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ABSTRACT

The 5carehgingfeffect of precipitétedsaUStenite'in a ‘low carbon,
commercial Fe-s 5Ni cryogenic alloy was. investigated throUgh.obServation
of the dlssolutlon of cementite prec1p1tates durlng 1ntercr1t1ca1 tem-
~‘pering and study of the ‘associated change in Charpy 1mpact toughness
Cementlte preclpltates.lnltlally_located along prior austenite grain -
boundaries were graduél;y'dissolved into reverted austenite as the
.intercritical tempering proceede&  The austenite tends to form at or -
aroumd the carblde partlcles and may be catalyzed by their presence.
;The Charpy 1mpact energy is changed through both a decrease in the
: duct11e br1tt1e tran51t1on temperature and an- 1ncrease in the upper
shelf energy The latter effect is. spec1f1ca11y assoclated with the
dlssolutlon of the carbldes whlch act as’ preferentlal v01d nucleatlon :

sites in the- untempered alloy



I. INTRODUCTION

Good low temperature fracture toughnesses have been achieved in fer-

- ritic cryogenlc steels through grain reflnlng and the 1ntroduct10n of aus-
1,2

~ tenite phase into the ferrltlc matrix ’". Whllevthe beneficial influence

of grain reflnement on the fracture toughness is well establlshed “the
role of the retained austenite remains unclear. Recent hypotheses include
Qvthe_behaviOr_of-the retained austenitefacting,as-a crack biunter4’5, shock.
ab5orber6; and sink for elements deleterious to fracture toughness7.

“The retention of austenite in the ferritic matrix after tempering is
Vn:presumably due to'the enrichment ofvailoying elements in the austenite,
~ Among the austenlte stablllzlng elements carbon is most llkely to diffuse
into the austenite durlng the short time tempering conventlonally used due
to its high dlffu51v1ty and relatlvely hlgh solubility in the austenlte |
: Furthermore, since. both free carbon and prec1p1tated carbldes tend to lower
the toughness of ferrlte, the action of retained austenite rn.getterlng
carbon should be‘reflected in an improvement in fracture toughness.

It is commonly observed that cryogenic steels contalnlng carbon show

a toughness 1mprovement after 1ntercr1t1ca1 temperlng which dlffers quali-
tatlvely from that observed in steels Wthh are carbon- gettered or nomi-
nally carbon-freegii In both cases the duct11e—br1tt1e transition tempera—
- ture is depressed}- However, the carbon-contalnlng steels also show a
marked»imprbvementvin impact'toUghness’above tbe_ductile-brittle transi-
tion which is notrfbund in steels which are carbon-free, There are indi--
cations from prior research10 that the tOUghness improvement is associated
_ with the dlssolutlon of matrix carbide precipitates as austenlte is pre-

cipitated durlng temperlng. The present_research was-undertaken to further



olarify'this phenomenon, A Commerclalvcryogenie steel (Nippon'Fe—S.SNi)
was treated so as to introducehcoarse carbides -Intercritical'tempering
treatments were then applied and macrostructural analyses conducted to
study the dlssolutlon of carblde the concommltant formatlon and retentlon

of austenite phase, and the'resultlng changes in 1mpact toughness.
TI. EXPERIMENTAL PROCEDURE

| A commercial 1ow Carbon_FesS.SNi alloy'was'prOVided by the Nippon

Steel Corporatlon lts'CompoSition was found to be in wt.%, Fe?5.7S.Ni—
0. 93Mn 0. SMo 0. 1981 0.16Cr-0.06C-0.006P-0.005S. | |

The as’rece1ved alloy was annealed at 1200°C for 2 hours to remove
the.effects of prior deformation and heat treatments;_'The plate Was-then
soaked at 1200° C for 20 minutes, hot rolled 75% and slowly cooled in air.
A low finish- rolllng temperature of 750°C was used to promote the preci-
pltatlon of carbide during subsequent cooling. The air- cooled specimens
were then tempered at 670 C for 5, 15, 30 and 60 minutes respectlvely and
water-quenched, | |

The microstructural changes following tempering were investigated
through transmissiOn electron microscopy. _ Impact toughnesseszere obtained
through standard Charpy V notch 1mpact tests and the resulting fracture
surfaces were analyzed through scannlng electron fractography‘ X-ray dif-

fraction was used to_determine the fraction of retained austenite phase.

III, RESULTS AND DISCUSSION
A. Tempering Temperature and Kinetics
The transformation temperatures of the Fe-5.5Ni alloy were studied

through dllatometrlc ana1y31s' using heatlng and coollng rates roughly

correspond1ng to those pert1nent to alloy heat treatment. The austenite



"_énd'martensite trahsformation‘teﬁperatures were determinedvfromithe in-
flection points on the dilatometric curves‘to'bet'_AS= 682°C, Af= 721°C,
M= 420°C, M= 310°C - The temperiﬁg temperature'used in this work 670°C,
was chosen to lie sllghtly below A to 1nsure dlffu51onal transformatlon..

1,2, 10 ‘the austen1te»prec1p1tated during short-time |

As is well‘known
- intercritical tempering of steels_of'the'cless treated here is only partly
retained- after subseouentbcooliug'to-room temperature. . The remainder,
which is usually the greater part of the precipitated austenlte retrans-
“-forms marten51t1cally To ga1n 1nformat10n about the fractlon of austenlte
actually.formed*durlng tempering, the kinetics of austenlte»prec1p1tat10n
were,estimated from the diiatometricvcurves, uhder_the,approXimAtionithat
the sampie cohtraction on isothermaliholding isriinearly'prOportionai to

. the vblumeifraCtiou of austenite'formed. The'method ie illustrated and
"-the:results_tabUIAted in'Fig.-l. .This method is not precisegbut-the aus-
.tenite fractions found»in this way were ih»reaéonabie agreement with sub-
.Sequent metallogrebhic observations, ' | |

B.fMicrostructurel Changes on Tempering
VWhen the low—carbon.S,SNi steel.studied here is queuched after roll-
ing, it develops a.fine dislocated lath martensite substructure illustrated
in Fig Za. When the‘alloy is cooied slowly in air, 'on the other hand, it
forms a coarser but still heav11y dlslocated substructure which is illus-
’trated in Fig. 2b. In thlS case large cementite precipitates are formed
principally-élong prlor austenlte grain boundaries (Fig. 2b). No retained
austenlte is detected in e1ther structure. | |
The air- cooled spec1mens were then heat treated at 670°C for 5, 15,

_Vand 30 minutes.

- Figure 3.illustrates the microstructure of a specimen tempered at



f670°C.fer.S ﬁinutes. The.strdcture;is similar to thét in fhe es-cooied
cenditiOn‘ However, dilafometric-tests indicete ~3% transformation to
austenlte durlng temperlng and TEM studies. suggest assoc1ated carbide dls-
solutlon, the cementite partlcles are smaller and show shapechanges 1nd1-
cating progre551ve dlssolutlon. As shown 1n a dark field mlcrograph of :
the cement1te partlcle in the lower center of the figure (Fig. 3c) one
side of this particle has apparently dlssolved into a new phase. Thls'
.phase was 1dent1f1ed as marten51te through selected area. electron dlf-
. fraction and presumably or1g1nates from austenltefprec1p1tatedjdur1ng |
© tempering. Neither x—ray diffractiph'nor‘tranSmissionVelectfonbmiCroe»
scopy revealed~any retainedvaustehife phase_at'foem temperature.

Tempering for 15-minutes prqduced significant changes,in the micro-
structure,‘aé.demoﬁstrated in Fig. 4.  Fine iath martensites are seen
clearly in the ferrite matrix. Assuming that this martensite phase re-
sults from the retransformation of austenite, itsfvolume.fraction is in
reasonabie agreement with the dilatometricfestimate CPigefl)‘ofelé% aus-
tenite formed durlng temperlng While retained austenite was ndt fouhd
in the TEM specimens, x-ray analysis revealed a residual austenite content
of ~1%.

TEM ana1y51s of the remaining carblde prec1p1tates showed that these
were anarlably located either w1th1n or beside the marten51te laths as
shown in Fig. 4. The size of the cementite precipitates was noticeably
smaller than that in the original specimen suggesting their gradual dis-
solﬁtionvinto the‘pfecipitated austenite phaSé;' ”

The common, and seemingb?uniVersal, associatien between the carbides
and the austenite precipiteted during'tempering (1ath'ﬁartensite in the
final structure) suggests that austenite nucleation is eatalyzed by the

carbideparticles, which may promote the kinetics of ‘the two-phase



' decomposition‘dﬁring tempering,vas pointed out by Speich et aill.

The microstrueture of the specimen tempered for 30 minutes (Fig. 5)
centained'a'large fraction of the lath martensite structure, reflecting
the reversion of the ~85% austenite‘fqrmed'during tempering:(Fig. 1).
_A_marked'polygonizatioh of the’disiocations present in the untransformed
ferrite was'alsornoted. Cementite precipitates were no ionger observed
in or mear the marteﬁSite 1aths,'a1though'very small carbide precipitates'
were still fbund:in the ferrite matrixr Retained austenite is clearly
bdistimguishable in TEM samples.i X-ray diffraction indicated a'retained
.aﬁstenite content of about 65. H | |
'Cr:Changes in Charby.Impaet Toughhess
nghe low carboane—S;SNi aliey_used.in thiS'research showed a res-

ponse to intercritical_tempering similar to-that observed in Fe-ONi
- steel, As shown im Fig. 6, tempering‘at 670°C for 1 hour resulted in
both a decrease in'the‘ductileQbrittle transition temperature and an
increase CrSO_ft;IB) in the upper}shelf energy. The increase,in impact
toughhess seems'clearly attributable,to the»Scavenging‘effeCt of precipi—
tated austenite since the formation of the retained austenite by temper-
ing in the (a + y).region was accompanied.by the removal of the.cementite-
‘precipitates, |

Figurev7 contajns scanning electron micrographs of the fracture sur-
faces of the'tempered and untempered specimens broken at room temperature.
The untempered speeimens exhibit a typical lom energyvtear mode with large
dimples. As is usual, the large dimples were found to initiate from pre-
cipitate particles. Energy dispersive analysis of r-ray emission (EDAX)
established that the precipitates were not the‘sulfide inclusions (such as

MnS and‘CrS);USuaily.observed in a ductile dimple fracture surface. While



the EDAX technique cannot analyze matrix carbides, the nucleating'preci-
.pltates may be . safely identified as matrix carbldes on the basis of their
morphology, their dlstrlbutlon and the failure of the EDAX to detect other
species in them. The fracture surface of - the tempered specimen, on the
" other hand, contained no cementite part1c1653 All partlcles in the dlmple
fracture‘surfaCe'were identified as MnS or CrS inclusions.
IV. CONCLUSIONS.

Investigation of the dissolution of cementite,precipitates dufihg
intercritical tempering of avcommercial_Fe—S.SNi_alloy leads to the fol-
lowing conclu51ons. |
| 1. The cementite prec1p1tates on prlor austenlte graln boundarles
are progre551vely dissolved as austenlte forms during 1ntercr1t1ca1 tem-
pering. The ev1dence suggests that the carbldes catalyze the formatlon of
the austenite. | |

2. Tntercritical tempering induces both a deciease_in the ductile-
brittle transition temperature and an increase in the upber ehelf impact
energy. The latter effect is due to the removal of carbides which act as
void nucleatioh sitesdin the untempered alloy. This observation appar-
ently explains_why no corfeSponding enhancement'of the upper shelf is

observed in similar but interstitial-free cryogenic steels.
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Figure 7.

FIGURE CAPTIONS

. Dilation;curVe of Fe-S'SNi elloyvduring tempering at 670°C.

Transm1551on electron mlcrographs Fe-5. ENi. (a) QuenChed after
cementite .

' rolllng, (b) a1r cooled after r0111ng, c denotes/prec1p1tat10n

Mlcrostructure of Fe- S SNi- tempered at 670°C for 5 mlnutes

(b) (c) Dark f1e1d 1mages of cementlte prec1p1tates of dlffer-

vent orlentatlons
. (a) Brlght f1eld mlcrostructure after temperlng at 670°C for |
15 minutes . (b) Correspondlng dark field image of cementite .

:_prec1p1tates

(a) Brlght field. (b)'Correspondingiaark field image of the

retalned austenite present after tempering at 670°C for 30

minutes. Very small carbide ptecipitations are still visible
‘inside the ferrite matrlx :

. Charpy 1mpact curve of Fe-5,5Ni in the 1n1t1a1 state and after

temperlng at 670°C for one hour

”Scann1ng electron mlcrograph of the fracture surface of Fe-5. SNi.

(a) Untempered state, as-cooled (b) after tempering at 670°C

for 1 hour, WQ Both spec1mens were broken at Toom temperature

(XlOOO).
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Figure 2
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O (L) ferrile
® (Z11) cementite
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© (100) ferrite
® (I0l) cementite
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o [111] martensite

O [i00] martensite
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