
Res.良ep.Fac.Eng.Mie Univ.,Vol.13,pp.2､1-30(1988)

OriginalPaper

Comparison of theInfluences of Phosphorus and

Sulfur on the Reheat Cracking Sensitivity

of Cr-Mo
Steels

KoreakiTA川AKt andJippeiSUZUK=

(Department of Mechanicaland Materials Engineering)

(Received September 21.1988)

The influences of phosphorus and sulfur on the reheat cracking

SenSitivitY Ofl%Cr-0.5%Mo steels wereinvestigated using experimental steel

SPeCimens doped.with phosphorus or sulfur. The cracking sensitivity wa$

evaluated by terms of criticalrestraint stress obtai･ned by animplant test.

And the metalluglCalexperiments were made on the phosphorus segregation to

the austenite grain boundary,and on the diffusibie sulfur concentration.

Phosphoru$ Segregation was measured by the grain boundarY etChing rrLethod. and

Sulfur was measured dividinginto dissoIved sulfuriniron matrix and combined

Sulfur as sulfide. As the results of the cracking tests,it was found that

there exists
a critical content of phosphorus for the reheat cracking

SenSitivitY,above which the cracking sensitivityis steeplyincreased with an

increasing phosphorus content.When the phosphorus content'exceeds the

Critical value.it $egregateS tO the austenite grain boundary during welding

andits segregationisintensified by tempering after welding.In the case of

Sulfur-doped steels, the dissoIved sulfur concentrationis the ma]Or factor

governing the cracking sensitivity.The criticalvalue ofits concentration,

above which the cracking sensitivityi$ SteePlyincreased′ WaS determined.The

di$S01ved sulfur concentration depends both on the bulk sulfur and manganese

COntentS.

KeY Words; reheat cracking,Phosphorus segregation.di$$01ved sulfur,implant

test, Critical restraint stress, Criticalphosphorus content,

criticaldissolved sulfur concentration

1.工ntroduction
､

The authors
have

pointed outin
the previous paper[1】 that phosphorus

increases the reheat cracking sensitivity by means thatit segregates to the

Prior-auStenite grain boundary during post-Weld heat treatment at about 800 K,

and makes the grain boundary weak and brittle.
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Zt has been beleved that phosphorus exists uniformlyiniron皿atrix after

weldingr and moves to the grain boundary bY diffusion during post-Weld heat-

treatment[2].This model proposed originally bY D.McLean【3]explains the

segregation of phosphorus to an usualgarin
boundary･But-it can not explain whY

phosphorus prefers to･SegregatertO the prior-auStenite grain boundary of the

reheated heat affected zonet and hencel a neW mOdelwhich can explain this

special phenomenon willbe required･The authors assumed that the phosphoru

segregation
to prior-auStenite grain boundarY WOuld originate,When

the steel

was brought to the austenite condition by the weld thermalcycle･1ts segrega-

tion would
beintensified further by ‖the equilibrium segregation‖ during tem-

pering process･=n thisinvestigationl they comfirmed their assumptibn by some

experimentalworks using the grain etching method･

Sulfur is anotherimpulitY element whichincreases the reheat cracking

sensitivity of steel･=t i畠considered that sulfur segregates to the grain

boundary furing welding and tempering processesin the same manner＼as phosphorus

does.Howeverlthe component of sulfur which takes partin the segregation will

be the free or diss0lved sulfJlr, nOt be the combined sulfur
forming

sulfide･

From this point of viewl theinfluence of dissolved sulfur on the reheat

cracking sensitivity was examined.Much attentiもn was paid on theinfluence of

manganese combining with that
of sulfurin

thisinvestigation･

1%Cr-0.5%Mo steel was selected for theinvestigation, aSitis
known to

exhibit the maximum sensitivitY tO reheat cracking among severalCr-Mo steels･

2.Experimentalmethods

2.1.Preparation of steel

SPeCimens

Theinfluence of phospho-

rus on the reheat cracking

SenSitivity of l%Cr-0.5%Mo

steel wa$ eXamined on the

Steel specimens containing

O.006 to O.096宅p. as sbownin

Tablel.

To clarifY the combined

influence of sulfur and

manganese. four series of

l%Cr-0.5%Mo steelwete used;

0.5 andl.0亀川n series in wbich

sulfur content was varied from

O.015 to O.09篭, and O.015 and

O.08%S series, in which

mang■aneSe COntent WaS Varied

from O.01tol.3%,aS Shownin

Table 2.

These steel specimens

Were PrePared bY the f0110Wing

Tablel Chemicalcompositions of P-doped

l%Cr-0.5%Mo steelspecimens
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Table 2 Chemicalcompositions of S-doped

l%Cr-0.5%Mo steelspecimens

N0. C Si Hn P S

LH-1 0.19 0.24 0.43 0.01 0.019
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PrOCedures･ElectroIYticiron′1%C steeland ferro-a1loYS Were melte.d together

in a mullite crucible in air bY uSing aninduction furnace.The melt was

deoxidized by
meta11ic silicon and manganeseland then ferro-Phosphorus oriron

Sulfide was added to the melt･The finaltemperature
of the melt was1840K.The

8 kg melt was castinto a steel甲01d of60mmin diameter and300mmin height.

These ingots were hot-forged atl150to1250Kinto a steelbar of15 mm in

diameter･The bar was oil-quenChed from1223K and tempered at973R forlhour.

2･2･Procedures◆of reheat cracking test

The reheat cracking sensitivitY Of each steelspecimen was evaluated by the

magnitude of the critical

restraint stress, 6AW-Crit

Obtained bY the modified

implant tes亡 【4-6】. This

CraCking test
wa:?performed by

the constant-Strain type

machine shownin the previous

papers【6-8】.

A set of implant test

SPeCimen is shownin Fig.1●

Theimplant and the base metal

Plate were machined from the

Steel bar and a commercial

high'strength steel(0.67%Cr-

0･24%Mo), reSpeCtivel夕. The

Welded specimen was reheated

at a rate of 200 K/hr up to

873 K, and kept at this

temperature for 20 hours.

details of the

Circumferentialnotch

base metalplate implant

Fig･1 Dimensions of the specimen for

reheat cracking test

3･Znfluence of phosphorus on the reheat cracking sensitivity

Fig･2 shows the results of cracking tests on the effect of phosphorus for

the specimens ofl%Cr-0･5%Mo steels shownin Tablel･Alogarithmic scale is

used fqr the abscissa of the phosphorus content･The solidlinein this figure

COrreSPOnds to the
cr'iticalrestraint stress,6AW-Crit,Whichis the boundary

between cracking field(●mark)and no cracking field(o mark).

The authors assumed here that there wi11be three stagesin the 6AW-Crit-

Phosphorus content correlation curve;the upper shelf stage/the transition

Stage and thelower shelf stage/and that each stagein this curve will be

approximated by a straightline･On the basis of this assumption(a bentlineis

drawn in the figur声･Logarithmic
scale was taken for the abscissa for the ease

Of straightening the
curvedline of the transition stage and reading micro-

COnCentrations around the upper bend point.

The
phosphorus content value corresponding to the upper bend

pointis named

asllthe criticalcontent of phosphorusJ Pcrit,一.The Pcrit of this steelis

O･008%･The Pcrit･is regarded as the threshold value or the target value for
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Fig.2 =nfluence of phosphorus
on the criticalrestraint

stress(6AW-Crit)ofl%Cr-0.5%Mo
steel

preventing the reheat cracking by means of de$reaSing the phosphorus content･

The lower bent pointl PcIwillbelessimportant from the view point of

PreVenting the reheat cracking･

4.工nfluence of sulfur o丘the reheat cracking sensitivitY

4.1Singleinfluence of sulfur

The singleinfluence of sul-

fur oh the cracking sensitivity

is
shownin

Fig.3. The meanings

of the marks andline in this

figure are the same as those in

Fig.2.ざig.3(a)and(b)show the

influen亡e of sulfur at the con-

stant manganese levels;1 and

O.5%,reSpeCtively･These figures

exhibit the tendencY that the

critical restraint stress de-

creases w◆ith anincreasing sulfur

content.However,the
decrease of

the criticalrestraint stress is

less steep and the criticalvalue

of sulfur content, Which was

clearly seen in the case of

pbosphorus (Pcrit). is not

recognizedin
these figures･

N
一
呂
＼
ヒ
茸
､
冨
¢
是
S
岩
下
巴
霊
巴
一
書
ヨ
書

60

40

30

20

0 0.02 0.04 0.06 0.08 0.10

Sulfur content . vt亀

Fig.3 =nfluence of sulfur on the critical

restraint stress of‡1M and LM series

SPeCimens



Comparison
of theInfluences of Phosphori)S and Sulfur 25

4.2.Influence of manganesein S-doped steel

Fig.4(a) and (b)show theinfluence of manganese at the constant sulfur

levels; 0.015 and O.08%,reSPeCtivelY.The beneficialeffect of manganesein S-

doped steelis clearly seenin the specimens of O.015% and O.08%S series. The

Critical restraint stress incr学aSeSlinearlY With increasing the manganese

COntent. The curves of both series are actuallY the samein shape, eXCePt
for

that of O.08%S series locates in the lower side of that of O.015%S series.

=t can be concluded that the harmful effect of sulfur itself will be almost

hidden bY the strong beneficialeffect of manganesein those expressions of

Flg.3 and Flg.4.

N
已
已
＼
思
慮
､

Ⅵ
∽
U
h
■
仏
■
仁
山
d
ト
リ
S
む
h
{
灯
可
}
可
G
H

0

0

′0

5

0

0

0

4

3

2

(U
0.5 1.0 1.5 0 0.5 1.0 1.5

Z4anganese content , Wt%

Fig.4 Influence of manganese on the criticalrestraint stress of

LS and'HS series specimens

4.3.ェnfluence of dissolved sulfur

As mentioned above,the singleinfluence of sulfur on the cracking sensiti-

Vity d畠pendslargely on the manganes畠 content of steels.Sulfur existsin steels

in the forms of diss01ved atom and of combined atom forming sulfide.The concen-

tration◆of diss0lved sulfur together with the quantity of sulfide was determined

by the following experimental

SPeCimen.quenched from the

residue:of the electr01ysis.

0f15% sodium citrate andl%

lytic current densitY WaSlO

WaS about.20 g. The
residue

With water followed by ethyl

The extracted residue

PrOCedure. The sulfide particles presentin each

temperature of1573 K were extracted as the anode

The electrolyte used was oneliter aqueous s01ution

potassium bromide(neutralsolution). The electro-

mA/cm2.The weight of the steelspecimen dissolved

WaS CO11ected on a grass filter(G4).=t was washed

alcoh0l,and finally.dried at 323 K.

COntains not only sulfide
but also oxide and some

quantity ofirop hYdroxide formed during the electroIYSis. The
weight of sulfur

in the residue perlOO g bulk specimen,[S】was determined by the chemical

analYSis. The sulfide content was calculated from【SIwith assuming that the

Sulfur concentration of each sulfide is the same as that of the stoichiometric

MnS compound(36.9%S)【7], aS Shownin Table 3. The weight of dissoIved sulfur

Per lOO g bulk specimen,(S)was obtained by reducing the[S]value from the
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Table 3 Concentration of dissolved 亭ulfur,quantitY Of

Sulfide and sulfide
tYPe

No.

Weightper100gbdlkspecimen(g)

sulfide
type

bulk specimen
combined dissolved

residue sulfnr sulfur 盲ulfide

Hn(b) S(b) 【S】 (S)

もM-1 0.43 0.019 0.317 0.0081 0.0109 0.022 机nS

LM-2 0.53 0.030 0.362 0.0191
-●0.0109

0.052 班nS

LM-3 0.41 0.054 0.441 0.0413 0.0127 0.112 叫nS

LM-4 0.52 0▲092 0.4■73 0.0805 0.0115 0.218 班nS

H机一1 1.14 0.016 0.287 0.0101 0.0059 0.027 MnS

H班-2 1.23 0.028 0.j93 ▼
0.0242 0.0038 0.066 班nS

HM-3 1.12 0.049 0.455

-
0.0423 0.0067 0.115 HnS■

打出-4 1.13 0.093 0.501 0.0866
-0.0064 0.235 班nS

LS-1
-

0.29 0.017 0.374 0.0066 0.0104 0.018 班nS

LS･-2 0.58⊥ ′0.014 0.312 0.0050 0.0090 0.014 MnS

LS-3 0-.84 0.016 0.329･ 0.0091 ~0.0069
0.025 MnS

LS-4 1.33 0.014 0.･338 0.0099 0.0041 0.027 MnS

ES-1 0.11 0.080 0.370 0.0602 0.01･98 0･163 机nS

BS-2 0.35 0.085 0.419 0.0736 0.0114 0.199 出nS

HS-3 0.76 0.076 0.396 0.0680 0.0080 0.184 凹nS

BS-4 1.01 0.076 0.327･ 0.0689 0.0071 0.187 MnS

HS-5 1.20 0.077 0.417 0.0709 0.0061 0.192 MnS ノ

totalweight of sulfur,S(b),aS Shownin the table･

As shownin Table 3, the concentration of dissolved sulfuris remarkably

decreased with anincrease of the manganese contentl andincreasedlittle with

the bulk sulfur content. On the contrarylthe concentration of combined sulfurl

isincreased with the sulfur content. 工f the harmfuleffect of sulfuris due to

the sulfur segregation to the grain boundarYt the dissolved sulfur only is

responsible for producing the reheat cracking･Allthe values of the critical

restraint stress in Fig･3 and′4were plotted against the parameter of the
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COnCentration of dissolved sulfur as shownin Fig 5.

The(5AW-Crit-(S)correlation curveis drawn with assuming that there are

the upper shelf stage,the transition stage and the lower shelf stage.争S

explainedin
the case of phosphorus.

The (S) value correspondirlg tO the upper bent pointis named as ‖the

Criticalconcentration of dissolved sulfur,(S)crit‖.The(S)crit of this steel

is O.006宅.

4.4.Comparison of theinfluence.of sulfur with phosphorus

Theinfluences of sulfur and phosphorus on the reheat cracking sensitivity

have been dlscussed by comparingin each other bY many reSearChers【8].However,

the magnitudes ofinfluences of both elements can not be compared
directly

using

their contents of a bulk steel. because sulfur existsin a $teel in the

dissolved and the
combined

forms,aS mentioned above.

The influence of the formeris assumed to be very muchlarger than the

1atter, and

Sulfur and

℡wo curves

reducing the

difference

that sulfur

the reheat

that by the

the comparison was made bY uSing the same quantity of dissolved

phosphorus on the Fig.5(S-doped steel)and Fig.2 (P-doped steel).

in those figureinform thatl)the effect of dissolved sulfur
for

upper shelf stressis almost the same as that of phosphorus,2)the

between(S)crit and
Pcritis not solarge. 工t can be concluded

here

and phosphorus render the harmfuleffect of the same magnitude on

CraCking when the theinfluencざOf the former is restricted to

diss0lved sulfur.

5.Phosphorus segregation to the prior-auStenite grain
boundary

5.1.Grain boundary etching method

.1The grain boundary etching method..[9]is used
to assess thelocalconcen-

tratioh of phosphorus segregating at the austenite grain boundary.1t was

pointed out that ‖the depth of etched grain boundaryl d‖ bY this method was

PrOpOrtional to its phosphorus concentration analyzed quantitatively by Auger

electron spectroscope.

The
etchantin

this experiment was prepared by mixing the solutions A and B

in the ratio 5:3 by v0lumeimmediately before usingit. S0lution A: Saturated

aqueous s01ution of plCric acid. Solution B: aqueOuS SOlution of 3% dodecyl-

benzensulfonic acid sodium salt(a wetting reagent).
The etching time was lO.8

ks at 293.X.

An indentation was made near the etched grain boundarY､by the diamond

Pyramid cone of a micro-hardness testing machine. This surface wa$ P01ished

until the etched grain boundarY WaS WOrn Out. The depth d corresponding to the

thickness of the worn-Out-1ayer was given bY the reductionin the size of the

indentation.

5.2.工nitiation of phosphorus segregation during welding

The influence of phosphorus on the depth of etched grain'boundary d is
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shown in Fig●6forl%Cr-0･5%Mo steelin as-Welded condition･The depth d is

decreased with a decreasing bulk phosphorus content-J andit reaches a shelf

valueldo at the phosphorus content of O･008%･This content agrees wellwith the

Pcrit obtained by the cracking test･Therefore(from the metalluglCal view

pointl the Pcrit willbe the criticalphosphorus content below which anY Segre-

gation ofit wi11not occur during welding･

Fig･6informs animportant fact that phosphorusis orlglna11y segregated to

a certain extent at austenite grain boundary by the welding thermalcYCle･This

fact wi11be very usefulfor explaining the reason why the reheat cracking is

notinitiated along ferrite grain boundarY eXistingin the reheating(tempering)

stage butinitiated along prior-atistenite grain
boundary

producedin
the welding

Sta9e.

The fundamehtalmechanism of producing the phosphorus segregation during

welding
has been proposed

bY the authorsin the previous paper【10】･

5.3.工ntensification of phosphorus segregation during tempering

The depth d of the heat affected zone tempered at severaltemperatures was

measured
on the steelspecimens ofl%Cr-0･5%Mo-0･008to O･10%P･They were heated

up to each given
temperature with a heating rate of O･056K/sec and quenched

immediatelYin water.

Fig●7shows changes of the depth d with a rising tempering temperature for

e畠ch steel specimen･In cases ofl%Cr-0･5%no-0-･10%P andl%Cr-0･5%Mo-0･02%P

steelsJ d values areincreased
by raising the temperature up to773K and then

it 主s decreased as the temperature exceedsit･=n the case of l%Cr-0･5%Mo-

0.008%P steel whose phosphorus content corresponds
to Pcrit,d values are

genera11y sma11at every tempering temperature and a peakis not recognized in

the curve.
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Thus itis
concluded

that the
phosphorus segregation producedinitially bY

Welding■ is generallYintensified by subsequent tempering at 773 K at which the

reheat cracking mo亭tlikelyinitiates.

工n steel.in which phosphorus did

not segregate during w占Iding (1%Cr-

0.5%Mo-0.008%P steel), it does not

Segreg■ate further during tempering.

A modelofintensifYing the phos-

phorus segregationis shown irl Fig.8.

Phosphorus concentrated to a zone around

the prior-auStenite`grain boundarY by

Welding is-transferd further to a verY

narrow site by tempering, aS Shovn in

the figure. The segregation phenomenon

Of this case wi1loccur subjecting to

the mechanism of tlThe equilibrium segre-

gation‖ proposed by D･McLean′

The intergranular fracture will

OCCur When the [P]GB reaches the

【P]GBcrit in Fig.8 under･a Certain

applied stress.
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Fig.8 Profiles of phosphorus con-

Centrations near the prior-

austenite grain boundary cause
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by reheating(工工)

6.Sulfur segregation to the prior-auStenite grain boundary

盲ulfur willsegregate to the austenite grain boundary during welding by the

Same Way aS phosphorus'does● =n the case of the sulfur segregation during the

tempering, f01lowing two processes willbe expected t0 0CCur at Or near the

grain boundarY;1)=ntensification of sulfur segregation whichis subjected
to

the equilibrium segregation by the same way as phosphorus does,2)Precipitation

Of sulfide from ferrite matrix whichis super-Saturated with sulfur. Although,

itisIiot known at present which process prefers to occur, the possible states

Of grain boundarY brought about bY those processes wi11be assumed as be10W.

1)alone :Sulfide-free frain boundarY

(excluding the sulfide produced during
welding)

2)alone :Sulfide preclpitatingin a zone around the grain

boundary.

1〉 followed bY 2):Sulfide precipitating at the grain boundarY

2)fQllowed bYl):(impossible to occur.)

7.Conclusions

The influence$ Of phosphorus and sulfur on the reheat cracking were

COmpared onl%Cr-0.5%Mo steel,the following results were obtained:

l)Theinfluence of phosphorus can be summarized simply bY the correlation curve

Of the phosphorus content--the criticalrestraint stress. =n this correlation

CurVe,there exists a criticalphosphorus content,Pcrit,below which the reheat

CraCking hardly occurs.
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2)Theinfluence of sulfur can not be summarized
bY the sulfur content alone.=n

this case a combined effect between sulfur and manganese should be considered.

3) The influence of sulfur under severalmanganese contents can be expressed

simplY bY the term of.,the dissolved sulfur concentration,･(S)".There exists a

Criticalvalue of(S)which corre苧POnds to Pcrit of P-doped steel･

4)Sulfur and phosphorusinduce the harmfuleffect of the same magnitude on the

reheat cracking when their effects were comparedin the same quantity of the

dissolved sulfur and the phosphorus.

5) A series df processes ofimpulitY Segregationin the prior-auStenite grain

boundarY during welding and tempering was clarified with the case of phosphorus

Segregation.
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