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On the Precipitation of Epsilon-Carbide in Lower Bainite

G. Y. Lai

Inorganic Materials Research Division, Lawrence Berkeiey Laboratory and
Department of Materials Science and Engineering, College of Engineering;
~— University of California, BéfEEIé?;”CalifEfnia 94720

ABSTRACT

The ttansfprmation’mechanisms of bainite from‘metastable austenite

has been a topic of debate for many years. The pfoblem is complicated -

because the bainite transformation exhibits features common to both

diffusion gqntrolled and_martensitic transformations.; It is known

that'there'é;e two major forms of bainite; namely; upper and lower bainite.

Recent transmission electron microscope studies »3 have shown that there

is a distinct ﬁorphologicél difference between thesé two forms of bainite.

In upper bainite, cementite precipitates between ferrite laths, while
in lower bainite, cementite precipitates unindirectionally within the
bainitic ferrite lath at an angle of about 55-65° to the long direction -

of the lath..'Thé precipitation of € carbide in lower bainite has also

been observe‘d,4 although the precipitation process is not clearly under-

stood. In a‘recent bainite debate,5 Hehemann propqséd the existance of

phé'metastable éutectoid reaction Y&=o0o + € carbide at 350° C. He argued
tﬁat below 350° C € carbide precipitates very rapiaiy from supersaturated
ferrite, since o - € carbide is stable relative to a‘— Y; Thisutermina—

tes the partition of carbon to austenite and results in a lower bainite

*PreSent address: General Atomics, P. 0. Box 81608, San Diego, CA 92138



-2-

structure. in non-silicon steels, cementites willfrapidly replace €
carbides analogous to tempering of martensite. Aboﬁé'350°.c the a - €
carbide aggrégaﬁe is metastable relative to an o = Y aggregate. Thé

‘upper bainitestfprmed in non-silicon steels wouldseéhtain cementites which
could preciﬁiﬁate from both ferrite and auStenite,‘ in silicon steels,
however, the‘ﬁreéipitatibn of cementite is retardg&fddé to the presence .

of silicon;.thé:fesulting upper bainites would be fféévof carbides. - On

the other hapd,;Kinsman and Aaronson5 based on thé:ﬁéééurements of bainite
growth kinetics'énd of the.carbon content of ferrifichOmponeﬁtvdf bainite;
concluded thatcbainitic carbide 1s more likely to pfééipitate from austenite:
ferrite boundaries. One p0ssible.approach to the'énéwgr of the question.as
to the source of bainitic carbide precipitation ié'fq determine.the crystal-
lbgraphic ofieﬁtation rélationship between carbideiéﬁ&fferrite in bofh_ﬁp-
per and 1owér-bainite. The crystallographic orientaéibn rglatiohéhip be- .
tween cementite:gnd ferrite in both bainites has b;eﬁ r'.epbrt:v.ed.z’6_8 |
Shackleton aﬁq K_ellyz’6 found that some of the o;iéﬁ;ation relations ob-
served between cementite and ferrite in upper bainitéchuld énly bé related
to the pafent_austenite. They tﬁen suggested thatiip upper bainite the
cementite éhd ferrite can form separately in the péfénf_austenite, As for
loﬁer bainite,‘the oriéntation relationship'betweeqiééﬁentite-and ferrite
has recentlybbeén reported to be thé'séme as in.te@péféd marténsite.2’6—8
However, theré has been very limited evidence as t6 tHe crystallographic
orientation relationship between € carbide and ferrite in lower bainite.
In this cdmmuﬁication, direct evidence of the orien#éﬁion relationéhipv :

between € carbide and ferrite in both lower bainitevahd tempered martensite

is presented. -

Fas



~ The Mg temperature for this steel when_austenitized'at1870°C is 270°cC.”.
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The steels investigated were AISI 4340 and 300M. They had the

following composition (wt%), _
C Mn Cr Ni Mo  si - Cu s P Vv
4340 0.4 0.8 0.72 1.65 0.24 - 0.24  0.19  0.01 0.004 --

300M <0341 <0579 -0.75 1.85 ~~0.43 —1.59 —0.04 — 0.002°~0:008 0.08

Figure 1 shows the € carbide in lower bainité for1300M steel

isothermally}txansformed at 300°C for one hour af#é:'austenitizing at 870°C.
9

The selected area difffaction (SAD) pattern obtained. from Fig. la is shown

in Fig. lc. The.diffractiOn pattern consists of <1113 and <100>a ferrite’

zones and <1l£0>€ carbide zone, Fig. lc,d. It wasfdetermined byithendark 

~fie1d'imagihg technique that lath A exhibits <111>, orientation whereas lath B

. < 100>, orieﬁtation. The ferrite laths with alterﬁative'<lll>a andl<100>a

orientations were frequently‘observed in dislocated'lath martensite.l0 A
dark field image, Fig. 1b, was formed by the difffaétibn spot A in Fig. lc,
showing the reversal contrast of € carbides and lath A. The diffraction

Spot A, which is shownvin'Fig. lc and is indexed in Fig. 1d, is a super-

‘position of two diffraction spots, one from <l11>; zone and the other from

<1l§0>e carbide zone. Since lath B exhibits <100?df§:1entation and €

carbide in-lathvB exhibits <11§0>€ carbide orientétidn, the orientation
relationship of <100>a” <11§0>E carbide in lowen’bainite'was ﬁnambiguoﬁsly
determined. Avléth between lath A and lath B was also observed in Fig; 1b.

It has the ééﬁe_orientation as that of lath B based on selected area dif—

‘fraction and dgrk field analyses. However, no carbides were observed within

the lath.. It is not clear whether it is a bainitié'fefrite lath or a marten-

sitic ferrite lath. Nevertheless, the sample wasfisbthermally transformed
. , -
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for one hour followed by oil quench, the transformatiqn of austenite to
bainite could not possibly be complete. Thus, théflath is likely to be
a martensite lath which was formed during quenching after isothermal trans-

formation.

FigureiZ'shOWS the € carbide in autotempered-latﬁlmartensite_fof AISI

4340 steel aﬁéténitized at 1200°¢ and quenched in;of;poﬁ temperature oii._
The € carbides_ﬁere formed auring duenching. Excép;Afpr the diffractioh
spot B which‘waé identified as an austenite reflection.from‘retained ausf
tenite filmé‘fo:med between martensite laths, the SAb"pattern,7Figa 2c,

obtained from_Fig. 2a 'is the same as that in Fig. lc. Verification of .

this unusual miérostructure of retained austenite films between martensite

laths was made by examining several foils. A (110) auStéﬁite_diffraction
pattern wés oBse;ved in some cases. A detailed ahalysis showing‘the pre¥
séﬁce of significant amount of retained austenite_fil@s'between martensite
laths in thé és¥§uenched AISI 4340 which was aﬁsteﬁitizéd at11200°C was

presented recéntiy by Lai, et al.11 They further observed that this aus—-

tenite was stable even at liquid nitrogen temperature (-196°C). The dif- -

fraction pattern of Fig. 2c consists of <lll>a'an§ <iO0>a ferfite zones
representing tﬁé orientations of laths A and B respécfifely, and a Qeak' :
<1120>¢ carbide zone. The € carbide'aiffraction s£§£s in Fig. 2c‘éré\weékl
and are not as réadily recognizable as in Fig. 1c."‘However, a dark field
image, Fig. Zb,-forme& By the diffraction spot A, suﬁerimposgd‘by two dif-
fraction spots, one from <111>, zone and the 6ther’frdm {11§0>€ carbide
zone,. shows thé reversal contrast of thé lath A and;e carbides; The IAth
B exhibits <100>a orientation, and the € carbide iﬁzﬁhé lath B exhibits h

<11§0>€’carbide Qrientation. Thus, the orientatioﬁ;relhtionship of
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<100> |l<1120%é carbide was observed to exist in tempered martensite.
The orientation relationship of <100>a I <1120>. carbide in tempered

martensite was also observed by Murphy, et al.l2 Ihey indicated this

orientation relationship was conéisteht with the Jéck'telationshipl3 in

Eémperedmﬁartgpézié, i:él; (0001)E cérgideAl{HEOil)&:;ﬁd (iOiijg-” (ibli &,iﬁ
within 1 td”Z%;lz In an Fe-0.5% C-1.87% Si steel; Huéng and Thomasl4
recently observed € cérbide in lower bainite, andithé.drientation relation-
éhip was found:té followahe Jack relationship. |

It is clearly shown in the present'investigafién-ﬁhatnthe orientation

relation of <1005a || <1150>E carbide was observed;iﬁ both lower bainite

‘and tempéred'létﬁ martensite. This would suppoft‘the.view that in lower

bainite, carbidés ptecipitate directly from superéaturated ferrite.
'It_is also interestingthétthe € carbide, obsétﬁéd in Figs. 1 and 2,

forms on {IOO}Q.planes and grows in <100>, direétigﬁé-in both lower bainite

and tempered martensite. However, in tempered martensite two variants of

€ -carbide werevobserVed,'while'in lower bainite'on1Y'one variant that ié a

tybical lower-bainite structuré ﬁas observed. Further study of the feaséﬁs
for this diffeiéﬁce between lower bainite and tempeied martensité might
prodﬁce new iﬁfq#mation about‘the fransformation mééhahism of lower bainite.
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FIGURE CAPTIONS

€ carbides in lower bainite for 300M steel isothermally transformed
at 300°C for 1 hr. (a) Bright field image, (b) dark field image

of the reflection A which was superimposed by (ilO)a ferrite spot
(from <lll>a zone) and (liOl)E carbide spot, showing the reversal
contrast of the lath A (<111>a zone) and € carbides in the lath

B (<100>OL zone), (c) SAD pattern, and (d) Schematic sketch of the
SAD pattern with the three different sets of diffraction pattern

indexed.

€ carbides in autotempered martensite for AISI 4340 steel quenched
in o0il after austenitizing at 1200°C. (a) Bright field image,

(b) dark field image of reflection A which was superimposed by a
ferrite diffraction spot (from <111>a zone) and an € carbide dif-
fraction spot, showing the reversal contrast of the lath A (<111>a
zone) and € carbides in the lath B (<100>a zone), and (c) SAD

pattern.
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