigue strength becomes
30 uneven.

In this way, it is difficult to employ the
technology for improvement of the fatigue strength by
post-welding treatment to welded joints. Even if it can
be employed, the amount of improvement of the fatigue

35 strength remains a low level. Therefore, technology not
requiring post-welding treatment and enabling improvement
of the fatigue strength of the welded joint as welded is



in large part due to the heat affect during welding.
15 According, sufficient inprovenent of the fatigue
strength of a welded joint cannot be achi eved.
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of soft ferrite wherein the hard second phase inhibits
the progression of cracks and thereby lowers the speed of

30 propagation of fatigue cracks. However, these
technologies do not enable suitable control of factors
important for delaying crack progression such as the area
fractiQn, the aspect ratio (long axis/short axis), and
the hardness of the martensite, the hardness of the

35 ferrite, and the distance between the ferrite and
martensite, so the fatigue crack propagation resistance

is not improved at all, the improvement is insufficient,
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35 the fraction of the ferrite phase part, the hardness of

the ferrite, the number of the phase boundaries of the

ferrite and bainite, etc. are defined to specific ranges
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25 recrystalllzed ferrite and promoting a specific texture
structure so as to lower the speed of fatigue crack
propagation. These aim to suppress the plastic
deformation at the cracktip at the time of crack
progression by specific textures. However, with just the

30 texture of ferrite without the second phase structure
defined, a sufficient fatigue crack propagation
resistance cannot be obtained and, further, the plastic
deformation at the cracktips can only be suppressed in
the extremely low AK region, so the application is

35 remarkably limited.

In this way, in the related art, suitable

control of the structure for remarkably suppressing crack
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a Vickers hardness 7 of at least 150 as a matrix
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20 a stress ratio of 0.1 and a heat input of 10 to 30 kJ/ml
of at least two times that of conventional steel and a
method of production of the same.
The present invention was made as a result of
intensive study for solving the above problems and has as
25 its gist the following:
(1) A steel plate superior in fatigue crack
propagation resistance containing, by wt¥%,
C: 0.03 to 0.2%,
Si: 0.01 to 1.6%,
30 Mn: 0.5 to 2%,
P: 0.02% or less,
S: 0.02% or less,
Al: 0.001 to 0.1%, and
N: 0.001 to 0.008%
35 . and a balance of Fe and unavoidable impurities,
wherein a microstructure of the base material is a

lamellar structure having ferrite with a Vickers hardness



average interlayer distance between the ferrite and
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cool ing rate of 20 to

{
10t i ni shing fél |Iﬁ95t?%¥ Ciﬁ%?ﬁ%ﬂp%¥l%¥oﬁﬁc$ %ﬁgg? %raCk

SteelpﬁbpégatSUﬁetesmstanéatagueetrﬂcktprn@aght|ﬁurther
resi stance.as_se orth in (4 5 further
conergPﬁalpéﬂSerPHg ?%' a 25 ?%n%érét%re range of 300
to 500C. AccordCng folthe prb%ent invention, it is
possible to prﬁ¥Id8 2 egL pl ate superior in fatigue
crack propagation résistance for use for wel ded
15structural nenBersOePlbtiPl i AYs, ships, bridges,
construction 30ypRChHi per¥o angsof f shore structures and
a nethod for production of the sane. Specifically, it
exhibits the |Wdu9tpﬂaFPy us&ful renarkabl e effect of
enabling a fatirgueocoacktpropagasi on speed da/ dN when
a stress intens ty fgﬁﬁ gngg AK is 20 MPa' | m of
not nore than 3§ 1098 §8I &h i mprovenent of the
20wel ded joi nt fatirgué.ODBf €coh.ak,| east two tines that
of the past, ang.a i Qpr Qv n f the reliability
of the wel ded sgeep %sérggtgrggﬁn%ﬂarespect to fatigue
fracture. TheseBan@.80R&r tobPefP8%and features of the

present IB%@htthtg%hl 93%@”§uﬁ%§§6§rlﬁr9§tl fe crack
fol |l ow ng descri ption” of preferred enbz Bn%%tgé
! I

g.venpwppﬁgaﬁep@réﬁééSEGHFﬁeaat§SEhéarHPa&Pn
2 PESCREG LN O ohlde 1 BRAY NS wt%, one or more of

Mg: 0.0005 to 0.01%,
Ca: 0.0005 to 0.01%, and
REM: 0.005 to 0.05%.
(4) A method of production of a steel plate
30 superior in fatigue crack propagation resistance wherein
a microstructure of a base material is a lamellar
structure having ferrite with a Vickers hardness of at
least 150 as a matrix phase and having elongated
martensite with a Vickers hardness of 400 to 900, an area
35 fraction of 5 to 30%, and an aspect ratio (long

axis/short axis) of 3 or more as a second phase, an



FIG 1 is a viewof a test piece used for the fatigue
crack propagation test, and 10 FIG 2 is a view of a

test piece used for a welded joint fatigue test.
DESCRI PTI ON OF THE PREFERRED EMBOQY MENTS Preferred

enbodi nents of the present invention will be

described in detail below while referring to the 15

att achedrbigguieserlnygendistance bstkaewnthrafermate and
fati e Srac PuaPagel L9n.spend cags oot depaed 98 3 to 50
the mcrostractuie ren st eel

I nvenpal, Sahavvaveateggagedabm ptmpegalt\tenss;»éleels dafdN when a
this and as a result discovered that 20 by naki

ferri B6TERE Aateneifnadacteirspergendrniit ensteé S% fatdo of 0.1

asasecd e.i.n_lay Af ypth tably
5contr@ils’l @ V{yg%hérsdﬁggsﬁ g?egﬂ ragtb o(r?{ C?Hle%t rOéﬂleSlng

(1 ong ha)arts/ns_;h ar ts laki s)o,ntandl igigs tarc enbéﬁﬂe@ﬁ tisagessriiped in
the ta%%k%%%§ %'r gt%%n % E%eapQ@ %r kheef dld Q4€1east an Acs

crack pr opagat| n spee remar ka rops conpared
W th thensfasinatTioa mecnip@masmrleehpn@otthmoaheomham tl3&0°C, then

fat | gye qrack . propaganl.on speed, i3 hased 9 Lhe1o o g0% in

chang&®t &Stress caround t hé narte
10nhi Chamcemst&kutheSUmméeophaSherW@np@ngﬁt@he Ar3 transformatlon

St oel SRR TS o JAect| PRSP of SRERRF TR pReLhE DY
drivi ragmﬁmaaﬁd@emmCmmk rartdgr esfsidon. toD9@ %t dnt i $woaphase
g;gfrf%ggy\%%lc\gge %L’hs %n%oq-r}te%rrsi.t%arotfegs'rto?Lll%%n%cEart

rmrten3| te, and ther
det ourtsngreragpiniet © falnorig moxe p;éxelméth@r Ag thensformation

pdrertens rh-@?ir% delay 331 ?.ﬁ&x%e%ntd"%e%lp%‘i‘a'%%r‘éf dfh@ot less

crack an e Increase in propagati on di stance
due t aHdre aHI°Cur i ng and spllttl ng of the crack and

further the gem%r n o0 a Rehawvi zﬂﬁtée

acconpanyi n the crac det 053 ring an spI itting

a lar gseipcﬁmp:n rin If@ﬁmueglmrm@mqm%g@m desigfeage as set
The reasqns o r(4r“3%FygﬁéfﬁcddﬂPﬂéﬁddﬂbdgéﬂéﬂéﬁ%d cooling by a

m crostructure w1l e expl ai ned next”. The fagtor
2Mavi ng:odlhlmggrmeasif eﬁ‘ftectBCbYﬁvﬁﬁgtphéof set 4P8°C after said

af fectd crack propagation speed is the
g%téﬁ‘ﬁq Pél%ﬁa

area fraction o rtensite. The propagatian

speed drops(®hafpinetdipcitot [REetuEvhonTING & £t el & By

the i nGiRastod N PhsiEhRS diadld kg ayieey &Fe%ll@ta(ii& as set
to the increase i n the martensme fract, an.

i f oveforigu, 17 hid k Rightdss §4%F thed iGN St tc?é?fer§6lg in a
ghe r é/p?s% aﬁ?dé) O%ogla-d iyease the internal
stress and ectiv
According to the present invention, it is possible
to provide a steel plate superior in fatigue crack
propagation resistance for use for welded structural
members of buildings, ships, bridges, construction
30 machinery, and offshore structures and a method for
production of the same. Specifically, it exhibits the
industrially useful remarkable effect of enabling a

fatigue crack propagation speed da/dN when a stress
intensity factor range AK is 20 MPaVm of not more than
35 107® m/cycle, an improvement of the welded joint fatigue

life of at least two times that of the past, and an



| ower the drivihg force behind crack progression, it

is 15 necessary to lower the martensitic

transformation start tenperature. This is because if
martensitic transformati on occurs gat. a | ow

tenperature, the ferrite constraining the
transformation is hard, so the internal stress

i ncr ebispEOvRREn 0f stheace} babibite, ofhshegwelded steel
mar t e pefRr StarEat e4per aLyeeutal s the
great%?féggu%%gﬁﬁéﬂ ?@gggggntrat?onagf t he c%rbon in

the austeBiheseaandhethenechietbs abf| fagturestagrthe present
the Eﬁ9éﬁ€{oﬁhﬁ1ﬁfnﬂgéoﬂé ?P@&P@frﬁibﬂntﬁg £81D8Ring

t he greater t he dness of the martensite, so to
Smake @hecpEPHheT ensi the proferoednenbadimgpts given with
teﬂpeféfg£§n690£50£hel§§éacﬁ@§ &9£¢mﬁg§ of the

martensite has to be made 0. The reason

why t he naBBEﬁglPE%CRlaﬁg@%rﬂﬁtT%ﬁ DRRU{NGPenperat ure

has to be ppge #09¢ QrvhgﬁsofsatBé&ttﬁﬁecénﬁgé@afor the
stress is eased by the therm shrlnkagg after 30
e

transf 3F #BHE ORI RE oQéPPﬁ@ﬁt?%ﬁdt?ﬁEre? the effect
100f del ay pinaklggeacv@ék Pfopagaestopibecouesd for a welded
smal | er, grther % he hardness of the martensite
is ovePlBBOTatiguest@Ffticult to secure a martensite
fracti on obESGRDPTIONr eFandEt APRERERREDNSEMBOREMENEAS an
initiation r ' a r h ‘ ;
har dness o % rﬁ%@tgﬁg?gghéék %g EBE ﬁ??gP#egng?ntlon will
400 tlbe90esiuribedlinFdetael, batoexphalaedesipoyengt he the
5harde£F£Qghggrfi Gresthe greater the constraint at the
martensitrc_ transformation, the greater the
reaction fdrceenandly hat hegkeewphehpht ERRafakigeescrack

SO thgrE€588€§§n°§pEB§ ot 8rhbteqasperbdohetEenui et betructure
nor e eater the a?Bect rati o of the

narteﬁ§|FEFePHEh @?eé?@g thEhﬁrbBXSP £y ppwever engaged in
encoupheehpgvehetuatitensht ehiswahdhasebat rastdtcdaskovered that
progressi o Fur.t her det L pl i . :
204 st ahée™ FE&Pgaggrr§Be EE? %Fe?ﬁg§§ f8§g§§981ng mafteHSIte
reducunglthesfatsgaendrahksprmpa@ayean,speédfurtheheSUltably
asDeCEoB%EB?l?ﬁg gﬂ%'ggrﬁﬁégs ’agggnfkchEeﬁksagﬁgEt ratio

martens et our ahd branchi ng di St ance
wil | B&ongnakier/shestt haisl f eandoflipkpreechervesp Lagers in

crack h@rQH§QﬁBégg HeSkst@BRCoW khebBhaBBLl . the fatigue crack
Therefore, the 15 aspect ratio ﬁlon axi s/ short aX|sZ the

250f th@rﬁaaséﬁéppeswagd KEHATrkab @ag OBS PREPRLEH| Vit

phasepaid, ”@hbeﬁébhﬁnﬁBﬂSEehﬂﬁﬁ tﬁebﬁroﬂliﬁetﬁedfaﬂlgue crack
Iayers If the distance,befwe

y
t han QrﬁPaﬂﬁElPﬁtépﬁﬁﬁ %FrE§§egnPPogESeﬁgng?hén Ehe internal
ti me etresst a@suhdc theanateematienwhiich nochongerthet time of

the martensite transformation during rolling and cooling
30 of the steel plate. This is effective for lowering the
driving force behind crack progression. Due to this, a
crack slows when it encounters martensite, cannot easily
proceed in the martensite, and therefore detours or
splits along the perimeter of the martensite. This delay
35 causes the slowing of the crack and the increase in the
propagation distance due to the detouring and splitting

of the crack and further the remarkably crack closing



effectively and delay of the crack progression wll
become difficult. Further, if the interlayer distance
is over 50 m the probability of the cracks
encountering the martensite, thatois, the effect of
sl owi ng, 25 detouring, and branching the cracks wl |

becone snaller, so the range of the di stance bet
| ayersekaividd decorpaiy Hhd elhg €526k PRTOREXEY %%§65pllttlng

reasons.foL Liphtibdaths 1angRe Phtifige aLheoyi c
el enent S “f % be %Xp agﬁed Not e tha? %eIOMIyggg%%aga ton

meansSMee6- C is one of the nmain el enents of the

Conpos't'O@hgfré§§oﬁ§e§89tthBVEth@nof|llmﬁtaﬂﬂbﬂdeﬁ the
as an effective ingredient for_contro

5f ractMbArestreptuRarvehsi Pe &XBL ?hﬁ?%v?ﬁﬁtthtﬁgtfaﬁﬁ?ﬁ having

of thensteebatebt tes8cthanoAgl8fie Fhcbegconesfecting the
dlfflcult to secure a 35 martensite fraat*a §Of 5%

nmor e. @FlQV@VCDagbbpFHEag?Bb@ﬂnéggeﬁnbs F%@kf}aCtlon of
ges'SEHQCfﬁ@fehB@tbaSEhHHpE6pabaﬂ2onasﬁeéhedmapd gbaeply by at
rop, . so e _was 2

o bl bReRE ThquTHEa 58 SeHEGY: BU FOR Apehfars 1h Sbsticles to
lOaSSIttQQckOpSegﬂéBEgohhéuettenghh 1ﬁorebsalmnthhs martensite

effec ion_in anca t.pf a e % i

reqU|%£acgEQBesE°88X?ght ofngégr ? 6%? : @8& ggg%ébh§

OX|deSeamdusnyvdEgsadedrop0|nhducangetyaanmaﬁ@uéhﬁ@s§0%

so the amoypt @?éggénkhgdlhgegngi Eerésgggnﬁhef§egelvely

essential é erre I NCr easli n% he 10 st rengt
i f | ebowehahhe. 8%ivihe fpremrgbRhénd: FE2EKsBIORREEREGN, it is

SCannoBeé§s§ ¢y red. lgmeEhﬁh@tﬁ%&t@ﬂ@@tl@xﬁgéﬁsf@@ﬂbembn start
over 2% degrades_the toughness t he base

naterFﬁmPeFﬁéuféugﬁﬁé§sléfb FEUREl ¢ f-BAEECPRETEE! d

CfathBansemeaeu@nt@c@ﬁ@bnahoundawytbmperbene9$ the. ferrite
so 15 the am

eleneﬁPnEFFé&Pﬁﬂgmgﬁg Fga&ﬁ%gggagﬁophes %%eerlgPaghe internal

0. PZ@@ﬁmbsseﬁnemsbyesnuublt@ tihe treaghnessfogfenoffhe
oenly t he, base, mat I | s0 S
prefewgﬁlfngltlc a%sfoQ%%FQO% g%gEtH%émgﬁgakhrb falls the

oW AS5os s was
20 madee@t@2%khs agopm@f@ﬁamopcs§tw@ﬁa9§ sés§hsléaFPRe in the

P. 1T QueL 1Qeo%%’t%%etﬁﬁ@Cb&'%%E'Q@lQEthSFQQQQEE$ the
seri ous. %ﬁl obstructs the HAZ toughness o

f t
naterggpaﬁﬁ@ theware Uitre O u&gqqap;r@ 1PRe© 6|5@§Eon, 228e

th'Ck@%%%t@&r%%%'%@rd&%s%5ththpﬂ@&tbhﬁhtewaSonademake the
0.02% Al is an elenent effective for deoxidation

25yef|nmngt@@§uénptéqgﬂﬁﬂ@nmaiéPnTét@ﬁﬁaﬁﬁmPﬁF§t€Fﬁeép%°C or

It less, the hardness of the martensite has to be made at
least 400. The reason why the martensitic transformation
start temperature has to be made 400°C or less is that the
internal stress is eased by the thermal shrinkage after

30 transformation if over 400°C and therefore the effect of
delay of fatigue crack propagation becomes smaller.
Further, if the hardness of the martensite is over 900,
it is difficult to secure a martensite fraction of 5% or
more and the martensite acts as an initiation point for

35 brittle fracture, so the hardness of the martensite

should be controlled at 400 to S00Hv.



nmust be contained in an anpbunt of at |east 0.001% On

the other hand, if contained in excess over 0.1% it

forms 30 coarse oxides and seriously degrades the

ductility, so the anount was nade;0-001 to 0.1% N

bonds with Al or Ti to act effectively to reduce the

size of the austenite grains, so a small anmount of N

contri but eButbhan, i apr evpiehnedf abpeerethanhasfegsthe ferrite,
properfie h egpv 0 e

t he %?%e r?gH%%dgé?r?8ﬁFk§g§ngs§? ?he ééh%c??gﬁéggFQSltlc

t han tneneﬁeamytnsnalsbengreptetetbﬁleeﬁﬁt¥ﬁatfPFcef and the
pl ace gﬂe}3thgxﬁﬁﬁark8§dseeeFBe BBOQHEthQBdHEQ§e§§ the

Ther e range enab control industrially
5and ofeanibkl shabld beosanssolhedprbddePi BH pFoBess;

the | over &hg‘%regt d%he aQBé%Q kgt§9n5§|ﬁﬁg mBrten31te, the
excess, the In rease 5 di ssol ved

stra|graQEeﬁgtbﬁopepbﬁbééﬂéwl8?a?@§°u§éerﬂﬁﬁ EBEePartenSlte'

|'”1th@§h”BB§tQuQQ§%Er£E§ ?9@@@e§§ﬂﬁﬂrlF§§thB@ the detour
reasons [ITmtation of he basi ¢ i ngredients of

the prBSeRPlikFERsi 83 StPRCEhANCEPESENt SPnEBASi of, SEfective for

ohOmevgéduEtha@h@SEbmqgheec&heangtbpa@aamdntepgbdessf the
it is also possible to |qilud§hone or nore,
mg - -G

Cr, MBSPRFLTEALAR, 17 S PR Aec8P8ants CﬁFFﬁs “heet the
need. mikecheasens ther detwutratindnbebnthésg dietents will be

are expl ai,ned nex n el f t| e r
increﬁ&?i&efhesfSEEFrgég% %wF?h§H§Q§g§&| O% t%% crack
toughpespagb&1besseshaman©e1%ﬂlﬂheeeSmglﬂo gbgmefore, the
effectﬁgwgkl atEOOV é‘%éﬁs? %%elggg@s ofO+tBeCHE r&bnsite was

the ti eati ab or I ng. Therefore,
t he amedst a\NaéeIalsm t3ed toat 0.1 to 2.5% 20 N is an

el ement ef i@t ifke fi@le IDHRAQViaRG B¢ teheugkngsssantave to be
strength. To obtain this effec

nece Sar
add aPiFpggeeg 1% MHSTexcdds b g@ddﬁﬁﬁﬁnﬁﬁe h 18yers is
resu'%ﬁalﬁe§a%%r%t@°@npft%ﬁﬁl%&%%%bla@QrEBQ 1ntroduced at the

deterioration of t oughness or, wel g 33 g N
20Furthéﬂmetmﬁsmafnﬁeﬁeﬁﬁﬁuﬁaﬁeﬁﬁqame&ﬁOns81 &d PPﬁ&r ac

econo@ff%%t‘welay hR /WY ofas e rirtaed mo@tre@sloho will

5% is preferre t Iea 1%.1 n.qrder
|ncre5§§ qﬁa &gﬁg%QHﬁ ﬁ% ségﬁFglgngngﬁ%tance is
On  the Ot gy ﬂi’r@n%hearﬂ)@mtll@&ebfl 2% icgalk®ls encountering
preferable for 30 thé sane reae e%& Ni. . Therefore

the affenmagtensigsedhato & ¢ SEt5Of oM NG
22| emerfe tRfudfra6ld,v & dd b A A NG Heh & r@okisc will become smaller,

hardens%bltlhlet y’ang@roglt% tcplstsatnrc%n% Ijcweerrr‘xp %\Qer}:% Iilx%uld be
controlled 3 to 50 pm.
Next, the reasons for limiting the ranges of the
alloying elements will be explained. Note that below, %

1

U

30 means wt%. C is one of the main elements of the
composition of the present invention. It is included as
an effective ingredient for controlling the fraction of
the martensite and improving the strength of the steel.
If less than 0.03%, it becomes difficult to secure a

35 martensite fraction of 5% or more. If over 0.2%, the

toughness and weld crack resistance of the base material



resistance to tenper brittleness, and suppressing 35
recrystallization. To obtain these effects, addition

of at least 0.01%is required, but if over 1.5% the
toughness and the weldability detegpiorate. Therefore,

the - 14 - anmobunt was limted to at 0.01 to 1.5% Wis

an el enment necessary for increasing the quench
hardeﬁaﬁlﬁhﬁywﬁﬁd geear PRgP hEOsEPBngBRZELYE St Admited to 0.03
amount gimade 0.01 to 1.5%as the range in which it

can 5 exh| it this effect and does not have a _
det ri ment aPi &ff ant edaMERkereprdpEAt REsa FpOFddgkion agent in

el emeplggRRbhi kB! kBGuL9nyTRHEVERBBhgeh .t 18 oBtEERJtRis effect,
of the base material through precipitation. hardenin

Sand epPedtips £8r 2aPePMAPRG PheahedtadtalsPedi i& {@qu%red

grai nE§bé§sbxoB%mt b@noobrTiNest abkRsevenrat axhidel and
tenperature. To exhibhit this_effect

i ncl u#BHITES| A SFORNBiinfUGF it tyegsf éoégﬁ@@séh fiRe the amount

OtherwaandamuEeGVQb 0. @59¢ocqaﬁse oxi des are forned
and t he dUCtI|Ité ra ed serlg %I¥,.so t he, th
amount was i it 88 F&sﬁp 630018 fo 8T o8BS TRES PP the
10and Vst@@h@thutbut01ﬁheesspmhaenﬁn6%ofthbestséngmgtbf the base
of the_base |aI recipi [ a in
but i S§§ 8060%%)%#%gnglsbﬁoEﬂ% gghePfBgﬁg dxcess
) mhlIecphta@de@f|nvexcé§sdegead652%¥etheudhoesblpﬁ 2be base

and t%ﬁ%@@qgﬁvd%%%r%gﬁgﬁﬁeggh%EeEﬂ%e Sﬁgezéﬂeunkﬁeo§eld

respe@@ﬁ@éﬂ@g, Btics &ieetensaginhpenndagieaisslanesgectc., so

SaUSteEhEeaQb%h% Q%%nqahh%%d'Qotbessebld%30|Ut|0n state
and t ereb$ enabl es the quench hardepabilit
er

to be
i mproved e si AN £4.e8RRL adheGhisd bhe F§u8¥§855 of the
ef f eckirwe 1f. 0 FSURRIFEDSiI0RR , Ofi t @egﬁwasaylnﬂa&b@msothbheoughness
austenite in t ate segregated.at, the_grain
Doundaii B 20 1A PARamSOrraeis BIC: ApFByEREnERgy o it is
t he gperdleradlgerabillowt wsapdsssibppr essli bheofipper limit was
recryg}gllbz%blon addition of at least 30 0.0002% i s
require but” “eXcess addition _over 0.005% produces
coarse predi gist areseaadlyegradey elePpsaghhesdike P. If over

Ther e10ip8s  t he ARRWRAL WQ%tle'b%dMB@ BbcngQO%eEQous This
0. 005% Further int present invention,

|npro@@ﬁéﬁPCtéft@ﬁeH@@cﬁopﬁpﬁeéﬁdOfnﬁpﬁvgﬁéﬁtm@FeFHél and
j oi nt 1tpeghness du%&luhtwslal$@ep@&atbleh&@kaédsaulaeetlon, so

) or pes of Ca, an accordance with
25need. t%@ wgpema%p| P?gctlve f or
suppreSS|n@lfh&tbanbu@n@htOkEdesthE|mgr-dé6xiuation and

ro"'@%f ry %M%%Q%EQ%F%E%?%Ys@%%k &8 gg%gikh%his effect, it

must be contained in an amount of at least 0.001%. On the

2

(@]

other hand, if contained in excess over 0.1%, it forms
30 coarse oxides and seriously degrades the ductility, so
the amount was made 0.001 to 0.1%.
N bonds with Al or Ti to act effectively to reduce
the size of the austenite grains, so a small amount of N
contributes to an improvement of the mechanical
35 properties. Further, complete removal of the N from the

steel is industrially impossible. Reduction more than

necessary is also not preferable in that it places an




oxi des finer and inprove the joint toughness. To

obtain these effects, the lower |imt of content was

0. 0005% for My, 0.0005% for Ca, and 0.005% for an

REM On the other 5 hand, if conti@ ned i n excess, the

sul fides and oxi des beconme coarser and a

deterioration of the ductility and toughness is

i nvi tastEe s YRS \Wpekng iRKAWIt ihiRIRCSRS ThRREfPtRmeas the

for Mbndl ChAE0MnEacormiih 0. (RSt [N ahfie caﬂoca&e allowable

conpl etes the explanation of the reasons . 10 fo
i UedhPRof R P TRITS PURAR@ S ek QT Limit is made

conpasidd@n Of £ thshbash&d rafw Bt scid flerduasem is left
invention. In addition, a suitable method of

5 pr oduts T Vebrandit t3 y§ e Hh AR IIDRTWA L% deteriorates, so

r equid BRI se ©F1 4 e @é@&melmM% on wll be
proposed. ﬁ%%ever the 15 n1cro tructure of_the

present i MENIRAVSxFRBTASI78S T rRRASAWT nikt THRhEFion of

as t%ﬁé‘ﬂod@%lslﬁ@feﬁmwlm tiHe prTelf@ermi‘ti‘mfbmlflon In the
producti on of, steel glagggsu erio

f at.igue crac
br opdRER TG LT Ao S Hof ] it HE §1E Grengtn
10the piesendudhvens oht aie aﬂb$0|pcmsﬂdl¢ ot a hm@l‘).lde one or more

met hod (?hsl ajbl ncgl Yy Vé t']gl I\il%(e)g/ffe '\?Ot JFr[f'gaccordance

the st has’ t 0o be austenlte
this,witle s¢edl Dheonehssns ofbe liwkiadienm @f these elements

t enpey gl the Ac3 transformation
5 R A

t enpera er, It the slab is heated over
1350C, 25 Ghelauah epiemert of FECFehve KEDY \LRGEPaBRT | Hhe

155'Ze's§fbﬁq_ wI@ﬁétEesééﬁlﬂEbiﬂﬁK%ﬂek%b @é@@d Bf tBéss than
l'ing herefore, the u lTmt of heatin

t enpe? at tir ctH@ES HBIRC 13% eﬁ'ﬂ%c‘ﬁ'otw?b}?ﬁ@ %Y?’érg 5%, cracks
this ﬁ%d%lmt@dcﬁﬁ sbethd0t imepef a't)élai‘@lm@gﬂ:m ofalh her
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increase the quench hardenability and secure strength. On

the other hand, an amount over 1.5% is not preferable for
30 the same reason as Ni. Therefore, the amount was limited
to at 0.01 to 1.5%.

Mo is an element effective for improving the quench
hardenability, improving the strength, improving the
resistance to temper brittleness, and suppressing

35 recrystallization. To obtain these effects, addition of
at least 0.01% is required, but if over 1.5%, the

toughness and the weldability deteriorate. Therefore, the




the hard ferrite. Therefore, finishing rolling at the
Ara transformation tenperature or |ess plays an
extremely 10 inportant role and is an essential step
in the present invention. To ifapitepve the hardness of
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by a cooling rate of 5 to 80C/s down 35 tgo 20 to 400C
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effects of improvement of the gquench hardenability and
suppression of recrystallization, addition of at least
30 0.0002% is required, but excess addition over 0.005%
produces coarse precipitates and degrades the toughness.
Therefore, the amount was limited to at 0.0002 to 0.005%.
Further, in the present invention, for improvement
of the ductility and improvement of the joint toughness,
35 it is also possible to add at one or more types of Mg,
Ca, and REM in accordance with need. Mg, Ca, and REM are

all effective for suppressing flattening of oxides during
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resi stance can be expected. The tenpering perforned
in accordance with need after the rolling and cooling
aims at inproving the toughness of the base materia
structure through 20 recovery, so the heating

tenperature has to be less than the tenperature
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t he r t
and st St eﬁ&l\gggp Féﬁdt%%" aér}ge %B‘g@élohpﬁ%or&&g% B be

pip MEOGINO M Gemperature of at least the Acs transformation
temperature. However, if the slab is heated over 1350°C,
the austenite grains remarkably increase in size,'so fine
ferrite can no longer be obtained after rolling.
Therefore, the upper limit of the heating temperature was
made 1350°C.

The hot rolling after this was limited to the
temperature region of the Ar; transformation point to
1250°C because rolling in the austenite region enables the
transformation temperature to be raised and the
transformed structure to be made finer, so fine ferrite
can be obtained in the two phase rolling. With a
cumulative reduction ratio of less than 10%, this effect

is small. Further, if over 80%, the reduction ratio in
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the two phase rolling.

In the present invention, it is necessary to cause
the elongated, hard martensite to disperse in layers in
the hard ferrite. Therefore, finishing rolling at the Ars
transformation temperature or less plays an extremely
important role and is an essential step in the present
invention. To improve the hardness of the ferrite,
improve the hardness of the martensite, elongated
martensite, and lower the transformation start
temperature, finishing rolling at the Ar; transformation
temperature or less is required. The lower the rolling
temperature, the better, but the lower the temperature,
the higher the deformation resistance, so the rolling
load rises and rolling becomes difficult. Further, if
less than 600°C, a fraction of martensite of 5% or more
can no longer be secured. Therefore, the rolling end
temperature was made at least 600°C.

With a cumulative reduction ratio of the finishing
rolling of less than 40%, the hardness of the ferrite
rises, the hardness of the martensite rises, the effect
of elongation is small, and the interlayer distance
between the ferrite and the martensite in the thickness
direction ends up increasing, so the larger the
cumulative reduction ratio, the better. Therefore, the
cumulative reduction ratio of the finishing rolling was
made 40 to 90%.

As the cooling method after the two phase rolling,
to ensure the martensitic transformation, down to below

the martensitic transformation start temperature,
accelerated cooling by a cooling rate of 5 to 80°C/s down
to 20 to 400°C is necessary. The cooling rate in the case

of accelerated cooling was limited to 5 to 80°C/s because
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toughness of the base material structure through
20 recovery, so the heating temperature has to be less than
the temperature region Ac; where reverse transformation
does not occur. Further, if over 500°C, the internal
stress is eased, so the fatigue crack propagation
resistance deteriorates, so the upper limit was made
25 500°C. In addition, recovery causes a reduction in the
lattice defect density through disappearance and merger
of the dislocations. To realize this, it is necessary to
heat to 300°C or more, so the lower limit was made 300°C.
Note that the tempered martensite produced by this
30 tempering heat treatment is also defined as the
martensite of the microstructure requirement of the
present invention.
Examples
Below, the effects of the present invention will be
35 explained in further detail by examples. The chemical

compositions of the test steels used in the examples are
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- é)gge phaseg éﬁ%(%é%ééé)g%é%o, and the distances
between layers were found by image analysis of an optical
micrograph.

FIG. 1 is a view of a test piece used for a fatigue
crack propagation test. The conditions of the fatigue
crack propagation test were as follows:

Load application method: 3 point bending

Stress ratio: 0.1

Environment: room temperature air

Crack length measurement: DC potential difference
method

FIG. 2 is a view of a test piece used for a welded
joint fatigue test. The welding was CO; gas arc welding by
a heat input of 18 kJ/min. The fatigue test conditions
were as follows:

Load application method: axial force

Stress ratio: 0.1

Environment: room temperature air

Test stress range: 150 MPa

Test Steel Nos. Al to A20 were all steel produced
from slabs of chemical compositions of the present
invention in accordance with the requirements of the
present invention. They satisfied the microstructure

requirements, had a fatigue crack propagation speed da/dN
when a stress intensity factor range AK is 20 MPaVm of
not more than 107% m/cycle, and had a welded joint fatigue
life of at least two times that of the comparative
example of Test Steel No. Bl, that is, had superior .
fatigue properties.



. v X + - 22 The mcrostructure was identified by
polishing the «cross-section of the steel plate in the
rolling direction to a mrror finish, then bringing
out the structure by NYTAL etchipg and REPELLA
etching, observing the 5 microstructure using an

optical m croscope and using the enerate hase
t oget her mPPhtPﬁeoFgFér éQgPaFHEdTgé§tStF§gu pg. A2l to A23

FurthestitheehakdBegsqnaseneaser 68 pyoaduteadnobf tlBekPresent
using, a mcro-Vickers hardness tes . The ratios

. . er os, of
the pha%8RtiPRe Q%Ee&?r?aPPB?l&ﬁdtgﬁerapgﬁaﬁéeé1T6tatl°n of
betmeePelamemsca@rﬁoﬁgugﬁt?wnLnag@_aeat¥st§emfNas, A21 and A23
optlca m ¢grogr, . Is a view of a tes | e
Somed Yo B FREPQGE-MEFhERSpEBpRSEPoRTEtirernaul ERE
condimaptensftbhérbatiguewasr ank1pr opaghti ontetesbyeer istance
as follows: 15 Load application nethod: 3 goint ,
bendi¥@S LRFESs FattBE BrePEHdtieAnEREed, 8bnthe time of AK=20
tenmp e, akr 1 gra th easure ’ pot.ent | al
GifT uEadh Wﬁéthgﬁ %QAQ?Q% % i 9 §%ViZ&E%nggfés%%%iecéded
used Joink #erdede Léifmt what ngtiempeet thFne2weliugagthas of the

1002 géémgaga%@b@iegaﬁﬁleaohe@esknaeéleNaa K9/ 918 thBefatique
foll ows: Load

fatigue test conditions_ were as

appl i REPPBREABENYETCakNaPTiBFcEC thosespfethergipel of the

0.1 BpvéseRReRhyeh@9Bht erpetAbYr etAkl Ted€SELEEIERS. A22 had an
range: 150 MPa Test Steel Nos.

\ Al to A20 were all
st eel SProatc¥s MAFLANSLABsTERCLARHT caP ERRpbSPERBRESoPreatly
t he pﬂeseﬁhoﬁaﬁbﬂxahﬂiBﬂitﬁlacC@Edaﬁcecmbﬁheﬂhﬁuring ghe
requi pepents e resent invention satistie

150 pa FEFebE Beare aploEiFonehPEd baiRy FAFTGRE Lpkvas
pr opagahaokabpgedndatdhr whehha stee$sofntbasptysent
facto K i a; re. 0-
i oyl 3 B8EoRl FR= el e h e Rhee BEhyBE" ubPRRed (pds oo
| eastsmablii AEsthRaprepaghtiennparnervéesenanpl @lep inferior

Test SteeheMNateBl, ofh@hel BrebadtSURGELP on ., fati gue
properties. On the other h the Test Steel Nos

23 and, S. _,
20721 to A23Fughppsyi bhet hesteghirféniffs Bt pPoBLRtFahisfied the
of theapgesent 1imA¥adtibanofbohentegl 0vbEpEEithénr 8Ag€he

g{eL:S%%gghggiggﬁaggggghgu C%Lrgoo giééoghengoJEEEion

requirements. The Test Steel Nos. Bl, B6, B7, B8, and B1l0
had second phases other than martensite. With

25 microstructure other than martensite, it is hard to
effectively block crack progression, so the fatigue crack
propagation resistance is degraded compared with the
steel of the present invention. The welded joint fatigue
life also failed to be improved. The Test Steel Nos. B2

30 and B3 had second phases of martensite, but the ferrite
hardness was small and the internal stress was not
increased. In addition, the aspect ratio was small or the
interlayer distance was large, so the frequency of
striking the martensite at the time of crack progression

35 was small and effective inhibition was not possible.
Accordingly, the fatigue crack propagation resistance was

degraded compared with the steel of the present invention




5 had a ferrite-martensite mcrostructure, but the
martensite fraction was small or the interl ayer

di stance was |arge, so the propagation speed at the

time of AK=20 MPa'mwas 10-8 mlcygl e or nore.

Therefore, the welded joint fatigue |life was not nore

than 2 tinmes that of the 10 conparative exanple of

Test 8hdethrovepdedndoiné fatigue lpLepuesi adsmenet improved.
inferior tQhEhQ%%tOEt%@q ﬁbeeb405aﬁh§ hA%ﬁS%@hperlng
invention. Further, the Test Steel had " an

exces §FTBeHAEERs PRE ﬁ@é@ﬁléﬁte§éaﬂh§tﬁééghné§sCraCk
greatb!og@%%%ﬁb%r&%QQe@n@obbbtEhﬁl%&%@@s Qﬁ%u&%%que
during the 15 fatigue test, and the wel ded joint
5fat|gBéOPFFélﬁésWeF@n&Pﬁ§599rlﬁPeFP@ﬁethtﬁ esgésrelof the

the ppesesht uﬁweﬂ&u@& ruet hek: tReeilnker! @8¥ehad a high
di stance ,was t oo so. the propagation properties

were AF84S; ﬁP@rF&#ilPS Fﬁér§t§€WPSFaFHéepP€§eﬁFce1erated

Invenbb@mlnaosEu&EhQémpbh@tﬁeétaSHe@heNﬁéjoBltyooﬁlQhe second
satlsfhed t he ran t|on of chem ca

conpoB ?F8n08pp5ﬁ§ pPés ﬁﬂnﬁ FenPPofragit PrBgession was not
10out si Beéothedpuaduthieofatigqei pespatrsiefheetestinfeedlor to those

Nos. B B d B10 ha second.phas ot.her

Chan Do £08s PRSI PEn N5 Phrarhs: LR ACHe naReL RERT Steel No.

mar t eB8i hed it sesohdr phee ebmpcticedl pfbheckensatle, but the

prer?%ﬁ gﬂlnﬁochﬁ%& g&bgu?eSEgEgoanQEégabbgn ma%l nd the

resi stance is degrade fhe= df&ef Ae

pr eseAEPERFeHEILAR. W?ﬁee%érééélyoﬁﬁﬁlﬂatﬁguéheliﬁéqaﬁg§y of

15f ai | ednkBuheeriRGOYeE: miheeh8st eSheeknos i mB2o30-28¢e
B3 had second, phases of partensite, but the ferrite

har dnBSSIRES SRR Wagng™ehé PH?eFHQIP§PEé§§S&ﬁ§ ferld not be
|ncreaseécthneagdbnb@medthehaﬁegskerath@ vas ighel breperties

t he |nterla er .di.s a he frequenc

of © SUPER H ERAOTarPoROPEE aF FRE PERBIOPEcFAgkDEcbent

progr ésveonidh.wdsrshell, ahd @ktectieeli Nbshi Blantwas8l2 did

not p | Qrdi. h crac
Zopropaﬂgﬁlghﬁ%ggﬁétanc ngg g i gkégggﬂpé?e he; Fﬁefﬁnt

steell@VenﬁéOpré@eﬁﬂthﬁveﬁhemhcal camEOﬁhélmeldedproductlon

JO'ntm%%hbgzeﬁb'@%r@a§eﬁ5§ﬁa899 hH?é?Y@g 1nT?§tI§§E properties

t eel hi erlng nperature a
easedCPWPéFﬁﬁlwéFPe§§e §Begﬁa@§ b?o@F@§§P§nlﬁﬁﬁpéé°ﬂo
be inhibited. The fatigue 5 properties were inferior
to those of the steel of the present invention. The
Test Steel No. B5 had a high finishing rolling start
tenperature and accelerated cooling start tenperature
and the majority of the second phase conprised of
bainite, so crack progression was not 10 bl ocked and
the fatigue properties were inferior to those
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of the steel of the present invention. The Test Steel
No. B9 had a second phase conprised of martensite,

but the finishing curmulative reduction ratio was
small and the aspect ratio was-ex¢renely small, so
the frequency of 15 encountering the martensite at the

time of crack froaression was small and the
progressi ofi2bufd AbEIMED E$fectively bl ocked.

Therefore,1the fat{gue g199§r§u§§rl&Fr§n'Pé@ig@é EQack
those of the steel of t resent 1 nvention

t he ﬂ%%?péﬁ%E+oﬁb€esEﬁH?@%ﬁEﬁEP%ﬁ%PlQ@rh%Y gé%rsfy the
range of limtation % thegpsgsent invention in

ei ther chem cal co 05|t|on or production nethod, so
wer e renarkably thi@rPbrtent f%ﬁqgue properties
conpared with the: steslt®f2¢ he present invention. 25 -
WHAT | S CLAIMED 1S 1, A steel plate superior in
fatigue crack ro%a%%tl%ﬁ }®%F st ance containing, by
w% C 0.03 tosf. @/6295O§I1e§spl to 1 6% M 0.5 to

2% P: 0.02%or,]es W or Al: 0.001 to
0.1% and 10 I\fsAi @Oqo}s £9. (80 a baI ance of Fe

10and unavoi dabl eNi n@u@ﬁ)llm 0. M@%el n a mcrostructure

Cerrite wth o orais Rfhdhemeadk Féiad it td faahle hpurities,
mat r i W ehese @nnlﬁaQ$MQum®mI@n@ftEhQSbawérmamainkbrss a
hardnﬁéﬁepfafogtf@c@€ Bt aXI af fff%écwﬁsﬁfasvggkéggéhardness

and an aspect ratio ort axis
nore @5 At stRdPH phAses %n@ﬁm%\mm and drdayeg martensite

15di st apcen betweeket hend £indd & @f‘dll(ﬁ@r’é@n‘%d e dn éf‘(—.ea fractlon
pl at direction is o 50 m and a fatigue

e i ckness
craclé’fzogp'?% Qf) tl%?ps‘?i'ée%sfb%f?‘al‘&f%fﬂé?l along eaxis/short axis)
i ntensfty aSﬁQ’ﬁ@fe FangesAord I:&hééé eSaSnd Hn anﬁér@gél isterlayer

20 MP t.h 10- 8 2.
pl at e&ssu% |or ?ﬁ'?%egl?ltgkhegn%er%%%te pﬁ‘%‘% t'r%?islte T the plate

resi stran€en&ss s€ird ot idh i s c3 atdn sl gﬂ!{t hetd a25fat1 ue crack
containin ?

e,0 re of :
20 7™ Bnhanion ghedh Gl iy @ WErForTer Sy factor
30 Wrdhdd AR df Sbstress ratio of 0.1 is 20 MPaVm is not more
than 107 m/cycle.

2. A steel plate superior in fatigue crack

5

propagation resistance as set forth in claim 1 further
25 containing, by wt%, one or more of
Cu: 0.1 to 2.5%,
Ni: 0.1 to 5%,
Cr: 0.01 to 1.5%,
Mo: 0.01 to 1.5%,
30 W: 0.01 to 1.5%,
Ti: 0.001 to 0.05%,
Nb: 0.005 to 0.2%,
Zr: 0.005 to 0.2%,
V: 0.005 to 0.2%, and
35 B: 0.0002 to 0.005%.
3. A steel plate superior in fatigue crack

propagation resistance as set forth in claim 1 or 2,



. oo Ti: 0.001 to 0.05% Nb: 0.005 to 0.2% Zr: 0.005 to
0.2% V: 0.005 to 0.2% and 35 B: 0.0002 to 0.005%
3. A steel plate superior in fatigue crack
propagation resistance as set forgdh in claim1l or 2, -
26 further containing, by w% one or nore of M:
0.0005 to 0.01% Ca: 0.0005 to 0.01% and REM 0.005
to 0.008%hex Lomtamtitoy dfy pridductnernimatedt pl at e
superior in fqgoigL@ FERE K r(p t| on resistance
wherein a mcraostructure o ase material is a
| amel | ar struct@se OHORANGT eQ-rQ]t?e, valth a Vickers
har dness of at ty a5, e phase and havi ng
martensite with a Vickers 10 hardness of 400 to 900,
San area frécti dhn ngtipd oBErodurtiem b pdaelk aliate superior
(lon i t ) r
phasgrp);ﬂnasda er agcela%%)? r#géi/gbré)gdlds‘?alﬁec Eéatr\l/\c;eZn t e in a
f er r Mot tgtwisiql 3 Paske Mtaelahjkkiesemellar structure

di re¢{d g iferr i WA AntdAd I SECF at least 150 as
propagat|on speed 15 da/dN when a stress jntensity

fact & FeaRyPmcDand ey naitep St with azd“mi%ﬁ

100s nofariesd han 46b & 9E| ean Lu@risddidieads gy v 30%, and
sl ab cont ai ni ngrthe [ redi ents descrl be

in y one
ot Coat ment kAt L S e ek Dpmdpre as a

| t ransfeatord ifmdenpet adwseadeo Memyeeﬁaiistmde%d}ﬁ,ween the
thenfollln nulatlve r UCt'loate of 10,.t

b
80%Inerr aus %ﬁnw%f QF% 6H5§é réﬁlon 011%$¥ne%§ dlrectlon

transiforaredd 80 tempedrad W ef 10 b Uz adhgr dpayadiiory speed
rolllng by a cunul ative reduction ratio of 40 to 90%
15in ady mfa%re 3 e 07E Df L R B ¥ ef%ﬁfqn tange fK of a stress

rol lingof ¢ @5 LEPey Al of s Nl Y é}?égx e A Aoycle,

transfornatlon tenperature an a ro
t enperQMRF s B19 Mratigss a thlaP maﬂsﬁlw dtchddh fedients

produgdd omi dq & $1e8) Matse é}wﬁﬁé of 4 3§ ald WadiRGkature of
propagation resistarice as set 30 forth in claim4,

furt LAY 130 Rf atdenSarBR tdos HegPEy 34 UgSoltPngot more

20rate @fszp 1295(&@,0 Sthte% 20119 400G af emuddikdvel rBLSRIKAGN ratio
rolllnlg A nmethod of production of a steel plate

superdorlQ ke afiQqu’e“ &%@ﬁ%@t#%%ﬁ@%@@%n of the
set Zﬁ% EQ%E@ﬂd}ﬂaﬁydn‘%e%&e§et QQJIQQ@p% S£108n finishing

tenpering in tenperature range of
rolling by a cumulative reduction ratio of 40 to 90% in a

two phase region of austenite-ferrite of a rolling start
temperature of not more than the Arj; transformation
temperature and a rolling end temperature of not less
than 600°C.

5. A method of production of a steel plate
superior in fatigue crack propagation resistance as set
forth in claim 4, further comprising accelerated cooling
by a cooling rate of 5 to 80°C/s to 20 to 400°C after said
finishing rolling.

6. A method of production of a steel plate

superior in fatigue crack propagation resistance as set

forth in claim 4 or 5, further comprising tempering in a

temperature range of 300 to 500°C.




