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Recent studies of the authors and otherJapanese researchers on the reheat

CraCking(the stress relief cracking)in HAZ of Cr~Mo steelsincluding HT80

steels are summarized under the f01lowingitems.(l)Effect of alloying elements

On CraCking sensitivity;(a)Combined effect of Cr and Mo was examined and the

results were shownin a CrrMo contents diagram by
contourlines of the･Critical

restraint stress,(b)Effect of V,Tior Nb on cracking sensitivity from view

points of the combined effect with
Cr and Mo;The effects of those elements

differlargely depending on the basic CrrMo contents･The effect of carbide

precIPitation on cracking sensitivity was discussed.(2)Effect ofimpurity

elements
on cracking sensitivity;(a)Magnitude of the effect of several

impurity elements
were examined.(b)Combined effect of P,Cr and Mo was

discussed and the criticalP content,below which the steelis prevented from

the reheat cracking was proposed.(c)S on cracking sensitivitY;The cracking

sensitivity of
Cr-Mo steel,in which Mn and S contents were varied,WaS eXamined

andit was found that a smallquantity of diss0lved sulfurinduced harmful

effect rather than MnS did.(d)The method of preventing the harmfuleffect

Ofimpurity elements.(4)Effect of other alloying- andimpurity elements on

CraCking sensitivity.

l.=ntroduction

The reheat cracking or the stress relief cracking occurs occasionallyin

the heat affected zone of Cr-Mo steels.such as high strength steels and heat

resisting steels. This crackingisinitiated during the process of stress

relief annealing after welding. The crackisinitiated mostlYin the course of

raisingthe temperature.and propagated along the grain boundarY Of prior-

austenite. Much attention has been paid on theinfluence of alloylng elements

On this cracking by the researchersin the world as earlyin1960's【l].

As earlierJapanese contributions,Naikiand Okabayashi,and =to and

Nakanishiproposed the cracking sensitivityindexes,AG[2]and PsR[3],
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respectivelY for assessing the cracking sensitivity of HT80 high strength steels

』G=(宅Cr)+3.3(乳Mo)+8.1(宅Ⅴ)-2 (1)

PsR=(%Cr)+(%Cu)+2(%Mo)+10(%Ⅴ)+7(%Nb)+5(%Ti)-2 (2)

Cracking occurs when G>0 0r PsR≧0･ Due to their simple expressionsr these

indexes are conveniently adopted for
estimating the cracking sensitivity of HT80

Steels.

Another cracking sensitivityindex.6rc was proposed[4】.

Orc=-1･25(Csr-4･7)1/2+20.7 (3)

Csr=32(%C)+0.5(%Cr)+(%Mo)+ll(､%Ⅴ)

Orc<Ow:CraCking occurs. Orc>Ow:CraCking does not occur.

Where Orcis the criticalstress for producing the reheat cracking,and6wis

the stress presentin the welded structure. Thisindex differs to above two

indexesinincluding the stress value.

=t was pointed outr howeverr that thoseindexes could not be applied to the

Steels of higher Cr and Mo contents,for example,21/4Cr-1Mo and 5Cr-1/2Mo

Steels[1][3]･ And the combined or mutualeffect of those elements,Which will

be natura11Y eXPeCted to exist between tw0 0r mOre elementslis neglectedin

those
simplified equations･Furtherr the effect ofimpurity elementsis not

takeninto considerationin those equations.

Recently,SeVeraladvanced
contributions were publishedinJapan concerning

With theinfluences of a110ylng andimpuritY elements on the reheat cracking

SenSitivitY from the view point of the combined action between these elements.

工n this review′ those contributions bY the authors and otherJapanese

researchers were surnmarizedin f0110Wing
sections･(l)Effect of alloying

elements,(､2)Effect ofimpurity elements and(3)Effect of other elements.

2･Effect of a110Ylng elements

2.1Combined effect of Cr and Mo

(1)Cracking test results on O.02%P steels

Tamakiand Suzukidiscussed combined effect of Cr and Mo bY a Series of

experiments[5]-【7]. Steelspecimens
containing

O t0 5%Cr and O.25 t0 0.5%Mo

Were prePared as f0110WS. 8 kgingots were made bY melting electr01yticiron,

Plgiron and ferro-alloYSin aninduction furnace. Eachingot of 60 mmin

diameter was forgedinto a steelbar of16 mmin diameter,and the bar was

quenched from 9500c and tempered at 7000C･ The reheat cracking sensitivitY Of

each steelspecimen was evaluated by the magnitude of the criticalrestraint

StreSS,OAW-Crit obtained bY a mOdifiedimplant test[5]･The testing apparatus

WaS COmPOSed of animplant test machine,a
furnace and a set of measuring

devic声S Of stress and temperature. Theimplant test specimens are shownin

Fig･1(a)-(､C)･ Theimplant and the base metalplate were made of a synthetic

Steel bar and a commercial

is inserted in the hole of

length was deposited on the

10aded when the temperature

tleating beganlhour after

Of 2000c/hr up t0 600Oc and

HT80 high strength steel,reSPeCtively. Theimplant

base metalplate′ and a welding bead of100 mmin

SPeCimen shown in Fig.1(c). A glVen StreSS WaS

Of the heat affected zone fell down t0150Oc.

Welding finished. The specimen was heated at a rate

then held at this temperature for 20 hours. After



RecentJapanese Researches on Reheat Cracking

this testing,the reheat cracking was
TablelChemicalcompositions of

inspected at r00m temPerature On the cr-Mo-0.02%P steels【6](wt%)

longitudinalcross-SeCtion of each

implant bY a microscope.

The cracking sensitivity was

expressedin term of the critical

restraint stress.6AW-Crit.The

amaller6AW-Critis,the more

SenSitive to cracking the steelis.

Four series of Cr-Mo steels of which

the P content was kept constant as

O.02% were used. Series A,B,C and

Din Tablelare the specimens of the

M0levelof O.25,0.5,l.O andl.5%,

respectively･ The results of cracking

test are shownin Fig.2,taking the

Cr content as a parameter. The

criticalrestraint stress,6AW-Crit

isindicated bY a CurVedline which

SeParateS the cracking- and no

CraCking fields. A minimum value of

6AW-Critis recognized at aboutl.1%

Cr for each M01evel.
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Fig.1A set of theimplant test

SPeCimen(a)=mplant(b)Details
Of notched portion(c)Base metal

plate[6]
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Fig.2 Criticalrestraint stress.

6AW-Crit of Cr-Mo-0.02%P steels【6]
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On the basis of Fig.2,the contourlines of OAW-Crit values are drawnin a

Cr-Mo contents diagram as shownin Fig.3(a). This diagramis called hereafter

brieflY"the OAW-Crit contourline diagram". Four Cr-Mo contents fields are

recognizedin the diagram according to theintensity of cracking sensitivity as

F土g.3(b).

Fieldl;Thelow Cr andlow Mo field,in which the cracking sensitivitYis very

Small. The chemicalcompositions of O.5%Mo HT80 steeland O.5!Mo heat

resisting steelcorrespond to this field.

FieldⅡa;Thelow Cr(be10W aboutl%)and medium Mo field,in which the cracking

SenSitivityincreases remarkably withincreasing the Cr content. The chemical

COmPOSition of 3/4Cr-1/2Mo steelbelongs to this field.

FieldⅡb;The high Cr and medium Mo field,in which the cracking sensitivity

decreases slightlY Withincreasing the Cr content. The chemicalcompositions

Of 21/4Cr-1Mo,2Cr-1Mo′ 5Cr-1/2Mo and 9Cr-1Mo steels be10ng tO this field.

Field工Ⅱ;The
medium cr(aroundl%)and high Mo(above about O.5%)field.in

Which the cracking sensitivitYislargest.1Cr-1/2Mo andll/4Cr-1/2Mo steels

have the chemicalcompositions on the boundary between FieldⅢ and Ⅱa.

(2)Cracking test results of O.Ol%P steels

The

Table 2.

COntent

that of

The

F土g･4･

Steels.

SeCOnd experiment was made on the specimens containing O.01%P shownin

The decrease of the cracking sensitivitY brought by reducing the P

WaS discussed comparing the cracking test result of these steels with

O.02!P steels.

Criticalrestraint stresses,OAW-Crit of these steels are shownin

OAW-Crit values are generallYlarger for O.01%P steels than for O･02%P

The difference of OAW-Crit for both steelsislarger for the chemical

COmPOSitions aroundl%Cr-0.5%M0.but sma11er for other ones.

Flgure:dAW-Crit(N/m2)
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Note:A;1/2Mo steel,B;3/4Cr-1/2Mo steel,C;lCr-1/2Mo steel,

D;11/4Cr-1/2Mo steel,E;21/4Cr-1Mo steel,

F;3Cr-1Mo steel,G;5Cr-1/2Mo steel
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On the basis of Fig.4.the OAW-Crit

COntOurlines diagram of Cr-Mo-0･Ol%P steels

was made as shownin Fig.5(a). The chemical

COmpOSition
fields of = to Ⅲ are shownin

Fig.5(b)as the same way as mentionedin

Fig.3(b). F01lowing changes occur by

reducing the P content from O･02 t0 0･Ol!･

i)Field 工is enlarged covering the higher

Cr-Mo contents field.ii)Field Ⅱa moves to

the higher Cr-Mo contents side. Therefore,

a considerable decrease of cracking

SenSitivityis expected especiallY for

3/4Cr-1/2M0.1Cr-1/2Mo andll/4Cr-1/2Mo

steels when their P contents are decreased

from O.02 t0 0.01宅.

Table 2 Chemicalcompositions of

Cr一班o-0.Ol%P steel [7] (wt%)

C Si Mn P S Cr
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(3)Relations between Cr-Mo contents-

6AW-Crit diagram and the crackingindexes

For the steels which contain onlY tWO

alloYlng elementsr Cr and M01the cracking

index formulas(l)and(2)become as:

AG=(宅Cr)+3.3(篭Mo)-2 (4)

PsR=(宅Cr)+2(宅Mo)-2 (5)

The cracking field was expressed as the field

OfAG>0 0r PsR≧0 0n the Cr-Mo contents

diagramlaS Shownin Fig･6･The f01lowing

COrreSPOndences can be seen among the four

fields ofAG>0,PsR≧0,FieldⅡa and= when

Cr content is
restricted to below about l%.

i)The field AG>O corresponds to Field Ⅱa

and=(dAW-Crit<55kgf/mm2)

ii)The Field PsR≧O corresponds to Field =

(6AW-Crit<40kgf/mm2)
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2.2 Combined effect of Cr,Mo and V or Ti

(l)Cracking test results

=tis clear that the strong carbide formers,SuCh as V,Tiand Nb.affect

the cracking sensitivitY Of steels from the equations of the cracking

SenSitivityindexes. However,theseindexes do notinclude the combined effect

Of basicLCr-Mo contents and the third alloYlng element･

=to and Nakanishiinvestigated the effects of V′ Tior Nb on the cracking

SenSitivity of four typICalCr-Mo steels by using y-gr00Ve reStraint test

SPeCimen[3]. The test results are shownin Fig.7. These elements genera11y
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increase the cracking sensitivity,but the magnitudes of their harmfuleffects

depend on the basic cr-Mo contents.Thatis,the harmfuleffectis remarkable

inlCr-0.5M0 0r O.6Cr-0.6Mo steels andis not recognizedin O.5Cr-1Mo and

2.3Cr-1Mo steels.

Tamakiand Suzuki[8]examined sYStematicallY the combined effect of Cr,Mo

and V or Ti. The critical restraint stresses were determined for Cr-Mo-0.02%P-

0.06%V steels. Chemicalcompositions of those steelspecimens are shownin

Table 3. The upper part of Fig.8 shows the cracking test results of the steel

groups of O.25,0.5 and O.8%Mo taking the Cr content as a parameter･ A s01id

line and a dotted line denote the critical restraint stresses of Cr-Mo-V and

basic Cr-Mo steels(for reference).respectivelY･

=n the case of O.25%Mo group,the criticalrestraint stresses of Cr-Mo

Steels are remarkablY decreased by V addition. on the contraryin the case of

O.5 and O.8%Mo groups,the stress values are decreased onlY When the crcontent

Table 3 Chemicalcompositions of

Cr-Mo-0.06%V steels [8] (wt%)

No. C Si Hn p S Cr 社0 Ⅴ

Va-1 0.20 0.361.25 0.02 0.02 0.62 0.27 0.06

Va-2 0.20 0.35 0.97 0.rO2 0.02 0.86 0.28 0.04

Va-3 0.20 0.341.12 0.02 0.02 1.25 0.27 0.06

Va-4 0.18 0.301.06 0.02 0.02 1.70 0.25 0.06

Vb-1 0.18 0.34 0.910.02 0.02 0.40 0.57 0.0う

Vb-2 0.210.461.04 0.02 0.02 0.67 0.46 0.06

Vb-3 0.210.310.90 0.02 0.02 0.810.51 0.06

Vb-4 0.20 0.36 0.95 0.02 0.02 1.29 0.う3 0.06

Vc-1 0.20 0.ん31.010.02 0.02 0.010.78 0.06

Vc-2. 0.20 0.351.110.02 0.02 0.44 0.79 0.0う

Vc-3 0.210.421.14 0.02 0.02 0.95 0.80 0.06

Vc-4 0.20 0.351.19 0.02 0.02 1.33 0.81 0.06

Vc-5 0.18 0.381.28 0.02 0.02 2.06 0.75 0.05

● CraCking
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is sma11er than aboutl%. Therefore,Vincreases the cracking sensitivity

either when the Mo contentis smaller,Or When the Mo contentislarge but the

Cr content is small.

Fig.9is the6AW-Crit contourlines diagrarnOf Cr-Mo-0.06%V steel.

The diagram for basic cr-Mo steels(Fig.3)changesin appearance with the V

addition as f01lows.i)The Cr-Mo contents field most sensitive to cracking

(a shaded field;6AW-Crit400N/rnm2)is remarkablY eXPanded to theleft hand side

(thelower Mo side)･ ji)Each contourline moves respectivelyin a parallel

direction to the lower Cr side when Cr content is below about l%.

The criticalrestraint stresses of Cr-Mo-0.07%Tisteels(Table 4)are shown

by s01idlinesin the upper part of Fig.10. 工n the case of O.7!Mo group,Ti

decreases clearly the criticalrestraint stress of the basic Cr-Mo steels for a

Wide range of the Cr contents. A similar tendency can be seen on thelower Cr

Side of O.5%Mo group. But the effect of Tiislittle for O.25%Mo group. As a

Table 4 Chemicalcompositions of

Cr-Mo-0.07%Tisteels[8] (wt%)

No. C Si 凹n P S Cr Ho Ti

Ta-1 0.17 0.36 0.76 0.02 0.01 0.50 0.25 0,06

Tb-1 0.17 0.24 0.59 0.02 0.01 0.00 0.46 0.06

Tb-2 0.17 0.22 0.710.02 0.01 0.46 0.48 0.08

Tb-3 0.18 0.36 0.77 0.02 0.01 0.95 0.49 0.07

Tb-4 0.17 0.19 0.76 0.02 0.01 1.38 0.45 0.08

Tb-5 0.19 0.30 0.79 0.02 0.01 1.64 0.49 0.06

Tc-1 0.17 0.19 0.74 0.02 0.01 0.00 0.71 0.08

Tc-2 0.16 0.25 0.810.02 0.01 0.40 0.70 0.07

Tc-3 0.19 0.410.69 0.02 0.01 0.98 0.71 0.07

To亡alN:0.00∠I-0.006v亡完

Soluble N:Ta-10.003,0亡hers O.00l-0.002vt完
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O no cracking 一-----basic Cr-Mo s亡eel

Fig･10 Effec亡Of O･07完亡i亡aniumon6AW-Cri亡,S[ress relaxa亡ion
and dpw-Crit of three series of Cr-M｡S亡eels 【8]
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result,Tiexerts a harmfuleffect onlY tO the steels oflarger Mo- and smaller

Fig.11is the6AW-Crit contourlines diagram of Cr-Mo-0･07%Tisteels･

This diagramis generally similarin appearance to that of the basic Cr-Mo

steelsleXCePt for that the taper of each contourlineisincreased bY Tiin the

field oflarger Mo- and smaller Cr contents･

(2)Effects of V and Tion stress relaxation

Stress relaxation curves of a V bearing steel(l.7%Cr-0･25%Mo-0･06%V)and

the corresponding basic cr-Mo steel(l.8%Cr-0･27%Mo)are comparedin Fig･12･

when a stress of540N/rnm2isinitiallyloaded on the basic cr-Mo steel,a StreSS

relaxation
beglnS t00CCur by reheating at about 3000c and the stress decreases

to aslow as190N/mm2by reheating at 600Oc forlhour,and reheat cracking dose

not occur even after 20 hours at this temperature.

工n the case of V bearing steel,a StreSS relaxation als0 0CCurS from about

3000c,butitis much smaller as compared with the basic Cr-Mo steeland

therfore,the restraint stress as high as390N/rnm2remains after reheating at

6000c forlhourland the specimen fractures at the marked pointin the figure･

From such a comparison,it can be seen that V decreases6AW-Crit of the

basic cr-Mo steelmainly by decreasingits stress relaxation･

The values of stress relaxation,R of Cr-Mo-V and Cr一朗o-Tisteels are

summarizedin thelower parts of Fig･8 and10 by solidlines′ COmParing with

those of the basic cr-Mo steels by dottedlines. 工n this case.the stress

relaxation after reheating 6000c forlhour was adopted as the stress relaxation

value for
convenience,it

was calculated by the fol10Wing equation.

R600･1hr=血w~恕岬迦×100(宅)
(6)

6AW:initialrestraint stress,6pw600･lhr:reStraint stress after reheating at

600Oc for l hour.

The stress relaxation of Cr-Mo steelis generally decreased bY V and Tias

shownin the figures･And the extent of the decrease of stress relaxation

dependslargely on the basic cr-Mo contents･ 工t can be seen that the Cr-Mo

Temperature,K Holding 亡itne

400 600 800 at 873K
,hr
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Fig･12 An example of 亡he effec亡Of vanadium on

the stress relaxa亡ion of a Cr-Mo
steel[8】
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COntentS range,in which the stress relaxationis decreased by those elements

agreeswellwith thatin which6AW-Critis decreased by them(Fig.8and10).

Tamakiand Suzuki[8]pointed out that such decrease of stress relaxation

is caused by the precIPitation hardening with V4C3 0r Tic occurring mainlyin

the heat affected zone.

Another factor
which contr0ls 6AW-Critis the criticalrestraint stress at

the time when crackinitiates.6pw-Crit.6pw-Crit values were estimated

COnVenientlY aSSuming that the crack wouldinitiate after reheating at 6000c for

lhour.By
changing6AW-Crit t06AWin eq.(6)6pw-Critis given as f01lows:

dpw-Crit=d且W-Cr⊥tx
100-R600･1hr

100
(7)

6pw-Crit values are shown bY
S01idlinesin the upper parts of Fig.8and10

COmParing with those of the basic cr-Mo steels(dottedlines)[6]. =t can be

Seen thatV and.Tihardly varY the6pw-Crit values of the basic cr-Mo steels･

From above considerations.it maY be concluded that theincrease of

CraCking sensitivitY
brought about bY V and Tiaddition willdepend mainlY On

the decrease of stress relaxation.
=t should be noted here that such conclusion

Should be restricted to the effect of smallamount of V or Ti. Thatis,in the

CaSe Oflarge amounts(for example above O.1%)of those elements.their effects

of decreasing6pw-Crit willnot be neglected.

(3)Effects of carbides on stress relaxation

The relation between the decrease in stress relaxation and various

PreCIPitates which strengthen the heat affected zone during reheating was

examined. The tYPeS Of carbides and nitrides wereidentified by an X-raY

diffraction on the extracted residues obtained bY the electr01Ytic extraction.

Steelspecimens used for experiment were oil-quenChed from 9600c f0110Wed by

Table 5 Carbide tYPeS PreSentin tempered Cr-Mo-V steels t8]

Steel

A.Q.

tempering temperature and time
decrease

OfR.dR
(亀)

5000c 6000c 7000c

No
Cr

亀

Mo

宅

Ⅴ

宅

【Cr】+
3【Mo】 24 hr 100hr 1hr 5 hr 24 hr 100hr 24 hr 100hr

Va-1 0.62 0.27 0.06 1.43 n･p･ H3C H3C H3C

(V4C3)

H3C

(V4C3)

H3C

M7C3

H2C

V4C3

出3C

H7C3

V4C3

出2C

M3C

H7C3

V4C3

M7C3

H3C

V4C3
20

Va-3 1.25 0.27 0.06 2.06 n･P･ 出3C H3C H3C 凹3C 出3C M3C M3C H3C

20H7C3 H7C3 M7C3 H7C3 M7C3 H7C3 H7C3 H7C3

V4C3 V4C3 (V4C3) V4C3 V4C3 V4C3 V4C3 V4C3

Vb-1 0.40 0.57 0.05 2.11 n.d. M3C 凹3C M3C M3C M3C H3C M3C ‖3C

22V4C3 V4C3 (V4C3) V4C3W M2C

V4C3

H2C

V4C3

M2C

V4C3

H2C

V4C3

Vb-3 0.81 0.51 0.06 2.34 n.d. 出3C 出3C H3C M3C H3C 凹2C M3C トl二)C

13

V4C3W V4C3w H7C3

M2C

V4C3

M7C3

M2C

V4C3

H7C3

凹2C

V4C3

H3C

出7C3

V4C3

M7C3

H2C

V4C3

M7C3

H2C

V4C3

H23C6

Vb-4 1.29 0.53 0.06 2.88 n･p･ M3C M3C 出3C

M7C3

V4C3w

H3C

出7C3

V4C3w

M7C3

H3C

H7C3

M3C

出7C3

H3C

M7C3

M23C6 5

Vc-5 2.06 0.75 0.05 4.31 n･p･ H3C H3C H3C H3C H7C3

M2C

H7C3

M2C

H7C3

M23C6

H2C

H7C3

H23C6 0

Note:();eStimated by hardness measurernents

n.d.;nOt determined

n.p.;nO diffraction pattern was obtained
W ;a Weak diffraction pattern

A.Q.;aS-quenChed
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tempering at 500r 6001and 7000c forlt0100 hours･

The results obtained on Cr-Mo-V steels and Cr-Mo-Ti steels are shownin

Table 5 and 61reSPeCtively･ Carbide tYPeSIM3CIM2C′ M7C3 and M23C6in the

tables denote Fe3C,M02C.Cr7C3 and Cr23C6,reSPeCtivelY,in which other

meta11ic elements are diss0lved
substitutionally.

Although V4C3,TiC and TiN

diss0lved als0 0ther metallic elements,those orlglnalchemicalformulas were

Shown in the tables.

The specimens are arrangedin the tablesin order of[Cr]+3[Mo】for

Cr-Mo-V steels,andin order of[Cr]/[Mo】for Cr-Mo-Tisteels.[Cr]and【Mo】

are the contents of those elements(wt%). Carbide tYPeS Shownin each frame of

the tables are arrangedin order of theintensitY Of x-ray diffraction･

(a)Cr-Mo-V steels

V4C3(M3C(M2C(M7C3and M23C6PreCIPitate during reheating･Temperature

and time at which allthe carbides except for V4C3 PreCIPitate are quite similar

to the results obtained on basic cr-Mo steels[9]. V4C3 PreCipitates as a

stable carbidein wide temperature-time range above 5000cin the steelsin which

Cr and Mo contents were relativelYlow. Specimensin which V4C3 PreCIPitates

agree we11with those on which the stress relaxation was considerablY decreased･

On the contrarYrin the steelof which the stress relaxationis not

decreased′ a Sma11amount of V4C3 PreCIPitatesin a verYlimited temperature-

time range･In the steelin which the decreasein stress relaxationis nearly

ZerOr V4C3dose not preclpitate throughout the reheating process･

工t can be concluded that the decrease of stress relaxation and6AW-Crit
brought about by V addition are caused bY the precIPitation hardening with V4C3･

(b)Cr-Mo-Ti steel

TiJcarbide Tic and nitride TiN are recognizedin addition to Cr- and Mo

Carbides. Ticis present alreadYin the as-quenChed specimens of Tc-2,Tb-2

and Tc-3･ =n these specimensJa Clear diffraction pattern of TiC was recognized

Table 6 Carbide tYPeS PreSentin tempered Cr-Mo-Tisteels [8]

A.Q.

tempering temperature and time
decrease

OfR,』R
(篭)

5000c 7000c
No

Cr

篭

Ho

亀

Ti
宅

1⊆出
t出0】 24 hr 100hr 1hr 5 hr 24 hr 100hr 24 hr 1.00hr

Tc-2 0.40 0.70

0.48

0.07

0.08

0.57 TiN H3C H3C H3C M3C 出2C H2C 出2C 凹2C

T主C TiC TiC 出2C M2C M3C 凹3C 出3C M3C
14

TIN TiN

M3C

で1c

TIN

TiN

TiCw

TiN

TIc

TIN

Tic

TiC TiC

Tb-2

でC-3

Tb-3

0.46

0.98

0.96 TiN M3C M3C M3C H2C M2C M3C M3C

9
でiC Tic

TIN

でic

TiN

M3C

TiC

TIN

TIc

TiN

M3C

M3C

TIc

TiN

M2C

甲3C
でic

TIC

M2C

Tic

‖2C

0.71 0.07 1.38

1.94

TiN M3C M3C M2C M2C

4

7

5

TIC TiN TiN T土N TiN M3C M3C M3C M3C

TIc TiC Tic TiC

H3C

TiN

TiC

M2C

TIN

TIc

Tic Tic【
‡

0.96 0.49 0.07

0.06

TiN H3C M3C 凹3C M2C M7C3 M23C6

TiN TiN TiN TiN M3C

TiN

H3C

TiNw

H3C

TINw

M3C

M23C6

M3C

M7C3

M3CTa-1 0.50 0.25 2.00 TiN H3C

TIN

M3C

H3C

TIN

M3C

M3C

で1N

出3C

でiN

M3C

凹3C

TIN

H3C

Tb-5 1.64 0.49 0.06 3.35 でiN M3C M3C 出7C3 H7C3 H7C3

2TIN TiN TiN TiN M7C3

TiNw

H3C H23C6

TiNw

M23C6

Note:See the note of Table 5
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even after alarge amount of Cr- and Mo carbides precIPitate bY temPering. The

TiC seems to precIPitatein tempering stage as wellas austenitizing stage.These

SPeCimens correspond to those for which the stress relaxationis decreased

largelY and therfore,6AW-Critis significantly
decreased.

On the contrary,for the specimens Ta-land Tb-5in which Tic does not

PreCIPitate,the stress relaxationis hardly decreased.

TiN was observedin allthe specimen alreadyin as-quenChed state and also

in tempered state･ Butin contrast to Ticr the amount of Tic precIPitating

during tempering maY be verylittle,becauseits diffraction pattern was

OrlglnallY Weak and disappeared bY temPering at higher temperature.

ChemicalanalYSeS Of steelspecimensindicate that the amount of s0luble

Nis very smallin cr-Mo-Tisteelspecimensland therefore′N wi11be present

as nitridein as-quenChed condition. This result willsupport the above

COnClusion that almost allTiNis producedin austenite state.

From this discussion,it was concluded that the effect of Tion reheat

CraCking willbeinduced mainlY bY TiC and verYlittle bY TiN･

3･Effects
ofimpuritY elements

3･1Comparison of the effects of severalimpuritY elements

Kikuchiand Ohnishi[10]-[13]evaluated the reheat cracking sensitivitY Of

HT80 steels bY the amount of plastic deformation at the time of crack

initiation,AIpl;

dlp･=1･仙骨晋一浩
(､8)

Where,1is restraint gagelength(.mm),αis coefficient ofliner expansion

(_10.6/｡c),tis temperature at the time of crackinitiation(Oc),6risinitial

stress(Pa),6tfis stress at the time of crackinitiation(Pa)′ Eis Youngls

modulus at r00m temperature(Pa),and Etfis Youngts modulus at crack-initiating

temperature(Pa). A sYnthetic weld thermalcYCle was given to the specimen

(Fig.13)by using"thermorester'.machine,and then the cracking test was

Performed by the same machine with simulating the stress relaxation

R:0.2(α=3.7) Table7Chemicalcompositions of

steelspecitnens[14] (冤)

Fig･13Dimension of reheat cracking test

SPeCimen applied with synthetic weld

thermalcYCle【10】

Ha亡erlals P S Sb As Sn

ET80 0.020 0.004 0.003 0.003 0.003

P-1 0.044 0.005 0.003 0.002 0.002

P-2 0.096 0.005 0.003 0.003 0.003

S-1 0.024 0.012 0.003 0.002 0.003

S-2 0.023 0.016 0.003 0.002 0.003

S-3 0.023 0.036 0.002 0.002 0.002

Sb-1 0.023 0.004 0.009 0.003 0.003

Sb-2 0.022 0.005 0.038 0.003 0.002

As-1 0.028 0.005 0.003 0.016 0.003

As-2 0.028 0.005 0.002 0.04う 0.002

Sn-1 0.0210.00う 0.003 0.003 0.029

Sn-2 0.022 0.004 0.002 0.002 0.055

Other elements(Tnean Values)

0･13Cナ 0･28Si〉 0･93Mn,0.79Ni,

0.48Cr,0.44Mo,0.04V
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Characteristic of a weldment･Heating rate of 2000c/hr and h01ding temperature

Of 6000c were adopted as the standard test condition.They[141[15]compared

the magnitude of harmfuleffects of severalimpurity elements on reheat cracking

SenSitivity of a HT80 steel･The chemicalcompositions of specimens doped with

P,S,Sb.As and Sn,rePeCtively,are Shownin Table 7. Fig.14 shows the

relation between AIpIand the amounts of those elements･ALthough each of five

elements decreases AIpT value,Sb gives most harmfuleffect;S and P f0110Wit.

Kikuchiand Nakao [15]examined the segregation ofimpurity elements on

theintergranular fracture surface by using the Auger electron spectroscopy･

Fig･15 shows the distributions ofimpurity elements from the grain boundary

toward graininterior･This figureindicates thatintergranular segregation

OCCurS tO alarge extent during
reheating;the concentrations ofimpurity

elementsin the grain boundaryis proportionalto thosein graininterior. The

Segregation ratiois verylarge especially for S,P and Sb･1t was also

Clarified that theY Segregate eXClusively within 5 to10A from the grain

boundaries which consisted of a few atomslayer･

Kikuchiand Nakao explained the mechanism of reheat cracking as f01lows･

Reheating a welded joint having residualstress relieves the stress by

COnVerting the elastic straininto a plastic one･ =f the plastic strainis born

by the welded joint as a wh0le,nO reheat cracking maY OCCur because of an

extremelY Smallamount of strain,unless the〕Oint materialis verY brittle.

However,When a stress-COnCentration zonesuchasatoeof weld exists,Plastic

deformation maY be concentratedloca11y･The segregation to grain boundarY
Will

be accelerated by the concentrated stress,and as a results,the grain boundary

Willbe embrittled･ Furthermorelthe toeislocatedin coarse grain zone;the

CraCk-initiating stress of the grain boundaryin this zoneis sma11er than that

in fine grain zone. AIs0.in the coarse grain zone,the flow stress of the

graininterior rises on account of hardening by rapid c001ing and secondarY

PreCIPitation hardening,reSultingin easyinitiation ofintergranular cracks

Without enough plastic deformation.

Matsuzaka and Kirihara[16]also compared the effects of P,Sb′ Sn and As

in 21/4Cr-1Mo steels.The cracking test bY COnStanトloading was carried out on

the sYnthetic HAZ specimens･ Their shape and chemicalcompositions are shownin

Fig.16 and Table 8. A specialapparatus for measuring the displacement was used

(Fig.16). The test results are shownin Fig.17 and18. They found that the

Criticaldisplacement and the criticalstress to crackinitiation could be

expressedasa functionof the parameter X′ Which was formerly proposed by

Table8Chemicalcompositions of materials【16]

*Ceq=C+l/6Mn+1/24Si+l/40Ni+l/5Cr+1/4Mo=1/14V(冤)

**烹=(10P+5Sb+4Sn+As)/100(ppm)
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Bruscato【17]for assessing the sensitivitY Of temper embrittlement of weld

metal.

豆=(10P+5Sb+4Sn+As)/100 (ppm unit)

3.2 Effect of P

(9)

109

工kawa and Nakao【18】expressed the reheat cracking sensitivity of steels by

the term of deformability. The criticalcrack opening
displacement at the tip

Of notch,◎c,Obtained bY tenSile test at elevated temperature was used as the

Parameter tO eValuate the deformability. A synthetic HAZ specimen shownin

Fig.19(a)was heated up to a test temperature and then fractured by tensile

loading. ◎c value was determined on one of the notches,at Which fracture did

not occur,aSillustratedin Fig.19(b).

They examined the effect of P on ◎c and alsointergranular fracture ratio

(=GFR)at 6000cin T-1type HT80 steels shownin Table 9[19][20]. SYnthetic

HAZ specimen was pre-heated at 500 and 550Oc forlt0 64 minin order toinduce

P segregation,and then quenched･ =t was reheated rapidly up to 6000c and

fractured. As the results,◎c values and 工GFR are shownin Fig.20(a)and(b).

◎c value decreases withincreasing the bulk P content;it decreases with

.A.

些●.;.
｢【

Spe亡imen

0

Ⅴ/
Displa⊂ementMe且SUr打11e

Devi⊂e

t

Fig･16Details of specimen[16]
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extending the pre-heating time up t0 64min･IGFRincreases withincreasing

the bulk P content and reaches the values of 85 t0100%in O.094%P steel.

Prclonged pre-heating also decreases the =GFR. As another examination,the

Synthetic HAZ specimen was heated rapidlY uP tO 4500c and then heated with

SeVeralheating rate up t0 600Ocr f01lowed bY quenChing･1t was reheated up to

6000c and fractured･ The results are shownin Fig.21[20].塁c value decreases

and ZGFRincreases withincreasing the heating time from450 t0 6000c･

The analyses by Auger electrdn spectroscopy were carried out on the

fracture surface of A80 steelheated at 5500c for 64min･ Phosphorus

Segregation could be observed on theintergranular fracture surface･ Zkawa and

Nakao calculated the P concentration at the grain boundary on the basis of the

eqlユilibrium segregation theorY･McLean[21]has proposed the f01lowing

equations from that theory.

Cgbc｡=Cm･ exp(濃)
1･Cm･eXP(詰)

Cgbt-Cgbo

Cgb∝,-Cgbo

(10)

=l-eXP(言義)･erfc(誓言)
(11)

Where,'cgb∞is the equilibrium grain boundary concentration of animpurity

element attained after

Table9Chemicalcompositions of materials used(%)[20]

Mark C Si Mn P S Ni cr Mo V Cu

A80 0.110.32 0.78 0.008 0.006 0.97 0.39 0.36 0.033 0.23

⊥80 0.11 0.32 0.78 0.047 0.008 0.98 0.40 0.37 0.035 0.24

N80 0.11 0.31 0.79 0.094 0.009 0.98 0.39 0.38 0.040 0.23

F80 0.09 0.33 0.84 0.003 0.005 0.93 0.42 0.･48 0.035 0.25

(b)

百 =Nf -Ni-C

Nf:Notch width after

tensile test

Ni:Notch width before

tensile test

C :Crack width

Fig･19 Specimen for measuring ◎c and definition of ◎c
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infinite time.cmis the graininterior concentration,aSSumed constant,Eis

the activation energy for the equilibrium segregation,Ris the gas constant,

Tis the temperature.Cgbtis the grain boundary concentration after time t,

Cgbois theinitialgrain boundary
concentration,αis the ratio cgbw/Cm,Dis

the diffusion coefficient,dis the thickness of the grain boundarY and tis the

t土me.

As the result of cal･Culation,in which E=9500 cal/m0lwas used[20】.the

relation between =GFR values of allspecimens and the P concentration at grain

boundarYis shownin Fig.22.

Nakao and NishiYama[22]measured the crack-initiating stress at grain

boundarY under constant-load. Synthetic HAZ specimen(Fig.23)was heated

rapidly up to 4000c and then heated up t0 6000c with various heating time.

Fig.24 shows the effect of the heating time between 400 t0 6000c on the crack-

initiating stress at grain boundary(CSGB)of the steelspecimens shownin

Table 9. CSGB decreases withincreasing the heating time and withincreasing

the bulk P concentration. This result suggests that the P segregation reduces

CSGB. Fig.25 shows the relation between CSGB and P concentration at grain

boundarY Which was calculated by using the equations(10)and(ll). A clear
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Fig･20 Effect of P concentration and heat

treatment consitions on 垂c andintergranular

fracture ratio at 6000cin HT80 steels【20】
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Fig･21Effects of P concentration and heat

treatment conditions on垂c andintergranular

fracture ratio at 600Ocin HT80 steels【20]
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COrrelation can be seen between stress

and the P concentration at grain boundary.
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3.3 Effect of Sb

Nakao and NishiYama[23]examined the effect of Sb on cracking sensitivity

Of A387 and A533B steels(Table10)･These steels were normalized and tempered

at 6500c for 50min(A387steel)orat6700cfor 35min(A533B steel). Synthetic

HAZ specimen shownin Fig･23[22]was h占ated rapidly up t0 4000c and then heated

up t0 6000c with various heating rates･The specimen was fractured at-1000c bY

a CharpYimpact test machine･ Fig･26 shows the effect of the bulk Sb concent-

ration on the crackinitiation stress at grain boundary(CSGB)of A387 steel.

CSGB decreases withincreasing the heating time and the bulk Sb content.

The effects of the calculated Sb concentration at grain boundary[22]on

the crackinitiation stress at grain boundary for A387 and A533B steels are

Shownin Fig･26 and Fig･27(reSPeCtively･CSGB decreases withincreasing the

Sb concentration at grain boundary.

TablelO Chemicalcompositions of materials[23] (篭)

Mark C Si Mn P S Cu Cr Ni Mo Sb Sn As

A387-1 0.165 0.24 0.63 0.003 0.006 0.110.99 0.16 0.50 0.0004 0.0005 0.001

A387-2 0.160 0.25 0.610.010 0.007 0.141.03 0.15 0.510.0050 0.0007 0.003

A387-3 0.162 0.27 0.63 0.018 0.004 0.丑0 0.97 0.15 0.50 0.0004 0.0005 0.001

且387-7 0.167 0.27 0.62 0.008 0.007 0.16 0.99 0.16 0.49 0.0004 0.0012 0.001

A533B-10.183 0.1851.40 0.005 0.008 - 0.19 0.63 0.5570.0004 0.0005 0.001

且533B-3 0.19 0.201.44 0.0110.005 -
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3.4 Combined effects of Cr,Mo and P

As previously mentionedin section 2･l,the effect of reducing the P

contentlargely differs depending on the combinations of Cr-Mo contents･From

this point of view′ Tamakiand Suzuki[7]investigated the effect of Pin detail

on five Cr-Mo steels;OCr-1/2M0.1/2Cr-1/2M0.1Cr-1/2M0.11/4Cr-1/2Mo and

2Cr-1Mo steels.Chemicalcompositions of those steelspecimens are shownin

Tablell. Their p content were varied from O.004 t0 0.1%. The results of

cracking test are shownin Fig･28･Alogarithmic scaleis used for the

abscissa of P content.

=n the case of OCr-1/2Mo steel(Fig.28(a)),the criticalrestraint stress

islittle decreased byincreasing the P content from O･Olto as high as O･l%,

Cracking

TablellChemicalcompositions of five 700

types of Cr-Mo steels containing
O･004

600

t0 0.107宅P[7] (wt宅)
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thatis(the harmfuleffect of Pis hardlY reCOgnized for this steel.

=n the case ofl/2Cr-1/2Mo steel(Fig.28(b)),the criticalrestraint stress

islarge enoughin the P content range below O･Ol%;it decreases steeply as the

P contentincreases from'0･Olt0 0･02%;and dose not decrease anY furtherin the

range above O･02%P･ Therefore.there are two criticalvalues of P content,

Pcrit and Pclas shownin Fig.28(b). Thelower criticalvalue′ Pcritis

regarded as the thresh01d value or the target value for preventing the reheat

CraCking by mean of decreasing the P content,and named here ‖the criticalP

COntent''･ The criticalP content ofl/2Cr-1/2Mo steelis
O.Ol%.

Another criticalvalue′ PcIwillbelessimportant from the view point of

PreVenting the reheat crackingland thereforelthe f0110Wing discussionin this

PaPeris restricted only to Pcrit value.

=n the case oflCr-1/2Mo andll/4Cr-1/2Mo steels(Fig.28(C)and(d),

respectively),the criticalrestraint stressis varied alsoin stepwise with

theincrease of p content. Their pcrit values are O.008 and O.O14%,

respectively.

Pcrit value of 2Cr-1Mo steel(Fig.28(e))could not be determined exactly;

it willbe a value between O.004 and O.01%.

1n recentinvestigation,Tamakiand Suzuki[7]revealed that Pcrit value

Of each steelcorresponded closely to a specific p content above which P

SegregateSin a considerable concentration at the austenite grain boundaryin

the welding stage･ P segregationin this stageis furtherintensified bY

reheating up t0 5000c･ Thoseinvestigations on the P segregation suggest that

Pcrit values ofl/2Mo and 2Cr-1Mo steels,Which could not be determined bY the

CraCking.testr wi11be O･05 and O･005%r respectively･

4･Effects of sulfide forming elements

4.1Combined effect of Mn and S

Tamaki,Suzukiet al.[24]examined the combined effect of Mn and S from

the f0110Wing view points;i)the effect of manganese sulfide which prepares

the place of crack-initiation,ii)the effect of diss0lved S which segregates

at the grain boundarY and embrittlesit. Table12 shows the chemical

COmPOSitions oflCr-1/2Mo steels.in which S content was varied
from O.02 t0

0.1%,Whereas Mn content was kept as O.5 0rl.0%. The reheat cracking test was

made at 600,650 and 6750c by
using theimplant tYPe teSting machine. The test

results are shownin Fig.29(a)-(c). Those figures show that;i)The effect of S

Varieslargely depending on Mnlevel･ =n the case of O･5%Mnlthe critical

restraint stress decreases withincreasing S content up t0 0･03!and then

reaches a constant value for each testing temperature･ =n the case ofl%Mn,

the
criticalrestraint stress decreases alittle withincreasing S content.

ii)The criticalrestraint stresses ofl!Mn steels are generally muchlarger

than those of O.5%Mn steels.iii)The testing temperature affects alittle on

the test results.

TYPeS Of sulfidein the as-Welded HAZ were determined bY X-ray analysis on

electr01ytically extracted residues. The results are shownin Table13･ Only

MnS type sulfideis presentin al18 specimens. The amount of sulfide
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(extracted residue)increases withincresing S content of specimen. But the

amount of sulfideis hardlY Varied byincreasing Mn content from O.5 t01% for

a constant s content. From this fact and the cracking test results.it can be

COnCluded that the amount of MnS glVeS alittle effect on cracking sensitivity･

S concentrationin ferrite matrix was calculated by subtrating S

concentration in MnS from bulk S content. S concentration in matrix is shown in

Table13. Except for No･lspecimenlthe S concentration are constant as about

O.006 and O.OllreSPeCtively forl%Mn steels and O･5%Mn steels･ Thatislthe S

concentration in matrix of O.5%Mn steels is twice as much as that of l%Mn

Steels. This fact suggests that a greater amount of diss0lved S,Which can

Table12 Chemicalcompositions of

Steels used 【24】 (wt%)

No. C Si Mn S Cr Mo

1 0.19 0.24 0.43

2 0.17 0.49 0.55

3 0.20 0.19 0.41

4 0.21 0.24 0.52

5 0.18 0.361.14

6 0.18 0.52 1.23

7 0.18 0.411.12

8 0.22 0.36 1.13

0.019 1.03 0.55

0.030 1.07 0.51

0.054 1.06 0.57

0.092 1.16 0.54

0.0161.07 0.51

0.028 1.11 0.52

0.049 1.16 0.52

0.0931.13 0.53

T畠ble13 Results of electr01Ytic

extraction and X-raY analYSeS[24]

Steel residue Sulfide S01.S

N0. 亀Mn 亀S (Wt宅) type (wt宅)

1 0.43 0.019 0.030 HnS 0.008

2 0.53 0.030 0.052 HnS 0.011

3 0.41 0.054 0.112 MnS 0.013

4 0.52 0.092 0.219 凹nS 0.012

5 1.14 0.016 0.027 凹nS 0.006

6 1.23 0.028 0.065 MnS 0.004

7 1.12 0.049 0.114 MnS 0.007

8 1.13 0.093 0.235 凹nS 0.007
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Segregate at grain boundary and embrittlesit,is presentin the steels oflower

Mn content.

4.2 Combined effect of REM and S

Nakao and Shinozakiet al.[25]investigated the effect of REM on the

CraCking sensitivity oflCr-0.5Mo and T-1type high strength steels containing

REMin a range of O t0 0･17%lemploylng the hot tensile test at 600Oc and y-Slit

CraCk test. REM increases the reduction of area and decreases the area fraction

Of reheat cracking as shownin Fig.30. This beneficialeffect of REMis

brought by the effect that REM fixesimpurity elementsISuCh as S and PlaS

inclusions and decreases s0lubleimpurity,Which may segregate to grain boundary

and embrittle it.

Fujiiand Yamamoto et al.【26]examined
the effect of Ce on cracking

S占nsitivity of HT80(0.8%Ni-0.5%Cr-0.6%Mo)by using a constant-load type

CraCking test. Ce decreases the cracking sensitivity,eVen though the steel

COntains B whichintensivelyincreases the sensitivity,aS Shownin Fig.3l.

4.3 Combined effect of Ca and S

Ohno and Okumura et al.[27]examined the combined effect of Ca and S in a
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reheat cracking andliquation crackingin sma11-

Sized y-Slit crack test and reduction of areain

hot tensile test of lCr.0.5Mo and HT80 steels[25]
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HT80 steelby the cracking test with a saw-Cut y-gr00Ve reStraint specimen･The

chemicalcompositions of steelspecimens are:0･ll%C10･9%Mnr O･O13%P10･002 and

O.005%S,0.70%Cr,0.412%Mo10 t0 0･0039%Ca･The test results are shownin Fig･32･

Percentage of crack decreases withincreasing the Ca/S ratio for high S andlow

S steels･TheY aSSume that a11Ca would combine with S to produce CaS and then

remaining S would combine with MntoproduceMnS･MnSwouldbediss01vedintomatrix

by weld thermalcycle.Dissolved S expressed by Sfree=St｡tal-(32/40)Cais shown

in Fig.33･Reheat cracking occurs when the diss0lved S exceeds a criticalvaluel

which willdepend on restraintintensity and chemicalcompositions of steel･

without Ce With Ce
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rupture at 610Oc(constant displacement)
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5.Effects of other elements

5.1Effect of Si and AI

Morishige and OkabaYaShi[28]examined the effects of Siand Alin21/4Cr-

1Mo
andlCr-1/2Mo steels(Table14).

Weld thermalcYCle was given on a cylinder

type cracking test specimen shownin Fig･34･Restraint stress wasloaded by

welding a slit of the specimen as shownin the figure･ As the resultslthe

crack-initiating periodis shownin Fig.35(a)and(b)･ Those figures show that

reheat cracking occursin an earlier period withincreasing the s0l･AIcontent･

Sishortens the crack-initiating period with decreasingits content down t0

0.05%;butit extends the period whenits contentis smaller than O･05%･

5.2 Effect of C

Kanazawa and Yamato【28]investigated the effect of severalalloying

elements and C on the cracking sensitivity of HT80 steels by using a multi-PaSS

weld specimen● Theyinformed that Cincreases the cracking sensitivity with

increasingits content from about O･10 t0 0･12%･Other results on Cr(M01V′ Nb

and Cu are similar as those by other researchers･The result on Mnis similar

as that of[27].

6.Conclusions

On the basis of theinformations available at present time.the f01lowing

conclusions
can be drawn on the effect of severalelements on the reheat

cracking sensitivity of Cr-Mo steels･

(l)The cracking sensitivity of Cr-Mo steels varies remarkably depending on each

set of Cr-Mo contents. The Cr-Mo contents-ロAW-Crit diagrams proposed recently

willbe beneficialfor comparing the cracking sensitivity of those steels･

(2)The magnitudes of effects of minor alloying elements(Ⅴ′ Tiand Nb,and

impurity elementsIPr Sbr SnT As and S(are dependentlargelY On eaCh set of

Cr-Mo contents.

(3)The t0lerablelimit of P content,Pcrit
has been clarified for each set of

Cr-Mo content.

(4)A t0lerablelimit of the totalcontent of fourimpurity elements′ P,Sb,Sn

and Asl=mp-CritlWillbe decided for each set of Cr-Mo contentsin future･The

concept of X parameter or P equivalent may be helpfulfor deciding=mp-Crit

Value.

(5)For discussing the effect of anotherimpurity element,S,the combined

effects of S and the sulfide forming elementsIMnlCa and REMIShould be

COnSidered.

The authors of this report express their thanks to the origlnalauthors of

each contribution and also to The Committee of Welding MetallurgY,Japan Welding

Society for offering their valuableinformations on the problem of reheat

CraCking.
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Table14Chemicalcompositions of A508Cl･2[28]

121

steel C Si Mn P S Cu Ni Cr Mo S01･AI N O

a2 0.210.009 0.72 0.0110.007 0･10 0･82 0･36 0･62 0･003 0･004 0･003

a3 0.20 0.007 0.710.007 0.010 0.09 0.810･35 0･61 0･023 0･004 0･002

a5 0.210.06 0.710.007 0.010 0.10 0･810･36 0･61 0･006 0･004 0･002

a7 0.18 0.33 0.68 0.007 0.009 0.10 0.810･35 0･60 0･007 0･004 0･002
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