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DESIGN OF Fe/4Cr/0 4C MARTENSITIC STEELS ELIMINATING QUENCH CRACKING
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e SUMMARY |
' Interﬁgrannlar cracking in the as-quenched Structures of wvacuum
melted Fe/4Cr/0 4C steel has been investigated in terms of the heat_ :
treatment conditions It has been shown that amount of carbon in solu-
~tion and martensite packet size are the two nost important factors . |
influenciné cracking.tendency. Multiple'heat-treatments have'been.de—
signed 1in order to take advantage of higher austenitizing temperature.

‘and fine austenite grain size. Elimination of quench cracking and good

mechanical properties were obtained after these treatments



i; OBJECTIVES OF THE RESEARCH
o One of the most economical ways of increasing the”strength of steel
;'_is to raise its carbon content, and utilize heat treatments to farm
| martensitev ﬁnfortunatelv,-above'aboutf0;3-0.3SZC;:depending on‘the
total alloy content, such high carbon steels are very brittle and in
many cases cannot be used because after austenitizing and quenching the
;steels are already cracked (quench—cracking) | Further treatments do not
allow crack healing and in any case tend to lower the strength

_ Inba continuing program on alloy design of experimental structural
jsteels[ ? 1 we have investigated the problem of quench cracking in |
”;Fe/4Cr/O 4%c steels since a similar steel but with a lower carbon content

viz.,.O .35% exhibits excellent tensile‘strength and fracture toughness
without even tempering[ I. The role of chromium.is;to'achieve suitable’
hardenability The increase of carbon from 0. 35 0 42 has the potentlal of
raising the y1eld strength to over 300 000 psi and the challenge is to
achieve this whilst at the same time provide good toughness properties.
and elimination of quench cracking. In 0.4%C steels conventional marten-
sitic heat treatments via.,'austenitize"and quench,invariably lead to
hquench cracking, Thiswcommunication describes the:heat treatments we have
developed to-overcome this problem. | b

2. PREVIOUS WORK ON QUENCH CRACKING

Before designing suitable heat treatments it is important to identify
the.principal known factors which influence quench cracking. Quench
_ cracking in ferrous martensites and especially in high carbon steels, has

t4-8]

been the subject of many recent investigations It has been estab-

1ished[4 6,81 that mlcrocracking in as—quenched high carbon steels is
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due to the stresses resulting from impingement of growing martensitic

(4] concludedlthat the microé

plates. ‘Consequently, Brobst and Krauss
rcracking tendency can be decreased by refining the prior austenite grain
size 8o as to limit the martensitic plate length a parameter which has been
directly linked[ ] to the impingement stresses. Similarly, it has been

established[ ]

that the amount of carbon in solution influences the miCro-
cracking tendency viz., a higher carbon in solution-resulted in more:micro?
cracking. However, there has been no such systematic investigation to
study the influence of grain—size, dissolved carbon and quenching'medium
on the inter-granular quench cracking in the as-quenched structures of

[9]

medium carbon'steels. Clark et al attributed the intergranular quench
cracking as mainly arising from the segregation of impurities at the grain
boundaries in a commercial low alloy En 30 steel. On this basis they pro-
posed that avhigher austenitizing temperature coupled uith a fast quenching
rate to suppress:any segregation_of embrittling constituentstleads to a
decrease or elimination of quench cracks. However, the authors did not
investigate the influence of quenching medium nor grain-size on the cracking,

Finally, it is also well recognized that a mixed microstructure cone
sisting of undissolved carbides is. deleterious -to toughness, particularly
if the carbide phase is present as a network at the original austenite
grain boundaries, or at interlath»boundaries such as in upper’bainite if
the steel has'inadequate'hardenability. N | o

In summary, it appears that in order to achieve desirable fracture
toughness properties which allow the steels to be utilized in engineering
applicatiOns, it'is essential to austenitize such that all carbides go
into solution and, at the same time, in order to auoid.quench cracking
atvhigh levels of carbon in solution, it 1is necessary toﬂobtain a fine;
grain size. Clearly»for martensite this cannot be done in a single

heat-treatment because in order to have all the carbon in solution it is



necessary to have a high austenitizing temperature and this leads to a

coarse grain size. Alternatively, isothermal treatments to form lower

[ 10
bainite might be beneficial and experiments were done to study this[ ]

4
The choice of high purity materials and vacuum melting minimizes problems

encountered in current commercial .steels arising from.segregation of
- embrittling elements[ll’lzl e.g. S, P, C etc.

.3. EXPERIMENTAL PROCEDURE

The composition of the‘steel used in this investigation is 4.2% Cr,

0 4ZZ C and the balance Fe. The alloy was prepared by vacuum melting. i

The measured Ms temperature for the steel was 320°C.
- ~In°order to observe quench cracking, optical microscopy of polished and

-etched surfaces and scanning microscopy of the fractured tensile specimen
.-surfaces was conduted. ~In order to reveal the prior austenite grain-
. sizes,'by;light» optical techniques, etching was carried out in an-etchant
of 5 gm. . ofvpicricvacid in 100.cc of water satursted with dodecylbenzene~
sulfonate. »Transmission electronfmicroscopy was cerried out. to.document
the substructural'features,
, All the heat-treatmentsrwere carried out in a vertical‘tubedfurnace
under a constant-flow of high purity argon gas. Isothermal transformations
are carried out by directly quenchingvinto a salt pot maintained at the
"required temoerature at the end of~austenitiéatidn treatment.v Room
- temperature quenching was done in either agitated mater or oil,

Mechénical propertiesbwere determined through_tenSile tests conducted
on a 300 kip MTS machine using 1.25" gauge round specimens‘and through

- standard Charpy v-notch impact tests, all conducted at room temperature

. (23°C).



4. RESULTS AND DISCUSSION

Multiple heat treatments were devised to achieue the aims of fine i~
grain size with'all carbon in solution. Table I reports some of the :
results. In order to study the influence of austenitizing temperature.and
'quenching medium, austenitizing at temperatures of 900°C, 1100°c, 1200°C
and 1290°C was carried out followed by quenching into either water or oil.
.Highe_r austenitizing temperatures (>1000°Q were found to be neceSsary'[“
to keep all Cr and C (present as chromium carbide) in solution which thus
ensures higher hardenability. 900‘0 is conVentionally used in commercial

austenitizing practice. - The mechanical property data are given in Tabie II.

ln.all the treatments, the cracking observed was only intergranular
with no evidence of intragranular micro-cracking normally associated with
high carbon steels. Transmission electron microscopy indicated the_trans-
formation substructure to be mixed, i.e.;'both twinned and dislocated .
martensites wererpresent, although-their relative amounts variedﬁwith'
treatment (e g., compare Fig. 1b and Fig. 2c) As should be expected
SEM fractographs on the fractured surfaces of quench-cracked specimens )
indicated extensive intergranular cleavage. |

The high austenitizing temperatures used in this study resulted in
a coarse grain size (ASEM grain size number <0 5) Intergranular quench‘
cracking was observed in all the steels which had coarse austenite'grain_
sizes when quenched to room temperature either in oil or water.v Such
cracking was widespread even in steels which were austenitized at 1200 c
.and 1290°C (Fig._la)._ Quenching in water resulted in more cracking than
quenching in-oil. Transmission electron microscopy on.the‘steel austenitized

at 1200°C resolved large amounts of twinned martensite (Fig. 1b) although
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~ optical metallography revealed that the morphology is of lath type occur-
ing in the form of packetsll].(Fig. la). Fractography of quench cracked-

‘'specimens revealed an intergranular fracture mode (Fig. 2a) In»order to

" ‘understand the influence of re-gustenitizing at the same temperature but

)
o

for'a shorter_period on‘the quench cracking, a steel Vhich»was quenched '

in oil from 1100°C after an austenitizing treatment for 60 minutes was

"re-austenitired_for 1 to lsiminutes at‘the same temnerature and oil quenched.
In all the steels irreepectiVe of holding time during the second austen-~
itiziug treatment, quench cracking was present in the'final structure.
(?ig.»ﬁh). The etriking feature of theee_treatments is‘that the quench

<" cracks appeared to‘occurtat,the boundaries.of_the‘grains resultingnfrom‘

the first treatment. Furthermore, SEM fractographs revealed that most of

the cracks after the first treatment did not heal during the second austen-_
“1tizing treatment. However, there was a small increase in the failure'
’1stress:after the-second treatment, Concomitant with‘this; fractogranhy

" ‘revealed that there was a large increase in quasi-cleavage as compared to

valmost 1007 cleavage (i;e. intergranular faiiure)hin single—treated

[5]

specimens (Fig ”2a and Zh) Marder and Benscoter investigated ‘the

.influence of tempering on the crack lengths in a 1. 39 wt. pct. C steel
_ .and concluded that the number of microcracks decreases sharply above a
certain tempering temperature ostensibly due to the bridging of cracks

by carbide_nucleation. In contrast to this observation on microcracks,

bridging of the intergranular quench cracks is very rare eyen when the

specimen is re-austenitized. Thus, intergranular quench cracking must be

eliminated in:the first cycle itself in a multicycle treatment.
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In order.fé study the influence of grain-siie»aione on qﬁench cracking
_while keepingAas much of carbon and chr mium in éélution, two;cycle austenit-
izing'treatﬁehtS'wére planned which involve a structﬁre after the first
treaﬁﬁent which is almost completely free frbm"quencﬁ créckingf-]During the |
firé;ycyéle“high austenitizing temperature (1100°C5 was employea in dfde;-.
to keep all Cr and C in solution_while a low austeﬁiﬁizing temperature

was employed during the second treatment to refine the grain Size.va&o

heat treatments were-designed for this purpose. One of the treatments con-

sisted of an interrupted-quench wherein the sfee1 £rom'the high‘austéﬁitf
izing témperatdre is quenched.to 265°C which is below Ms but above Mff
After holding fo:-3 min. at this temperature, the’steel is ai; coqied'to-.
room temperature. The second heat treatment consi#ted of isbthermally ._
trhnsforming‘at a.suifabie'temperature to obtain a 100% lower bainitié
structure‘lo). Research on the lower bainite in thé séme steel has:shown .

that no quench cracking occurs by this method. Optical metallography did

ﬁot reveal any grain-boundary grooving in steels transfdrmed.by interrupted

lquéncﬂing: (Tablé:I) ‘However, small and'discontinuous Quench cracks‘
~could still be i&entified in this steel from fractography. Neverﬁheless,

" the cragking.tendency_had decreased significantly. .The‘matérial exhibited
piastic yielding fbl;owgd by failure at 270 KSi stress, wﬁich indicates thét 
~ the critical crack prop#gaﬁion stress lies above the yield étréngth but
below the tensile strength éf the steel. SEM fractography -indicated ;

mixed fracture mbde consisting of some dim#led rupture and widespréa&
quasifcleavage ﬁogether with cleavage'gear the cracks at the bOuﬁdary.

As $>resu1t of fhé heat treé;ment iuvestigations; the most succeésfﬁl‘

reaultsbvere obtained starting with one of the two -initial microQStruétures,_
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described above and re-austenitizing at 900°C.forv30‘min. Rockwell hardness
measurements-and tensile strength oata (Table II) indicated that most of
- the carbon ls in solution after 30 min. holding time. The resulting grain
size correSponded to ASTM grain size number 8 (Fig.,jbj and the asequenched
structures were free from intergranular cracking (Fig. 3a). An ultimate ten-
sile strength of 335 KSI and a yield strength of 250 KSI (specimen C3) or
280,KSI (specimen D6) were obtained, The resulting microstructure is
-.shown in Fig.'3c.‘ It was also found that an optimum conbination\of _

strength and ductility could be obtained by employing interrupted quench-

ing to 265°C after the second austenitlzing treatment_(i.e., speclmen

C7 orx DS)Q After this treatment, the elongation and Charpy-V-notch'
1ﬁpaCt'energy:values of the steel showed an improvement while there was ™’
a small drop'initensile strength. A mixed morphology consisting of ‘a*small -
numBer of plates extending right across the grains as well as parallel
martensite laths were identified from the opticallmicrostructures-of all
steels subjected to the two-cycle treatments. A detailed discussion of»
the mlcrostructure-heat-treatment—mechanical properties including bainitic-‘
‘treatments will Be given’later.[l3] For comparison purposes, mechanical
properties of specimens subjected to a single treatment involving a
900°C austenitization followed by oil quenching to room temperature arev
also included in Table II. It isvseen that the steel subjectéd_to this
treatment showed poor’ impact toughness and elongation while the strength
level was about the same as the steels subjected'to two-cycle treatments.
.Fractograohs of specimens C3, C7, D6 and D5 did not reveal any
intergranular cracks. Extensive quasi cleavage fracture with a small

amount of dimpled rupture was present in the specimens C3 and D6



(Fig. 3d). The amount of dimpled rupture increaSeh in the specimens

)

C? and D5.

5. . DEVELOPMENT OF A QUALITATIVE MODEL'OF‘INTERGRAﬁULAR CRACKING -

fMiero-cfeckiﬁg at impinging martensite platee‘in high carbon’ steels
is totally ebeent in medium carbon steels (carbon content about 0.4%).
"Aléb, ;heretﬁge pd intergranular quenchleracking'repqrted[3] in avsteely
1coﬁteining esseﬁtially 4% Cr and 0.35%C when a high'austenitizing temper-
ature of 1100f¢_hes useéd. ,The steel used in the pfesent ihvestigation v
which hae abouﬁ‘éoz-more3carbon when similarly heat treated resulﬁed iﬁ _
extenéive ihtergranular cracking. Thus, any explanaeien for queneh~
cracking tendency should incorporate the.amouht-oﬁ carbon'inﬂselutiqn as
‘one of the mosf-important factors influencing the CrackingAtendencyf' |

Quench ctacking persisted even in specimens subjected to‘ver§‘high~

temperature ausfeniﬁizihg, viz., at:1200°C and-1290°C_followed by fas; |
quenching in water to room tempera;ure."Such a-preetice was considered
to discourage enj segregation of embrittling constituents at the grain.‘
Beundery andifhe-consequent intergranular crackingtgl; Fast quenching
apart from diSceufaging segregatioq of embrittling'eonstituents also
fesulte'ihlan“increased amoupt of carbon in solution by reducing eheecarbon
segregétioh tO'defeCts in the parent eustenite[lsl.- 50'5130, fast quehch—‘
ing feshlte_in“decreased cerbon precipitation in martensite, i.e., less
aute-ﬁempering.by“liﬁiting the time for such procese. 'The resultS'suggeet
that segtegation of embrittling constituents at the“grain bohndary‘eah

not be construed as the main reason far intergranular cracking in the

present steel.



Davies andrMagee[6] considered qualitativelY'tHe mechanisms of

micro-cracking in detail and explain that micro-cracking results from

the accommodation of strainm at the'tip of fhe impinging martensite plate. Thev

authors argue that the strain ehergy due to the volume change accompany-

ing the_austenite-martensite’fransformation increases as the trans—'

formed volume [pro‘portionvalvto‘(length)2 X thickﬁeséybf plate]. In

contrast to plate martensite in high carbon.steéls; martensite in medium

carbon steels occurs predominantly in the form of laths, particularly

when high temperaturélausténitizing_is empldyéd. The.marﬁensite‘laths

in a packet are all parallel and the laths from oné'packet may not be

'pérallei to the ones from a different packet. ‘It is observedjthat'ﬁhe

bééket size iévéfrqhgly'dependent dh the prior austeﬁiﬁe grain size.
Thus, 1h a stéél austeniti;ed at 1200€C, the average packet size is’ib
much lgrgér thaﬁ the avérégevpacket si%e obtained after'a.960°c'%usten;
itizing ﬁrea;ment. | Cob
Thus, it ié poSéible'to identify the>two mosﬁ-imébrtant fagtoré

which’ influence intergranular craCking,'viz.,'(i)'carbon in solution

v (in‘austenite)fand (i1) the'averagé packet‘sizevof the martensite. By

énalogy with miéro—cracking in high carbon steels, continu0us-intér—

granular craéking iﬁ mediﬁm carbon steelé is then pfoposed to occﬁr*as
a.result of acébmmodation’of strain due to the 1mpingementiof one éroy—
ing packet on fhe‘other'ét grain boundaries, Whereasvthe strain and
the cofréspondihg stress dﬁe to transf@rmation are highlyuldﬁali?ed in

the case of plate martensite, this strain in the case of packet marten-

'si;e-ia distributed throughout the packet boundary and thus, results in

continuous cracking. These strains are dependent essentially on two
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parameters; (i) dilatation of the lattice acconpanying transfornation,
and (11i) the volume of the transformed Product. >Carbon-in solution
before transformation determines the magnitude of the first parameter
“while the packet size determines the second parameter. vathe carbon
in solution is fixed then, the cracking tendency can be decreased by
limiting the packet size, i. e., prior austenite grain size.

'Thus, specimens‘c3'anth6 which had most of the carbon in_sclntion_
»shcwedinc evidence of'intergrannlar cracking becanse ofktheir mﬁ¢h<'
‘reduced packet size as compared to specimen A.V Finally:_it'is suggested

that inter;granular cracking is a manifestation cf,transformation strains
and the resnltant impingenent stresses of‘tﬁb growing‘martenSite vpackets
and other proposed parameters like severity of dnench and segregationi
or embrittling constituents can only'aggravate’but can not fbrn the basis
for'suchrcraCking. | |

'CONCLUSIONS

(1) It has been established that carbon in scinticn and the marten-
site packet size are the two most importantIfactcrs'influencing quench-
'cracking. An increase in either of them increases the probability of
such cracking. |

(11) 'Based on this research, heatrtreatments hé§e been developed
which idealiy combine the beneficiai effects of higher austenitizingl

temperature and fine grain size. In addition to eliminating

quench cracking, good mechanical properties are also obtained utilizing

these treatments.
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(iii) Conventional grain refining involving repeated austenitizing
and quenching cannot be used to refine the grain size since intergranular
cracks produced after the first cycle cannot be eliminated during subf‘
sequent heat treatment.

(1v) A.heat treatment which involves_interrupted quenching to a
temperature in‘the martensite transformation range appears to“yield
relatively better ductility and impact toughness without exhibitingv
a drastic drop in tensile strength, as,compared to conventional treat-_
ments;. |
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- TABLE CAPTIONS

Interég;anular quench crackiﬁg chaxacméristics of various

heat treatments. .

'Table.II.‘ Mechanical properties of some of the heat treatments.

-y
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FIGURE CAPTIONS

Coarse prior austenite grain size and the resultant

'1ntergranular cracking when quenched to room temperature

in water following 50 min. austenitization at.1200°C. Note

‘large martensite packets.

Eléctron'micrograph of the séme steel;showiﬁg mixed,-i.e.
twinned and dislocated-substructures.f

SEM fractograph of specimean-(seé.TaBle'I)'showing inter-
granular fracture. | | e :

SEﬁ fractograph of specimen B (seérfabié I) revealing qﬁasi;
clegyage fracture and'unhealéd‘intergranular érack from'thé
first treatment. - |

OptiCal micrograph of specimen b6 (éeé Taﬁle'I) shqwing a ﬁixed’
morphology of martensife. Abémall nﬁmbgr of plates extendiﬁg'_
across the grain can be seen.. There is'n6 evidence of inter-
granular.cracking. Nital etch. |

Opticai micrograph of the samé‘sgeéimeni(D6) buf'etcHEd iﬁ‘
pictlé acid in order to réveai the grai@ boundaries. The .
méasﬁred average grain diameter was_23'ﬁ1cr§ns,‘_'

E1e§£ron micrograph of speciﬁen C3 (see iaﬁle I) shéwing
predéminantly dislocated lath martensitic stfucture.-‘A very
small percent of twinning has been oSsefvéd. "Thin filﬁs’of.
retained austenite (sfabilized) have been identified at inter-

lath boundaries. Extensive auto-tempering has also been detect~

edo

SEM fractograph of the same specimen (C3) showing extensive

quasi-cleavage fracture.
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TABLE I
Specimen Heat-treatment ASTM Preéence of Fractography
' ' grain g.b cracking
size no. (Nital etch)
A 1100°C-60min+oil ' <0.5 Cyes ‘Intercrys-
' T : talline
cleavage.
B A+1100°C-15min+oil - yes Some quasi-
' v cleavage
¥ 1200°C-50min01l : <0.0 ves -
Gv  1200°C-50min-water - <0.0 yes -
E2 900°C~60nin-oil 6.5 no -
- Cl : 1100°C-60min-265°C-3min— <0.5 no grooving small gr.bd.
. Aircool was observed cracks are
- detected
c3 C1+900°C-30min+oil 8 no largely
» . v . quasi-cleavage
c7 C1+900°C-30min+ 8 no quasi-cleavage
265°C~- 3min-Aircool v ‘ N ‘
: o some dimpled
! _ rupture
D6 .,  1100°C-60min-360°C-15min- 8 no. largely
Aircool-900°C-30min-oil B quasi-cleavage
D5 1100°C-60min-360°C-15min- . 8 no quasi-cleavage

+
some dimpled
rupture



-16~

TABLE 11
Specimen ‘;6.22 offset UTS % Elongation - CVN Impact Re
yield strength  KSI* (1.25in gauge Energy Ft.lbs® Hardness
KSI* length) ' :
A : ZOOIi ~+—— quench cracked 60
B 235 <+—— quench .cra.ckevd ' — -
c1 210 270 1.09 . 9 53
c3 250 335 6.0 6.5 58
c7 225 300 7.0 1005 53
D6 280 . 335 ~.2,5° 9.0 57
DS 225 310 7.0 10.5 53
E2 270 330 2.0° | 4.0 58

‘% 1 KSi = 6.89 MNm

2

° 1 Ft-1b = 1.36 Nm

O Failed before the onset of necking.

¢
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