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Abstract

The transforming process was traced onl%Cr-0･5%Mo steelin the conditions

Of as-hot-r01led,quenChed and quenched-and-temPered.The rapid heating

process was employed from the viewpoint of weld thermal cycle･=n as-hot-

r01led specimen,auStenite grain nucleates at ferrite/pearlite boundary.and

grows into massive form･=n quenched and quenched-and-temPered specimensl

two types of austenite grains were observed･One nucleates at prior-auSten-

ite grain boundaryt and growsinto massive form as same as hot-rOlled speci-

men.Another one nucleates at theinside of prioruaustenite grain along the

lath structure of martensite.The starting and finishing temperatures of

transformation rises with increasing heating rate.The rise of temperature

islarger for as-hot-r01led specimen than for quenched specimen･The size of

austenite grain decreases withincreasing heating ratet
howevert the condi-

tion of specimen before transformation does
not affect the finalsize at the

end of transformation.The segregation of phosphorus was discussed on the

basis of the moving speed of transforminginterface.which was determined by

the experiments.

Key Words: tranSformation,ferrite,auStenite.heating rate.segregation of

PhosphoruslnuCleation of grainlgrain growth

1.工ntroduction

The ferrite/austenite transformation in the heating process is verY im-

POrtant,eSPeCially for the case of welding,by the f01lowing
reasons.(1)Size

and shape of austenite grains obtained by several ultimate temperatures and

heating rates bring differentinfluences on the transformation characteristics

in the succeeding c001ing processlthereforeJthe properties of transformation
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PrOducts,(2)Segregation ofimpuritY elements causes severalembrittling

Phenomenainheataffected zoneof welded joint･This segregationoccurs orlgi-

nallyin the course of ferrite′austenite transformation[l]･The degree of

Segregation depends on the speed of transformation,eSPeCially the moving

SPeed of transforminginterface【2]･Therefore′the data of this transformation

PrOPOSe a usefulinformation for clarifying the mechanism of segregation.=n
thisinvestigation,the transforming

process was traced on a ferritic heat

reSisting steelofl%Cr-0･5%Mo with the heating rate up t0200K/s.

2.Experiments

The chemicalcomposition ofl%Cr-0･5%Mo heat resisting steel(J=S SCMV2)
islistedin Tablel･The steelwas receivedin as-hot r01led conditionl;its

microstructure consisted of 82 % ferrite and18% pearlitelaS Shownin

Fig.1(a).

The quenched specimen was made bY heating the as-reCieved steelat the

rate of50K/s up t01273K･and keeping for one hour f01lowed by water-

quenChing･The quenched-and-temPered specimenwasmadebytemperingthequenched

Steelat 923 K for one hour･Fig･1(b)and(C)show the microstructures of

quenChed and quenched-and-temPered specimens′reSPeCtively･These three speci-
menS are Called briefly as AHRT Q and QT specimens.

Three specimens were transformed bY the following two heating
procedures.

(1)Heating up to a given temperature
above Aelby the rate of50K/s.and

keeplng foronehour f01lowedbywater-quenChing･The
specimen obtained by this

PrOCedure was named the specimenin equilibrium state assuming thatits micro-

StruCtureis same as thatin the equilibrium state.

(2)Heating up to a given temperature above Aelby a series of heating rates

(0･05t0200K/s)f0110Wedimmediately
bY Water-quenChing.

Austenite grains′Which were transformedinto
martensite or bainite grains

at r00m temperature,Were
Observed on p01ished and etched surfaces of the

SPeCimens･=n cases of Q and QT specimens･the etchant of saturated aqueous

S0lution with picric acid was used to revealthe ferrite/austeniteinterface.
in case of AHR specimen,martenSite was very hardly distinguished from pearlite

by the etchant of picric acid,aS Shownin Fig･2(a)･Then,the etchant of3%

nitalwas used･Martensite and pearlite were c0loredlight gray and dark grayr

reSPeCtively by nital,aS Shownin Fig.2(b).

The scanning electron microscope was employed t0 0bserve fine austenite

grains(martensite at r00m temperature)produced by rapid heating･The p01ished

Surface was etched by a selective potentiostatic etching by electrolytic

diss0lution(SPEED
method)[3]･Fig･3shows the relation between electr01ytic

Current and potentialfor the martensitic and ferritic specimens containing

Carbide particles･The thresh01dvalues
of potentialwere-250and-300mV′re-

SPeCtively･The brokenline shows the rati00f both current values,Cf/Cm.The
ratio became maximum at the potentialof-150to-100mV･Therefore′-125mV

でablel Chemicalcompositions
of the steelused(wt!)

C S土 Mn P S Cr Mo

0･15 0･28 0･57 0･011 0.00881.09 0.55
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Fig･l Microsヒructures of the specimens before transforrning process
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Fig･2 工dentification of TnartenSite bY OPticalmicroscope on asphot-r011ed
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Fig･3 The relations between current and Fig･4 Example of mic】-OStruCture

potentialfor ferriヒic and of electrolytically

martensitic specimen etched surface

WaS employed for the electr01Ytic etching･Fig･4 shows the sE朽microphotograph

On the surface etched electroIYtica11y･ Ferrite portion was dissoIved uniform-

1Y remaining martensite portion undiss0lved.

The area- andline methods were employed for quantifying the transformed

V0lurne,and the number of austenite grains vas counted directly on the surfaee

area of O.3 mm2.
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3･Nucleation and9TO血of austeniteすrain

工n AHR specimen,auStenite grains nucleate mainly at the grain boundaries

Of ferrite/pearlite and ferrite/ferrite(Fig.5(a)).The transforminginterface

moves tovardinside of ferrite and pearlite grains,and each austenite grain

grows massive form･The nucieation never occursinside of ferrite or pearlite

grains.except for a rapid heating.such as 50 0r 200】く/s.At the finalstage

Of transforrnatlon.all ferrite and pearllte grains transforned lnto massl∇e

aus亡enite grains.

=n Q and QT specimens,auStenite nucleates at the prior-auStenite grain

bouJldaries when the ヒransforJTlation begins(Fig.5(b)and(C=.Austenite grains

become massi∇e andlarger wltb risin9teIⅥperature.

Fig･6 shows the rnicrostructures of three speciTnenS,Of which the fraction

Of austenite grains reaches about 60 %･In case of Af7R specimenlmartenSite

9ralns(gray portlonln F19.6(a))grow surroundln9 ferri亡e
9ralns(br19ht por-

t-ion)and pearlite grains(dark portion).Martensite growsin the region bet-

Ween ferrite and pearliter and the center portions of ferrite and pearlite

覿蓮華無麹
∴■~_■十･ヾ･･･二∴云

(aIAs-hot-r011ed (b)Ouenched (C)Quenched-and-temPered

Fig･5 Mi⊂rOStruCtureS Of the specirnens at the beginning of transformation

Top:OPticalmicrophotograph;BottoTTl:SEM
Tnicrophotograph

…主三察凄享去
(a)As-bot-r011ed (b)Quenche(ヨ (C)Quenched-and-tempered

Fig･6 Microstructures of the specimen at the middle stage of transformation

Fraction of austenite is about 60 %.
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grains transforrn at finally.=n Q and QT specimens.massive and rod-1ike aus-

teni亡e are obser∇ed.as sbo＼けnln F19.6(b)and(C).

Fig.7 shows the sequence of transforTning process of Q specirrLen With the

beatlng rate of 50 R/s.Åt tbe beginnln9 0f transformatlon.austenlヒe nucleates

at prior-auStenite grain boundarY(Fig.(a)and(a)■).At the same time,fine

particies are also producedinside of priorraustenite grain(Fig.(a')〉.AtlO63

K,maSSive austenite at grain boundarY grOWS,the number of fine particles

inside of a grain increases(Fig.(b=.These particles are also austenite as

shownin Fig.(b)一.This tYPe Of austeniteis called as r.lath austenite'lbecause

itis producedin eachlath of martensite succeeding thelath-StruCture.As the

transformation
proceeds(Fig.(C)and(dHllath austenite grows into roくトIike

Sbape.At flnalstage of 亡ransformatlon.1atb austenl亡e qralns]01n to9etheェ to

form one massive grain,aS Shownin Fig.(e)'.The grain marked by the arrow was

Origlnallylath austenite′ because the profile of rod-1ike shape was observed.

The rnassi∇e grain produced by joining thelath can not be distinguished from

Fig.7 The sequence of transforming processin quenched specirnen with the

beatln9 rate Of 50 K/s

(aトげ):OpticalrDicropboto9raph;(a'ト(e■):S王肌microphotograph
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the orlglnalmassive grain at the finalstage of transformation.

Althoughlath austenite was recognized bothin Q and QT specimens′it was

larger
and clearerin appeararYCein Q specimen thanin QT specimen.

At the end of transformationlmaSSive grains are observed as shown in

Fig.(f).

Above experimentalresults willbe explained from the viewpoint of the

energy change of the system as f01lows･The nucleation of austenite occurs at

the sites where f01lowing two conditions are attainable.(1)Atoms can be rear-

rangedinto f･C･C･StruCture with a･minimum activation energy,(2)0.8% of

Carbon can be supplied with alocaldiffusion･The grain boundaries
of

ferrite/ferrite and ferrite/pearliteis one of the suitable site.becausein the

grain boundary the b･C･C･StruCture Of ferriteisin theincomplete
stage′ and

Carbonis enriched thereinherently･The martensite-lathis another suitable

Site,because martensite-1ath and austenite h01d a crystallographic coherencyin

each other,and carbide phaseisin the state of fine particles which can be

diss0lvedintoiron-matrix
with minimum energy.

Theinside portions of pearlite or ferriヒe grain are not suitable′ because

the plate-1ike cementitein pearliteis t00 Stable to diss0lveint0
1rOn-

matrix with a smaller energyr andin case of ferrite′ the concentration of

Carbon(0･02%)is t00Smallto supply the enough carbon to
austenite(0.8 %).

4･Te皿perature Of ferrite/austenite transformation

The AHR･Q and QT specimens were heated at the rate of50K/s up to a test

temperature and kept forlhour･The fraction of austenite at each test temper-

ature are shownin Fig･8･Open makes show the totalamount of austeniteinclud-

ing massive- andlath-auStenite′ and s01id makes show the fraction oflath

austenitein Q and QT specimens･Austeniteis foundin every specimen heated

abovelOlO K･The fraction of austeniteincreases with temperature′ and reaches

the unit atl130K･The temperatures
of start and finish of transformation,Trs

and Trf,are nOt affected by the condition of specimen before heating.

山
一
可
u
U
〕
S
コ
佃

叫O

U
O
T
〕
U
巾
h
h

でotal amount of

austenite

Trs/e=101

Trf/e=1130K

○
as-hot-r01led

△ ▲ quenched

ロ ■ quenched-and-temPered

Amount
of lath-

austenite

譲 ▲

｢▲▲-

1000 1050 1100 1150 1200

Ternperature
. K

Fig･8 Fraction of transformation at each temperature for the specimen of

equilibrium state.



Formation of Austenite and Boundary Segregation

05つエ1

0021

0

0

0

5

0

5

1

1

0

U
h
n
〕
巾
h
む
d
∈
U
ト

0 as-hot-r011ed

△ quenched

【】 quenched-and-tempered

27

0,1 1 10 100
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Fig･9 tnfluence of heating rate on the starting and finishing

temperatures of transformation

Fig.9 shows theinfluence of heating rate on the Trs and Trf temperatures

of ferrite to austenite transformation. =n case of continuous heating process.

Trs and Trf temperature are defined as f01lowings･

Trs:Starting temperature of ferrite to austenite phase change

Trf:finishing temperature of above phase change

ThereforelTrs and Trf temperatures have different meaning from Aland A3 tem-

peraturein the process of equilibrium state･

These temperatures are raised above Trs/e and Trf/e onlY bYlO t0 20 K

with s10W heating･The Trs temperature rises along Trs curve with increasing

heating rateleSPeCially for A=R and QT specimens with the heating rate above

20 K/s.However,the Trs temperature of Q specimen rises only 40 K even though

the heating rateis aslarge as 200 K/s･The Trs temperature of QT specimenis

nearly same as that of AHR specimenlandits Trf temperatureis nearly same as

that of Q specimen.

This fact can be explained by the distribution of carboniniron-matrix･

=n equilibrium state′ auStenite phase of O･8 %Cis formed from ferrite phase of

verylow carbon(0.02 %)and carbide phase(alloy carbide)of very high carbon

at the eutectoid temperature′ Ael･=n QT and AHR specimens′ the particles or

plates of carbide have to be diss0lvedin order to produce the reglOn Of O･8

%C.Although carbide particles are precipitatedin Q specimen during heating to

the test temperaturelmOSt Of them are iron carbideJCementitelbecause the

time spent for the precIPitation is t00 Short to form alloy carbide･This

cementite is less stable than the alloy carbide presentin AHR and QT speci-

mens.Therefore,the rise of Trs is little for Q specimen･=n the case of

continuous heatingr the diss0lving the carbide willcontinues during transfor-

mation.The distribution of carbide has to be uniform at the end of transforma-

tion.The distribution of QT specimen will be more uniform than that of AHR

specimenlbecause
the carbide precipitated by temperingis very fine and

uniformly distributed than the ferrite/pearlite mixed structure･
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5.Size and nu皿ber of austenite

Fig･10(a),(b)and(C)show the size and number of massive austenite grain

in AHR,Q and QT specimenslreSPeCtively･The growth of grain beginsimmediate-

1Y after the transformation startsr and continues during transformation.At the

finalstage of transformation(the growth rate becomes slow･The grain sizeis

generally decreased withincreasing heating rateIeVen though the transforma-

tion takes place in a higher temperature range･Howeverltaking a shorter

heating timein account for the rapid heating processJthe growth ratein rapid

heating processislarger than thatin slow heating･The finalgrain sizeis

notinfluenced by the conditions before transformation.

Number of grains continues toincrease during transformation･Thatislthe

nucleation of grain continues until the end of transformation.The rate of

nucleationislargest at the time when transformation starts･This tendencyis

remarkablein Q and QT specimens,eSPeCially.for rapid heating of 200 K/s.=n

Q specimen,theincreasing rate of number of massive grains becomeslarger at

the finalstage of transformationr becauselath austenite grains changeinto

the massive form by coalescing each other.

Fig･11(a)and(b)show the size and number oflath austenite grainin Q

and QT specimen,reSPeCtively.However,theinfluence of heating rateis smaller

than that of massive austenite grain･The number of grainsin Q specimenis

larger than thatin QT specimen,however the sizeitself of Q specimenis same

as QT specimen･Thatis.the nucleationin Q specimenis more frequent than that
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Fig･11 Sectionalarea and number oflath austenite grain as the function

of fraction of transformation

in QT specimen.The number oflath austenite decreases by joining together･The

joining oflath austenite beglnS at earlier stage of transformation with rapid

heating･The number reaches zero untilthe end of transformation･

6.Segregation of phosphorus caused bY tranSforming process

During transformation,the position of ferrite/austeniteinterface moves

toward ferrite phase● The moving speed ofinterface depends on heating rate and

grain size of austenite･The time from starting to finishing becomes short with

increasing heating rate･Howeverrin rapid heatinglalarge number of austenite

grains grow simultaneously･ThereforelgrOWth rate of each grainis much small-

er than expected･=n this sectionr the moving speed ofinterfaceis estimated

for the massive austenite grain using the experimentalresults of grain size･

For the calculationslthe following assumptions were made･

1)Massive austeniteis a sphere.

2)The size of allgrains are same･

Therefore.the moving speed mentioned belowis the mean value.The assumption2)

is against the experimentalresultslaS Shownin Fig･10/Whichindicates that

the nucleation of new grains occurs at each time period during transforming

PrOCeSS･

=f the v0lume of a grainis Vlan eXPeCtation of sectionalarealAis

v 2Tr2
A=云=T

where′ ris a radius of grain･Thereforel

r=原

(1)

(2)
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Fig･13 Moving speed of theinterface between ferrite and austenite′ eStimated

from the data about sectionalarea of massive austenite grain,aS Shown

ln Flg.10

The equivalent radius of massive austenitein Fig･10is calculated by
eq.(2)′

as shownin Fig･12･As the radiusis plotted against the timelapse from begln-

ning of transformation,the moving speed of grain surface(interface of ferr-

ite/austenite)can be obtained as theinclination of tangent to the curve.The

moving speedislargest at the beglnning of transformation and decreases
with

t土me.

The moving sp?ed of grain surface of massive austenite are summarized for

AHR･Q and QT specimens with heating rate of O･05,50 and 200 K/sin Fig.13.

The microstructure before transformation does not affect on the moving speed of

interface at every heating rate.

Austenite nucleatesin ferrite matrix,and theinterface of ferrite/aus-
tenite moves toward ferrite reglOn･The s01ubility of phosphorusin austeniteis

Smaller than thatin ferrite
matrix･Equilibrium distribution coefficientis

about O･4[4]･Therefore′ Phosphorusis swept out from austenite to ferrite

reglOn,and phosphorus segregate at finalstage of transformation.

=f the amount of diffusioninto ferriteis equalto the amount of sweep

Out Of the transforminginterfacel the phosphorus concentrationisin the
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Fig･15 The characteristic distances and courses with various heating rates

steady state near theinterface･ The diffusion coefficients of phosphorusin

ferrite and austenite are 2.75xlO-6 and 4.91xlO-8m2/s at1200 K[5],reSPeC-

tively● Then the profile of phosphorus concentration(CA willbe glVen by the

f01lowing equation assuming that phosphorus does not diffusein austenite[6]･

CA=C｡･C｡ユ豊expト孟x)
(3)

Where,Cois bulk concentration of phosphorus.ko is equilibrium distribution

COefficient,V is moving speed of interface.Da is diffusion coefficientL in

austenite and xis the distance from the interface.Fig.14 shows the estimated

PrOfiles of phosphorus concentration,Where the moving speed and diffusion

coefficient arelドm/s and4･91×10-8m2/s･=n
this case･the thickness of segre-

gationlaYeris about O･2 um･The characteristic distance;Dc can be defined as

shownin Fig.14.ThelinelSSlis tangent to the concentration curve at x=0･

The characteristic distance is

cd= 旦旦
Ⅴ

(4)
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=n the case of continuous heating processJthe transformation occurs over

a range of temperature･Thereforelthe diffusion rate willchange during trans-

formation･And the moving speed ofinterface also willchange･Fig･15 shows the

Dc at the temperature range oflOOO t01250 K･The moving speed of interface

WaS Chahged from O･0001t0100
pm/s.The characteristic distanceincreases with

temperaturelbecause the diffusion coefficient of phosphorus in ferrite in-

CreaSeS With temperature･The brokenlinesindicate the courses of temperature

and moving speed ofinterface for three heating rates.The Dc valueis smallat

the beglnning of transformationlandincreases with the progress of transforma-

tion,because of theincreasein temperature and the decreasein moving speed

Ofinterface.The Dc valueislargestin the of O.05 K/s.

At the final stage of transformation,eq.(3)will not express the

Phosphorus concentrationl because phosphorus can not diffuse into ferrite

reglOn･Phosphorus willbe enclosedin the narrow ferrite reglOn and phosphorus

COnCentration rapidly willbeincreased･Phosphorusis the ferrite stabilizing

element･Therefore/if the phosphorus concentrationin ferrite reglOn eXCeeds

the s0lubilitylimit of austenite.ferrite can not transform to austenite.

7.Conclusions

The transforming process was traced
onl%Cr-0･5%Mo steelwith a rapid

heating rate such as 200K/s.Thelocation of nucleation and shape of austenite

grainis changed by the microstructure before transformation･There exists only

massive austenite grain from ferrite/pearlite mixed structure.Both of massive

andlath austenite grains grow from quenched and tempered structureincluding

lath structure of martensite grain･The transforming temperatures raise with

increasing heating rate･ The risein as-hot-r01led specimenis larger than

thatin quenched specimen･The size of austenite grain decreases as the heating

rateincreases′ howeverlthe condition of specimen before transformation does

not affect on the final size at the end of transformation.

The estimated moving speed of the ferrite/austenite interface is smallat

the final stage of transformation･And the thickness of segregation layer

exceeds O･1lユm eVen though the heating rateislarge as 200 K/s.
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