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The mechanism of phosphorus segregation caused by rapid heating was

Clarified experimentallY uSing Fe-0.6wt%P-0.3wt%C alloY.The alloY WaS

heated rapidlY uP t0 9500c f01lowed by quenching,and the phosphorus distri-

bution was examined by EDX micro-analYSis on the specimen consisting of

austenite(martensite)and alittle ferrite.As the result,Phosphorusis

enrichedin ferrite region bY
raPidα/Y tranSformationin over ten times as

much asits content of the bulk a1loy..The rapid heating also brought a fall

Of the temperature ofinitiatingliquation,Which was confirmed by micro-

SCOPIC Observation.

Those experimentalresults could clearly prove the authorsltheoretical

Prediction thati)phosphorusis forced to enrichin the originalferrite.

asit can be diss01ved only alittlein austenite produced bY a raPid

transformation,且)the regionin which ferrite transforms finallY becomes

the austenite grain boundary,the greater the phosphorus concentrationin

the grain boundarY,thelower the temperature ofitsliquation becomes.

The procedure of determining the correlation curve of theintensitY Of

量も●PVS･Phosphorus concentrationis explainedin detail･

l.=ntroduction

The authors have previousIY discussed the mechanism of the reheat cracking

Of Cr-Mo steels and pointed out thati)the reheat crackingisinduced mainly

bY the phosphorus segregation at the prior-auStenite grain boundarY,且)this

Segregationis orlglnatedin as-Welded condition,andisintesified further bY

reheating
1)

工n the
previous paper2)lthe authors have proposed a theoreticalmechanism

Of phosphorus segregation caused by rapid heating on the basis of the phase

diagram of Fe⊥P-C sYStem.The outline of this theoreticalpredictionis
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introduced
againin the beglnning part of the paper･

This prediction was proved experimenta11Yin thisinvestigation bY uSing

Fe-0･6wt%P-0･3wt%C alloY and the micro-analYSis by EDX(energY dispersive x-raY

SPeCtrOmeter)･A great effort was made for appIYing EDX to a full-quantitative

analYSis of phosphorusin micro-areaS Of the alloY･

2･･Theoreticalprediction on segregation process of phosphorus caused by rapid

heating

2･1Segregationinα+Y reglOn

According to the phase diagram of Fe-P-C sYStemr aniron base alloY eXpe-

riences three tYPeS Of reactions(transformations)whenitis heated from the

r00m temPerature uP tO about1400Oc as3)4).

α+ Fe3C→Y(727～7450c) (reactionl)

α+Y一>Y (745′､103βOc) (reaction 2)

Y一事L+6(α)(1030～14940c) (reaction 3)

The f01lowing seg■regation process of phosphorus willbe expected by assum-

ing that(i)the equilibliumdistribution of phosphorus between ferrite and

austenite willbe always attained atα/Yinterface during the transformation,

(ii)the diffusion rate of

Phosphorus from
cL/Yinterface

into ferrite phase wi11be

Smaller than the ve10City of

transformation.

The phosphorus distribu-

tion near cL/Yinterface at the

time when an austenite particle

is formedin a homogeneous

ferrite reglOn by reactionlor

2isillustratedin Fig.1(a).

【P]R･[P]cxland【P]Ylare the

Phosphorus concentrationsin

ferrite matrix reglOn,auStenite

Particle and ferrite at α/Y

interface.respectively.The

distribution ratio tof
phosphorus

between both

phases･C£/C写is
l/0･44).consequentlY,immedi-

atelY after the transformation,

Phosphorus.should be discharged

from
austenite particle to

ferrite matrix reglOn through

α/Yinterface.As the result,

the phosphorus concentration

reaches the maximum at the

ferrite side of the interface
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Fig.1Phosphorus distribution near

α/Yinterface(a)beginning

instance of α/Y transformation

(b)succeedinginstance of

transformation
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(a) (b) (c)

Fig･2Progress ofα/Y transformation and corresponding segregation zone

(schematic representation)

(a)near the beginning of transformation;Phosphorusis concentrated atα/Y

interface

(b)near the end of transformation;Phosphorus concentration at theinterface

土s increased

(c)transformation finishes and austenite grains are growing;Phosphorusis

COnfined at austenite grain boundarY at the beglnning of this stage

as[P]αlin Fig･l(a)･Subsequent transformation occursin a micro-region of dl,

Whose average concentration,[P]Rtislarger than that of originalferrite

matrix,[P]R･After this transformation･the newmaximumCOnCentration of[P]al･(

(>【P]αl)is attained as
shownin Fig･1(b)･A series of succeeding transforma-

tionin the same mannerincreases progressivelY the maximum phosphorus concent-

ration at α/Yinterface.

The transformation
completes as the temperature rises(Fig.2(a)and(b)).

When the heating rateis sufficientlY greatlthe reglOn Of austenite grain

boundarY,in which ferrite transformed finallYr Willbe enriched by phosphorus

as shownin Fig･2(c)･But when the heating rateis not so great,the segrega-

tion does not occurr because phosphorus willdiffuseinto austenite rather than

Willbe confinedin the grain boundarY･

2･2 Segregation caused bYliquation

BY a Subsequent heating after the transformationla Part Of the alloY Will

begln tO
melt;this stage of meltingis called"liquation.l･Thisliquationis

brought by the reaction3･The temperatures
ofinitiating the reaction3 for

three a110YS,for example,Pl′P2and P3are
Shownin the diagram of Fe-P-C

SyStem Of Fig･32)3)4)･=t shows that(i)the temperature ofinitiating the

reaction falls withincreasing the phosphorus content of the alloy,(且)the

equilibrating distribution ratio of phosphorus among three phases are;

CE:C冨‥･C写=9:2･5:1･Thatis,liquid phase produced bY this rea｡ti｡nis

enriched bY Phosphorusin nine times as much as the orlglnalaustenite phase.
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BY aSSuming that(i)and(ji)

wi11be also valid
for a micro-

reglOn Of grain boundarY,itis

expected that the grain boundary

reglOn Where phosphorus segregates

Willbegln tOliquate at alower

temperature than the bulk al10Y

does.

=n actualwelding process,

liquationis used t00CCur at a

lower temperature by phosphorus

Segregation,the width ofliquated

zone willbe expanded.and this

makes the steelmore sensitive to

the grain
boundarY

embrittlement

and crack土ng■.
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Fig･3 Some horizontalsections of Fe-P-C

ternarY diagram showing(i)temperatures

ofinitiating the reaction,Y一一L+6(α)for

the alloYS Of Pl,P2 and P3,and(ii)

phosphorus distribution among cx,Yand

l土quid phases

3.Conditions of quantifYing phosphorus by EDX micro-analYSis

3.1Considerations on the back groundintensity

The method of EDX micro-analysisis very usefulfor analyzing several

elementsin a smallest area(0･1pmin diameter)･Butits applicationis usuallY

confined to semi-quantitative analysis･Various preliminarY eXPeriments for each

elementis required
for applyingit to the full-quantitative analYSis･

The phosphorus concentrationin a Fe-P-C a110y･【P]can
be determined by

the fraction=p/(=p+1Fe)using the correlation curve of[P]vs･the
fraction･

工Fe;theintegrated X-rayintensity ofiron Kα1inein a energY range,for

example.6.20t06.60keV(_the nominalvalueis 6･398keV)･

Ip;that of phosphorus Kαlinein a energY range,for example′l･90t02･14keV

(the nominalvalueis 2.O13keV)･

=Fe and=p are shown schematicaliyin Fig･4･The back groundintensity

increases
with decreasing

the energy and reaches the maximum when the energyis

about2keV′ Which correspondsr unfortunately′ tO that of Kα-Pline･Consequent-

1Y/for obtaining the=p value′ a reaSOnable amount of the back groundintensi-

tyl=p should be canceled from the measured value′ 工p-meS･
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Thatis.

工p_m｡S= 工p +工BG--一一-(1)

=n this reseach,the following

PrOCedure was adopted for deciding

工BG･

Anintegratedintensity of

back ground ranglng from 2･16 t0

3.00keV was used as a reference

Value′ =BG_ref,andits average
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l 3 6

Energy (keV)

intensity HB WaS defined as;

Fig･4Ⅹ-raYintensities of=prIBGl

工BG-ref

HB=
(3｣00-2.16)/0.02+1 ---(2)

1BG-ref and =Feillustratedin a chart

Of energyleveland X-ray COunt number

Where.0.02(keV)is the possible

smallest energYintervalfor measuring theindividualX-raYintensities･The

integratedintensity of back groundl=BGIWaS defined as;

工BG=HB･【(2･14-1･90)/0･02+1]
(2.14-1.90)/0.02+1

(3.00-2.16)/0.02+1
エBG_ref=0.30･工BG-ref ----(3)

3･2 Preliminary experiment on the optimum conditions

Two main
factors which affect the result of analYSis wi11be the accelera-

tion v01tage of the anode and the tilt angle of the specimen surface′ Whichis

definedin Fig･5･Some preliminarY eXPeriments were made for determining the

Optimum combinations of those factors･

Specimen Aningot of Fe-0･6wt%P-0･3wt%C alloY WaS made by melting electrolytic

ironlPlgiron and ferro-Phosphorusin aninduction furnacein air and deoxY-

dized by metallic silicon and manganese,and then castingitinto a steelmold･

Theingot of 8kg,60mmin diameter and

300rnminlength was hot-forgedinto a

10mm square bar.工t was then homoge-

nized at12000c for 44 hours in vacuum,

and quenchedin water･工ts chemical▼

COmPOSitionis shownin Tablel･The

SPeCimen consists of a single phase of

martensite.The specimen surface to be

analyzed was ground by
grinding machin-

ingin water flow and then by a cloth

with chromium oxide.The surface was

etched slightlY bY nital.

Experiments Theintegrated X-ray

intensities of phosphorus(=p),iron

(=Fe)and back
ground(=BG)were

determined on a fixed spot(0･lpmin

diameter)of the specimen bY VarYing

the two factors;aCCeleration v01tage

Fig.5 A sketch representing

the tilt angle

TablelChemicalcompositions

Of tested material(wt%)

C Si Mn P S

0.28 0.10 0.50 0.579 0.02
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Of 5 t0 30kV and tilt angle of O t0 60 degree.

The counting time oflOOsec and a magnification of 3000 were selected.

The experimentalresults of Fig･6 show that(i)=p,ZFe and =BG increase

generally withincreasing the acceleration v01tage up t0 25kV;the greater

thoseintensities are,the more precise measurments can be conducted,but(ii)

=p/=Fe ratioincreases with decreasing the v01tage down t010kV;=Feis not

detectable for5kV,and
also(iii)1p/工BGincreases with decreasing the v01tage

fo上'a fixed tilt
angle,(jy)=p/=BGincreases withincreasing the tilt angle up

t0 60 degree for a fixed v01tage.However,the practice of focusing and obser-

Vation becomes difficult when the tilt angleincreases.

From those discussion,it willbe concluded that the acceleration v01tage

Of10kV and the tilt angle of 45 degree are the optimum conditions for analyz-

ing phosphorusin a Fe-P-C alloy.
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3.3 Correlation curve

A correlation curve between the phosphorus concentration[P]and Zp/(1p+

=Fe)was drawn by the f0110Wing procedure.

Standard specimen A;Fe-0･6wt%P-0･3wt%C a110Y Whichis the same as usedin 3.2.

Standard specimen B;Fe-5wt%P alloY Which was homogenizedin vacuum at10300c

for 40 hours and quenchedin water.zts microstructure consists of ferrite and

Fe3P･OnlY ferrite part(Which diss0lves 2･64wt% of phosphorus as can be seen

in the equilibrium diagram of Fe-P systemin Fig･71WaS uSed for the analysis･

Standard
specimen c;Fe-12wt%P alloYIWhichis castin a steelm01d pre-heated

at10000c,is usedin as-CaSt COndition･=ts microstructure consists of primary

CryStalof Fe3P(15･6wt%P)and eutectic

(ferrite+Fe3P)as can be seen from Fig.7.

OnlY the primary crYStalwas used for the

analys土s.

180spotsin the area ofl.8mm2were

analYZed on the specimen A.50 spotsin

the area of O･5rrun2were analyzed on the

SPeCimens B and C.

The correlation curve obtained is

Shownin Fig.8(a).The plots A,B and C

denote the mean values of analYSis on the

SPeCimens AIB and ClreSPeCtivelY･

工t will be considered that the
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l
CurVe

B

Al

SPeCimen C

Fe 1 2 3 5 10 15

Phosphorus(wt%)

Fig･7 Fe-P binarY diagram

i
C(b)corrected

CurVe

B

A■l
0 0.2 0.4 0.6 0.8 1.00 0.2 0.4 0.6 0.8 1.0

工p/(工p･工Fe) 工さ/(工卜工Fe)

Fig･8Correlation curves of x-rayintensitY fraction vs･Phosphorus

COnCentrationin the Fe-P-C al10y

=p;Orlglnalvalue of theintegratedintensitY Of Kα_P,=占;its corrected

Value,=Fe;Orlglnalvalue of theintegratedintensity of Kα-Fe

7
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corfelation curve of[P]=0,=p/(1p+工Fe)=0,but
this originalcurve does not･

This error would be brought bY the errorin sharing工p-meSintoIp and=BG

(equation(l))･Then,=p and=BG are mOdified
bY a trial-and-errOr method as･

工p_meS =

工さ+ 工占G --…--(4)

where,工与=工p-70,工Bと==BG+70.The
corrected correlation

curve between[P]and

lf}/(工さ+工Fe)is shownin Fig･8(b)･

4･Experimentalresults on phosphorus segregationin
a Fe-P-C alloy

4.1Effect of heating rate on phosphorus segregation

Fe-0.6wt宅P-0.3wt宅C alloy

was used for the experiments･

The phases existingin
this

a110Y at eaCh temperature are

shownin
the O.3wt%C section

Of Fe-P-C ternary diagram of

F土g.9.

The phosphorus concent-

rations
in
micro-areaS

Were

measured on the specimens

which were heat-treated as

f0110WS(F⊥g.10).(0)as cast′

(H)as homogenized followed bY

Water quenChing,(A)after

heating the specimen(H)at

7000C for 3 hours,the tempe-

rature was elevated rapidlY

(200C/sec)up t0 9500c and

keptit for10min fol10Wed by

quenching･Ⅹeeplng
the speci-

men at 7000c was made for the

purpose of reducing Fe3P bY

dissolvingitinto ferrite

matrix.(B)the temperature

was elevated slowIY(0･06

0c/sec)from7000C up to 9500c

and keptit for10min

fo11owed by quenching･(C)the

temperature was elevated

rapidly(200C/sec)from
7000c

up t0 9500c and keptit 44

hours followed by quenching･

180 spotsin an area of

l.8mm2 were analyzed;the

diameter of each spot was O･lpm･

The phosphorus concentrationin

〇
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Fig･9A verticalsection of Fe-P-C

ternarydiagramat O･30wt%C2)

でime

Fig･10Heat treamentS uSed toinvestigate

the effect of the velocity of cL/Y
tranS-

formation on the phosphorus segregation
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each spot was determined bY the

COrrelation curve of Fig.8.As

the result,the phosphorus

distribution of each specimen

is shown bY a histogram asin

F土g.11.

=n as-CaSt SpeCimen which

is composed of ferrite and

Pearlite.the maximum concent-

ration of phosphorus as high as

7%is seenin the ferrite reglOn

(Fig.11(0)).This tYPe Of micro-

Segregationis caused bY a raPid

S01idification.BY hot forglng

and subsequent homogenizing

treatment,the phosphorus

Segregation of as-CaSt COndition

is disappeared as shownin

F土g.11(B).

By heating rapidlY the

SpeCiInen uP t0 9500c,the phos-

Phorus segregationis newIY

PrOducedin ferrite reglOn;its

maximum concentrationis as high

as 6% as shownin Fig.11(A)･

On the contrarY,the phos-

Phorus segregationis hardly

recognized when the specimenis

heated slowly up t0 950OC as

Shown 土n F土g.11(B).

The phosphorus segregation

CauSed bY the rapid heatingis

reduced considerablY bY holding

the specimen at 950Oc for as

long as 44 hours as shownin

F土g.11(C)

A series of the experimen-

talresults proves clearly the

theoreticalprediction explained

ln 2.1.

0 1 2 3 4 5 6 7 8

Phosphorus concentration(wt%)

Fig.11Distributions of phosphorus con

Centrationsin specimens
heat-treated

as f0110WS;

SPeCimen(0);aS-CaSt

SPeCimen(H);

SPeCimen(A);

heating up to

SPeCimen(B);

heating up to

SPeCimen(C);

heating up to

44 bours

as homogenized

transformed bY

9500c and held

transformed bY

9500c and held

transformed by

9500c and held

9

rapid

for lO min

Slow

for lO mln

Slow

for

4.2 Effect of heating rate onliquating temperature

To examine the second prediction that theliquation wi11begln at muCh

lower temperature than the equiliblating s01idus temperature when phosphorus

SegregateS bY raPid heating,f01lowing experiments were made･

The homogenized alloyis reheated at 7000c for 3 hours for dissolving Fe3P
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into ferrite matrix and then quenched･After thatlitis heated by different

heating rates(0.06 to 2000c/sec)up to different temperatures(1000 t014000c)

and quenchedimmediately･Those heat treatments areillustratedin Fig･12･The

OCCurrenCe Ofliquation was observed by a microscope under magnification of 200･

The results are shownin Fig.13.The mark o shows thatliquation occurred bY

those maximum temperature and heating rater and the mark● Shows thatit did

not occur.The curvedline shows the temperature ofinitiatingliquation･The

equilibrating s01idus temperature(12900c)falls withincreasing the heating

rate whenit exceeds 300c/sec.The temperature fallislargestin the heating

rate of 50 t0 800c/sec.

The distribution of phosphorus beforeliquationinitiates was measured on

lntensity
ratio;1f)/(=さ･=Fe)
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Fig.12 Heat treatmentS uSed toinvestigate

the effect of heating rate on the tempe-
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Fig.14 Distributions of phosphorus

concentrationsin specimens heat-

treated as f01lows;

SPeCimen(H);

SPeCimen(a);

heating up t0

120Oc/sec

SPeCimen(b);

heating up t0

2000C/hour

SPeCimen(c);

heating up t0

2000C/hour

as homogenized

transformed by rapid

lOlOOc wlth

transformed bY Slow

lOlOOc w土th

transformed by slow

12750c wlth
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the specimen"a‖in Fig･13(heated rapidly up t010100c)bY the same method of

analysis asin Fig･ll･The result of Fig･14(a)shows again that rapid heating

PrOduces the phosphorus segregation.However,its maximum concentration(2.5wt%)

is smaller than that of the specimen
‖c‖
of Fig.11(c)(7wt%),Which was heated

rapidlY uP t0 950Oc･Such decrease of the maximum concentration may be caused

by the phosphorus diffusion during heating from 950 to10100c′ because the

diffusion rate of phosphorusin this temperature range willbe very great as

explainedin 2.l.

The specimensl'b.T and ‖c‖in Fig.13(heated slowly up t01010 t012750c)

do not exhibit the phosphorus segregation as shownin Fig.14(b)and(c).

respectivelY.

4･3Consideration on the temperature-time reglOn Of producing the segregation

A continuous-heating-tranSformation diagram of Fe-0･6wt%P-0･3wt%C al10Y

WaS COmPOSed bY microscopIC Observations on the specimens heated up to several

temperatures with severalheating rates･This diagramis shownin Fig･15･Ztis

assumed that there are two fieldsin the diagram concerning to the segregation

and the diffusion behaviors of phosphorus･FieldI;the time-temPerature field

in which phosphorus willprefer to segregate･FieldⅡ;the time-temPerature

fieldin which phosphorus will

prefer to diffuse.

When the heating rateis

SufficientlY great aS(∋in
Fig.15,Phosphorus confinedin

the austenite grain boundary by

heating through the field 工

Willhardly diffuse towards the

austenite matrix by
succeeding

heating.And thenliquation

OCCurSin the grain boundarY at

alow temperature as shownin

the figure.

When the heating rateis

mediumaS(かalthough phosphorus

is once confinedin the grain

boundarY bY heating through the

field Ⅱ･As the resultlliqua-

tion atlower temperature does

not occur.

When the heating rateis

Sufficiently smallas⑤.phos-
Phorus does not segregate

during
α/Y transformation as

Shownin the figure.

1400
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≒1000
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読 900
a

責 800

700

600

10-11 10 102 103104 105

Time (sec)

Fig･15 Relation between the segregation field

and s01idus temperatureillustrated on the

COntinuous-heating transformation diagram

Of Fe-0･6wt%P-0･3wt%C alloy

Field 工;the time-temPerature fieldin

Which phosphorus willprefer to segregate

Field Ⅱ;the time-temPerature fieldin

Which phosphorus willprefer to diffuse
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5.Conclusions

The mechanism of the phosphorus segregation during rapid heating was

examined bY SeVeralexperiments using Fe-0.6wt%P-0.3wt%C alloY and EDX

micro-analys土s.

(1)The optimum conditions of EDX micro-a甲IYSis
for phosphorus were defined

as;aCCeleration voltage10kV.tilt angle 45 degree.

(2)The correlation curve between the phosphorus concentration,[P]and
the

fraction ofintegratedintensity′ =占/(1f>+=Fe)was proposed for Fe-P-C alloys･

(3)The f0110Wing sequence of phosphorus segregation was recognized･

(i)The phosphorus segregationisinitiated bY raPid α/Y transformationin

the manner that phosphorusis enrichedin the orlglnalferrite phase･

(且)The phosphorus-rich region willbecomelater the austenite grain

boundarY.

-(iii)Liquation occursin this region producing theliquid of a verYlarge

concentration of phosphorus･The greater the heating rateisland

therefore.thelarger the phosphorus concentrationis,the10Wer the

temperature ofinitiatingliquation becomes･
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