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This study was devoted to theinfluence of phosphorus on reheat cracking

SenSitivity of Cr-Mo steels from the view points of the combined effect of

Phosphorus,Chromium and m01ybdenum.The synthetic CrrMo steels meltedin our

laboratory were used.Their phosphorus contents were varied from O.004 t0

0.lwt% for five sets of
Cr-Mo

contents.The cracking sensitivity of steels

WaS eValuated by the term of criticalrestraint stress to produce cracking

Obtained by the modifiedimplant method for reheat cracking.The cracking

SenSitivity was discussed being related to the phosphorus segregation to

Prior-auStenite grain boundary.The phosphorus concentration of grain boun-

dary was semi-quantitatively determined by measuring the depth of grain boun-

dary
etched by a certain etchant.The results are su【Ⅶnarized as f01lows.(1)

There exists a criticalphosphorus content,Pcrit,from which the cracking

SenSitivity remarkablyincreases with theincrease of phosphorus content.

Pcrit Values are:above O･02,0･01′ 0･008′ 0･O14and below O･01wt% for OCr-

0.5M0.0.5Cr~0.5Mo′1Cr~0.5M0.l.3CrTO.5Mo and 2Cr-1Mo steels.respectively.

(2)Phosphorus segregated to the prior-auStenite grain
boundary as earlY aS

in as-Welded conditionr and the degree of segregation corresponds to the

degree of cracking sensitivity.(3)The grain boundary concentration of pho-

SPhorus becomes the
maximum

by tempering at about 5000cr which corresponds

to the temperature of crackinitiation.

=n the previous reportsl)2)r the combined effect of chromium and m01Ybdenum

On the reheat cracking sensitivity was examined at the fixed phosphorus contents

Of O･02and O･01wt%･And the cracking sensitivity of Cr-Mo steels was newIY

expressed on a Cr-Mo content diagram where the contourlines of the critical

restraint stress to produce cracking,6AW-Crit(Fig.1).From these results.it
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Fig.1Contourlines of critical

restraint stress(6AW-Crit)

Shown in the Cr-Mo content

diagram (a)0.010t00.013wt%P

(b)0.016 t0 0.020wt篭P

Can be pointed out that the effect of reducing

Phosphorus content from O･02 t0 0･01wt% differs

depending on the Cr-Mo contents･Thatislthe

increase in the critical restraint stress is

about20kgf/mm2atl%Cr-0.5%Mo,butitis

below5kgf/mm2in the composition range of O

t01篭Cr-1宅M0.

=n this study,the criticalrestraint

stress were determined on five Cr-Mo steels.

whose phosphorus content was varied continu-

OuSlyin a wide rangein order to clarify the

COmbined effect of phosphorus′ Chromium and

m01ybdenum･And such combined effect of these

elements was discussed from the view point of

Phosphorus segregation･工t has usually been

thought that phosphorus hardly segregatedin

the heat affected zone(HAZ)during welding and

it segregated when the HAZ was reheated･But

itis found by this research that phosphorus

SegregateS alreadyin as-Welded condition.The

mechanism of phosphorus segregation caused by

welding was discussed from the view points of

the α/Y tranSformation and the distribution of

Phosphorus between both phases during weld

thermalcycle.

2.Experimentalprocedures

2.1Materlals

The twentysix synthetic Cr-Mo steels were preparedin ourlaboratory by an

induction furnace.Electr01yticironr plgiron and ferro alloys were meltedin

air using a mullite crucible･Then the molten steelwas deoxidized with meta11ic

silicon and manganesein such quantities that the residualsilicon and manganese

contents would be about O.3 andlwt%r respectivelyland ferro phosphorus was

intentionally added to the m01ten steel･Then the m01ten steelwas poured

directlyinto a c01d steelsplit m01d whose shape was 60mmin diameter and 300

mmin hight.The chemicalcompositions of steelspecimens were shownin Tablel･

These steelspecimens are classifiedinto five groups by the basic Cr-Mo con-

tents,thatis O%Cr-0･5%M010･5%Cr-0･5%Morl%Cr-0･5%Mo(1･3%Cr-0･5%Mo and 2%Cr-

1%M0.The phosphorus content of each group was variedin a wide range(about

O.004 t0 0.01wt宅).

Eachingot of 60mmin diameter vbaS hot forgedinto a steelbar of about16

mmin diameter.And then the steelbar was quenched from 9500cland tempered at

700Oc forlhour.Theimplant shownir Fig.2(a)晶as machiened from the heat

treated steelbar.Theimplant was notchedin order to ensure that the reheat

crackinginitiated and propagated within a coarse grained reglOn Of HAZ･The

base metalplate shownin Fig.2(b)was machiened from a commercialhigh strength
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Tablel Chemicalcompositions of 5 types

Of Cr-Mo steels containing O.004 t0

0.107wt宅P (wt宅)
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PB-1 0.16 0.25 0.65 0.006 0.019 0.50 0.48

pB-2 0.17 0.28 0.57 0.010 0.014 0.46 0.47

PB-3 0.12 0.391.06 0.018 0.019 0.58 0.54

PB-4 0.17 0.28 0.84 0.060 0.020 0.49 0.50

PB-5 0.17 0.40 0.76 0.094 0.017 0.45 0.51

pC-1 0.17 0.361.12 0.006 0.0201.13 0.47

pC-2 0.19 0.28 0.83 0.008 0.0181.05 0.46

PC-3 0.16 0.39 0.75 0.0110.014 0.99 0.47

PC-4 0.12 0.34 1.08 0.016 0.0161.10 0.53

PC-5 0.19 0.29 0.84 0.0210.0191.05 0.45

PC-6 0.18 0.26 0.810.096 0.014 0.97 0.43

pD-1 0.18 0.371.110.014 0.0201.25 0.49

PD-2 0.16 0.44 1.27 0.023 0.014 1.28 0.47

pD-3 0.17 0.30 0.97 0.063 0.0181.42 0.49

pD-4 0.16 0.451.19 0.098 0.0191.39 0.50

PD-5 0.17 0.310.97 0.107 0.0201.30 0.42

PE-1 0.20 0.26 0.93 0.004 0.019 2.210.84

PE-2 0.18 0.25 0.84 0.012 0.015 2.19 0.94

PE-3 0.20 0.24 0.87 0.013 0.017 2.031.03

PE-4 0.13 0.381.16 0.019 0.020 2.03 0.93

pE-5 0.18 0.26 0.86 0.102 0.0191.89 0.85

11
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Fig.2 Dimensions of the specimen for

reheat cracking test

(a)implant (b)base metalplate

Table 2 Conditions of welding and

POStWeld heat treatment

Weldln9 COndition8

electrode

Welding current

arc volta9e

Veldin9 Speed

prebeat

J工S DT2416 dried at

3500c for l hour

180 A

25 V

15 cm/min
150 0C

POSt Veld heat treatment

heatin9 rate 200 0c/hr
holding temperature 600 0c

plate.

2.2 Reheat cracking test

The reheat cracking sensitivitY Of the steels were evaluated bY the magni-

tude of the criticalrestraint stress.6AW-Crit obtained by the modifiedimplant

test for reheat cracking3)･The smaller the criticalrestraint stressis′ the

more sensitive the steelis･The conditions of welding and post weld heat treat-

ment are shownin Table 2･This cracking test was performed under the condition

Of constant displacement(constant strain).and the restraint stressloaded

before
reheating(theinitialrestraint stress;6AW)was

decreased during

reheating･Therefore the criticalstressincludes two main factors;i)stress

relaxation characteristics andii)the grain boundary strength of prior-auStenite

at elevated temperature･Theinfluence of phosphorus on these factors willbe

also discussed in detaillater.

2･3 Grain boundary etching method

The grain boundary etching method was employed for the examination of grain

boundary segregation of phosphorus･This method was proposed bY T.Ogura et.al.4)

as a technique analyzing the amount of phosphorus segregation.Andit was

reported that the depth of grain boundary grooved by a certain etchant was

PrOPOrtionaltoits phosphorus concentration obtained by Auger analysis4).

Therefore′in this study the phosphorus concentration at grain boundary was
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Fig.3 工nfluence of phosphorus on the criticalrestraint stress(6AW-Crit)of

5 types of Cr-Mo steels

Semi-quantifiedin term of the depth of etched grain
boundary･

The etchant was prepared by mixing s01utions A and Bin the rati0 5:3 bY

V0lume〕uSt before usingit.

S01ution A:Saturated aqueous solution of pICric acid/S0lution B:aqueOuS

S01ution of 3%1aurylbenzenesulfonic acid sodium salt･

Etching conditions werelisted below･Temperature Of etchant:200c,

etching time:3hours,amOunt Of etchant:80ml/30mm20f specimen surface･

3.Results of cracking test

Fig･3 shows the effect of phosphorus content on the cracking test results

Of the steelspecimens dividedinto five Cr-Mo groups･Phosphorus content are

plottedin the abscissa on alogarithmic scale･A mark ● denotes theinitial

restraint stress by
which cracking occurred and a mark O denotes that by which

cracking did not occur･A s01idline separating cracking-and no cracking

fields corresponds to the criticalrestraint stress.6AW-Crit･

=n the case of O%Cr-0.5%Mo steel(Fig.3(a)),the criticalrestraint stress

is decreased from70to 65kgf/mm2with theincrease of phosphorus content from

O.Olto O.1wt%.The cracking sensitivitY Of these steelsis generallY eVen

though the phosphorus contentis as high as O･1wt!r and the harmfuleffect of

Phosphorusis
hardly recognized with these steels･

=n the case of O.5%Cr-0.5%Mo steel(Fig.3(b)).the criticalrestraint

stressis 63kgf/mm2in a phosphorus content range of below O･OIwt%･When the
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phosphorus contentis between O･Oland O･02wt%r the criticalrestraint stressis

steeply decreased as phosphorus contentincreases･Butitis not decreased anY

furtherr though the phosphorus contentisincreased over the range of above

O.02wt%.As mentioned above,there are two criticalvalues of phosphorus content

on the view point of the effect of phosphorus on cracking sensitivity･Thelower

criticalvalueis regarded as thresh01d value for preventing the reheat cracking

by decreasing phosphorus content･Thereforelthis phosphorus contentis named

‖

the criticalphosphorus content,P｡rit一一.pcritOf O二5%Cr-0･5%Mo steelis O･01

wt!.Zn the cases ofl!Cr-0.5%Mo andl.3!Cr-0.5%Mo steels(Fig.3(C)and(d)).

the variation of the criticalrestraint stress with theincrease of phosphorus

content had the tendency similar to that of O･5!Cr-0･5%Mo steel･Pcritare O･008

and O.014wt%,reSPeCtivelY forl%Cr-0.5%Mo andl･3%Cr-0･5%Mo steels･

1n the case of 2%Cr-1%Mo steel(Fig.3(e)),Pcritis not determined exactlY,

but it is assumed to be between O.004 and O.01wt!.

The criticalrestraint stresslines of five Cr-Mo groups are comparedin

Fig.3(f).F0110Wing facts can be pointed out･(1)When the phosphorus contentis

lower than PcritOf each Cr-Mo groupr thereislittle differencein the critical

restraint stress among these groups.(2)When the phosphorus contentis between

two criticalvalues,theinclination of thelineisincreased with theincrease

of chromium content.(3)The criticalphosphorus content,Pcritdecreases with

theincrease of chromium content up t01%Cr.When the chromiunCOntent eXCeeds

l%,P｡ritlnCreaSeS
COnVerSelY･(4)When

the phosphorus contentislarger than

the upper criticalvaluelthe criticalrestraint stress decreases with the

increase of chromium content.

4･Effect of phosphorus on stress relaxation characteristics

The
criticalrestraint stressis determinedヰtwo factorsin case of the

constant strain type cracking test3L one of themis the strength of prior-

austenite grain boundarY at elevated temperature and the otheris the stress

relaxation characteristics.That is,

100

6AW-Crit = × dpw-Crit

100-Rでf

Where RTfis the stress relaxation ratio at the temperature of Tf,at Which the

crackinitiates.And6pw-Critis the strength of prior-auStenite grain boundary

at the temperature of Tf.However,the6pw-Crit could not be measured directly,

because the reheat crackis usually arrested when theinitialrestraint stress

WaS Slightlylarger than the criticalrestraint stress･Therefore′in this

report only the effect of phosphorus on the stress relaxation ratio was discussed

by assuming that Tf would be 5500c on the basis of the data of some commercial

Cr-Mo steelsin the previous paper5)･The stress relaxation ratio at 5500c was

Calculated bY the f01lowing
equation.

dAW-dpw5500c
R5500c=

dAW
×100 (宅)

Fig.4 shows the effect of phosphorus on the stress relaxation ratio at

5500c for five cr-Mo groups.The dataindicate alarge spread of value.So the
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Fig.5 =nfluence of phosphorus on

austenite grain sizein HAZ

mean value of the stress relaxation ratio was calculated for each Cr-Mo group,

andit was denoted by eachlinein the figure.=t can be considered that the

stress relaxation rati0 0f each Cr-Mo groupislittle affected by varylng the

Phosphorus content even with a extremelY Wide range･

5.Phosphorus segregation to the prior-auStenite grain boundary

Asrnentionedin the previous sectionlthe stress relaxation ratioislittle

affected bY VarYlng the phosphorus content･Therefore′itis considered that the

effect of phosphorus forincreasing the cracking sensitivitYillustratedin

Fig･3is attributed toits effect of decreasing the grain boundary strength,

6pw-Crit,due toits segregation to the grain boundarY･=f the prior-auStenite

grain sizeis not altered by the phosphorus content for each Cr-Mo group,the

phosphorus concentration of grain boundary willbein proportion to the bulk

concentration of phosphorus･Howeverr Y･Ohmori6)has recently reported the grain

refining effect of phosphorus･SoJthe effect of prior-auStenite grain size was

preliminarilY discussed before the examination of phosphorus segregation･

5.1The effect of phosphorus on prior-auStenite grain size

Fig･5shows the effect of phosphorus on the meanlinearintercept of

austenite.The meanlinearintercept decreases as the phosphorus contentin-

CreaSeSin every Cr-Mo groups･

=t can be considered that the phosphorus concentration at grain boundarY,

PGBisin proportion to the bulk concentration of phosphorus,PB andininver-

sely proportion to the area of grain boundary whichisincludedin unit v0lume

Of steel,Sv.Thatis,
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PGB = k pB-

Sv

(k:COnStant)

15

Whileit has been know that Svis twice the value of the recIPrOCalof the mean

linearintercept,云7之Therefore,

PGB=k･pBL

(k･=÷k)
From the experimentalresults of Fig･5,Lis decreased onlY Slightly from65t0

40pm as PBincreases verylargelY from O.005t0 0.lwt%.Thereforeit can be

COnCluded that the grain refining effect of phosphorus scareselyinfluences the

grain boundary segregation.

5･2 Phosphorus segregationin as-Welded condition

Fig･6shows the effect of phosphorus on the depth of gr00Ve Of prior-

austenite grain boundary for five cr-Mo groups･The depth of gr00Ve;d valueis

increased generallY With theincrease of phosphorus content,but theinclinations

Of theirlines vary with the Cr-Mo contents･Thatis,in the case of O%Cr-0.5%Mo′

d value scarecelyincreases with theincrease of phosphorus content.Theincli-

nation of theline steeplyincreases with theincrease of chromium content,and

it has a maximum atl%Cr･When the chromium contentisincreased further,the

inclination of theline decreases･The tendency that d value has a maximumat

l%Cr corresponds wellto that the cracking sensitivity has a maximum atl!Cr.

The relation between d value

and pcritis qualitatively repre-

Sented as f0110WS･By decreasing

the phosphorus contentin Fig.6,

fivelines gradually approach to

the value of d｡Whichis denoted

bY a brokenline･The value of d｡

is considered as the fundamental

depth of gr00Ve Of etched grain

boundarY(Which willbe brought

SOme fundamental factors other

than the phosphorus segregation.

The phosphorus content at which

eachline separates from d｡Iine

is found to be correspond to the

Pcritfor each Cr-Mo group obtained

in Fig･3･The pcrit Values of

O%Cr-0.5%Mo and 2%Cr-1%Mo steels

Were nOt determined exactly from

the results of cracking test･They

Can be estimated from d values as

O.05 and O.004wt% for O%Cr-0.5%Mo

and2%Cr-1%Mo steelsJreSPeCtively･

These estimated values are also

2
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Fig･6 =nfluence of phosphorus on the depth

Of etched grain boundary of austenite
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indicatedin Fig.6 as the mark(Pcrit)･

From the experimentalresults mentioned above′ the followings can be

POinted out･

(1)In the case of the cracking sensitive steel,Phosphorus segregation
has

already found at prior-auStenite grain boundaryin as-Welded condition･工t will

be reasonably to be considered that such segregation willbe produced at

elevated temperature at which the steelhas beenin austenite state･

(2)Theintensity of phosphorus segregation,and the phospho;us占ontent above

which the segregation occurrs depend considerablY On the Cr-Mo contentsof steel･

工tis the newidea of this research that the phosphorus has already

segregated at austenite grain boundary during weld thermalcycle･工f phosphorus

would segregate simply bY reheating below AltemPerature′ Phosphorus should

segregate at not only prior-auStenite grain boundary but also ferrite grain

boundarY･Thisidea makesit very easy to explain the main problem whY the

reheat crackinginitiates only at prior-auStenite grain boundary･

5.3 Phosphorus segregationin tempering process

Fig･7shows the changes of d value with rising the tempering temperature

for
some畠elected steelspecimens･These weld specimens were tempered up to the

appointed temperature at the heating rate of2000C/hr,and then quenched

immediatelYin water･In the case ofl%Cr-0･5%Mo-0･1%P steel,d value decreases

at the tempering temperature of 3000Cland thenitisincreased as the tempera-

ture rises.d value has a maximum at 5000c･Similar tendencyis found forl%Cr-

0.5%Mo-0.02%P steel.1%Cr-0.5%Mo-

welded Tempering temperature,Oc

Fig･7 1nfluence of tempering temperature

on the depth of etched grain boundary

of austenite

0.008%P steel has the same Cr-Mo

contents as two steels mentioned

above,but thisisinsensitive to

reheat cracking because ofitslow

phosphorus content･工n the case of

this steel,d valueis verY Small

and the peak of d valueis notfound･

While,0%Cr-0.5%Mo-0･09%P steel

contains alarge amount of phospho-

rus,but thisisinsensitive to

cracking because of chromiumfree･

工n the case of this steel,d value

is sma11and
the peak of d valueis

lower.The results mentioned above

indicates that there exists the

strong mutualeffect amoungchromium′

m01Ybdenum and phosphorusin the

phosphorus segregation phenomenon･

6.Consideration on the mechanism of phosphorus segregation

Aninteresting experimentalresults
was obtainedin this research that
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Phosphorus segregatedin certain extent as earlY aSin as-Welded state.The

Phosphorus segregationin this caseis expected to be orlglnated by rapid heating

during welding.From such view point,a discussionis made on the segregation

mechanism of phosphorus mainlyin simple Fe-P-C alloy being referred to

reactionsindicatedin the ternarY diagram of Fe-P-C system.

6.1Phase diagram of Fe-P-C sYStem

phase diagram of Fe-P-C system was proposed orlglnally by Voge18)′ andin

lateritsiron corner was modified by Langenscheid9)･The qualitative diagram

of this systemis shownin Fig･8*･The ternary and binarY reaCtionsin Fe-P-C

SyStem and the equilibrium distribution rati0 0f phosphorus amoung coexistin

Phases are shownin Table 3.They are arrangedin the tablein the order of

falling temperature.

6.2 Segregation process of phosphorus during rapid heating

Fe-P-C alloY eXPeriences the f01lowing reactions(transformations)during

heat土ng.

Fig.8 Fe-P-C ternary diagram(qualitative diagram)

★The temperature of theinvariant ternary planein Fig･8are glVen
by the authors referring

tothedataofVogel,LangenscheidandotherslO)ll)
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Table 3 Phase changes occurringin Fe corner of Fe-P-C system

Classification temperature ran9e pbase chan9e equilibritユmdistribution ratio of p

(3) 1030一-14940c
binaryperitecticreaction

L+8(α)こY C三:C三…C写=3･5:1:0･4(1250｡C･)

(4) 10300C peritectic-euteCticreaction

L+8(α)i=Y+Fe3P

(5) 745ノ〉10300c

phosphideprecipitation(1)

Y=Y+Fe3p

(Y+α)=(Y+α)+Fe3P

(2) 745～10300c α/Ytran5formatlon

Y=α+Y C三:C:三1:0･37(900｡c)

(7) 7450C
ternaryeutectoidreactlon

Y+Fe3p=q+Fe3C

(1) 727■･)7450c
binaryeutectoidreaction

Y=こα+Fe3C C;:C;:震完1;0･4:0(7400c★)

(6) R.T.′ヽノ7450c Phosphideprecipitation(2)

αここq+Fe3P
★
estimated value

Note;this table was composed by the authors using the data of R.Vogel号)G.Langenscheid号)H.Kaneko
et alモ0)and R.Tanakよ1)

i)α + Fe3C → Y (727～7450C)+(reactionl)

ii)cL + Y --> Y (745～10300c)+(reaction 2)

iii)Y一-一一･L+ 6(α) (1030-14940c)+(reactioh3)

The phosphorus segregation produced
bY these three steps of reactionsis

discussed below.

(a)First step of segregation bY Cl+ Fe3C → Y

The segregation process of phosphorus during rapid heating can be explained

in a simplified manner when the f01lowing assumptionsis adopted:i)the equilib-

rium distribution of phosphorus willbe always established at α/Yinterface

during the course of transformation,五)the diffusion rate of phosphorusis so

Smallthatit diffuseslittle from α/Yinterface to the originalferrite phase･

Phosphorus containedin alloy R,for exampleis distributed amoung ferrite,

U

L700

旨800
む

〔■

900

Fig･9 Phosphorus distributionin αJY and Fe3C phasesin Fe-P-C

alloy when binary eutectoid reaction Y ≠ α + Fe3C occurs
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austenite and cementitein the f01lowing ratio at7400c早S Shownin the phase

diagram of Fe-P-C sYStem Of Fig･9･

【P】α1:【P】Yl:【P】Fe3C=0･36宅:0･14宅:0篭=1:0.4:O

By assuming that this ratiois the same between727and745Oc,the distri-

bution rati00f phosphorus willgenerally be expressed as:

C冨‥C写:C‡e3C=l:0･4:0(727t｡7450c)

On the basis of the assumptions and the data(the pattern of phosphorus

COnCentration nearα/Yinterface at the beginning of the reaction(l),Which

OCCurrS When the alloyis heated rapidly fromlower temperature up t0 740Oc,

Willbe schematicallY drawn as Fig･10(a)･The maximum concentration,Which

COrreSPOnds to[P]αlOf Fig･9,aPPearS at the ferrite side ofα/Yinterface.
The subsequent transformation willoccurin the

adjacent zone dl,PrOducing

newα/Yinterfaceinit･The average concentration of transforming zoneis to

COrreSPOnd to that of newα/Yinterface,Whichis shown hereafter by the nota-

tionof[P]av-α/Y･The
concentrations of ferrite･auStenite and【P]av-α/Y at

the newinterface
willbe【P]αl,[P]Yiand【P]占･f｡r eXamPle′aS Sh｡Wnin

l
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Fig･10 Distribution patterns of pho-

SPhorus near α/Yinterface at the

beginning(a)and the
subsequent

(b)instances of reactionα+Fe3C

→■･Y,at 7400c

Note′ α:Orlglnalferrite,Y:auSte-

nite produced by the reaction at the

beglnninginstance′ Tr:tranSition

ZOnein which the subsequent trans-

formationis going t00CCur

Fig･ll Phosphorus distributionin αand

Y Phasesin Fe-P-C alloY at the tempe-

rature rangein which(加 and Y Phases

COeXist
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Flg.9 and F土g.10(b).

As the results of reheating such sequences.【P]av-α/Y.【P]αand[P]Y at the

interface at each tirneincrease progressively and reach finally the concentra-

tions
of[P]x,[P]cLlf and【P]Ylf Of Fig･9,reSPeCtivelY,at the end of the

reaction(1).

(b)Second step of segregation by CL +Y･････-→･Y

Phosphorus segregation caused by the
reaction(1)willbeintensified by the

succeeding reacti｡n(2).because the distribution ratio C昆:C写in
this caseis

l:0･37whichis the same as the case of reaction(1)･The segてegation sequence

When the alloyis heated rapidly from 7400c up t0 9000clfor examplel■is shown

in Fig.11.【P]av-α/Y COrreSPOnding to[P]xin the figure.which was attained
by

the reaction(1)at 7400c,Willfurtherincrease up to【P]Y during the
reaction(2)

at 9000c by the same mechanism mentioned above.

(c)Third step of segregation by Y---- L + 6(Cl)

The distribution rati0 0f phosphorus among three phases concerning to the

reaction(3)can
be read from the reaction

Plane at12500c of phase diagram of Fig･12

(
脚
〕
>
)

d

陀
4
｡
｡
抽
5
｡
｡

(
U
O
)
.
q
巳
U
ト

Fig.12 Phosphorus distributionin

α.Y andliquid phasesin
Fe-P-C

a110y When binary peritectic

reaction,L + ct;≠≧ Y OCCurS

aS:

CL:Cα:CY = 3･5:1:0.4

Phosphorusis concentrated markedlyint0

1iquid phase.When the alloyis heated

rapidly from 9000c up t012500c,CL/Y

interface zone having[P]av-α/Y COrre-

SPOnding to【P]Y Willproduceliquid

Phase by the reaction(3).Phosphorus con-

Centration of suchliquid phaseis as high

as【P】L3 土n Flg.12.

As can be seen from the discussion

above.phosphorusis progressively concen-

tratedintoα/Yinterface by the reaction

(1)and(2),and fina11y,α/Yinterface

ZOne PrOduceliquid phase extremely rich

With phosphorus.Such phenomenon has been

known as the partialmelting as grain

boundary.

6.3 Effect of carbon on segregation process

Carbon willremarkably promote the phosphorus segregation of Fe-P-C alloy

as explained below.for example,On the reaction(1).

By the reaction(1).a series of alloys.whose chemicalcompositionslie on

the straightlineαlYlin Fig･9･PrOduces at CL/Yinterface the same set of

Phosphorus concentrations.【P]αland【P]Yl.The straightline αlYlis shown by

the formula,

(P)=
-0.3(C)+

0.35



Effect of Phosphorus on Reheat Cracking 21

Where.(P)and(C)are the phosphorus and carbon contents(wt%)of an alloy.工f

the second term of the above formula can be regarded as the same as【P]αl(Fig･9),

the formula can be written as.

(p〉 =

-0･3(C)+【P】α1

By assuming that thelines CLIYllCLIYl"- at SeVeraltemperature are approxima-

telyin pararelto theline(11Y･lin a certain chemicalcomposition rangelthe

Phosphorus concentrations at severalα/Yinterfaces can generally be expressed

aSJ

【p】α =(P)+ 0.3(C)

Thereforelfrom the view point of phosphorus segregationr theincrease of carbon

COntent Willbring the similar effect as theincrease of phosphorus content.

6.4 Effects of chromium and m01ybdenum on segregation process

Ternary diagrams of Fe-CrTC and Fe-Mo-C systems12)indicate that chromium

and m01Ybdenumlowerlargely the temperature of reaction(3)of binary Fe-C sYS-

tem･Thelower the temperature of the reactionisr the higher the phosphorus

concentration ofliquid phase wi11become8)･Thereforelit willreasonablly be

expected that those elements willincreaselargely the phosphorus concentration

Ofliquid phase produced bY reaCtion(3).

=t willbe als｡eXPeCted that th｡Se elementsincrease the ratio C冨/C写in
the
reaction(1)and(2),Since

they act as ferrite formers as phosphorus does.

But the experimentaldata on such effect of themis very few●
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Fig･13 A verticalsection of Fe-P-C ternary diagram at O･30wt%C

Note:this section was composed by the authors using the same

data quotedin Table 3
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6.5 PrecIPitation of phosphide during c001ing

The c001ing process beglnS at a Certain temperature at which the partial

melting occurrs･During c001ingliron phosphide Fe3P may be producedin

prior-auStenite grain boundarY depending on the phosphorus concentration of

grain boundary･[P]gb and the c001ing rate･Fe3Pis produced by the f01lowing

reactions.

1)L+ 6(α)一･･■Y +Fe3P (10300c) (reaction 4)

ii)Y→Y +Fe3P (74510300c)∵(reaction5)

(α +
Y)→･(α +Y)+ Fe3p

iii)α→･α +Fe3P (R･T･7450c)∵(reaction6)

The precIPitation processis explained below by referring t0 0･3%C section

of Fe-PC diagram shownin Fig･13･*

(a)[P]gb beinglarger than point a of Fig･13

When[P]gbis s0large as above the point a of Fig･131Fe3Pis produced by

the peritectic-euteCtic reaction(4)atlO300c.Falling
temperature fromlO300c

reduces the s0lubilitY Of phosphorusin austenite and ferrite′ and Fe3P

PreCipitates as the reaction(5).

When the temperature reaches 7450cla Part Of Fe3Pis rediss0lvedinto

ferrite matrix by the f01lowing ternary eutectoid reaction･

Y +Fe3P･････････一α+ Fe3C (react土on 7)

Falling temperature from 7450c reduces the s0lubility of phosphorusin ferritel

and Fe3P precipitates again by the reaction(6)･When the c001ing rate through

about 7450cislarge enough,martenSite(M)willbe produced by the
reaction(8)

instead of the reaction(7)and(6).

Y + Fe3p --一事･M
+ Fe3p (reaction 8)

(b)【P]gblying between points a and b

The same reaction mentioned above.except for the reaction(4).willoccur

in grain boundary.

(C)[P]gb being smaller than point b

Fe3P willprecIPitate from ferritein the temperature range below about

7000c with the sma11er c001ing rate.

6.6 Effect of chromium and m01ybdenum on the s0lubility of phosphorus

The additions of chromium and m01ybdenum reduce markedly the s0lubility of

phosphorusin ferrite and austenite of Fe-P-Calloy10)･Some examples of the

effect of those elements are shownin Fig.1410).The s0lubility of phosphorusin

ferrite of Fe-P alloyis reduced to as smaller as one-tWentieth by alloylngl%M0

0r 5宅Cr.

Therefore alarge part of phosphorusin grain boundary willbe present as

phosphide rather than as diss0lved phosphorus･The tYPeS Of phosphide′ SuCh as

iron,Chromium and m01ybdenum phosphides13)and their configurations may play an

important r0lein the mechanism of reheat cracking whichisinduced
bY

Phosphorus segregation at the grain boundarY･

★In
order to simplify

the
explanationt

the carbon concentration of grain boundaryis assumed

here to be constant
as O.3%.
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Fig･14 Effect of Cr and M00n the s0lubility of Pinα-iron10)

7.Conclusions

(l)The criticalrestraint stress for producing the reheat cracking were

determined on five Cr-Mo steelgroups.whose phosphorus content was variedin a

Wide range(0･004 t0 0･lwt%)･There exists a criticalphosphorus content,Pcrit,

from which the
criticalrestraint stress steeply decreases with theincrease of

Phosphorus content･Pcrit Values are:above O.02,0.Ol,0.008,0.O14 and below

O･OIwt% for O%Cr-0.5%Mo,0.5%Cr-0.5%M0.1%Cr-0.5%Mo′l.3%Cr-0.5%Mo and,2%Cr-1%Mo

Steels,reSPeCtively.

(2)The phosphorus concentration of prior-auStenite grain boundary was semi-

quantified bY meaSuring the depth of grain boundary gr00Ved by a etchaht

COntaining picric acid.and the f01lowing facts were pointed out.i)Phosphorus

SegregateS tO the grain boundary as early asin as-Welded condition.ii)The

degree of segregationin this condition corresponds verY Wellto the degree of

CraCking sensitivity･iii)The grain boundary concentration of phosphorus becomes

the maximum bY temPering at 5000c,Which corresponds to the temperature of

CraCk initiation.

(3)The f0110Wing mechanism of phosphorus segregation during rapid heating was

PrOPOSed･i)Austenite produced byα/Y tranSformation should reject excess

Phosphorus toward the originalferrite throughα/Yinterface,because phosphorus

Can be distributedin austenitein smaller concentration thanin ferrite.But

Phosphorus hardly diffusesin ferrite at the condition of rapid heating,and

therefore′itis accumulated progressively atα/Yinterface.ii)Phosphorus

COnCentration atα/Yinterface′ Which becomes finallY auStenite grain boundary,

isincreased markedly by the subsequent reactionlY→α+L,because the

Phosphorus concentration of thisliquidis extremelylarge than that of

austenite.
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