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BAINITIC T_RANSFORMATiON N STEELS :
| ber-Hung Huang
bInorganic Materials Research Division,'Lawrence BerkeleyiLaboratory _
and Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, California
ABSTRACT
The formation of carbide in loWer bainite was studiedfin a Series‘of
_carbon_steels by thin.foil.transmission electron microscopy‘and electron
diffraction techniques. Epsilon carbidevwas identified in thefisothermally
ltransformed bainite structure of a Silicon steel. The crystallographic
'relationship between ep51lon carbide and bainitic ferrite was found to
follow the Jack orientation relationship, viz., (0001) Il(Oll) ,(1011) ||(101)
The cementite observed in lower bainite was in the shape of small platelets
and demonstrated the Isaichev orientation relationship with the ba1nit1c
k ferrite, viz , (010) ||(1ll) ’ (103l|](011) In the silicon containing
steels,ia thin layer of retained austenite was detected to form initially :
bin contact with the bainitic. ferrite when transformed in the bainite range _
| at»315vC (the Ms temperature of the corresponding steel is 250°C).. The
retained austenite delineated the ferrite grain and Subsequently decomposed
into cementite ‘and ferrite ‘upon isothermal holding resulting in the char—.
acteristic bainitic microstructure of silicon.containing steels.- Based |
on these observations together with other crystallographical features, it

is concluded that the bainitic carbide precipitated directly from austenite )

instead ofvfrom ferrite Ox)at,the Y/a interface.

The isothermal decomposition of a Fe/lZNi/éCo/ 4C alloy (Ms=l42 C)into
_lower temperature range of lower bainite was also studied by thin foil trans--

v'mission electron microscopy. In addition to the characteristic short
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bainitic carbide, long carbide stfingers arranged in rows parallel to the

longitudinal axis of the bainite plates were also observed. These carbides .

were identified as cementite.

The trace normal of the bainitic carbide falls in the region of (112)

andﬂ(335) ferrite_plane. The cementite/ferrite orientation relationship
deviaﬁes slightly from the Bagaryatskii orientation relétionship. |

_Evidence showing the existence of“internal'twinning in lower bainite
is also pfeéented. The fact that the observed_twins,.whether'accommodatioh
or transfqrmation, persist after isothermal holding suggests the uni-
' directionél’precipitation of carbides cannot be attribgted to_carbidé
nucleétion on.the transformation twins. |

The transformation meéhanisms are discussed in terms of the OQSérved.

evidence.
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' PREFACE

~ This thésié.ié'divided into two parts. In Part I, the bainite

.transfbrmation and_the assoclated carbide precipitation in silicon coh—

taining steels are investigated.v'The salient ﬁetailographic féatures‘of

the bainite have been characterized using direct transmission elecﬁron

microséopy”dbservations from which a model of bainite formation is

" proposed.

InvPart,II,,special attentiOn'has been giveh to lower:béinitefformed

,

.in an Fe/Ni/Co/C élloy transformed at 200°C which is believed to be the
“lowest temperature range ever studied. The morpholbgy'ofkthis low tempera-
'tqre bainite togethervwith'its»ﬁnique intérnal structure afe discussed.

,-Severalftrénsfbrmation‘mechanisﬁs of bainite are also févieﬁéd; '
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GENERAL INTRODUCT ION ’

When steels are quenched to low temperature 80 rapidly that.

- diffusion of carbon 1is not allowed, supersaturated ferrite will form from .

austenite by a diffusionless shear mechanism which results in the struc—_
ture known as martensite.
QUenching into an intermediate.temperature range does not provide.

sufficient*driving force’for the martensitic reaction. HoweVer, a complex

_series of transformation products form from austenite as a result of de~

composition at subcritical temperatures, ranging from coarse pearlite at
higher temperature through fine pearlite, to upper bainite then to lower
bainite at the_lowest temperatures.

The term'bainitei 8o named in honor of E. C. Bain, refers'to the

microstructuralvconstituent formed in steels when austenite decomposes

at temperatures above that of martensite formatlon but below that of pearl- _s

ite_through either ispthermal transformatidn or continuous cooling. The

" microscopic structure of bainite consists of nonlamellar'aggregates of

ferrite and carbide and it has been emphasized recently that,this_microf'

structural description be accepted as the definition of bainite. l(See

e. g. Aaronson, 1969) The morphology of bainite changes gradually w1th

reaction temperature, 80 no pronounced structural changes are observed
over any small temperature range. Although the microstructure may assume

a variety of forms two major variants of bainite morphology, namely upper

and'lower bainite,-are observed in steels'in different ranges of'tempera-i
.ture.: Other kinds of bainite are also known to exist, for example;‘granuf

lar bainite and inverse bainite etc. In many steels therevhas been shown

*H, I Aaronson, The Mechanism of Phase Transformation in Crystalline

. 'Solids, The Institute of Metals, Monograph and Report No. 33, 1969, P. 270.



to‘béVa distinct microstructural diffefence‘betweeh upper and lower ' g
bainite.* In upper bainite, which oécuré mainly at high température,bthe
.carbides frequently form elongated particlesvbétween the bainite fefrite . ’
_grains,:while-in lower bainite, the carbides tend to precipitate unidirec-
tioﬁally at an angle of 55 ~ 65° fo the majbr gfowfh direction,>or 1ongi—
tudinal axis:of the béinitic ferfite grain. However, it does not al&ays: :
seem ﬁossible to detect any sharp'change in micrbsffuctural morphology..
Even more than 40 yeérSvaftef its discovery, the nature of fhe bain-
itic transformation remains so céﬁtroversial that almost the only aspecﬁ
of it u§0n.which_theré is general agreeﬁent is that étillvmore‘reséaréﬁ
is.needed. Much debate is still going on as to the essential charactef4l
.istics’of a bainitic transformationg there are several schools ofjthOught
on_ﬁﬁat ﬁetallographie and mechanistic features characterize a béiﬁitié |
‘phgse change; Thé pfoblem is mainly one of definition ;nd exisfs simplf__
becau;e a word that waé uéed originally to designate a new tranéfqrmatibn
prdduét in‘carbon.steels has been often used to.imply a méchanism of frahs—
formatioﬁ. | | |
-Siﬁce'the-meghﬁnism.of bainite transformation is not well undersﬁqod
N and aé.dne of'thé major areas of doubt is concefned with the méde of!car—'f .
'bide“precipifation, tﬁe present study was performed to attempt tovcléfify
these questions. | | |

* Electron Microstructure of Bainite in Steel, Second Pfogréss Réportedlby
Subcommittee XI of Committee E-4, ASTM Proc., 1952, Vol. 52, P.. 543.



PART 1.
Metallography of ﬁainitic Transformation 1n Steels
ABSTRACT |
‘;'TheTformatiOn of carbide in lower'bainite was:studied in aISeries of
'carbon steels by. th1n foil transm1s31on electron microscopy and electron
‘diffractiOn techniques.. Epsilon carbide was identified in the 1sothermally
transformed_bainitelstructure of a silicon steel.‘ The crystallographic
relationShip'hetween epsilon carbide and_hainitic‘ferrite‘was found to
follon the;Jach,orientation relationship, viz.,
:(OOOl)eiI(Oll);, (lOll)elf(IOl)at. The cementite ohseryedvin lower bainitet
ﬁasfih the;shape of Small platelets and‘demonstrated;thevIsaichevforienta- :
tion”relatiOnship.with the.bainitic'ferrits, piz.,' |
(010) Il(lll) (105) l}kdll) Invthe.silicon containingdsteels a thin
'layer of retained austenite was detected to form initially in contact
.w1th the bainitic ferrite when transformed in the bainite range at 315°C
(the Ms temperature of the corresponding steel is 25& C). ’The retained
austenite delineated the ferrite grain and subsequently decomposed
into.cementite.and‘ferrite upon 1sothermal holding resulting in the |
characterictic:bainitic.microstructure.of gilicon containing'steels;"Besed;_
'on:these:obseruations-together nith other:crystallographical‘feétures’sitf
is concluded that the bainitiC"carbide preCipitated"directlyvfrom austenite

- instead of from'ferrite (a) at the y/a interface..



I. INTRODUCTION
‘It‘has lOng beén'kﬂawni that théré are ggo méjé?,diffe?éht'ﬁprphologiég
of bainite in:sﬁeels,_namely upper aﬁa iower 5aiﬁite. In uéper Béiﬁité, :
the carBides'ffequently fqrm large elongated particies.parallelvto the.iéng-
1tudin€l axis_of'the_fefriﬁe grain, whiie in loﬁef bainité,.the carbides‘v":
tend to Ee orignted‘at an angle of about 55?—659 to the méjof_axis'of the
ferfite-grain;l;z Bofh the naﬁure of carbides andeheﬁher the Carbides-in
béinité'precipitated ffom supersatufated ferrite or fiom éustenité.is bf
fundamental éignificance to the bainite reaétion mechgnism. The mofphology'
and'érysféllbgrafhié-relationship between bainitic_fer:ite andjcementite*
have.suggeé;ed>that carbides in uépervbainite precipitété_directly ffom }
carbon enrichgd aﬁstenite frappgd between the ferrite grains whereas‘thoser
in lower b;inite precipitate. from supeféaturated,ferfite.2’3 Oﬁ.thé.égher.
‘hand, from an analysis of data in fheiliterature»on the averégé catbbh'con¥
tent ofbretaipea austeﬁite associated with partial tfanéfbrﬁatioh to‘bainf
ite, if Was Pbiﬁﬁéd_OQt reéently that the carbon contentbof,thé ferriticv
compdnent'of baini§§ulie§.befween-the a/(a +Fe4C) and the ex;;apolated
.a/(q+y) phase bdpnda_ries.4 ,This_indiéatés there is a'lack éf suppor;vpo'.
éxistente of an-app;epiable_cérbon éupérsaturation.inVbainitic ferrite».
(relative to the extrapdlafed &/(a+y) curve). Furthermore,lbased én the
thermodyngmic'ahaiyéis, it4 has béen argued that'carﬁidés‘in ioWer Baiﬁite
fofﬁ pfimarily fromléustenite at_an‘austenite/ferrité-bOundary. 'ihe;efpié, ;
the origin of the cafbideé in lowér‘bainite rgméins-to be élucidatedf
The characterization 6f the nature‘and ﬁhé crysfaliography Ofvthe

carbide phase are important in order to‘underétand the structural features



00 0 d 4302234

ﬁof'bainite.'-lt'is generally acceptedjthat cementite'constitutes'the carbide'
_phase of upper bainite. Although cementite is likewise frequently observed

' in lower bainite, the exact carbide precipitation process is still uncertain.
It has been reported that € carbide»is the first carbide-fOrmed in low tem—‘
perature bainite which is subsequently replaced by cementite on further trans-
:formation? 6These reports wereeither based on conclusions drawn indirectly

: from physical measurements5 or on direct electron microscope observation 6
The evidence:is, honever; to the author's vienpOint; insufficient. The
iron7carbides.maykassume'different forms in:steel; e.gﬂ,fepsilon carbide,'
AHEQgAcarbide and‘cementite depending'on the.heat.treatment andvthe.composi-
vtion”of the material Consequently the characterization of carbide must be
approached with great ‘care.- Unfortunately, it has not always been p0551b1e'_
»to unambiguously determine the nature of the carbides present because of
'competing factorsrand ‘their complex.structures.

.'”In.view:of:the lack of exatheyidenceifor identification of epsilon
‘carbide;in lower bainitevinlthe’literature, it is the'purpose'of‘the |
current.investigation_to‘provide such information, and tolstudy.the:releVant
crystallographic relationships._ | | | | |
| Mbst of the literature on bainite transformation concern the kinetic
aspects._ Except for the work of Shackleton and Kelly7 and Srinivasan and
vWaymana, there»are not much data reported on the crystallography of the
: transtrmation.‘ A knoWledgevof.the crYstallographic features of bainite
is essential for a complete understanding of the transformation mechanism.

It has been generally accepted that ferrite in 1ower bainite forms marten—'

‘sitically andvthe transformation is‘completed by a subsequent tempering'



.process similar ts that of auto-tempering in martensitic stsels =This-
idea was first suggested by Ko and Cottrell? after the observatlon of a
"martensitic type surface relief effeCt during the formation of balnite
: Besides, the typical Bagaryatskii ferrite/cementite orientation relation—
ship,lo viz., (100) | (110) 4, (010)c||(111)a, (001)c|l(112)a, occurred 1n.
martensite was also found to exist between ferrite and cementite in lower
bainite7. This.fufther supported the theory that bsinitsfinitiaily formea'v
 martensitically. However, many crystailograuhic and,moruﬁologica} festures
'in lower.bainits,‘e,g.; bainite habit plane,11 the unidirectionai carbide, |
to name a few, are not explained satisfactorily to any e#ten;.by_the marten—
sitic mechanism. It isvthus the'aim of the pfessnt study to use thin foil
transmission eiestron,microscopy aud diffraction ts refexauine the mofpho—'
1ogicai snd c;ystsllogfaphis‘fsasures_of cementite and.fefrite.iu iower"-

bainite, in the hope that some morevlight will be shed on the mechanism of

bainite formhtioﬁ.'
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- 11. EXPERIMENTAL PROCEDURE R

A, Materials and Heat Treatment

The chemical composition of the alloys under 1nvestigation are given
in Table l along with their Ms temperatures.v MS temperatures were deter-
mined by dilatometric measurements.- The steels will be referred to by :
’their designations‘as‘given in Iable 1. Note the nominal composition is
;indicatedtby7theralloy’designation:ifthe_first digit and letter representvi
: nominal wt.Zeof the major alloying element7 the last'two:digits representj
wt.ilof'carbon} Alloy 2840 was kindly donated by Dr; H I. Aaronson 'It
 was vacuum melted and cast as a twenty—five pound ingot After hot rolling,
»homogenization at 1300° C was done for several days. The details of heat
Atreatment and;;he corresponding TTT diagram'have been described in refer—
ence 12, | . - |

The particular composition of the alloy 2854 selected provided an

6 on the

v opportunity to compare the resultswith those of Oblak and Hehemann
morphology and crystallography of these transformations. vAlloy,2854 was
vacuum'induction meltedvin?this laboratory using high purity material and
poured in a. fast chilled copper mold as a 4-lb ingot. ‘ B

All materials were sandblasted to remove any- surface oxide. They were.
r-subsequently homogenized at 1100°C for three days_and furnace cooled, A
simple lowécostebutasuccessful technique was employed to preventidecarburi4
zation during homogenization. .The as—receiVed'or'asécast materials-nereVl
wrapped in stainless steel envelopes then sealed inside an Inconel tube:

'filled with cast iron chips. The cast iron chips created a neutral atmos—'

‘phere inside the Inconel tube during homogenization anneal and thus reduced o



‘Table I. Chemical Composition of the Alloys (in

with their Ms Températures._

wti)

Desiggation
2854

2540 .

‘Manufacturer's
~ Original
Heat Number
" Si Steel

.l’

Composition

Fe-0.54C-1.8751-0.79Mn-0. 30Cr

Fe-0.40C-1.7351

Ms Temperature

~ 250°C(482°F)

- 370°C(698°F)

..8.-
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'material investigated.

v'electrolyte.

0004302236

' the degree of decarburization of the heat-treated material. Alloys 2354
and 2840 were then hot rolled to strips of 0.040 inch thickness, 1ntermediate

- surface grinding was also employed to remove the.scales..

Coupons of 1. in. by 1—1/2 in. were cut from these stripes, austenitized

at 900°C for 1—1/2 hr in a dynamic argon atmosphere, and then quenched

"~ directly into a neutral salt bath. 'Isothermal transformation was then done
~at a predetermined'temperature above Mg for a certain‘time;' Carbon'analyses

: before and after heat ‘treatment showed no significant decarburization It

should be mentioned here that all the isothermal transformation temperatures

employed throughout this research were above the M8 temperature of the

B.. Electron Microscopy

The heat treated 0. 040 in. thick specimen were first mechanically

‘ground slightly (flood cooling was employed) and then chemically thinned

in a solution of 1: l phosphoric acid and hydrogen peroxide (30/) to about

0 005 in. They were electropolished first by the window technique to a

'thickness of 0 002 to 0 003 in. using the following solution which gave

rapid thinning.

10 ml- perchloric acid
100 ml  acetic acid

' The final'electropolishing was accomplished either;byhthe conventional

window method or by a double jet polishing apparatus using the following -

75 gm Cr0y
400 ml Acetic Acid
21 ml H,0 |
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. The ﬁeﬁperature:of tﬁe elegtfolyte was held at,lOfC:dﬁring'polishing‘uéingV‘
'én.icé water bafh. .The‘aéplied volfége was abou£v25DC Qolféraltﬁéugh the .
exact voltage varied from speéimen tb’spécimen. Thinifoils weré eiamined o
in a Siemens Elmiskop IA eleetron micrbséope at 100kV‘uSing a double ﬁilt
sﬁége; | B | -

Selected area difffaction éatfefns of epsilon‘carbidé weré»indg#ed
with the aid 6f';ab1es of d—gpacings and:anglesbbetheh crystallégraphic
planeé calcﬁlated from a gener#l computer'pfogrém which has'been‘compiléd
for non cubic crystal sysfems; The input data were 5 #‘2.735‘2 and
C= 4.339 K wh1ch yields a c/a ratio of 1.586. A listing of'the program
ié“iﬁcluded in the aﬁpendix. | |

Sterquraphic.projection'and_trace analysis”wasiextensivelf eﬁployedf

to study the cfystaliographic-features of bainite.
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III. RESULTS AND DISCUSSION -

~'A. Tsothermal Transformation at'275°C

Thin foils suitable for transm1581on electron microscopy were made

‘ from isothermally transformed lower bainite of steel 2854 In many cases

-the precipitates were too small to give a satisfactory diffraction pattern’

to be uniquely identified Nevertheless,.the presence of ep31lon carbide

in lower bainite was detected by employing careful selected area diffrac-

'h'tion and dark field imaging techniques.

Figure l(a) shows the structure of 1ower bainite of the steel 2854

after being isothermally transformed at 275°C for 17 hr : A.high density

"~ of carbide precipitates is distributed uniformally throughout the bainitic

ferrlte matrix These carbides form as thin platelets or laths varying

in size from 60 to 200 A wide ‘and 700 to 4000 A long. The corresponding ‘

‘selected area’ diffraction pattern is shown in Fig 1(b) together w1th
‘its indexing. From this and many other photographs which give a variety

of orientation of the ferrite and carbide with respect to the 1nc1dent

electron beam, it has been possible to determine the orientation ‘relation-:

'ship between the two phases. In Fig 1 the matrix has the: [Oll] zone
orientation and theycarbide'is analyzed as epsilon carbide.withv

.[0001]€||[Oll]a;‘.It.is:clearly seen that the'volumevfraction of carbide

is very large'and the carbide/ferrite interface is rather ragged suggesting

that the interface is partial "or non—coherent and contains Structural-»

'1dislocations. In addition to _the identification of epsilon carbide in

lower bainite the orientation relationships between epsilon carbide and

bainitic ferrite may‘be obtained directly‘by plotting_the orientations
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;dete;mined f%om.the diffraqtioh péttern; Fig. 1(b);vbg.a steréographic
projection as iﬁ Fig; 2. vlﬁ is ciearly seen that (Q0°l)¢ plane is,parél_"
lel with (011) , (1011) is only 1° from (101),,. Thi.svb'is' ;;ractic:my the
samé as ﬁhé.Jack orienfation rglationéhip13 which méy be stated:. |

(ooo1), || (011) |
o aoin, . o1y . o
The,oﬁe:degree discreﬁangy between our reSult,and'thaf of Ja¢k'$_
'cogld érise frqm'inaccﬁracies introduced during measureméﬁté;"
Charécferiétic wavy epsilon éarbide in Better:contrast is seen in
1ohg éf the bainite grains in Fig. 3 which is another area of the same -
ﬁreated speciﬁen as that in Fig. 1. The waviqess of the carbide cbuidibe

'intefpreted asvsimuitéﬁeous transformafibn, i.e., théjépsilon carbide is
deformed along with‘the ferrite when austenite decomposed. As indeﬁed in
thebinse;t,thermatrixbgives a [100]a diffraction'pattefn and_the'epsilpn

_carbidevié”sligﬁtly tilted ﬁfom the [1120]€ ;oﬁe. Ihe angular discrepgnéy
may be-partly:accountéd for by thé fact'that épots in the diffracﬁion'
patternvare'not symmefrical‘and the actual féil oriéntatioh is about 5
degreés-from thé [1i§0]€vzoné. This ié reasdnably cqygistent'with the
oriéntatioq'rglationship descriﬁéd in Fig.'2vwhere it is seéﬁ that (1129)63
is atvS degreeé'from (100)a.

 In order to provide‘further'evidence_to supp6rt the current work,

'thevtempered.@arteﬁsitiq structure of this steel was also studied éna
presentéd fériéomparisoh. .Tﬂis was done by watef quénchiﬁg a spécimen-;f

‘the séme'steélvto martensité followed by tempering at 275°C for 17

hr.. The microstructure is éntirely different frdm its'bainite countefpart.
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A tYpical area of'this specimen is shown in.Fig.bA demonstrating.dense_
internal twinning, thch is a characteristic'of bigh.carbon martensite;lé
Analfsis of tbe selected'area diffraction patterniindicates tnat_the orieﬁ;
_tation of the matrix and twin are [l§11vand [IOij respectiyely, The
twinbplane‘is,tlZI). Both the bright field image and'the selected area
diffraction pattern demonstrated little evidence of carbide precipitation;
.The'result is not surprising'owing to’the.fact that silicon is famous for
ﬂ3contribut1ng tempering resistance when. used as an alloying element in
steel.ls‘ It is evident that lower bainite and tempered martensite are d
.easily distinguishable in this alloy and only those structures pertaining
to lower bainite are studied in this research
‘ Summarizing the above results, we can say_tbat epsilon'carbide is
xunanbiguouslf‘identitied in loner bainite. The.orientation relationship
‘ between’tbe epsilonbcarbide and the bainitic ferrite is; |
ooy || (011,
‘ (»1011")8] | o1y,
Whichlis sane as.the,dack orientation relationship;l3j'

" a. Formation of epsilon carbide '

The -observed crystallographic orientation relationship between
epsilon carbide ‘and ferrite ¢can be accounted for by nucleation of eps1lon','
carbide in either austenite or supersaturated ferrite. They will_be"

discusSed:as follows:

(1) Epsilon.carbide formed in ferrite. In bainite, if epsilon
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carbide forms directly fromvsupersaturated ferrité, there will be little

difference between bainite and martensiﬁe in the morphology of the precip-
itatiqn process. The crystallographic.analyéis shows the the orientation:
rela;ionship between epsilon carbide and ferrite is that'suggested by Jéék%S

viz.,

(ooon)_ || (011),

(1011)_ || (1o1)

There are’ﬁWo things‘worﬁh ndting in this 1atticevrelationship; first,
thé-paréllel‘planéé in bainitic ferrite and epsilon carbide are those.of
the iowest mismatch, vié., the (lOiO)E'and the (Zledvplénés. vThe cal-
culated laptice‘misfig be;ween fefrite ahd epsilon.is'listeA’in Iable Ii;
It can be seen that the'ﬁisfit'be;ween (1oio)€'aﬁd (Zil)a élanes i; 1;2
'ﬁércent. Sécénd, there is no low'index'efsilon'plane which is exagtly-'
paréllel with’the'{lQO}a planes; A ngcleus bf épéilon_éarbide,in this.‘
fofiéntétion'can*be formed by smali movements of ifop'atoms fromvtﬁeir.:
position 15 the matrix."This‘may be_séen‘frém Fig. 5, whicH sths the.b

' position bf i;dﬂ'atoms in ferrite projeéfea onto.a.(Ollja_plané.l6 .Thg
Afilled cifcleé fepresént atomé at a_diétangé'Qf 1/2 [011];abové'thié

' plané while the open circies_represent the atomic pbsi£ions in‘tﬁis plane.
An oﬁtlinebof the basal plane is élso delineated aécordingvto:the orien- .
tation rélaﬁiohshiﬁ determined.' Iﬁrié Seéﬁ that once thé carbide.has 
'ngWh to seVefal ﬁn&t cells in size, the atom ﬁoveﬁents'arg no lbnggr
small and-furthef:gfowth must then occur by long fange diffﬁsioﬁséf

atoms.



Table IT. Calculated Lattice Misfit Between Ferrite and € Carbide

€. Carbide:

Ferrite " o
o _ Number " Expansion . Number .
Interplanar of . . or ‘Corresponding of Interplangf )
Plane Spacing(&) Planes Length(A) Contraction Length(A) Planes _ Spacing(A) Plane
©2.0268 2 4.0536 +6.8 ©4.3390 1 4.3390 © (0001)
1.1702 2 2.3404 4.2 2.3686 1 2.3686 (1010)
2.0268 1 2.0268 +2.5 2.0790 1 2.0790 (1011)
(100) 2.8664 1 2.8664 4.7 2.7350 2 1.3675 (1120)
2.0268 1 2.0268 +15.6 2.3686 1 2.3686 1100y

XBL 753792

-ST-.
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A.more_Symmetrical orientation relationship for A'heXagbnal,phésé,in_'
a bce matrix has been proposed By Doi and Nishiyama;? and further re-

ported'by'PitSCh'énd Séh_rader_.l8 This may be stated as folldws: :
0001y, o I1 011y
(1120)h¢p | (100),

Thé drienfation differs from the Jack:drientation relationship'by a
rotation of 5 degreeé in the hcp basal'blane.k This relationship>ﬁasvbeéh
vefified for:precibitatiqn'of MoéC ih ﬁartensite. The prdjectioﬁ of (011)
ferrite lattiée is delineated in Fig. 6. Ig this case‘(llEO)Mo and (lOb%}

2¢.

have Fhe smallést lattice mismatch, 4.6 percent; as calculated in Table
»III, vThe choicé'bf the Jack orientation'relationship in the case of epsi;
lon'ﬁrecipitatibn:most probabiy resulted from the neceésity of mihiﬁizingb
;hévéﬁrface eﬁérgy of the carbides as it forms at.lowAtemperature;

| The formation of éﬁsilon carbide in silicon steel is a phenomendn'v 
which has ndﬁ been observed in other,s;eels.both in this labofatory aﬁd by
érevioué invesﬁiéations. Silicon is knbwn to ha&e a unique‘effect when
"uséd as. an alloy glément; for‘example,‘tﬁé stabilizétion.bfvaﬁsténite,
. retarding the formation of ceméntite;:efc. Although itvhas been‘sug;

gested that the reason is due'to'the-effect of silicon on kinetics the-

19

exact mechanism(s) has not been resolved.

(i1) Epsilon carbide formed in austenite. It is aiso'possible that

épsilon carbide formed on the Y side of the Y/a interface and gave rise
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Table III. Ca_lculat_:éd Lattice Misfit Bétweén_Fer_rite and Mo,C
Ferrite 9 Mo,C
_ Number : Ex_paris ion Number
Interplanar of o or . Corresponding of Inter;?lanoar v .
Plane Spacing(A) Planes _ Length(!) Cont raction Length(A) Planes Spacing(4) Plane
(011) 2.0268 2 4.0536 +15.3 - 4.724 1 4724 (0001)
(100) - 2.8664 1 2.8664 + 4.6 $3.002 2 1.501 (1120)
(011) K 2.0268 1 2.0268 +24.8 ) 2,600 1 " 2,600 © (1100)
- (2l1y 1.1702 2 2.3404 +10.5 -~ 2.600 1 2,600 1010y -
(101) 1 2.0268 +11.7 2.278 1 2.278 (1011)

2.0268

 XBL 753-793

_ji-
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- to the-Jack relatidnship_ Because of the close lattice7matchiﬁg_between’ ‘
fcc austenite and epsilon carbide one could expect that the orientation
relationship of the epsilon carbide in austenite to be the familiar -

- one viz,,:

(., H - o001),

a1, I (1210)5_,

 But unfortunately it was not possible to retain sufficient austenite to
verify this assuﬁption. _However,‘it is known that the K-S relati_onship20

- B g : S : 3 2
is obeyed between austenite and bainitic ferrite formed at low temperature, L

i,e.,
@y ] oy
110y, | (11})d
This leads to‘the‘fefrite/epsilon-carbide.télétiohship'of the Jack’typé;3
obéerved in.the present research.
(ooon) || (o11),

7:_(1710)6 | am,
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In a recent investigation?2 a similar‘orientatibn relatipnship
was observed ﬁhen Ni;Ti precipitated from a Fe/28Ni/2T1i alloy during
ausaging,-suggésting that the precipitate nust have alfeady formed in
austenite dufing annealing. Upon the tfansformation ;o martensite on sub-
squenf cboling, the obtained orientation relationship reflects a reiafion-
shiﬁ bétﬁeén the pfecipitates and the matrix befofe trénsformatiop,»i,é,,
the austenite phase. The same lattice correspondence &as‘also.observed
after isothermal decomposition_of a molybdenum austenitic alloy &héré fi—

C nucleéted‘on the Y side of the Y/a interface.23

bers 6f'Mo2
As will.be.Shown and discﬁssed in the 1atter‘secfions,the bainitic.
vcgmenﬁite in si1icon sﬁeelvprecipi;ated direcﬁly frombausteniﬁe. It
.appears that the precipitation of»epsilon carbide:moét likely.folloﬁéd.

the same process, i.e., from austenite.

B. Isothermal Trénéformatidn at 315°C-

As the isotherﬁal'tfﬁnsformatioh temperature was raised to 315°C, a
structurefwhich is unique to silicon-coﬁtainiﬁg steel'dévgloped. -Figqre 7
shéws the-struéture.of_bainitg isothermallyvtransfofmed at 315°C(6003F)
for 24 hr. It does not gxhibit'mofphoiogies nofmaliy assoéié;ed‘with_ 2
clasSicdl'baiﬁife.>'Secoﬁd phase particles of various shépes and éizes
are seen roughly aloﬁg the lohg’direction of the Baini;e graiﬁ. Thé éé~
lected areg diffraction pattefn tégether with its s#hemafic2repres;ntation"
are éhowﬁ in'Figs.j(b) and (c). Tﬁe analysis shows that thg Bainitic
ferrite is in [111) orien;ation and austenite in [011], i;ef;jfollowiﬁg .
the faﬁoﬁ§ Kurdjumov-Saéﬁs.érientation relationship}zo A third éonstit-.

uent is identified as cementite in [012] zone. It should be;mentioned
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that the lattice correspondence described aboye appeared:very frequently
during the‘course of the.examination ofvthis heat treated specimen. The
dark fieid inage micrograph of the (111) austenitedspot;-Figf 7(d), re-
verses the contrast for’tne retained austenite whicH;poSitively:shows’that
the wide stringers mainly at the lath toundary are retained austenite Fig-
ure 7(e) is ‘the dark field image using a (021) cementite reflection._:A
thin 1ayer of cementite, as indicated by the arrow, is in contact with the:'
retained»austenite._ The formation of bainitic’ carbide-is seen to bear.a
definite relation'witn the untransformed austenite. Another simiiarvarea
is shown in fig.VB(a). The diffraction pattern and tne analysis are
as those for fig.AZ. Dark field nicrograph,_Fig.IS(d), using (ili) aus-
tenite reflection ciearldehows the distribution of retained'austenite;
- Many of then follow along the lath boundary and then_bend into the matrix
:as indicated by arrows;'.In another‘area,.Fig. 9(a), similar microstructure
is seen which shows extensiyely decorated lath boundaries.v The entrapped
retained ansteniteshas been decomposed'to a furtner entent than thoseishownv
__in‘Figs.a7>and 8. This canvonly be revealed byvdark field'imaging;” Figure'
9(d) is the dark'field micrograph of.a (Ofi) cementite reflection which .vVI
reverses the contrast of the cementite along the lath boundaries Retained
' austenite, indicated by the arrow, is seen in Fig 9(e) where both the (021)
cementite spot and the (111) austenite spot are imaged.

The "nany" or "S—shaped" retained austenitetand*carbide are in a more
defined structure in the early stage of decomposition as shown in Fig. 10 |
,which has been isothermally transformed for 17 minutes |

| The retained austenite will eventually-decompose intoscaroide and

ferrite after prolonged holding. Similar decomposition of retained austenite
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'has been observed in the’tempering‘of martensite‘-.24 Figure ll(a) shows
the structure of bainite after transformation at 315° C for 168 hr There
" is no distinctvdifference from the transformation product formed after a
shorter time. The corresponding selected area diffraction pattern{'Eig;
ll(b),vis slightly different from the ones observed before. Analysis;of
the diffraction pattern Fig. ll(c) shows that the carbide is cementite in
\[122] zone and the ferrite matrix in [100] and [111] orientations .The ”
cementite is delineated clearly in the dark field image of the (201) ce-
mentite reflection, Fig. ll(d) It should be mentioned here that the car- _‘
'bide pattern can also be indexed as epsilon carbide in’ [1101] orientation |
The corresponding plane normal to [llOl] is (3305) following the derivation
of Okamoto and Thomas.25 The Jack orientation relationship is closely
followed between the carbide and ferrite in [001] orientation However,.
it ‘seems most unlikely that'epsilon,carbide is present in this case, since.
the carbide phase has been identified-as_cementite in specimens with short-
er'isothermal holding-time at the same.reactiondtemperature (Figs. 7, 8,
and 9). Therefore we rule out the. possibility of indexing it as epsilon'f
Carbide, Again, this carbide pattern, Fig ll(b), bears a certain similar- _:
ity to_the diffraction pattern of austenite in (110) orientation_as seen |
in the.previous figuresg3.Compounded by therfact.that (110)Y is parallelv'
to'(lll)a)in the KurdjumovaachsvrelationShip, it is liable toibe errone-
ously'inde#ed as austenite."However, it should-be noticed that the planar

angle between reflections A and B in‘Fig.,ll(b):is_78°; whereas an angle

of 70.53° is extended between the {lll} planes invaustenite. Thus it can-

‘not be indexed as austenite.
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from the.morphologpvobseryed ahove, we_can say that.at:3l5°c,‘th§.,
hainitejin;silicon‘steel_is formed by the procedure shown schematically'
in'Fig._lz After the bainitic ferrite has nucleatedvin‘theiaustenite,_v‘
- a layer of carbon enriched austenite exists around it. Due to thevrapid
diffusion of carbon in austenite away from the tip of the ferrite needle,
lanother-ferrite unit is formed on the top of the retained austenite follow-
ing tho'same'procedure. This process then gines.rise.to:the "bamboo shapedﬂ
structure;‘ Carbides are precipitated gradually from the enrichedvaustenite'
during isothermal holding After prolonged transformation, the retained
“austenite decomposes completely and results in a structure consisting of '
ferrite and cementite. | |

' In the absence of silicon the decomposition of retained austenite is
rather fast and the existence of retained austenite may not be noticed

- C. Isothermal Transformation at 400°C

At this higher transformation temperature in silicon.containing
: teels, the ferrite regions are. in general coarser than those found in the »
lower temperature formed bainite. This is seen very clearly in Fig 13
which shows the bright field ‘and dark field structure of the bainite of "
steel 2840 isothermally transformed at 400°C for 7 hr. It is’ typical of
a lower bainite and consists of ferrite plates which were filled with the |
.-cementite platelets precipitated on a specific ferrite plane. Cementite
:particles of varying sizes and shapes are seen in- Fig. 14(a) Darh_field

images of the cementite_reflections reversed»the contrast of the carbides

in the lower and top grains separately; Fig.v14(h) and (c). Morphologically,'

the carbides in the top grain have the appearance of the carbide in high
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temperature formed bainite while carbides in the hottom‘grain appear to be-
very similar to those formed at lower temperatures. |
The shape of the'cenentite particles, although appearing to‘be lath-

like in many cases, was confirmed to be platelets, by observing the bain-
ite in the direction nearly perpendicular to the cementite habit plane as
shown in Figl 15(5). In the selected area diffraction pattern, Fié. lS(b),
the matrix and the cementite were indexed as [110] and [10l] :orientations
respectively. -The stereographic analysis of the dlffraction pattern, Fig.
'lS(C), show that the orientation is close to that of Bagaryatskiizlq

(100)C'|| (To1),

10)_ || (i
. (oo1) . || (121) |
”By close examination of the. stereogram, it is ‘seen that the cementite/
'ferritevorientation relationship deviates slightly from that of Bagar—
yatskii; Much hetter:agreement can-be,obtained by the Isaichev orienta-
tion relationehip;ZG_i.e., | |

. @o [lai,
(103) 1 co11),,

It is seen that in the lsaichev orientation‘relationShip, the ferrite'_
1attice should be rotated around the [111] pole about 4° ‘with respect to
~ the Bagaryatskii relationship This small difference between the two .
lattice relationships is of significance in the argument whether cementite
nucleates in,austenite or in ferrite. As reported in the research done on
the Fe/lZNi/4Co/0;4C'alloy in.fart 1I of this thesis, the detected Isaichev

lattice relationship between bainitic ferrite and cementite coupled with
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the Kurdjunov-sachs relationshio between austenitetand.hainitic territe:
' allows‘one‘to conclude that the hainitic cementite nreCipitated‘frou.
austenite at thelaustenite/ferrite interface; Another‘area showingvcarbide
-btojbe in thebshape'of olatelets instead.of rods is demonstrated in'Fig.ﬁl6(a)u
The internal fringes of.thevcarbide'can be seen in the‘dark field micrograph.
In addition to the typ1ca1 lower bainitic carbide, longer cementite
_particles directed along, rather than at- ‘an angle to the boundaries of
the ferrite regions,are also detected as.pointed out by arrows in Figs."
17() and (b | -
{Afinuvieu of thejfact.that both.upper andvlower bainite>uere observed“

at}this~transformation temperature the transition.between these two struc%
tures must occuriin the'Vicinity of 400°Ct |

D.- Isothermal Transformation at. 480°C

.At this transformation temperature the structures produced showed
little similarity to those resulting from transformation at 315vC or 400° C.
. In general, the.structure resembles an acicular ferrite‘bounded'by carbide
particles (or with a few‘carbide particles'dishersed throughout'the_-'h~
ferrite) "Such a structure is illustrated in Fig. 18. _The foil is in
- [112] orientation. This structure has been termed thef‘accicular-or plate—
like ferrite" by Jolivet andéPorteyin,27 "Xeconstituent"~by'Davenportézs_'
hpro-hainitic ferrite" by Hultgrenz? and “carbide—free bainite“” r I.'clear

30 This is different from the proeutect01d ferrite formed

bainite" by Ko.
by incoherent grOWth 1n'hypoeutectoid steel. Under ‘the light optical micro-
scope, these structures appear to be of_Widmanstatten ferrite. Sometimes

the accicular ferrite is bounded by a stabilized—austenite'enVelope of

_Varying_thickness instead ofjbounded by carbide cluSters} This type of
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st;ucfure can bé cleafly qbséived at the high tempéra;ufesvof:the—ﬁainiticiv
tfansfofmatioﬁ,lpro?ided the producté of the p;oeutectoid transfofmation
dd not interfere with the groﬁth of bainite.

It»appeafé:that thése structureshmust'be attributed, at least partiy,
to the hetefogeneity()f austenite at high'teﬁpérature; Thié hgterogenéity‘
iﬁcreases further dﬁring the'iﬁcubationvpefiod.v As a'result_éléﬁgated
ferrite plétes'or lenses.form‘in fhe‘carbon—dépletéd:régions,ias was the

case for upper bainite. On the other hand, the enriéhed zones which

separatelthese ferrite platés decompose into ferrite and cementite. In

some cases, when these zones are fairly restricted, austenite areas may

remain and become stabilized.
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1v, SﬁMMAhY ANb CONCLUSIONS

»Structuraily, bainite.is an aggregate'of ferrite'and carbide, .
7a1though the microstructure may assume a variety of forms.: The mor-
.phology changes gradually_with.the reaction temperature,.sp no pronounced
structural change is observed over anyvsmall‘temperature range. 'Aa is
.true_of_martensitic structures, the appearance of’bainitevis dictated pri-
marily by the temperature of the formation. .However;vcompletely different
microstructures can be obtained in steels with different.composition even
transformed at the same transformation temperature. |

Epsilon carbide has been unambiguously identified in the bainitic
etructure of a Fe/1.87S81i/0.54C steel when.isothermally transformed at
275°C> The orientation relationship between epsilon carbide and bainitic.
ferrite was found to follow that of the Jack relationship,13 viz.,
'(0001)e||(011')a, (1011)'€||('101)a.' When transformed at 315°C, a layer of
retained'austenite formed alcng the boundary of the ferrite componentvbf
bainite bearing Kurdjumouésachs relaticnship.19 Upon further iscthermal
hclding, the retained austenite decomposed into cementite'and ferrite.“n
Thus it is ascertained that bainitic carbide precipitated directly from
austenite instead of from ferrite The transformation is paced by the
diffusion of carbon in austenite away from the tip of the ferrite needle.
It appears that the degree of carbon enrichment in retained austenite
varies uith traneformatidn temperature. At low transformation temperature,
the carbon enrichment iu retained austenite is high which results the pre—
cipitation of epsilon carbide. While at high reaction temperature, cement-

ite forms in retained austenite because carbon enrichment is lower due to
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higher carbon”mobility. The kinetics of precipitation,alao_determinea
the nature of the carbides. | .

At 400 c, the transformation product of a Fe/l 7351/0.4C steel re-
‘,veals that cementite in platelet shape is formed on a specific crystallo-
graphic‘plane-in the bainitic ferrite plates. The Isaichev orientation
‘_relationshi'pz6 was observed between cementite and ferrite instead of that

of Bagaryatskii.10 The cementite has been analyzed to form on the austen- -
ite side of‘the ferrite/austenite interface. Microstructural observations-
"have indicated that the "transition" from lower to upper bainite took

place at about 400°C in this steel. Carbides in bainite formed in the
temperature range_of'275°C'to 400°C were concluded to precipitate from :

‘ austenite.at thejaustenite/ferrite interface and thus in direct contact
with the-austenite from'which they formed. |

| At 480°C accicular ferrite or carbide free bainite were observed.

The observation of epsilon carbide and cementite in bainite with
different morphology when transformed at different temperature indicates’v
that the' carbide precipitation in bainite reaction depends on the trans-
formation temperature as well as the composition of the steel _Furthermore,
the cementite morphology adopted‘is first determined.bybthe substructure:'

of ferrite and then dictated by the diffusivity of carbon.
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APPFNDIX

" PROGRAM "HEXANGL{TINPUT,OUTPUT ,TAPEL = lNPUT.TAPE3-0UTPUT)

 DIMENSION M(750)4D(T750) yREC(TS50),DIS(T750) 41 TEM(5)
000002 1113 FORMAT(1HL y19X,4A10,A4,TH SYSTEM//)
000002 6231 FORMAT(IH1,19X,9H H K LollX,lHD,l)X.3H1/0//l L
000002 37 FURMAT(1H1y19Xol9H H K L H K L,13X13HHKL:11X,6HHK- Lol 1Xs 4HH
: ' . 1=-KL¢10XsSHH-K-L/1H 47) : ‘
000002 11 FORMAT(2H1,55X; THTABLE 2/)
000002 1 FDRMAT(1HO,39X,7THTABLE 1)
000002 2 FORMAT(20X,48HLATTICE SPACINGS AND REC [PROCAL LATTICE SPACINGS)H
_ 000002 3 FORMAT(LHO,19Xs3Xs1HA,LLXeIHBLAX,0HC) - = .
000002 S FORMAT (20X, 2{FT.3,5X)sFT.3/)
000002 6 FORMAT(20Xy  9H H K Ls11X,1HD,15X,3H1/D/)
000002 7 FURMAT(20X, = 313,6X,F9.4,8X,F9.4)
000002 14 FORMAT (20X, 2(F7.3,5X),F7. 3/)
000002 15 FURMAT{20X, 313) _ _
000002 1000 CINTINUE - L
000002 READ(1,1112)ITEMsI1SYST9AsBysCoMH, MK, ML . :
000026 1112 FORMAT(4A10,A4,12,1X,3F8. 0.313)
000026 IF(ISYST.EQ.99) STOP
000032 WRITE(3,1113)ITEM
000040 WRITE(3,1)
000044 WRITE(3,2) R —_— :
000050 WRITE(3,3)
000054 WRITE(3,5)A4,8,C
000066 : WRITE(3,6)
. C KSW = 1  HEXAG
C KSN=2 ~ ORTHO,TETRA '
~ 000072 : 1F(1$V$T)222,141,222 e s
000073 141 KSw=1
000074 : GO TO 19.
000075 222 KSW=2 .
000101 19 STAR=,75%( (A®A}/7{C*C))
000103 A2=A%A
000104 _ 82=B*B - e e e i e et
000105 ~ C2=C*C ~
-C TEST TO SEE IF CUHB!NATIDNS READ lv
000106 IF{MH)356,357,357
000110 356 READ(1592) (M{KK) +KK=1,MK)
000117 92 FORMAT(8110)
000117 =~ DO 91 KK=1,MK . -
000125 91 DIGIKKI=M{KK)
000127 NUM=MK
000130 N=MK -
000132 DO 190 KK=1,MK
000134 IH = TABS(M(KK)7/10000)
000140 H=IH o
000141 K=TABS ((M{KK) -(lH*lOOOO))/lOO)
000146 XK=K
000147 L = IABS(M(KK) - (IH*10000) — (K*100))
000154 XL = L :
000156 GO TO (197,198) ,KSHW .
000164 197 D(KK )= SQRT((3.*AZ*»2)/(4.*C2‘(H*H*H¢XKOXK‘XK)+3 tAzththbb
1000202 GO 70 190
000202 r98 DIKK)=({A*B*C) / SQRT(BZ*CZ‘H*H*AZ*CZ'XK*XK*AZ*BZtXLtXL)
1 000221 190 CONTINUE
000224 _ GO TO 358
000224 “ 357 MMH=MH+1
000226

L MMK=MK+]
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000227 MML=ML+1 .
000231 N={ MMH*MMK *MML ) ~ 1
000235 KK=0
..000236 DO, 90 IH= L aMME e .
000237 DO 90 K=1,MMK ,
000240 DO 90 L=1,MML
000241 H=IH-~1 :
1000243 XK=K~1
000245 XL=L-1
000247 IF (HeEXK+XL) 10590,10 e B
000251 10 KK=KK+1 '
000253 IF(KK.EQ.751) 6O TO 358
000254 MIKK )=10000.%H+100.*XK+ XL
000262 GO TO (97,98) yKSW
000270 97 J(KK)= SQRT((3.*A2*c2)/(4.*c2t(H*HthXK0xK*XK)+3.*A2¢XL#xL))
000305 GO TO 90 L
000306 98 DI(KK)=(A*B*C)/( SQRT(BZ*CZ*H*H*AZ*CZ*XK*K(*AZ*BZ*XL*XL))
000325 90 CONTINUE
: o ARRANGE 1IN ORDER - LARGEST TO SMALLEST
000335 358 MM=N-1 B -
‘000337 NN=N ‘
000340 D8 70 I= 1,MM e
000341 NN=N-1 B
000343 DO 70 KK=14NN
000344 © IF (D{KK+1)-D(KK)) 70.70.60
000350 60 BUB=D(KK+1)
000351 DIKK #1)=D{KK)
000353 D(KK)=BUB . B e
000353 . SUB=M(KK+1) ‘
000355 M{KK+1)=M(KK)
000356 M(KK) =SUB
000360 70 CONTINUE
000365 L13 = 13
' c PRINT QUT L
000366 : DO 120 KK=1,N
000371 REC(KK)=(1./DIKK))
000373 REC{KK) =REC{KK)+.,00005
000374 U(KK) D(KK}+,00005
000376 IH = IABS{M(KK)/(10000))
000492 K = IABS((M(KKD-(IH*IOOOO))IIOO)
000407 "L = IABS{M{KK) - (IH*10000) - (K%100))
000415 . GO TO (8000+8001),KSH _ :
000423 8000 JNO = IH ¢+ K + K
© 000425 T JING = “JNO/3
000430 IF{JNO — 3*JJNO)8002.8003,8002
000432 - 8003 JNOO = L/2
000433 lF(L—Z*JNOO)lZO:BOOZoIZO
000436 8002 IF{L13-57)8005,8006,8005
000440 . 8006 WRITE(3,6231)
000444 ; L13=2
000445 8005 WRITE(3,7)1H,KsLoD{KK), REC(KK)
000463 L13=L13 + 1 )
000465 G0 7D 120
000465 8001 lF(L13-57)8007.8008,8007
000467 8008 WRITE{3,6231)
000473 L13=2
000474 8007 WRITE(3,7) IH, K,L,D(KK).REC(KK)
. 000512 L13=L13+1
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000514 CONTINUE
: o PART 2 OF PROGRAM
000517 18 WRITE(3,11)
000523 WRITE(3,12)
000527 12 FORMAT (20X 29X, 21HANGLES BETWEEN PLANES/)
000527 WRITE(3,413)
000533 13 FORMAT{ 20Xs3X, lHA:llX'IHB,IIX.lHC)
1000533 WRITE(3s14) AyB,C )
000545 WRITE(3,17) - : ~
000551 17 FORMATI20X,19H H K L H K L,13x.3HHKL.11x,5gu5-L,11x,ggﬂ;§;
110X 45HH-K-L) - S :
000551 L =7
000552 IF(MH)368,367,367
€. TEST TO SEE IF COHBINATIONS READ lN:
000554 367 IF{MH-MK) 112,112,111
000557 L1l MEL=MH
000561 GO 10 113
000561 112 MEL=MK
000563 113 IF(MEL=-ML) 116.116.114
000566 114 LIM=MEL
000570 . 60 TO 117 _ : .
000570 116 LIM=ML . = ' e
000572 117 11=0 ' i o , ' -
‘000573 PO 700 JH=1,MMH
000575 - XH=JH-1
000577 'DO 700 K=1,MMK
000600 XK=K-1 ,
1000602 DO 700 L=1,MML e
000603 XL=L-1
- 000605 IF (XH+XK+XL)T07, 700.707
000610 . 707 IF(XH-1.)333,600,333
000612 = 333 IF(XK—1.)444,600,%44
000614 444 [F(XL~-1.)445,600, 445 } 3 . :
- 000616 445 DO 400 J=2,LIM _ ‘ e
000620 IRULE = XH#XK+XK - : . ,
000622 IIRULE = IRULE/3
000625 IF(IRULE -3*IIRULE)7020y7021.7020
000630 7021 IF(XL - 2.)7020,600,7020
000632 7020 CONTINUE S : o -
_ 000632 ___DIV=J i e ‘ o
000633 YH=XH/D 1V : .
000635 IH=YH
000636 ZH=IH
000637 _ IF(YH=ZH) 400,200,400
000641 200" YK=XK/DI1V :
000643 I1K=YK - o
000644 “ZIK=1K -
000645 ~ IF(YK-1ZK)400,300,400
000647 300 YL=XL/DIV. :
000651 IL=YL
- 000652 ZL=IL
000653 ___IF(YL=-ZIL) 400, 700.400 . e
T000655% 400 CONTINUE '
000660 - 600 II=II+1
000662 ' DIG(II)= 10000.*XH*100.*XK+XL
000667 700 CONTINUE
000677 NUM=11 :
000700 368 DU 801 JJ = 1, NUM_
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c TO GET EACH CHANGE lN KL.Kl.Ll ON A NEW PAGE
000703 1101 JH1=D016(J4J)/10000.
000705 XHI=JH] .
_ 000707 K1={DIG(JJI-{ XHL*10000,)) /100, B
000712 XK1=K1 .
000714 L1=DIGLJJI) - (XHl*IOOOO.)—( *100.)
000720 XL1=L1
000722 GO TO (27428),KSH
000730 27 PART= XHI*XH1+XK1*XK1+XH1*XKIOSTAR*XLI*XLl
000736 60 Y0 29
000736 728 PART2= (XHl*XHl)/AZ*(XKl*XKl)/BZ*(XLl*XLl)I
000745 29 GO TO (T7000,7004) yKSW .
000753 7000 JUNO = JHL+K1+Kl
000755 JUND = JNO/3 ’
000760 IF(JNO—B*JJNU)7004'7003.7004
000762 7003 JNOO = L1/2 T
000763 [F(LL=-2*JNOU)7005,7004,7005 :
000766 7004 IF(LLL- 57)7007.7006,7001
000770 7006 WRITE(3,37)
000774 LLL=2 :
000775 TOUT KHB8=XH1
- 000776 KK8=XK1L S T )
001000 KL8=XxL1 ' ;
001002 HRITE(B.IS) KHBcKKB,KLB .
001013 LLU = LLL#) :
001015 GO TO 7008
001015 7005 LL = NUM
oorore . 60 YO 801 | —
001017 7008 CONTINUE - »
001017 DO 801 LL = JJ,NUM
001022 JH2=DIG(LL)/10000.
001024 XH2=JH2
001 025 K2=(DIG(LL )~ (XHZ*IOOOO.))/IOO. _ : :
001030 _ L XK2=K2 e
001032 T{2=p16(LL )~ (XHZ*IOOOO. -(XKZ*IOO.) : S .
001036 XL2=t2
0C1 040 GO TO (2000,3000) ,KSW
c HEXAGONAL SYSTEM
001046 2000 ATEST=XH1®XH2 +XK1%XK2+, 5*(XHI*XKZOXHZ*XKI)GSTAR*XLI*XLZ
001057 IF(ATEST) 506,505,506 -
001060 506 ALPHA=ATEST/ SQRI(PART*(XHZ‘XHZOXKZ'XK2¢X1Z*XKZ*STAR*XLZ*XLZ))
001C71 XALPHA = ATAN{ SQRT{1.000- ALPHA*ALPHA)/ALPHAI
001100 XALPHA=XALPHA%57.2958 , .
001102 IF(XALPHA) 874,872,874
001103 872 IF(ALPHA) 873,874, 874
001105 ~ 873 XALPHA=180. - e S
oo1r107 874 XALPHA=XALPHA+.0005 ' :
001111 _ IF(XALPHA) 611,612,612
001112 611 XALPHA=XALPHA+180.
00L114 GO 10 612
001115 505 XALPHA=90.
001117 612 BTEST= XHI*XH2+XK1*XKZ* St(XHLtXK2+XA2#XK1)tSTAR#xLL*( XLZI
001132 " IF(BTEST)Y606,605,606 -
001133 606 BETA= BTEST/ SQRT(PARY*(XHZ*XHZ+XK2*XK2*XH2‘XK2*STAR*XLZ*XLZ)l
001144 " XBETA = ATAN{ SQRT(1.000- BETA*BETA)/&ETA) :
001153 XBETA=XBETA*57.2958 - : .
001155 IF(XBETA} 384,882,884
001156

882 I1F(BETA)883,884,884
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883 XBETA = 180.
001162 884 XBETA = XBETA+.0005
001164 IF(XBETA) 613,614,614
001165 613 XBETA=XBETA+180. . . .
001167 TGO 10614
001170 605 XBETA=90.
001172 614 GTEST=XHL*XH24XK1¥(~XK2)¢. S¥(XHIS{~XK2) $ XH2*XK] ) + STAR®XL1#XL2
001205 IF(GTEST) 706,705,706
001206 706 GAMMA=GTEST/ SQRT(PART*(XHZ*XHZ#XKZ#XKZ*XH&*(—XKZ)GSTAR*XLZ*XLZ))
001220 XGAMMA= ATAN( SQRT({1.000-GAMMA*GAMMA) /GAMMA) e
T001227 XGAMMA=XGAMMA®57.2958
001231 : IF(XGAMMA) 894,892, 894
001232 892 IF(GAMMA) 893,894,894
001234 - 893 XGAMMA=180.
001236 894 XGAMMA=XGAMMA+.0005 Lo . o
001240 IF(XGAMMA) 615,616,616 - e
001241 615 XGAMMA=XGAMMA+180. ‘ o
001243 GO TO 616 ’
001244 705 XGAMMA=90.
001246 616 DTEST=XHL® XH2+XK1*(-XK2)+, 5‘(XH1‘( XKZ)*XHZ#XKI)fSTAR*XLl*(-XLZD
001262 IF(DTEST)806,805, 806
. 001263 806 DELTA=DTEST/ SQRr(pARr*(xnztxuzoxxztx<z+xH2t( XK2)+STAR*XLZtXL2b)
001275 XDELTA= ATAN( SQRT(1.000-DELTA®DELTA)/DELTA)
001304  XDELTA=XDELTA%*57.2958
001306 "IFIXDELTA) 864,862,864
001307 862 IF(DELTA) 863,864,864
001311 863 XDELTA=180.
001313 864 XDELTA=XDELTA+.0005 T
001315 “IF(XDELTA)617,6800, 800
001316 617 XDELTA=XDELTA+180.
001320 . GU TO 800
001321 805 XDELTA=90.
001323 GO TO 800 S e
T ORTHORHOMBIC AND TETRAGONAL SYSTEM ' I
001323 3000 AXTEST = (XHI*XHZD/A2+(XKl*XKZ)/BZ*(XLl*XLZ)/CZ '
001333 " : IF(AXTEST) 906,905,906
001334 906 ALPHA= AXIEST/SQRT(PARTZ*((XHZ*XHZ)/AZ*(XKZ'XKZ)/BZ*(XLZ*XLZ)/CZ))
‘001346 XALPHA= AT AN{ SQRT(1.000-ALPHA®AL?HA)/ALPHA)
001355 XALPHA = XALPHA%57.2958
001357 IF(XALPHA) 814,812,814 e
001360 TBL2 IF(ALPHAIB13,814,814
001362 813 XALPHA = 180.
001364 8l4 XALPHA =XALPHA+.0005
001366 _ IF(XALPHA)911,912,912
001367 911 XALPHA=XALPHA+180.
001 3-’ 1 o v e GO TO 9 12 et . e W e R < et w e At n e AV R s Y
001372 905 XALPHA =904 v
001374 912 BXTEST = { XHL*XH2) /A2+ (XK1 *XK2) /B2~ IXLl*XLZ)/CZ
001404 IF(BXTEST) 1006, 1005, 1006
001 405 1006 BETA=BXTEST/ SQRT(PARTZ*((XHZ‘XHZ)IAZ*(X&Z*XKZ)/BZ#(XLZ*XLZ)/CZ))
001417 XBETA= ATAN( SQRT(1.000-BE TA®BETA)/BETA)
001426 XBETA=XBETA%57.2958 _ e
001430 TF(XBETA) 824,822,824 ‘ '
001431 822 IF(BETA)823,824,824
001433 823 XBETA=180.
001435 824 XBETA=XBETA+.0005
001437 ' lF(xBETA»1013,1014.1014

1013 XBETA=XBETA+180.
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001442 GO TO0 1014
001463 1005 XBETA =90.
001445 1014 GXTEST= (XHI*XHZ)/AZ (XKl*XKZ)/BZ*(XLl*XLZ)/CZ
001455 — _IF{GXTEST)1106,1105,1106
001456 1106 GAMMA=GXTEST/ SQRT(PARTZ*((XHZ*XHZ)/AZ*(XKZ*XKZ)/BZ*(XLZ*XLZ)/CZD)
Q01470 . XGAMMA= ATAN( SQRT(1. OOO—GANMA*GAHMA)IGAMMA)
001477 XGAMMA‘XGANMA*ST 2998 ’
001501 IF{XGAMMA) 834,832,834
001502 832 IF{GAMMA) 833,834,834
001504 833 XGAMMA=180. N,
001506 834 XGAMMA=XGAMMA+.0005
001510 ) IF{XGAMMA)1115,1116,1116
001511 1115 XGAMMA=XGAMMA+180.
001513 ) GO TO 1116
001514 1105 XGAMMA=90. .
- 001516 1116 DXTEST=(XH1%*XH2)/A2— (XKL*XKZ)/B;—(XLI#XLZ]/CZ e
001526 IF{DXTEST) 1206491205,1206
001527 1206 DELTA=DXTEST/ SQRT(PARTZ*((XHZ*XHZ)/AZ*(XKZ*XKZ)IBZ*KXLZ‘XLZDICZ))
001541 ‘ XDELTA= ATAN( SQRT({1.000-DELTA*DELTA)/DELTA)
001550 XDELTA=XDELTA%57,2958
001552 IF(XDELTA)B44,842,844
001553 - 842 [F(DELTA)8431846.844 e e e e
001555 843 XDELTA=180.
001557 844 XDELTA—XDELTA+.0005
001561 [F(XDELTA)12171800'800
001562 1217 XDELTA= XDELTA+180q
001564 GO TQ 800
.001565 1205 XDELTA=90. e
001567 - 800-GO TO{9000,9004),KSHW )
001575 9Q00 JNO=JHZ+K2+K2
001577 JJINO=UNQ/3
001602 IF(JNO—B*JJNO)9004,9003.9004
001604 9003 JUNOO=L2/2
001605 IF (L 2-2¢JNUO) 801, 9004, 801
00[610 9004 IFILLL- S7)9007o9006v9007
00lé6i2 9006‘HRITE(3,37)
001616 HR[TE(3.15)KH8.KK8 KLS8
001630 LLL=2
001631 9007 KH3= XH2 . . . . )
001632 KK3=xXK2 I, S A
001634 KL3=XL2
) 001636 HRITE(3.16)KH3'KK3gKLJ,XALPHA.XBETA.XGAHMA XDELTA
001657 LLL=LLL+]1
001661 801 CONTINUE
001666 16 FURMAT(ZOX:IOX:BI&;IX 4F15 2)
001666 GO Y0 1000 . R A i
001666 END )
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FIGURE CAPTIONS

Fig; 1 (a)Structure of bainite which was obtained in iso;hérmélly |
trénsformed steel 2354 (Fe/l 8781/0.540 + 0;79Mn/0;3Cf)rét 275°C fof.
17 hr; (b)is the éorresponding selgctéd'area diffrédtionvpattern
jshowing a [?Oo%le‘zone'paraliel.with a [Ol%]a gohe,
Fig. 2 Stereographic pfdjection, based on the_orientafioﬁs:determined'
in Fig. 1, repfééénting-the orientation relationsﬁip beﬁwe;h epsilon
carbide and bainitic ferrite. |
Fig. 3 Another>aféa of the bainite'fofmed in‘steel 2354 at 275°C
'characteriStic wavy epsilon carﬁide witﬁ size.of 60 tOFZOOK'in width -
and 700 to.40062'iﬁ length are séen in a ‘bainitic ferrite graiﬁ;. The
‘insert shows the selected area diffraction pattern Qhére_the foil 
orientatioﬁ is [iOO] and the epsilon carbide is in approximate [1150]
vOrieAtﬁtibn., e |
Fig. 4 Structure of martensite of steel-2$54vtempered.at'275°C’f6r 17'ﬁf..
{a) shows typicai internally twinned martensite'plate,wherg no parbidé
was deteétéd._ It is distinctly different'from the bainitic struéture;
(b) seleéted area diffraction pattern and indexed represéntétion show—.
iné orieﬁtation:of the matrix'aﬁd'twin are [i§;] ana_[idi].fesPeCtivelY{b
Twin plane ié (121). v
Figé 5 (011 pfojeétion_of iron atoms in ferrite la#tiﬁe;»the‘hexagon
o indiéates the'épsilon carbide, exhibiting Jéck érientation'felatioﬁ-
ship with the matrix. The dpen circles represent atpﬁs in‘phis p1an§.
of.thevdiagram,'filled éiréles:represent'atOms in fhe plane at a dis-

tance of 1/2 [Oll] above or below this plane.
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Fig. 6 (Oll)a'pfojection of irbn'atéﬁs in ferrite 1dttiée;_che heiagén_
iqdicates the'MQZC, éxhibiting fitééh’— Schrader érientation.relation—‘
;ship &ith the matrix.

Fig;.7 Structufe of bainite iﬁ steel 2554 after isothérmal.transformation‘
at 315°C (600°F) for 24'hr; (a) Bright field miéfog;aéhvéhowing re-
tained austehite and.cementité eﬁbédde& in dislocated béinitic fefrite
grain. . (b) Thé corresponding selected area diffraction paﬁtern and
its séhe@atic fepreseﬁtatioq, (c), shoﬁing the fgrrite,'austenipe an&'
."'cement‘i'_té in .[111]'0‘? [(.)llJY and [Oli]Fe:;C z'(.m‘e. re‘spéctivel}"f K;lrdjm'ov—..
Sachs orientation relafionship is folléwed bgtweén bainitic ferrite and

. austenite. (d) Thé retainéd éusfehite revérées:contrast in the darﬁ
figld image using (lii) reflecfion. (e) A vefy fhin layé;fof cemehtite

,‘(poinfea by arrow) in contact ﬁiﬁh aqstenite'is seeﬁ élgarly in tﬁe
dark:fieid imége of a (021) cemenfite rgflectidn;

Fig. 8. Anbther:fegion of bainiﬁé ip steel 2554 obtained by igotherﬁal.
traﬁsformation.at 315°C_for 24 hr (a) bright field miéréé:aéh'shé&ingbl,"

| "S—shapedﬁ re;ainéd austenite forms along the lath.boundéfy and theﬁ |
bends into the'fefriteslgth. .(b) andv(q) afé the selécted area dif—"
'fraction pattern and its indexing, isvthévsame as iﬁ Fig.v7; The |
unique-shape oflretainea ausﬁénite ié pointed out by‘arrows in the
d;rk-f;eld image of a (Ili)# épot, |

Fig. 9 _Anothef area of bainite in steelYZSSQvafter isb;hermal.t;ansforﬁa—
ti@n»at 315°C for 24-hf (a)'bright‘field imaée which éhows extgnsive o
'lath boundafy‘detoration of cementite suggestingbfetainéd agstenite

has been decpmpbsed to a further extent. (b) and (c) are the selected
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area diffraétioﬁ pattern and the schematig represéntation same‘as in
Fig. 7. (d) dark field image of a (021) cementite-feflection‘showingb'
carbide formsbalong the lath boundary. (e) Both the cérbide and re-~
taiﬁed austenite (indicated by afrow) reverse coﬁtrastiin the dark
vfield iﬁage‘using (Ofi) cementite and (111) austeﬁite reflections.

Fig. 10 - Structure of bainite in steel 2554 after isothermal transformation
at 315°C for a shorter time, 17 minutes, shoﬁing unique "S¥shaped”
retained.austenite and cementite.

Fig. 11 Béinité in steel 2S54 obtained by isothermél transfbfmation a#
315°C for.l68 hr (a),Bright field @iCrog;aph showing ferrite‘lath with
ceméntite. (b) ghevéorresponding selécted ére difffaction pattefh,[(?)
the schematic_repreéentationbdemonstrating ferrite in [iOé].aqd [ll%].
orientation and the cémentite in[}if] 20ne; no retained ausfenite'is
detécted; (d) dérk fiEId image of a (201) cementité reflection show-
ing reversal ofvcohtrast.for the carbides. (e) The carBidé can also

| bé indexed aé’epsilon'carbide in [101;] zone. The corresponding plane'
normal to [E;OIJ is.(§305). See ﬁext fér défails; |

Fig{ 12 'Scheﬁatic'drawihg of bainite forming in éilicbn_containing~st¢él

. show;ng the nucleation of fefri;e lath and a thin layer éf.éarbbn énf_
‘riched austenite is retained in contact with the ferrite lath. The
aus;enité'subseduently decompgsgsintd cementite and ferrite. In the -
abseﬁcé of siiicon tﬁe decompositibn of retéinéd auSteﬁité‘is QeryﬂfaSt‘
and the'férmation of retained austeﬁite may.bé by;paésed'wifhoﬁt being |

noticed.:



0G o 0d3 0225 |

. .=39-

Fig. 13 Structure of typical lower bainite in steel 2840 (Fe/l 7381/0 4C)
after 1sothermal transformation at 400 c for 7hrs (a) cementite par—-
ticles prec1pitated on a certain crystallographic plane in dislocated
balnitic ferrite. Ihese carbides reverse contrast in'the'dark field

as in (b)

Fig 14 Bainite 1n steel 2540 - formed at 400 C after transforming for 7
hrs. (a) Carbides of varying sizes are seen probably due to sectlonlng
effect in two dlfferent bainite grains. (b) and (c) Dark field micro-
graphs using cementite reflections reverse. contrast of carblde in the
top and bottom grains respectively o | |

Fig. 15  (a) Structure of bainite in steel 2840 obtained by'isothernal_..

; transformation at 400 C for 7 hrs showing cementite platelet have
precipitated (b) The corresponding selected area diffraction pattern,

_ demonstrating the ferrite'matrix in.[llé]zone and'cementite in [lOl]
'zone.. (c)'Stereographic projection corresponding to Fig. 15 (b)
representing the lattice relationship between cementite ‘and bainitlc‘
ferrite; Isaichev orientation relatlonship, viz., (010) l’(lll)
(103) 11(011)' |

| 3 F1g 16 Transmlssion electron micrograph of structure of bainlte 1in all
alloy 2840 after transformation at 400°C for 7hrs,(a)-indicat1ng the
shape of Cementite‘is platelet instead of rod. The contrast'of the
cementite is reuersed invthe dark field image;g(bl; |

Fig. 17 Electron micrograph of structurevof bainlte in alloy 2840
obtained by isothermal transformation at 400° C_for37 hr. (a) showing‘
1ong'striations'of cenentite (dilineated by arrows) which is charac-

teristic of upper bainite is seen in:addition to the typical short
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lower bainitic carbide. (b) another area of'bainite whereigarbides
as marked byvarroﬁ, starts to precipitate at the 1étﬁ Boundéry,sug;
gesfing the transition of carbide morphology from traﬁsgranulaf to
ihte;granulat is taking place. |

Fig; 18 Structuré of transfbrmatioﬁ pfoduct.in 2$40:alloy after Isothet—'
mal hdldihg'af 480fC“er‘2 hr. .(a) showing acciéuiér.férrite boﬁpded
-Byba fgw cérbide particles which has been termed asf"carbide-free“A

bainite. (b) selected area diffraction pattern in [112] orientation.
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PART. IX,

Transmission Electron Microscope Study of the Bainite
Transformation in Fe/12Ni/4Co/0.4 C Alloy

ABSTRACT

The isothermal decomposition of a Fe/12Ni/4Co/.4C alloy (Ms=142°C)
into lower temperature range of lower bainite was studied by thin foil
electron microscopy. In addition to the characteristic Short bainitic
carbide, 1ong carbide stringers arranged in rows parallel to the longi-
tudinal axis of the bainite plates were also observed.. These carbides
were identified a; cementite.

The trace normal of the bainitic carbide falls in the region of
(112) and (335) ferrite plane. The cementite/ferrite orientation rela-
tionship deviates slightly from the Bagaryatskii orientation relationship.

Evidence showing the existenée of internal twinning in lower bainite
is also presented. The fact that the observed twins, whether accommodation
or transformation, persist after isothermal holding suggests that uni-
directional precipitation of carbides cannot be attributed to carbide
nucleation on the transformation twins.

The transformation mechanisms are discussed in terms of the observed

evidence.
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I. INTRODUCTION

There is a complex series of transformation products formed in
austenite as a result of decomposition at subcritical temperature ranging
from proeutectoid ferrite, pearlite to bainite. At most stages, carbide
precipitation accompanies ferrite formation because of the lower solubil-
ity of carbon in ferrite than in austenite. All the structures are aggre-
gates of ferrite and carbide, but their microstructure varies with the
transformation on temperature and the composition of the steel. The
various transformation products have been a subject of.metallurgical re-
search for a long time. Since the classical study of Davenport and Bain1
extensive work has been carried out on bainitic structures, but this has
only served to reveal their complex nature. Perhaps the bainite reaction
is still one of the least well understood of the major phasé transforma-
tions in alloys, and especially in steels.

The bainite transformation is complicated in view of the fact that
it probably involves two basic classes of transformation in iron alloys --
the diffusion controlled and the martensitic type. The fact that bainite
bears a certain resemﬁlance to martensite in its morphology and crystéllo—
graphy yet bainite involves a change in composition from austenite and
involves diffuéion has given rise to numerous and often conflicting theo-
ries. They may be divided broadly into three categories: theory of
nucleation and growth,2 theory of shear1 and theory involving both nu-
cleation and growth, and shear.3 The habit plane of bainitic ferrite

2,4,5

has been determined by a number of workers ’ and this evidence, to-

gether with the observed orientation relationships, supports the proposal
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that bainitié ferrite forms by aldisplacive mechanism.6. But it has not
been successful in proving that the shear involved is the same as the
lattice invariant shear involved in the austenite-martensite transforma-
tion. Recent thin foil studies of bainite using transmission eiectron
microscopy have led to some determination of the orientation relationship

11,12

between ferrite and cementite in bainite. Some points concerning the

transformation have been elucidated. Based on the crystallographic evi-

13,14 the conclusion that

dence together with the kinetic investigations
cementite precipitates from austenite in upper bainite has been general-
ly accepted. The reaction mechanism of lower bainite is, however, still
in dispute. The controversies center on the origin of the bainitic carbide.
The critical question is: does cementite precipitate directly from aus-
tenite or does it go through a state of supersaturation and precipitate
after y»o has occurred? Attempts have been made in the current research
to understand this point.

A knowledge of the details of the internal structure of lower bainite
is essential for a complete understanding of the bainite transformation.
For example, a conclusion usually inferred that if the bainite forms
martensitically then it should also be internally twinned. The unidirec-
tional carbides could then_be assumed to occur as a result of cementite
precipitation along these twins during isothgrmal holding.15 However,
no evidence for internal twinning in lower bainite has so far been detec-
ted. It was thus argued that similar to the dislocated martensite formed
at relatively high temperature the transformatidn strains in bainitic

ferrite have been accommodated by slip instead of twinning(i.e. the in-

homogeneous shear). However, the unidirectional morphology of cementite
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cannot be satisf;ctorily explained in this case.

It is known that a twinned structure is generally observed in
martensite with Ms temperature lower than ~200°C. If bainite truly formed
martensitially, there is no reason why the bainitic ferrite formed at low
temperature should not have a similar substructure as the twinned marten-
site. Bearing this in mind an alloy of composition Fe-12wtZ Ni-4wtZ
Co-0.4wt%°C with Ms temperature of 142°C was designed so as to study
bainite formed at low termperatures. Special attention has been given to
the internal substructure in fhis low temperature transformation product.
The result should provide better insight as to the origin of the distinct
carbide morphology of lower bainite. The main aim of the present investi-
gation is thus to use transmission electron microscopy and diffraction
techniques to study the morphological and crystallographical features of
cementite and ferrite in bainite, in the hope that the observed result

would throw some light on the mechanism of bainite transformation.
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II. EXPERIMENTAL PROCEDURE

A. Materials and Heat Treatment

The Alloy chosen for this study has the composition of Fe-12 wt.%
Ni-.4wt.% C with a Ms temperature of 142°C (286°F). It was kindly sup-
plied by Republic Steel Company as 0.080 thick hot-rolled sheets with
their designated heat number 523. The alloy was sandblasted to remove any
surface oxide. It was subsequently homogenized at 1100°C for three days
and furnace cooled. A simple, low-cost but successful technique was em-
ployed to prevent decarburization during homogenization. The as-received
material was wrapped in a stainless steel envelope then sealed inside an
Inconel tube filled with cast iron chips. The cast iron chips created a
neutral atmosphere inside the Inconel tube during homogenization anneal
and thus reduced to a minimum the degree of decarburization of the heat-
treated materials.

Coupons of 1 in. by 1/2 in, were cut from the sheet and austenitized
at 900°C for one and a half hour in a dynamic argon atmosphere and then
quenched directly into a salt bath and isothermally transformed at a pre-
determined temperature above Ms for a certain time. Carboﬁ analysis before
and after heat treatment showed no significant decarburization. It should
be mentibned that the isothermal transformation temperatures employed in
this research are always above the Ms temperature of the material investi-
gated.

B. Electron Microscopy

The heat treated 0.070 thick specimens were first mechanically ground

slightly (flood cooling was employed) and then chemically thinned in a
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solution of 1:1 phosphoric acid and hydrogen peroxide (30%) to about
0.005 inch. They were electropolished initially by the window technique
to a thickness of 0.002 to 0.003 inch using the following solution which
gave rapid thinning.
| 10 ml perchloric acid
100 ml acetic acid
The final electropolishing was accomplished either by the conventional
window method or by a double jet polishing apparatus using the following
electrolyte:
. 75 gm CrO3
400 ml acetic acid
21 ml H20
The temperature of the electrolyté was kept at 10°C during polishing using
an ice water bath. The applied voltage was about 25 dc volts although the
exact voltage varied from specimen to specimen. The thin foils were ex-
amined in a Siemens Elmiskop IA electron microscopy operated at 100 kV.
Stéreographic projection and trace analysis were extensively employed to
study the cementite/ferrite orientation and other crystallographic features

of bainite.
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III. RESULTS AND ANALYSIS

The alioy was isothermally transformed for more thamn 100 hours at
204°C (400°F). Previous experiments16 had shown that after 24 hours.no
bainite was obtained in this alloy, and it is known that the transformation
is retarded in the presence of a'high alloy content.17 It should be men-
tioned here that although the amount of bainite formed increased with iso-
thermal holding time, the bainite transformation did not go to completion
even after holding for 900 hours. Some areas of martensite which formed
from the untransformed austenite on cooling after isothermal transforma-
tion have been detected. Great care has been taken to differentiate be-
tween martensite and bainite. Only those results which pertain to bainite

are presented here.

A. Morphology and Substructure of Lower Bainite:

The structure of lower bainite is known to consist of ferrite laths
or plates with carbide particles oriented at 55 ~65° to the lbng direction
of ferrite.18

Figure 1(a) shows the typical structure of lower bainite in this
alloy where unidirectional cementite particles precipitate in the matrix.
Notice the carbides have a wavy or "broken-up" appearance. A similar

19,20 A dark field image of the (103)

structure has been reported before.
cementite reflection reverses the contrast of the carbide as seen in
Fig. 1(b). A different kind of carbide morphology, shqwn in Fig. 2 is
found in other areas. Very long wavy fine carbides arranged in rows

parallel to the longitudinal axis of the plate are observed. In addition

to these long carbides, short carbide particles can be seen in between them.



-70-

Both long and short forms of these carbides were identified as cementite.
Both type of carbides reverse contrast by dark field imaging a (040)
cementite spot, Fig. 2(b). In a Fe/7.9Cr/1.11C alloy Srinivasan and
Wayman12 observed a similar structure, but in Fe/Ni/C alloys such a
structure has not been reported before.

Even after 140 hours only a small amount of bainite was obtained.
Figures 3 and 4 show mixed structure of bainite and martensite. The
martensite was frequently found to be twinned (not shown here). As shown
in Fig. 3(b) the martensite grains are in [100]a and [1ll]a orientation.
Austenite grain boundaries have been known to be preferential sites for
bainite nucleation.zl It is clearly seen in Fig. 3(a) that bainite crystals,
as pointed by single arrows, appear to have nucleated from prior austenite
grain boundary (marked by double-headed arrow) and grown into the grain
at the expense of prior austenite during isothermal holding. Dislocated
martensite probably formed subsequently from the untransformed austenite
after cooling froﬁ the isothermal trénsformation temperature. The im-
pingement of martensite plates on the bainite grains supports the trans-
formation sequence described. 1In this high-alloy, medium-carbon steel,
the structure of martensite formed by the conventional austenitizing and
rapid quenching is usually twinned. The observed dislocated martensite
morphology in the present case is explained by the effect of the previous-
ly occuring bainite formation, which depletes the carbon content of the
adjacent austenite and thus raises the corresponding MS temperature. The
inhomogeneous shear during the subsequent martensite traﬁsformation is

therefore accomplished by slip instead of twinning resulting the
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demonstration of a dislocated structure.* Since the initially formed
bainite partitions the austenite grain and limits the packet size of the
subsequently formed martensite, the technique of partial transformation
to lower bainite has been used as a way of heat treatment to improve the
fracture toughness of steel through reducing the mean fracture path.
Figure 4(c) and (d) show the cérbide and matrix reversed their contrast
separately when dark field image was taken using a (103) cementite re-
flection [spot c in Fig. 4(b)] and a (110) matrix reflection separately.
The bainite/martensite interface are , as denoted by single arrows, fairly
straight on both sides as seen in Figs. 3 and 4. This may indicate that
bainite started growing from one side by sympathetic nucleation of each
subunit as suggested by Oblak and Hehemann.22

In order to obtain more bainite the steel was also transformed for
a time as long as 900 hours. Although the carbides became coarser, the
initial morphology was not destroyed (Fig. 5). These carbides lined up
uniformly behind the grain boundary. It has been postulated that in
lower bainite the uniformness of the carbide distribution is an outcome
of cementite precipitation behind the moving ferrite/austenite interface.
This model is also supported by the kinetic results.8

Carbides with a morphology different from those mentioned before
were also observed, in which the long cementite particles were very wavy
or kinked in appearance, rather than the conventional unidirectional

pattern. Such a structure is illustrated in Fig. 6(a) and the corresponding

*Reviews of the microstructural characteristics of martensites can be
found in G. Thomas, Met. Trams., 2, 2373 (1971), and 2) Iron and Steel
International, 46, 451 (1973).
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crystallographic data is shown in Fig. 6(b). An angle of 50° is
measured between the trace of kink and that of the long portion of the
carbide. The trace normals to the two sections of the carbides are found to
pass very close to (112)a and (112)a poles respective;y. The calculated
divergence extended between (112)a and (liZ)a poles is 48.19° which match-
es reasonably well with the measured result. Thus it is rational to as-
sume (112) and (112) to be the trace normals of the carbides.

Aaronsonzgas considered that the ferrite component in austenite
developes by a ledge mechanism during isothermal transformation; the
ferrite boundaries migrate primarily by the formation and lateral move-
ment of ledges. The kink shaped carbides can be interpreted as marks of
the ledge left by the movement of a/Y interface. There are certain simi-
larities between the carbides in Fig. 2 and Fig. 6 where long and short
carbides are interrupted in the former but the carbides are continuous in
the latter.

From the crystallographic analysis shown in Fig. 6(b), (112%xand
(112%xplanes seem to be the habit planes for the long portion and the
kink part of the cementite respectively. Similar carbide morphology was
detected in the bainitic structure of the Si containing alloy 2S54 (Fig. 8
of Part I of this thesis) when transformed at 315°C for 24 hours. It has
been explained that such characteristic microstructures develop when car-
bide precipitated from enriched austenite at the tip of bainitic ferrite.

In some areas, the structures that were developed were quite unlike
those normally characteristic of bainite (or tempered products). For
example, features of this "bainite'" are shown in Fig. 7(a) where long,

dark striations arranged in parallel rows following the longitudinal
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directions of the plate. Characteristic bainitic carbides are séen
between the striations. The selected area diffraction pattern and its
schematic representation are shown in Figs. 7(b) and 7(c). It is seen
that the structuré contains several orientations of ferrite. The matrix
is in [112]a orientation and the striations have been identified as ferrite
islands in [012]a zone. Figure 7(a) is the dark field micrograph using a
(fOO)a reflection and reveals that these ferrite islands are all in the
same orientation. The contrast of the matrix is reversed when imaging a
matrix (ilO)a spot as shown in Fig. 7(e). A very thin layer (or rows of
small particles) of cementite precipitated along the ferrite island is
detected in the dark field image of spot c as indicated in Fig. 7(f). It
is found that spot c corresponds to the (310) reflection of cementite.
In a.slightly tilted position, Fig. 7(g), the short transverse carbides
.are demonstrated clearly. fhe current observation indicated that some
austenite 1s trapped during bainite transformation. Théy suﬁsequently.
decompose to ferrite and carbide and give rise to this kind of morphology.
Again, siﬁilar microstructures were observed in the Si bearing steel
(Part I of this study).

Another kind of bainite morphology (Fig. 8) was detected which
might be easily interpreted erroneously as upper bainite. The seleétgd
area diffraction pattern and the schematic representation are showﬁ in
Fig. 8(b) and (c) respectively. The dark stringers are identified as
retained austenite instead of carbide. The Kurdjumov-Sachs oriénta;ion
relationship, [lll]aH[Oll]Y (Oli)al|(lli)y,was followed between ferrite

and austenite. The distribution of austenite is better revealed in Fig.
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8(d) which is a dark field micrograph using the (111)Y réflection.

Blocky ferrite of [100] orientation is also indicated in the analysis and
shown in Fig. 8(e) by imaging the (llO)a spot. As mentioned before,
ferrite in [100]a and [1ll]a orientation coexists in many cases. Ferrite
of [111] orientation is seen in Fig. 8(f) which is a dark field image of
the {110}0‘,{111}Y reflection. A higher magnification of the same area
is presented in Fig. 8(g). Here it appears that austenite was confined
during transformation and became stabilized by the external stress. By
using an X-ray pole figure technique, similar orientation relationship
between ferrite and austenite has been observed in béinite formed below

350°C.2

It has been generally agreed that ferrite is the nucleating phase
in the formation of bainite. All the transformation models agree in one
common fact, viz. that the ferrite is supersaturated when transformed
from austenite. Now the critical question is what is meant by super-
saturated ferriteé If by this we mean that the ferrite has the same
composition as the parent austenite, the transformation is diffusionlesé
and once it has started it should continue rapidly without waiting for,
or without being controlled by, carbide precipitation from the ferrite.
Since this is not the case the ferrite may be saturated but its carbon
content should be considerably less than that of the parent austenite.
The knowledge of carbon content in bainitic ferrite is very important in
terms of understanding the origin of bainitic carbide. If the degree of
supersaturation in bainitic ferrite exceeds that of the'extrapolated

a/o+y curve, carbide precipitation from bainitic ferrite seems inevitable.
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Conversely, if the carbon content of the ferrite lies at or below that

of the extrapolate o/o+y phase boundary, a large portion of the carbide
must precipitate from austenite. Recently, by using a modified electron
microprobe, it24 has been demonstrated that the carbon content of the
bainite was less than the detectability limit (0.03 pct) of the probe in
Fe/0.11c/1.95Mo and Fe/0.13c/2.99Cr alloys. It was céncluded that the
initially formed bainitic ferrite was not supersaturated and the bainitic
carbides which formed in these microstructures must have been precipitated
from austenite. However, as pointed out by Hehemann,25 theoretical con-
si_derationsz6 indicated that the time for complete decarburization of an -
initially supersaturated ferrite lath is substantially less than 1 second
and challenged the validity of the results claimed from the electron micro-
probe ﬁeasurements.. It seems that it is extremely difficult to decide con-
clusively the reaction sequence by examining the results from physical or
chemical measurements of the carbon content of bainitic ferrite and re-
tained austenite. It is hoped that the morphological and crystallographic
data may provide some complementary evidence as to the understanding of

the origin of bainitic carbides.

Crystallographic stu@ies of the orientation relationships between the
bainitic carbides and between such carbides aﬁd austenite have suggested
that these carbides precipitate from austenite in uﬁper bainite and from
ferrite in lower bainite.ll These resultsll are consistent with other
evidence at high temﬁerature and have generally been accepted. In the
lower temperature range, on the other hand, results and analyses to be

presented as follows lead to quite a different conclusion as to the
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primary source of bainitic carbide precipitation.

B. Crystallography of Bainitic Carbides

Sometimes the selected area electron diffraction patterns of the
bainitic carbide showed a single crystal orthorhombic pattern indicating
that they have a single orientation with respect to ferrite. When a
singie crystal pattern of cementite was obtained from the carbide phase, .
the reflections were consistently indexed, and the cementite/ferrite
orientation relationship was determined. Figure 9 shows the transmission
electron micrograph and electron diffraction pattern for such a case.

The bainite habit plane is nearly parallel to the foil surface and the
parallél rows of cementite platelets can be clearly seen.

The electron diffraction pattern and its indexing are presented in
Fig. 9(5) and (c), zone axis in this case is [331]a The stereographic
projection corfesponding to the diffraction analysis 1s shown in Fig. 9(e).
It is found that the cementite/ferrite orientation relationship is close
to that of Bagaryatskii.27

(100)FeC || (110)

(010)Fe,C N (31)

(001)Fe,C || (112)
Similar gesults have been observed by other workers in ba:l.nite11 and
tempered martensite.28 However, it can be seen that the exact Bagaryatskii
orientation is not actually satisfied. After numerous investigations to
check this out, it was found the discreﬁancy is real and this cannot be

put down to experimental error. Another example of the ferrite/cementite

orientation can be found in Fig. 10. The diffraction pattern and its
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schematic analysis are given in Fig. 10(b) and (c). The dark field
micrograph, Fig. 10(d), using the (in)Fe3C reflection revealed that gll
the‘cementite particles were in the same orientation. This diffraction
pattern also gives the orientation relationship which is again close to
that of Bagaryatsk1127 (Fig. 10(e)). In this case, however, the (100)Fe3C
is 3° apart from (ilO)a. Tﬁis also indicates that the cementite/ferrite
orientation relationship slightly deviates ffombthat of the tempering
relationship.

In order to determine the habit plane of the carbides, trace analysis
was carried out. Figure 11 shows one of many examples. The corresponding
stereographic projection is shown in Fig. 11(c). The trace normal to the
carbide particles passed close to (112)a plane. Twelve similar trace
normals were plotted in Fig. 12. It is seen that the cementite habit
plane lies in the region of (llZ)a— (335)a which are 5° apart.

As mentioned before, cementite was related to bainitic ferrite with
the Isaichev orientation relationshiﬁ%gand the ferrite/austenite lattice
relationship follows that of Kurdjumov-Sachs%0 The orientation correspond-
ence of the three crystals, i.e. austenite, ferrite and ceﬁentite can be
summarized in Fig. 13 after proper variants have been chosen. The rela-
tionship between the three structure can now be expressed uniquely as
follows:

(100)c || (57.5)Y 4.76° from (101)
(010)c || (oD, || 1D, |
(001)c || (252) 4.76° from (I21)

It should be noted that the above relationship between bainitic carbide
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and austenite are those which are involved in the relevant variant of the

AL, 52 which was obtained when cementite formed

Pitsch lattice relationship
in austenite. This leads to the conclusion that the bainitic carbide was
originally formed in austenite. The kinetic data of Aaronson also
supports this analysis.

It is interesting to notice that austenite, bainitic ferrite and
cementite are related in a way such that the close-packed plane and di-
rection are parallel in all the three structures, viz.,

(111)Y [ (011) | (103)
oDy [ aid, || (o10)

C. Internal Twinning

It is known that the matrix of lower bainite consists of dislocated
ferrite. The existence of internal twinning in bainite has been speculated
for many years, because if bainite is truly formed by a martensitic mech-
anism, as proposed by some workers then some bainitic ferrites would be
expected to contain transformation twins, which is characteristic of low
temperature formed martensite. However, no direct evidence of microtwins
has so far been presented, but then, most of the structures of lower
bainite reported have been obtained by transforming at temperature of
500°F (260°C) or above. These transform#tion temperatures may be too high
for twinning to occur, if we draw the énologf to dislocated or twinned |
martensite. Also extremely careful diffraction and dark field analyses
must be carried out. In the current study evidence proving the existence
of internal twinning has been found, which will be described as follows.

Figure 14(a) shows the structures of lower bainite in this Fe/Ni/Co/C
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steel after isothérmally transformed at 204°C (400°F) for 15 days.
Elongated carbide pérticles together with some internal twinning in grey
contrast (delineated by double arrows) can be seen inside the disloca;ed
matrix. The selected area diffraction pattern, Fig; 14(b), is analyzed
and indexed as [115] matrix, [111l] twin, and the carbide is identified

as cementite in [012] orientation. The twin plane is (lli)a. Many re-
flections from these three crystals are superimposed on each other. Dark
field images of a series of reflections were taken very carefully. Figure
14(c) shows the dark field image of a (021) cementife spot, the carbide
contrast is reversed. The twins are in the background as indicated by
double arrows. Both the carbide and the twin reverse the contrast when

the (01I) twin spot and (121) Fe,C spot was dark imaged as shown in Fig.

3
14(d). By examining Fig. 14(c) and (d) it should be noticed that some of
the cementite are not locating exactly along the twin boundaries. Similar
results were obtained by examining the dark field image of reflections
of (221) Fe3C (Fig. 1l4(e)), (10I) twin and (121) Fe3C (Fig. 14(f)) and
(112) twin and (0%2) Fe3C (Fig. 14(g)). Although the nature of the twinn-
ing is not understood, the present evidence for the existence of internal
twinning in bainite is of significance that twinning actually can be a
transformation mode or accommodation deformation mode in bainite. |

As mentioned before the trace normals of the bainitic carbide fall
in the region of (112)a and (335)a. It is clearly seen that the cementite
particles are situtated at an angle to the twin interface in Fig. 14. The
carbide habit is obviously not (112) type since the twin plane has already

been identified as (112) plane. The phenomenological theory of martensiF

tic transformation was originally developed for the condition of (112)a
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twin inhomogeneity. It seems quite clear that the bainite crystallography
cannot be satisfactorily accounted for by martemsitic theory. A similar
point of view has also been pointed out before.5 Furthermore, the current
evidence shows that the unidirectional carbide morphology in iower bainite
is not the result of cementite precipitation along twin boundaries. This
15

is in disagreement with what has been discussed by Shackleton and Kelly.

D. Summary of Principal Results

The most important results of this part of the investigation are
summarized as follows:
(1) 1In addition to the characteristic lower bainitic carbide morphology,
a long, fine carbide distribution, with particles arranged in rows parallel
to the major growth axis of the plate was also found; the carbide was iden-
tified as cementite. These long carbides are part of the decomposition
product of the entrapped austenite (y>o+ Fe3C).
(2) Bainite grows'from the austenite grain boundgry and the interface
between bainitic ferrite and austenite is usually planar.
(3) Carbides in the shape of kinks(have been resolved. These could occur
from a ledge growth mechanism. ‘
(4) The ferrite and austenite in this alloy are related by the Kurdjumov-
Sachs rélationship. |
(5) The bainitic carbide/ferrite orientation relationship deviates
slightly from the relationship observed for tempered martensite.
(6) The habit plane of the bainitic carbide seems to be (335)a instead
of (112)a.
(7) 1Internal twinning has been resolved in lower bainite where carbides

lie at an angle to the twin interface.
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IV. DISCUSSION

A. Precipitation of Cementite in Lower Bainite

The cementite platelets were related to the bainitic ferrite by the
Isaichev orientation relationship29 rather than due to that of
Bagaryatskii.27 In order to understand this, it seems necessary to ex-
amine the possibility whether cementite precipitates in ferrite or in
austenite.

In lower bainite, it has been generally believed.that cementite
preéipitates from supersaturated ferrite which is formed by a shear tyﬁe

1,6,33,34 Nevertheless,

"(martensite-like) mechanism from parent austenite.
this.formation sequence does not differ from that of the autotempering

of martensite. The transformation nature of this proéess is élso ques-
tionable. According to Pickering,33 "Only when this precipitation (of
carbides from supersaturated bainitic ferrite) has lowered the carbon
content of the ferrite sufficiently, is the driving force restored to a
level which allbws the bainitic ferrite to grow. The new growth again
produces supersaturated ferrite, and again carbide precipitation is re-
quired within the ferrite for the bainite to continue to grow.'" If there
were sufficient driving force for the transformation of austenite to
supersaturated ferrite to occur in the first place, it might be unreason-
able to expect thevcarbide to precipitate from the supersaturated ferrite
in order to proceed the growth process;35 Moreover, tﬁe bainitic carbide
has been observed to lie at an angle to the twin interfaces. The uni-
directional morphology of bainitic carbide cannot be éttribgted to carbide
precipitation on the internal twins; whereas in the tempered martensite such

a carbide morphology can be expected from twin interface precipitation of
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cementite particles. It has also been suggested that cementite precipi-
tation might take place on stacking faults produced during martensitic
transformation of supersaturated ferrite from austenite. This is not
convincing because stacking faults have never been observed in body cen-
tered cubic structures. In addition to this, the ferrite/cementite lattice
relationship is that of Isaichev29 instead of Bagaryatskii.27 The
Bagaryatskii orientation relationship would be attained if cementite

were formed in ferrite as in the case of tempering of a martensite.
Therefore, it seems unlikely that the bainitic carbide is formed either

in ferrite or in contact with ferrite at the austenite/ferrite interface.

The second possibility is that the cementite particles precipitate
within austenite. In fact the analysis shown in Fig. 13 demonstrated
that the bainitic carbide is related to austenite by the Pitsch orienta-
tion relationship31 suggesting that the cementite originates from austen-
ite. However, this would not differ from that of the precipitation of
proeutectoid cementite from austenite. Besides the unidirectional morpho-
logy of cementite cannot be accounted for is cementite precipitates in
the bulk austenite.

Since it is almost certain that carbide nucleates on some particular
crystallographic planes, an alternative is that the cementite is formed
on the austenite side of the austenite/ferrite interface. As indicated
by Andréws,36 only small atomic rearrangements are necessary to produce
the cementite structure f;om ferrite. The ferrite surface in austenite

may thus serve as a favorable nucleation site for cementite because of

the high similarity between the crystal lattice of the two structures.
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Both ferrite/cementite_and austenite/cementite orientation relationships
should be concomitantly satisfied in this case. As pointed out in the
stereogram analysis, Fig. 13, this lattice correspondence is in fact
achieved.

B. Mechanism of Bainite Transformation

Despite the interest shown in the bainite reaction since it was first
described in the 1930's there is still no universally accepted model for
the mechanism of this mode of austenite decomposition.

Two principal mechanisms have been suggested to account for the
characteristics of the reaction. The first was proposed by Davenport and
Bain1 and can be summarized as follows. Bainite forms initially as a
carbon-supersaturated ferrite (which has the same chemical composition
as the parent austenite) by a shear mechanism and carbides subsequently
precipitate internally. This model was further developed by Zener37 and
subsequently supported by Ko and Cottrell6 after observing the surface
relief effect accompanying the formation of bainite. This model, which
does not differ from that of autotempering of martensite, cannot explain
satisfactorily the slow rate of growth of bainite. Besides, Cristian38
has shown that surface relief only means that the interface is semicoher-
ent and there is a lattice correspondence between bainitic ferrite and
austenite. Surface tilts may not constitute sufficient evidence for a
diffusionless transformation since Widmanstatten ferrite has also been

observed to exhibit surface relief effects..39

The other model was proposed originally by Hultgren40 and given as
follows. The bainitic reaction consists of an initial nucleation and

growth of carbide-free equilibrium ferrite, gradually enriching the sur-

rounding austenite in carbon until a point is reached when particles of
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Fe3C form just ahead of the bainite grain. Hultgren believed that the-
ferrite grains grow relatively large because of the relatively high rate
of diffusion of carbon and low rate of nucleation of carbide. The at-
tractive feature of this model is that it explains the.slow growth rate
of bainite in terms of carbon diffusion away from o/Yy interface. As
further developed by Hillerélbased on Zener's analysis?7it is now common-
-ly called the Zener-Hillert model.
In the case of upper bainite, it has been shown that austenite
becomes increasingly enriched in carbon content as the reaction proceeds.
Furthermore, crystallographic evidence has supported the fact that bainitic
carbides nucleate in the austenite.11 Therefore, the Hultgren model for
the upper bainite reaction is generally accepted. Sheaves of parallel
ferrite laths nucleate side by side, the entrapped austenite between the
| ferrite lath becomes progressively enriched in carbon and eventually trans-
forms to elongated cementite particles.
In view of the structural, morphological and crystallographic
similarities between tempered martensite of a high carbon steel and lower

Labs3 % s baen frequently assumed that the formation of

bainite, it
lqwer bainite follows the Davenport and Bain mechanism. However, the
kinetic data43 suggest that the edge-wise growth of lower bainite pro-
ceeds by the Hultgren mecﬁanism.

More recently, the growth mechanism of the ferritic component of
bainite became the central controversey on the bainitic reaction. There
appear to be two major schools of thought on this subject which are led no-

tably by Hehemann and Aaronson respectively. Hehemann and co—workerg’22 pro-

posed that both upper and lower bainite form initially with substantial
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supersaturation, by a shear mechanism. It was suggested that individual
bainite plates grow substantially more rapidly than volume-diffusion-
control allows. The bainite ié assumed to grow by repeated nucleation of
substructural units which rapidly attain a limited size similar to the
case of sympathetic nucleation. 'This mechanism of growth ensures exten-
sive supersaturation of bainitic ferrite with respect to carbon. The
carbide precipitation plays only a secondary role in this shear mechanism.

The other growth model as proposed by Kinsman andvAaronson26 is the
diffusion-controlled mechanism. Here Widmanstatten ferrite, upper and
lower bainite form a continuous series of reaction products, in which the
rate of growth varies in a continuous fashion and is paced by partition
of carbon to austenite. The bainites grow at rétes of the order of, or
less than, those allowed by volume diffusion-control. In this view,
carbide precipitation plays an essential, rather than an ancilliary.role.
Based on the ﬁicrostructurél definition of bainite, the diffusion control
model appears to be the more probable.
| As mentioned before, the central issue of the controversy over the
bainite reaction is mainly one of definition. It exists simply because
the terminology that was used originally to designate a new transformation
prbduct in carbon steels has generally been used to describe a whole range
of similar products in other alloys, moreover, often to imply a mechanism
of formation.

For the past 40 years, tremendous efforts have been spent in trying
to formulate a single transformation mechanism to account for all the ob-
served phenomena simultaneously in the bainite transformation of all the

alloy systems. So far no single model has been given that can explain
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satisfactorily all the observed facts. This is not surprising. In solid-
state transformations we know there is no one single theory which can
explain all the characteristics of the martensitic transformatioh.
Strictly speaking one can ask: 1is martensite formed by a truly diffusion-
less process? It is known that this depends on the system under discussion.
It is a pure shear, diffusionless reaction in some alloy systems, e.g.
high carbon alloys, but involves short-range diffusion in some other
systems. Similarly, in a recent study it was found that short range
ordering cannot be explained satisfactorily by either the microdomain
model or the statistical model alone.44 By the same token, although it

is possible to explain the formation process of a particular kind of
"bainite" in a specified system from physical and chemical informations,
it is difficult to establish a general mechanism for all systems.

Among the two major formation mechanisms - the shear model and fhe
diffusion-controlled model, it is the author's concluéion that a combina-
tion of both must operate during bainite transformations in steel. 1In a
particular system, at high transformationitemperature, the diffusion-
'controlled mechanism dominates while shear mechanism plays only a minor
role. The shear mechanism becomes dominant at low transformation
temperature but the reaction will not be accomplished without the
contribution from diffusion. Thus, bainite formed at different tempera-
tures in different systems can be explained if they were achieved by a
combination but differing contributions from shear and diffusion, and

this is exactly the case in many observations.
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From the observations in this study, the formation of various
morphologies of bainite is envisaged from a different viewpoint. Thevtwo
main factors which dominate the morphologies of bainite are (1) the driving
force which determines the formation mechanism of ferrite and (2) carbon
diffusivity. The bainitic ferrite forms first during transformation, and
the morphology of the ferrité is determined by the driving force. Pre-
cipitation of carbide subsequently takes place, which is dictated by the
diffusity of carbon to conformed to the substructure of ferrite. The com-
~ petitive procéss between fe?rite growth and carbide nucleation gives rise
to various morphologies of baiﬁite, i.e. upper temperature formed bainite,
lower temperature formed bainite and bainite of mixed structure. In other
words, following the formation of bainitic ferrite (which contains less
carbon than the parent austenite), the appearance of bainite is determined
by the relative'kinetics of carbide precipitation within.the ferrite and
of partitioning of carbon to the adjacent austenite. At high temperature,
the carbon has a sufficiently rapid rate of diffﬁsion in austenite to be
able to diffuse away ahead of the moving a/y interface before the carbide
has a chance to precipitate inside the ferrite grains. As the ferrite
laths grow together, the carbon content in the austenite entrapped between
them is increased until it exceeds the solubility of cérbon in austenite
and the cementite precipitates directly from austenite. At lower tempera-
ture, the carbon diffuses so slowly that it can no longer maintain a complete

partitioning between austenite and ferrite. The increase of the carbon
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concentration in the austenite at the a/y interface produces cementite at
the interface.

As discussed before, the type of bainite formed is partially
determined by the carbon diffusivity. The nucleation rates of carbide
alsovplay an important role in determining the kind of bainite formed. As
observed in this study, silicon when used as an alloying element has a
distinct influence on the morphology of bainite and this can be a;tributed
to the role of silicon effect in modifying the rate of carbide precipita-
tion. Thus carbide morphologies of typical high temperature bainite are
observed in silicon steel when transformed at low temperature. The morpho-
logy of bainite is very much composition dependent and at similar trans-
formation temperatures, different morphologies of bainite are observed in

different steels.
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V. CONCLUSIONS
The cementite in bainite is related to ferrite with a specific variant
of the Isaichev orientation relationship rather than due to that of
Bagaryatskii.
It appears that the bainitic carbide is formed in austenite at the
ferrite/austenite interface.
Internal twinning in bainitic ferrite has been resolved. The fact
that the observed twins, whether accommodation or tranéformation,
persisted after isothermal holding suggests that the unidirectional
precipitation of carbides cannot be ‘attributed to carbide nucleation
on twins.
In lower bainite, it has been shown that the uniform distribution of
carbide is the outcome of cementite precipitation from austenite at

the moving ferrite/austenite interface.
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FIGURE CAPTIONS

Fig. 1 Transmission electron micrograph of lower bainite in Fe/12 Ni/4
Co/.4 C alloy after transformation at 204°C for 140 hours. (a) Bright
field image shows unidirectional carbide particles precipitated uni-
formly in the matrix, this is typical of lower bainite. (b) The
carbides reverse contrast in the dark field image using (103) cementite
reflection.

Fig. 2 (a)‘ Transmission electron micrograph of the structure of lower
bainite showing long striations of cementite in addition to the char-
acteristic short bainitic carbides. (b) Both type of carbides reverse
contrast in the dark field micrograph by imaging a (040) cementite spot.

Fig. 3 (a) Electron micrograph showing lower bainite grows from austenite
grain boundary (marked by double arrow). Both long and short carbides
are observed. The interface of the bainite at marked by single arrow
is planar. (b) Selected area gives a (IOO)a and (lll)a orientation
which is typical of lath martensite.

Fig. 4 (a) Electron micrograph shows two grains of bainite with martensite
forming in between. The bainite/martensite interface as indicated by
arrows is straight. (b) Selected area electron diffraction pattern
taken from the right hand sided grain of bainite showing a [113]a

orientation. (c) Dark field of (103) Fe,C spot, indicated as C, shows

3
the carbide clearly. (d) The contrast of the matrix is reversed by
dark field imaging the (IlO)a spot.

Fig. 5 (a) Electron micfograph of lower bainite in the Fe/Ni/Co/C alloy

after transformation at 204°C for 900 hours showing another region
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where Fe3C can be seen lining up uniformly suggesting that the
cementite precipitates behind the moving ferrite/austenite interface.
(b) Dark field image of (103) Fe3C reflection reverses the contrast
of cementite.

Fig. 6 (a) Transmission electron micrograph showing another region of
lower bainite formed in the Fe/Ni/Co/C alloy at 204°C for 900 hours.
The carbides are in the shape of kinks suggesting the transformation
mechanism to be ledge mechanism. Foil orientation is [Sll]a' (b)

The corresponding crystallographic analysis.

Fig. 7 (a) Structure of lower bainite showing characteristic bainitic
carbide and islands of ferrite formed from entrapped austenite. (b)
The corresponding diffraction pattern and (c) the indexing. The
matrix is in [llZ]a orientation. (d) shows the dark field image of a
(200) épot of the ferrite island. (e) The contrast of the matrix is
reversed by imaging (IlO)a reflection. (f) a thin layer of cementite
along the o island is detected by dark field imaging a (310) cementite
reflection. (g) the bainitic carbide are clearly seen in a slightly
tilted position and (f) the corresponding SAD.

Fig. 8 (a) Another area of the isothermally transformed specimen showing
entrapped austenite as dark stringers. (b) The selected area diffrac-
tion pattern and (c) Indexed diffraction pattern showing that the
Kurdjumov-Sachs orientation relationship holds between ferrite and
austenite. Another orientation of ferrite is also indexed. (d) Dark
field image reverses the contrast of austenite by using a (111)

austenite reflection, (e) Blocky ferrite is clearly seen in the dark

field image of (110)  spot. (f) Dark field image of {110}@{111}Y
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reflection. (g) Bright field image of the same area with higher
magnification.

Fig. 9 (a) Transmission electron micrograph showing the structure of
lower bainite in Fe/12Ni/4Co/.4C steel after isothermally transforma-
tion at 204°C for 900 hours, (b) the selected area diffraction
pattern, (c) the schematic representation showing the matrix orienta-
tion to be [331] and the cementite orientation to be [01I1]. (d) Dark
field image of a (fil)»cementite reflection reverses the cementite
contrast. (e) Stereographic projection corresponding to Fig. 7
showing the orientation relationship between bainitic ferrite and
cementite.

Fig. 10 (a) Transmission electron micrograph showing another area of
lower bainite. Typical bainitic carbides are seen in the matrix, (b)
the corresponding selected diffraction pattern. (c) Indexed dif-
fraction pattern indicating that ferrite and cementite are in [120]a

and [lfi]Fe C orientation respectively. (d) Dark field imége of

3

cementite using a (ETO)FeBC reflection. (e) Stereogram corresponding
to Fig. 10. (c) The orientation relationship of tempered dislocated
mértensite is closely but not exactly followed between the bainitic
carbide and ferrite.

Fig. 11 (a) Strucﬁure of typical lower bainite and (b) the electron
diffraction pattern in Fe/12Ni/4Co/.4C alloy. (b) The corresponding
stereogram showing the trace normal of cementite passes very close to
(335) ferrite plane.

Fig. 12 Trace analysis of bainitic carbide particles showing the habit

‘plane in the region of (112) to (335).
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Fig. 13 Stereographic projection summerizing the orientation relationship

Fig.

between austenite, cementite and ferrite. Where K-S relationship, viz.,

(Oll)all(lll)Y, (lli)all(IOI)Y and (ElI)aH(IZi)Y is obeyed between
ferrite and austenite; Isaichev correspondence, viz., (010)C||(11i)a
and (103)C||(011)a is observed between cementite and ferrite.

14 (a) Lower bainite in Fe/Ni/Co/C alloy obtained by isothermal
transformation at 204°C for 15 days showing carbides and internal
twinning (delineated by double arrows). (b) The corresponding select-
ed area diffraction pattern and its indexing. (c) Dark field image
of a (021) cementite spot reverses the contrast of the carbide. _The
twins are in the background as indicated by double arrows. (d) Both
the carbide and the twins reverse contrast by dark field imaging of a

(011) twin spot and a (121) Fe,C spot. (e), (f), and (g) are dark

3
field micrograph using'reflections of (221) Fe3C, (101) twin + (121)

Fe,.C and (112) twin + (0%2) Fe

3 C respectively.

3
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GENERAL SUMMARY AND CONCLUSIONS

Bainite is an aggregate of ferrite and carbide, the microstructure
may assume a variety of forms. Upper bainite and lower bainite should
be differentiated microstructurally.
Epsilon carbide was unambiguously identified in lower bainite of a
silicon containing steel. The orientation relationship between epsi-
lon carbide and bainitic ferrite was found to follow that of Jack viz.,

(0001)_ [ (o11)

(1010)_ || (21Iv)

(1210)_ || (111)
The cementite observed in lower bainite was in the shape of small
platelets and exhibited the Isaichev orientation relationship, viz.,

(010) (111)a,(103)C [ (011) , with the bainite ferrite rather

c |l
than that due to Bagaryatskii.

Instead of a well-established (112) habit plane, the habit plane of
the cementite platelets in lower bainite was found to lie in a region
of»(llZ)a to (335)a which are 5° apart.

Evidence showing the existence of internal twinning in bainite has
been found. The fact that the observed twins, whether accommodation
or transformation, persist after isothermal holding suggests that the

unidirectional precipitation of carbides cannot be attributed to

carbide nucleation on the transformation twins.
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The "auto-tempered" model of Pickering and the '"rapid nucléation"
model of Oblak and Heheman are not able to explain satisfactorily

the unidirectional morphology of bainitic carbide but can explain
the gross features of the dislocated structures in bainitic ferrite.
From morphological examinations and crystallographic analyses, it

was concluded that bainitic cementite is formed in contact with
austenite at the moving austenite/ferrite interface. This mode gives
rise to the uniform distribution of carbides.

The major difference between upper and lower bainite is the carbide
morphology instead of the formation mechanism. Both bainites involved
carbide precipitation at the austenite/bainitic ferrite interface.

In upper bainite the diffusion of carbon is sufficiently rapid to
allow complete partition to occur between ferrite and austenite. The
cementite precipitation occurs between bainitic ferrite laths when
the enriched austenitic layer becomes supersaturated. During the
formation of lower bainite, carbon diffusion is so restricted that
carbén concentrations build up at the o/Y interface leading to the
nucleation of uniformly distributed and well spaced cementite parti-

cles from austenite as the interface moves along.
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