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Reheat crackingis used to occurin HAZs of Cr-Mo steels during reheating

at the time when the grain boundaryis weakened by the phosphorus segregation.

In this research, the effects of applied $treSS, and reheating time and

temperature on the grain boundary weakening were clarified■On HAZ
oflCr-1/2Mo

Steel. A reheat cracking test and metallurglCalexaminationsincluding grain

boundarY etChing were carried out. Much attention was paid on the relation

between the angle of each grain boundary line to the stress. and its

Phosphorus concentration. The f01lowing results were obtained.(1)zn the

temperature-raising process with a heating rate of 200K/hr, Phosphorus

COnCentration of grain boundary becomes maximum at 823K. (2)In the

temperature-h01ding processin the range of 773 t0 873K. the maximum value of

Phosphorus concentrationis observed at 823K for 5 hours.(3)The phosphorus

COnCentration is decreased by continuous heating up to873K or by h01ding at

823K for a pr010nged time. At this time period. the HAZ recovers from the

Weakened state.(4)The stress willintensify the phosphorus segregation in

grain boundary byits direct action or byitsindirect action of producing

Sliding at grain boundary.This mechanism was discussedin detail.

Key words: reheat cracking, grain boundary, Phosphorus segregation′ effect

Of stress,temPering temperature.implant test,etChing method

1.工ntroduction

The reheat crackingis observedin heat affected zones(HAZs)of sorne tr-Mo

Steels. The cracking occurs preferentia11y along the grain boundary of prior-

austenite,in which someimpurity elements are concentrated【1.2].=n the previ-

OuS PaPerS. the authors have
pointed out that-■theimpurity segregation was

Originated during welding process andintensifiedin reheating process 【3,4】.

Reheat crackingis used
t0 0CCur When the segregation becomes maximum at about

823K under an enough magnitude of residualstress. The impurity segregation
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Seemed to beintensified by stress･The authors found also that alower stress

PrOduced a reheat cracking of pure transgranular tYPe;it was formed after a

long､Iapse
of time at873K[5]･This tYPe Of cracking would be formed at the

time period when the grain boundary was recovered from the
weakened state

initially caused by theimpuritY Segregation･Those results suggest that the

residualstress plays twoimportant r0les;i)a mechanicalmotive force to break

metallii)a metallurgic,almotive force toimmigrateimptlrity elements toward

grain boundary.

The objects of this research are;i)to examine systematically the

metallurgicalaction of stress･andii)to clarify the time-temperature region

in
which grain boundaryisin a weakened state.

This time-temPerature region was determinedlat firstlboth by an usual

reheat cracking test and a modified one･=n the second partltheintensitY Of

Phosphorus segregation under stress was estimatedin a wide time-temPerature

reglOn uSing a specialetching method･The result of this metallurgical･teSt WaS

discu$Sedin conection with that of reheat cracking test.

The foundamentalmetallurgicalinformations
obtained bY this research will

be widelY apPlicable not onlY tO reheat crackinglbut also to similar phenomena

Which are used to occurin HAZs of Cr-Mo steels during reheating process;they

arei)stress relief embrittlement【6],ii)creep embrittlement[7]andiii)

Cre卑P ruPturein a brittle manner【8].

2･Effect of stress on weakening and recovering process of grain boundary

2･1･Procedure of reheat cracking test

The reheat cracking test was carried out onlCr-1/2Mo steelplate of the

Chemical composition shown in Tablel･Theimplant test specimen shown
in

Fig･1(a)was taken from the plate･An王iT80steelwas used as the base
metal

plate(Fig.1(b)).

The implant test machine of the constant-load type[5]was used in this

eXPeriment･Theimplant was welded to the base metalplate using the welding

COnditions of Table2･Reheating began atlhour after welding･The temperature

WaS raised t0873K at the heating rate of200K/hr,and kept
at873K until the

SPeCimen fractured･Three different types ofloading history were used.

TYPe Z:A testing stress was applied when HAZ temperature felldown t0 423K

けig.2(a)).

TYPe =I:A prel土minary stress of zer00r196 Mpa was applied when HAZ

temperature fe11down t0423K;a main stress was applied at the time when the

temperature was reached at873K and a decided time had
passed(Fig.2(b)and

(c)).

Tablel Chemicalcompositions
of specimens (wt宅)

Steel c Si Mn P S Cr Mo

1Cr-1/2Mo O.15 0.28 0.57 0.0110.0081.09 0.55

1Cr-1/2Ho-Pl O.18 0.161.17 0.065 0.02 1.04 0.54

1Cr-1/2Ho-P2 0.20 0.371.08 0.068 0.02 1.14 0.57
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(a)1mplant (b)base metalplate

Details of the

Circumferential notch

Fig･1 Dimensions of the specimen
for reheat cracking

Table 2 Welding conditions

electrode

Welding current

arc voltage

Welding speed

J=S DT2416 dried at 623 K for 3.6 ks

180 A

25 V

2.5
mm/s

Preheating temperature 423 K

(a)Type= Temperature873K
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Of cracking test
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2･2･Result
of cacking test of type=

The result of cracking test(tYPeI)is
shownin Fig.3.The effect of

StreSS Oni)fraction ofintergranular fracture
surface(Fg),ii)reduction of

area(Ra),andiii)1apse of time to fracture
after welding(tl)are taken as

the
ordinate･The cracking behaviordiffers depending on the magnitude of

StreSS;(i)below6cL-Crit･anY CraCkingwas not produced.(ii)between6cL-Crit
and 6cL-gb･tranSgranularcrackingaloneisproduced･Ittakesusua11yalon

time to produce this cracking･This stress rangeis verYnarrOW forlCr-1/2Mo

Steel･(iii)above6cL-gb･theintergranular crackingis produced togetherwith

the transgranular one･The fractionofintergranular fracture surface Fgin the

StreSS range(iii)increaseslinearly with anincreasing stress.

2･3･Result of cracking test ==

The change of the appearance of fracture surface with thelapse of time at
873K was examined by thecrackingtest==inorderto trace the weakening
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PrOCeSS in the grai･n boundarY･Fig･4shows Fg and Ra of the fracture surface/

respectively･The marks o and●in these figuresindicate the fesults with

Preliminary stresses of zero and196MPa(reSPeCtively● The abscissa shows the

time when the testing stresses was applied;the orlgln Of the bottom oneis the

time when welding had finished′ and that of top oneis the time when the

temperature had reached at 873K.The main stress was 392MPa.

=n case of cracking test without preliminary stressr Fg decreases with the

lapse of time at873K･=ntergranular cracking was not observed when the time

exceeds･the point tcin Fig.4(a).Anincreasein the reduction of area Ra is

recognized corresponding to a decrease of Fg(Fig.4(b)).This fact means that

the fracture produced at the timelater than tc was accompanied by a

COnSiderable amount of plastic deformationin the grain.

In case of the preliminary stress of196MPalFg also decreases steeply with
thelapse of time untilit reaches tclin Fig･4(a),but Fg hardly reduces to

ZerO eVen though after a pr0longed time･Thelpreliminary stress reduces Fg

Slgnificantly but Ra only alittle.

Those results wi11be summarized as f0110WS:(i)The time at which the

grain boundaryis recovered from the weakened stateis not earlier than72 ks.

(ii)This point moves toward thelater side with anincreasing stress.

3･Effect of stress on the
phosphorus segregation

It is believed that the
princIPalmetallurglCalfactor which affects the

Weakening and recovering processesin the grain boundary would be the segrega-

tion
of phosphorus･Its segregation behavior wa8eXamined on the七emperature-

raising-and temperature-h01ding processes.

3･1･Grain boundary etching method

The grain boundary etching method【9(1】ha$been proposed as an effective

technique for
analyzing thelocalconcentrarion of phosphorus segregationin the

grain boundary･Zt was known that the depth of grain
boundary gr00Ved by thls

methodis proportionaltoits phosphorus concentration･In this experimentlthe

Phosphorus concentration of grain boundary was semi-quantified by this methodin
term

ofIIthe depth of etched grain boundary′d一一･The etchant was prepared by

mixing the
s0lution A and Bin the

rati00f5:3by v0lume just before usinglt.

S0lution A:Saturated aqueous solution of picrlc acid･Solution B:aqueOuS

S01ution of3wt!dodecylbenzensulfonic acid sodium salt(a wetting reagent).The

etching conditions us占d were as f0110WS;

Temperature of etchant:293KIEtching time‥10.8ks,

Amount of etchant:80mlfor a surface of 30mm2.

The depth of etched grain boundary′d was measured by the following

proCedure･Anindentation was made near the grain boundary by the diarnond

Plramid cone of a micro-hardness testing
machine･This surface was p01ished

untilthe etched grain boundary was worn out･The depth d corresponding to the

thickness of the worn-Out-layerin Fig･5was given by the
reductionin size of

indentation as,d = 0.14(Dl-D2).
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Fig･5 Measurement of the depth of grain boundary d

(a)as etched(b)after p01ished

1Cr-1/2Mo-Pl and -P2steelsin
Tablelwere used for experiment.Their

Phosphorus contents wereintentionallYincreased by the reason thatits content

in commercialgradeis t00Smallto make a precise･meaSurement.These two
steels

Were PrePared in thelaboratory bY the sarne method asin the previous paper

【1′2]･The shape of specimen was same as Fig.1except thatit was not notched.
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3･2･Segregation behdviorin the temperature-raising process

The welded specimen was heated continuously up to a given tempering

temperature
with the heating rate of 200K/hr,immediately f01lowed by water-

quenching･This experiment was carried out under severalrnagnitudes of stress.

The depth d was measured on five portions whichlocated O.2 mm apart from

Weld-bond. Etched gr00VeS Showed severaldepthes for each portion; the maximum

Value among them was adopted a$ the d for the portion･ The.depth d for each

tempera･ture
and stressis shownin Fig.6. An average value with a scattering

rangeis shownin
the figure. The disincreased by rasing the temperature and

becomes maximum at about 823K and then decreased. The stress increases

Slgnificantly the d of each temperature. This factindicates that the stress

Willintensively assist phosphorus to segregatein the grain boundary.

The d of a homogenized specimen being referredin
the figure is much

Smaller than that of HAZ andisincreasedlittle･by tempering.This factinforms

that](a prestage of phosphorus segregationHis establishedin welding processl

and its segregation isintensified by ternpering process as explained in the

PreVious papers【1-4].

The specimens heated up t0 773 and 873K were kept at these ternperaturesin

Certain time periods.The results are shownin Fig.7.In case of 773K,the･depth

d increases bY the h01ding time oflhour, and then decreasesin a pr010nged

time(Fig.(a)). The depth d. however,decreases simply with anincreasing time

at 873K(F19.b)).

3.3.Segregation behaviorin the temperature-h01din9 process

=n this experiment,the welded specimen was heated very rapidly t0 77■3,823

and 873K,reSPeCtivelY,by such the waY thatit was putinto an electric furnace

being kept at each of those temperatures. The results are shownin Fig.8. The

depth d increases with anincreasing time until a time period
Tm.and then
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decreases for
each･h01ding temperature･Thehigheris the temperature,the

Shorter the time Tm becomes･The
maximumvalueofdis obtained by the

The contourlines of dinFig･8 are shownin tempering time-temPerature

diagramas shownin Fig･9･=n case ofwith-StreSS′thereexists a peakof d(6.O

Pm)around 5hours at823K･Suchahighestvaluecannotbeattained
by the

h01ding temperatures of873and773K･The contourlineslocatingin theleft

Side of the peakare seemed tocurveinalower temperature
range.

=ncaseofwithouトstress,dis
smallina11time-temPerature rangeandanY

Sharp peakis not recognized.
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4･Effect oflocalstress angle on phosphorus segregation

4･1･Relation between a realgrain boundary structure and a grain boundary

Visiblein a microscope

=n the experimentsin preceding sectionr it was known that the depth d

differed in each otherin positions of a grain boundarY line enclosing one

CryStalgrain･The authors assumed that such differencein d would depend on the

difference oflocalstress acting on each part of a grain boulndary/and that

the localstressitself or the sliding at grain boundary which wasinduced bY a

localstress
would assist phosphorus to diffuseinto some part of a grain boun-

dary structure･This concept was confirmed bY SOme meta11urglCalexaminations.

However,SuCh a difficulty arose here that a grain boundary structure was essen-

tially three-dimentionalin shape but microscopic observations could revealonly

One Part Ofits totalstructure as schematicallY･eXPlainedin Fig.10.PlaneIor

IZis a specimen surface
to be observed and Tnatched to the direction of stress,

and plane A or Bis one of the grain boundarY Planes;the formeris normal to

the stress but thelatteris not normaltoit･For thelater caseltheline bbl

is easily misjudged asifit
belonged to a grain boundary plane normalto the

direction of stress･Consequently,the measurements of d should be made on many

POints as much as possible(and some statisticalslgnificancein the correlation

between the direction of strss and the orientation of grain boundary plane

Should be deduced.

Fig･10 Anillustration
ofi)grain boundary plane亭A and B,ii)grain boundary

lines aま†and bbIlocatingin a three-dim6nsionalconstruction
of grain

boundarY,andiii)two planes=and=Ilying a10ng direction of stress;

α and β:nOrmals of plane A and B
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4･2･Effect oflocal･stress angle on the10Calconcentration of phosphorus

(1)Experimentalprocedure

The angle between the direction of applied stress and the normalof a grain

boundaryline,Which was named as‖thelocalstress angle¢･一′ WaS meaSured bY

the manner shownin Fig･11･The correlationlYing between thelocalstress
angle

¢and the depth d was discussedin this section onlCr-1/2Mo-PIsteel(Tablel).

冬S the size of prior-auStenite grain was t00Smallin natural HAZ t0

0bserve exactly each part of grain boundarYline′ a Simulated HAZ specimen of
larger grain was prepared bY heating a bar rapidlY uP t01573K and water-

quenching･The size of bar was same as theimplantin Fig･1･This specimen was

heated up t0823K under the stress of294MPa followed by water-quenChing.

(2)Experimental,reSult

The effect oflocalstress angle¢on the depth dis shownin Fig.12.工n

CaSe Of withouトstress(Fig･(a))′ alltheかlotts scatter uniformly to the value

Of ¢ and thereis no significant relation between the average value of d(a

brokenline)and¢･=n the case of with-StreSS,the average value of d(solid

line)is largest
at¢=O andit decreases with anincreasing¢.This result

Willshow that phosphorus concentrates preferentiallyinto the grain boundary

Plane whose orientationis occasionaly normalto the applied stress.The reason

Of thisis assumed to be that thelocal elastic strain willbecome maximum on

the grain boundarY Plane normal to stress(and hence the iron lattice

neighboring with this plane willbe expandedland as a result(Phosphorus atom

Wi11have a greater possibility to enterin theire)nlattice.

Fig･11Measurement oflocalstress angle¢whichis the angle
between direction

Of stress and normalof a grain boundaryline
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longitudinaldirection of the

SPeCimen without-StreSS

(a)Without-StreSS
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Fig･12 Effect oflocalstress angle;¢on depth of etched grain boundary;d

lCr-1/2Mo-PIstee1

4･3･Effect oflocalstress angle on the sliding at grain boundary

(1)Experimentalprocedure

A
smallsize specimen shownin Fig.13was made oflCr-1/2Mo-PI steel.It

WaS heated rapidly up t01623K f01lowed by water-quenChingland used as the

Simulated HAZ specimen･A p01ished surface of the specirnen was scrached by a

#1000emery paper along the direction of stress.=t was setin a vacuum chamber

Of a cracking test machine of constant-load type･Witrlthe stress of400MPa,the

SPeCimen was heated up to873K with the rate of200K/hr.and kept for O.5hour.

Photomicrographs were taken on manY POrtions of grain boundarylines by a
magni-

fication of6400in a scanning electron microscope･The displacement of a scrat-

Chedline along a
grain boundaryline;SL(and the angle between thisline and

direction of applieq stress;¢ were
measured on each position as sh｡Wn in

Fig･14･After that,the specimen was etched
by the grain boundary etching method

and the depth d was measured.

(2)Experimentalresults

The measured values of SLlarger than O･2ドm are Shownin Fig.15;the SIJ

Values sma11er than O･2pm could not be decided exactly･The figure shows that

the sliding occursin the grain boundary when¢liesin a range of 5 t0 60

degree,and SIJincreases with anincreasing O.The SL seems to becom占maximum at

the O of45degree;this angle willmeet to the angle of producing the maximum
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Fig･13 Specimen used for the measurernent Fig･14 Measurement of the amount
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Fig･17 Effects oflocalstress angle;¢and grain boundary sliding;SL on depth

Of etched grain boundary;d

●aCCOmpanied by sliding

O without perceptible sliding

Shear stress.

The relation between sL and dis shownin Fig.16.The mark oin the left

C0lumn shows d of30positions whose sL values a･re sma11er than O･2 pm･This

figure shows that the phosphorus concentrationin grain boundary tends to

increase with anincreasing SL.

The relation between¢and d obtained by this experiment is shown in

Fig･17･When the grain boundary did not slide(mark o).the dincreases with an

decreasing O･Whenit slided′ the dliesin a restricted range of O(5 t0 50

degrees)exhibiting a maxirnum vaユue at the d)arOund35degree･An interesting

COnClusion willbeled from those results thati)the stress acts directly to

intensify the phosphorus segregation whenlis small,andii)stress causes a

grain boundary sliding when¢is around35degreel ahd this slidinginduces the

Phosphorus segregation.

5.Conclusions

The tempering tirne-ternPerature reglOnlin which the grain boundary was

Weakened′ and the effect of stress on this reglOn Were eXamined on HAZ oflCr-

1/2Mo steel･A specialtype of reheat cracking test and meta11urgical examina-

tionsincluding the grain boundarY etChing were carried out.The results can be

Summarized as f01lows.

(1)In the ternperature-raising process with a heating rate of200K/hr,Phospho-
rus concentration of grain boundarY becomes

maximum at the temperature of 823K,

and the reheat cracking tends t00CCur at this temperature.

(2)In the temperature-h01ding
processin th占temperature range of773to 873K,

the
maximum phosphorus concentrationis obtained at 823K for 5 hours.with a
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Pr0longed h01ding･time at each temperature/the phosphorus concentration

decreases approaching to the value of the as-Welded state.

(3)The phosphorus concentrationsingrainboundarYin both processes,are
increased

slgnificantlY by the stress.

(4)The stress willintensify the phosphorus segregation both bYi)a direct

aCtion on grain boundary,qndii)anactionofproducing
a grain boundary
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