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BAINITIC TRANSFORMATION IN STEELS 

Der-Hung Huang 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory 
and Department of Materials Science and Engineering, College of Engineering; 

University of California, Berkeley, California 

ABSTRACT 

The formation of carbide in lower bainite was studied in a series of 

carbon steels by thin foil transmission electron microscopy and electron 

diffraction techniques. Epsilon carbide was identified in the isothermally 

transformed bainite structure of a silicon steel. The crystallographic 

relationship between epsilon carbide and bainitic ferrite was foundto 

follow the Jack orientation relationship, viz., (OOOl)E II (011) a' (lOll) e; II (101) a· 

The cementite observed .in lower bainite was in the shape of small platelets 

and demonstrated the Isaichev orientation relationship with the bainitic 

ferrite, viz., (010) c II (lll) a, (103~11 (011) a· In the silicon containing 

steele, "a. thin layer of retained austenite was detected to form initially 

in contact with the bainitic ferrite when transformed in the bainite range 

at 315°C (theMs temperature of the corresponding steel is 250°C). The 

retained austenite delineated the ferrite grain and subsequently decomposed 

into cementite. and ferrite upon isotheruial holding resulting in the char-

acteristic bainitic microstructure of silicon containirtg steels. Based 

on these observations together with other crystallographical features, it 

is concluded that the bainitic carbide precipitated directly from austenite (y) 

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

The isothermal decomposition of a Fe/12Ni/4Co/.4C alloy (Ms==l42°C)into 

lower temperature range of lower bainite was also studied by thin foil trans-

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

longitudinal axis of the bainite plates were also observed. These carbides 2 

were identified as cementite. 

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

and (335) ferrite plane. The cementite/ferrite orientation relationship 

deviates slightly from the Bagaryatskii orientation relationship. 

Evidence showing the existence of internal twinning in lower bainite 

is also presented. The fact that the observed twins, whether accommodation 

or transformation, persist after isothermal holding suggests the 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. 

v 
• 
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. PREFACE 

This thesis is divided into two parts. In Part I, t;:he bainite 

transformation and the associated carbide precipitation in silicon con-

taining steels are investigated. The salient metallographic features· of. 

the bainite have been characterized using direct transmission electron 

microscopy observations from which a model of bainite formation is 

proposed. 

In Par.t II, special attention has been given to lower bainite· formed 

in an Fe/Ni/Co/C alloy transformed at 200°C which is believed to be the 

lowest temperature range ever studied. The morphology of this low tempera-

ture bainite together.withits unique internal structure are discussed. 

Several transformation mechanisms of bainite are also reviewed. 



\; 

'i 

' 

-1-

GENERAL INTRODUCTION . 

When steels are quenched to low temperature so rapid~y that 

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

austenite by.a diffusionless shear mechanism which results in the struc-

ture known as martensi.te. 

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 sub critical temperatures, ranging from coarse pearlite at 

higher temperature through fine pearlite, to upper bainite then to lower 

bainite at the lowest temperatures. 

The term bainite, so named in honorof E. C. Bain, refers to the 

microstructural constituent formed in steels when austenite decomposes 

at temperatures above that of martensite formation butbelow that of pearl­

ite through either isothermal transformation or continuous 'cooling. The 

microscopic structure of bainite consists of nonlamellar aggregates of 

ferrite and carbide a~d it has been. emphasized recently that this micro-

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

* e.g. Aaronso~, 1969). The morphology of bainite changes gradually with 

reaction temperature, so no pronounced structural changes are observed 

over a.ny small temperature range. Although the triicrostructure. may assume 

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

and lower bainite, ar.e observed in steels in different ranges of tempera-

ture. Other kinds of bainite are also known to exist, for example, granu-

lar bainite and inverse bainite, etc. In many steels there has 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. 
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to be a distinct microstructural difference between upper and lower 

* bainite. In upper bainite, which occurs mainly at high temperature, the 

carbides frequently form elongated particles between the bainite ferrite 

grains, while in lower bainite, the carbides tend to precipitate unidirec-

tionally at an angle of 55 - 65° to the major growth direction, or longi-

tudinal axis of the bainitic ferrite grain. However, it does not always 

seem possible to detect any sharp change in microstructural morphology. 

Even more than 40 years after its discovery, the nature of the bain-

itic transformation remains so controversial that almost the only aspect 

of it upon which there is general agreement is that still more research 

is needed. Much debate is still going on as to the essential character..:. 

istics O·f a bainitic transformation£ there are several schools of thought 

on what metallographic and mechanistic features characterize a bainitic 

phase change. The problem is mainly one of definition and exists simply 

because a word that was used originally to designate a new transformation 

product in carbon steels has been often used to imply a mechanism of trans-

formation. 

· Since the me~:hanism of bainite transformation is not well understood 

and as one of the major areas of doubt is concerned with the mode of car- · 

bide precipitation, the present study was performed to attempt to clarify 

these questions. 

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

~1 

, 
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PART L 

Metallography of Bainitic Transforl!lation in Steels 

ABSTRACT 

.The formation of carbide in lower bainite was studied in a series of · 

carbon steels by thin foil transmission electron microscopy and electron 

diffraction techniques. Epsilon carbide was identified in the isothermally 

trans.for~d bainite structure of a silicon steel. The crystallographic 

relationShip between epsilon carbide and bainitic ferrite was found to 

follow tbeJack.orientation relationship, viz., 

(0001)
6

11 (Oll)a, (lOll>gll (lOl)a. The cementite observed in lower bainite 

was in the shape of small platelets and demonstrated the Isaichev orienta-

tion relationship with the bainitic ferrits, viz., 

(OlO)C ll(lll)a.' (103) li<Oll) • a In the silicon containing steels a thin 

layer of retained austenite was detected to form initially in contact 

with the bainitic ferrite when transformed in the bainite range at 315°C 

(the Ms temperature of the corresponding steel is 25R)C). The .retained 

austenite delineated the ferrite grain and subsequently decomposed 

into cementite and ferrite upon isothermal holding resulting in .the 

characterictic 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 

(y) instead of from ferrite (a) at the y/a interface. 
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I. INTRODUCTION 

It has long been knownl that there are two major different morphologies 

of bainite in steels, namely upper and lower bainite. In upper bainite, 

the carbides frequently form large elongated particles parallel to the long-

itudinal axis of the ferrite grain, while in lower bainite, the carbides 

tend to be oriented at an angle of about 55°-65° to the major axis of the 

ferrite grain.l,Z Both the nature of carbides and whether the carbides in 

bainite precipitated from supersaturated ferrite or from austenite is of 

fundamental significance to the bainite reaction mechanism. The morphology 

and crystallographic relationship between bainitic ferrite and cementite 

have suggested that carbides in upper bainite precipitate directly from 

carbon enriched austenite trapped between the ferrite grains whereas those 

in lower bainite precipitate from supersaturated ferrite. 2 • 3 On the other 

hand,. from an analysis of data in the literature on the average carbon con-

tent of retained austenite associated with partial transformation to bain-:-

ite, it was pointed out recently that the carbon content of the ferritic 

component of bainiO lies between the aj(a +Fe 3C) and the extrapolated 

a./(a+y) phase boundaries. 4 This indicates there is a lack of support to 

existence of an appreciable carbon supersaturation in bainitic ferrite 

(relative to the extrapolated a/(a+y) curve). Furthermore, based on the 

thermodynamic analysis, 1t4 has been argued that carbides in lower bainite 

form primarily from austenite at an austenite/ferrite boUndary. Therefore, 

the origin of the carbides in lower bainite remains to be elucidated. 

The characterization of the nature and the crystallography of the 

carbide phase are important in order to understand the structural features 

:.' 

I' ... 
j,· 

• .. 
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of bainite. It iS generally accepted that cementite constitutes the carbide 

phase of upJ>er bainite. Although cementite is likewise frequently observed 

in lower bainite, the exact carbide precipitation process is still uncertain. 

It h.as been reported that e: carbide is the first .carbide formed in low tern-

perature bainite which is subsequently replaced by cementite on further trans­

. formation~' 6 The~e reports were either based on conclusions drawn indirectly 

'from physical measurements5 or on direct electron microscope observation. 6 

The evidence is, however, to the author's viewpoint, insufficient. The 

iron carbides may.assume different forms in steel, e.g., epsilon carbide, 

Hagg carbide and cementite dependingon the heat treatment and the cornposi~ 

tion of the material. Consequently the characterization of carbide must be 

approached with great care. Unfortunately, it has not always been possible 

to Unambiguously determine the nature of the carbides present because of 

competing factors and their complex structures. 

In view of the lack of exact evidence· for identification of epsilon 

carbide in lower bainite in the literature, it is the purpose of the 

current investigation to provide such information, and to study the relevant 

crystallographic relationships. 

Most of the literature on bainite transformation cortcem the kinetic 

aspects. Except for the work of Shackleton and Kelly7 and Srinivasan and 

Wayman8, there are not much data reported on the crystallography of the 

transformation. A knowledge of the crystallographic features of bainite 

is essential for a compiete understanding of the transformation mechanism. 

It has been generally accepted that ferrite in lower bainite forms marten-

sitically and the transformation is completed by a subsequent tempering 
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process similar to that of auto-tempering in martertsitic steels. This 

idea was first suggested by Ko and Cottrell9 after the observation of a 

martensitic type surface relief effect during the formation of bainite. 

Besides, the typical Bagaryatskii ferrite/cementite orientation relation­

ship,10 viz., (lOO)cl I (llO)a, (OlO)cl I (Ill)a, (OOllcll<li2)a, occurred in 

martensite was also found to exist between ferrite and cementite in lower 

bainite 7• This further supported the theory that bainite initially formed 

martensitically. However, inany crystallographic and. morphological features 

in lower bainite, e.g., bainite habit plane, 11 the unidirectional carbide, 

to name a few, are not explained satisfactorily to any extent by the marten­

sitic mechanism. It is thus the aim of the present study to use thin foil 

transmission electron .microscopy and diffraction to re-examine the morpho­

logical and crystallographic features of cementite and ferrite in lower 

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

bainite formation. 
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II. EXPERIMENTAL PROCEDURE 

A. Materials and Heat Treatment 

The chemical composition of the alloys under investigation are given 

in Table 1 along with their M8 temperatures. Ms temperatures were deter-

mined by dilatometric measurements. The steels will l:le referred to by · 

their designations as giyen in Table 1. Note the nominal composition is 

indicated by.the alloy designation: the first digit and letter represent 

nominal wt.% of the major alloying element, the last two digits represent 

wt.% of.carbon. Alloy 2S40 was kindly donated by Dr. H. I. Aaronson. It 

was vacuum melted and cast as a twenty-five pound ingot. After hot rol.ling, 

homogenization at 1300°C was done for several days. The details of heat 

treatment and the corresponding TTT diagram have been described in refer-

ence 12. 

The particular composition of the alloy 2S54 selected provided an 

opportunity to compare the results with those of Oblak and Hehemann6 on the 

morphology and crystallography of these transformations. Alloy 2S54 was 

vacuum induction melted in this laboratory using high purity material and 

poured in a.fast chilled copper mold as a 4-lb. ingot. 

All materials were sandblasted to remove any surface oxide. They were 

subsequently homogenized at ll00°C for three days and furnace cooled. A 

simple low-cost but successful technique was employed to prevent decarburi-

zation during homogenization. The as-received or as.,..cast materials were 

wrapped in stainless steel envelopes then sealed inside an Inconel t~be 

filled with cast iron chips. ·The cast iron chips created a neutral atmos-

phere inside the Inconel tube during homogenization anneal and thus reduced 



Designation 

2S54 

2S40 

"' ..-

Table I. Chemical Composition of the Alloys (in wt%) 

Manufacturer's 
Original 

Heat Number 

Si Steel 

1 

with their MS Temperatures 

Composition 

Fe-0.54C-1.87Si•0.79Mn-0.30Cr 

Fe-0.40C-1. 73Si 

MS Temperature 

250°C(482°F) 

370°C(698°F) 

,, 
•..:. 

~. 

I 
00 
I 



' 

0 0 u ') 

""'" 6 

-9-

the degree of decarburization ·of the heat-treated material. . Alloys 2S54 · 

and 2S40 were then hot rolled to strips of 0.040 inch thickness, intermediate 

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 a:rgon atmosphere, and then quenched 

directly into a neutral salt bath. Isothermal transformation was then done 

at a predetermined temperature above MS for a certain time. Carbon analyses 

before and after beat treatment showed no significant decarburization. It 

should be mentioned here that all the isothermal transformation temperatures 

employed throughout this research were above the MS temperature of the 

material investigated. 

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 1:1 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 m1 acetic acid 

The final electropolishing was·accoJ!lplished either by the cortve11tional 

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

electrolyte. 

75 gm Cr03 

400 m1 Acetic Acid 

21 m1 H20 
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_:I'he temperature of the electrolyte was held at 10°C during polishing using 
I 

an ice water bath. The applied voltage was about 25DC volts although the 

exact voltage varied from specimen to specimen. Thin foils were examined , 
in a Siemens Elmiskop IA electron microscope at lOOkV using a double tilt 

stage. 

Selected area diffraction patterns of epsilon carbide were indexed 

with the aid of tables of d-spacings and angles between crystallographic 

planes calculated from a general computer program which has beert compiled 
0 

for non cubic crystal systems. The input data were a= 2.735 A and 
0 . 

C = 4. 339 A which yields a c/ a ratio of 1. 586. A listing of the program 

is included in the appendix. 

Stereographic projection and trace analysis was extensively employed 

to study the crystallographic features of bainite. 
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III. RESULTS AND DISCUSSION 

A. Isothermal Transformation at 2-75~C 

Thin foils suitl;lble for transmission electron microscopy were made 

from isothermally transformed lower bainite of steel 2S54. In many cases 

the precipitates were too small to give a satisfactory diffraction pattern 

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

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

tion and dark field imaging techniques. 

Figure l(a) shows the structure of lower bainite of the steel 2S54 

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

of carbide precipitates is distributed uniformally throughout the bainitic 

ferrite matrix. These carbides form as thin platelets or laths varying 
0 . . 0 

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

selected area diffraction pattern is shown in Fig. l(b) together with 

its indexing. From this and many other photographs which give a variety 

of orientation of the ferrite and carbide with respect to the incident 

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

ship between the two phases. In Fig. 1; the matrixhas the [Oll]a zone 

orientation and the. carbide is analyzed as epsilon carbide with 

[OOOi] I l£011] • It.is clearly seen that the volume fraction of carbide e: a 

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

that the interface is partial or non-coherent and contains structural 

dislocations. In addition to the identification of epsilon carb~de in 

lowetbainite, the orientation relationships between epsilon carbide and 

bainitic ferrite may.be obtained directly by plotting the orientations 
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determined from the diffraction pattern, Fig. l(b), on a stereographic 

projection as tn Fig. 2. It is clearly seen that (0001)£ plane is paral­

lel with (011) a., (lOll) is only 1° from (101) a.· This is practically the 

. . 13 
same as the Jack orientation relationship which may be stated: 

<oool)E I I 

(lOll)£ II 
The one degree discrepancy between our result and that of Jack's 

could arise f.rom inaccuracies introduced during measurements. 

Characteris·tic wavy epsilon carbide in better contrast is seen in 

one of the bainite grains in Fig. 3 which is another area of the same 

treated specimen as that in Fig. 1. The waviness of the carbide could be 

interpreted as simultaneous transformation, i.e., the epsilon carbide is 

deformed along with the ferrite when austenite decomposed. As indexed in 

the insert, the matrix gives a [100]
0 

diffraction pattern and the epsilon 

carbide is slightly tilted from the [1120]£ zone. The angular discrepancy 

may be partly accounted for by the fact that spots in the diffraction 

pattern are not symmetrical and the actual foil orientation is about 5 

degrees from the [1120]£ zone. ThiS is reasonably co.nsistent with the 

orientation relationship described in Fig. 2 where it is seen that (ll20) 
. , E 

is at 5 degrees from (lOO)a. 

In order to provide further evidence to.support the current work, 

the tempered martensitic structure of this steel was also studied and 

presented for. comparison. This was done by water quenching a specimen of 

the same steel to martensite followed by tempering at 275°C for 17 

hr. The microstructure is entirely different from its bainite .counterpart. 
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A typical area of this specimen is shown in Fig. 4 demonstrating dense 

internal twinning, which is a characteristic of high carbon martensite.l4 

Analysis of the selected area diffraction pattern indicates that the orien-

tation of the matrix and twin are [lJl] and [lOl] respectively. The 

twin plane is (l21). 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 

contributing tempering resistance when used as an alloying element in 

15 steel. It is evident that lower bainite and tempered martensite are 

easily diStinguishable in this alloy and only· those struCtures pertaining 

to lower bainite are studied in this research. 

Summarizing the above results, we cart say that epsilon carbide is 

unambiguously identified in lower bainite. The orientation relationship 

between the epsilon carbide and the bainitic ferrite is: 

<Oool> £II <on> a 

13 which is same as the Jack orientation relationship. 

a. Formation· of epsilon carbide 

The observed crystallographic orientation relationship between 

epsilon carbide and ferrite can be accounted for by nucleation of epsilon 

carbide in either austenite or supersaturated ferrite. They will be 

discussed as follows: 

(i) Epsilon carbide formed in ferrite. In bainite, if epsilon 
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carbide forms directly from supersaturated ferrite, there will be little ~ 

difference between bainite and martensite in the morphology of the precip-

itation process. The crystallographic analysis shows the the orientation 

13 relationship between epsilon carbide and ferrite is that suggested by Jack, 

viz., 

cooo1\ II con> a 

There are two things worth noting in this lattice relationship. First, 

the parallel planes in bainitic ferrite and epsilon carbide are those of 

the lowest mismatch, viz., the (lOlO)E and the (2ll)a planes. The cal:... 

culated lattice misfit between ferrite and epsilon is listed in Table II. 

It can be seen that the misfit between (lOlO)E and (2ll)a planes is 1.2 

percent. Second, there is no low index epsilon plane which is exactly 

parallel with the {1oo}a planes. A nucleus of epsilon carbide in this 

orientation can be formed by small movements of iron atoms from their 

position in the matrix. This may be seen from Fig. 5, which shows the 

16 
position of iron atoms in ferrite projected onto a (Oll)Ct. plane. The 

filled circles represent atoms at a distance of 1/2 [011] above this 

plane while the open circles represent the atomic positions in this plane. 

An outline of the basal plane is also delineated according to the orien-

tation relationship determined. It is seen that once the carbide has 

grown to several unit cells in size, the atom movements are no longer 
' . 

small and further growth must then occur by long range diffusion of 

atoms. 

.•. 

. •. 
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Table II. Calculated Lattice Misfit Between Ferrite and£ Carbide 

Ferrite % £ Carbide 

Number Expansion Number 
Interplana:r of o or . Correspon~ing of Interplan~r 
Spacing_(A) Planes_ Length(A) Contraction Lerigth(A) Planes Spacing(A) Plane 

2.0268 2 4.0536 +6.8 4.3390 1 4.3390 (0001) 

1.1702 2 2.3404 +1.2 2.3686 1 2.3686 (10l0) 

2.0268 1 2.0268 +2.5 2.0790 1 2.0790 (lOll) 

2.8664 1 2.8664 -4.7 2. 7350 2 I. 3675 (1120) 

2.0268 1 2.0268 +15.6 2. 3686 1 2.3686 (llbo) 
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A more symmetrical orientation relationship for a hexagonal-phase in 

a bee matrix has been proposed by Doi and Nishiyama
17 

and further re-

18 ported by Pitsch and Schrader. This may be stated as follows: 

(OOOl)h II (Oll)b cp cc 

(ll~O)h I I (lOO)b cp cc 

The orientation differs from the Jack orientation relationship by a 

rotation of 5 degrees in the hcp basal plane. This relationship has been 

verified for precipitation of Mo2c in martensite. The projection of (011) 

ferrite lattice is delineated in Fig. 6. In this case (ll~O)Mo2 C and (lOO)a 

have the smallest lattice mismatch, 4.6 percent, as calculated in Table 

III. The choice of the Jack orientation relationship in the case of epsi-

lon precipitation most probably resulted from the necessity of minimizing 

the surface energy of the carbides as it forms at low temperature. 

The formation of epsilon carbide in silicon steed is a phenomenon 

which has not been observed in other steels both in this laboratory and by 

previous investigations. Silicon is known to have a unique effect when 

used as an alloy element, for example, the stabilization of austenite, 

retarding the formation of cementite, etc. Although it has been sug-

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

exact mechanism(s) has not been resolved. 19 

(ii) Epsilon carbide formed in austenite. It is also possible that 

epsilon carbide formed on the y side of the y/a. interface and gave· rise 

•· 

.• 
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Table III. Calculated Lattice Misfit Between Ferrite and Mo 2c 

Ferrite % 
Number Expansion NuMber 

Interpl~ar of or Correspon~ing of 
Plane Spacing(A) Planes Length(A) Contraction Length(A) Planes 

(011) 2.0268 2 4. 0536 +15.3 4.724 1 

(100) 2. 8664 1 2.8664 + 4.6 3.002 2 

(Oil) 2.0268 1 2.0268 +24.8 2.600 1 

(2ll) 1.1702 2 2.3404 +10.5 2.600 1 

(101) 2.0268 1 2.0268 +11. 7 2.278 1 

"' 
.._-

Mo 2c 

Interplanar 
Spacing(A) Plane 

4. 724. (0001) 

1.501 (llZO) 

2.600 (llOO) 

2.600 (lOlO) 

2.278 (lOll) 

XBL 753-793 

I ...... 
" I 

0 

c 
1.~ . 

1 ~~ .. , 

f:'"'· 
"-:~· 

L. 

-~ 

c 

1\.:. 

r...;;· 

.to ... 

0 



-18-

to the Jack relationship. Because of the close lattice matching 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.;, 

(lll)y ~~ (OOOl)E 

But unfortunately it wa:s not possible to retain sufficient austenite to 

verify this assumption. However, it is known that the K-S relationship 20 

. 21 
is obeyed between austenite and bainitic ferrite formed at low temperature, .·· 

i.e., 

(lll)Y I I (Oll)a 

(llO) y II (ll1) a 

. 13 
This leads to the ferrite/epsilon-carbide relationship of the Jack type 

observed in the present research. 

(0001) E II (011) a 
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22 
In a recent investigation, a similar orientation relationship 

was observed when Ni 3Ti precipitated from a Fe/28Ni/2Ti alloy during 

ausaging, suggesting that the precipitate must have already formed in 

austenite during annealing. Upon the transformation to martensite on sub-

sequent cooling, the obtained orientation relationship reflects a relation-

ship between the precipitates and the matrix before transformation, i.e., 

the austenite phase. The same lattice correspondence was also observed 

after isothermal decomposition of a molybdenum austenitic alloy where fi-

23 bers of Mo2c nuc.leated on the y side of the y/o. interface. 

As will be. shown and discussed in the latter sections, the bainitic 

cementite in silicon steel precipitated directly from austenite. It 

appears that the precipitation of epsilon carbide most likely followed 

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

B. Isothermal Transformation at 315°C 

As the isothermal transformation temperature was raised to 315°C, a 

structure which is unique to silicon containing steel developed. Figure 7 

shows the structure of bainite isothermally transformed at 315°C(600°F) 

for 24 hr. It does not exhibit morphologies normally associated with 

classical bainite. Second phase particles of various shapes and sizes 

are seen roughly along the long direction of the bainite grain. The se-

lected area diffraction pattern together with its schematic representation 

are shown in Figs. 7(b) and (c). The analysis shows that the bainitic 

ferrite is in [111] orientation and austenite in [011], i.e., following 

the famous Kurdjumov-Sachs orientation relationship. 
20 

A third constit-

uent is identified as cementite in [012] zone. It should be mentioned 
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that the lattice correspondence described above appeared very frequently 

during the course of the examination of this heat treated specimen. The 

dark field image micrograph of the (lll) austenite spot, Fig. 7(d), re-

verses the contrast for the retained austenite which positively shows that 

the wide stringers mainly at the lath boundary are retained austenite. Fig­

ure 7(e) is the dark field image using a (021) cementite reflection. A 

thin layer 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 with the untransformed austenite. Another siniilar area 

is shown in Fig. 8(a). The diffraction pattern and the analysis are 

as those for Fig. 7. Dark field micrograph, Fig. 8(d), using (Ill) aus-
.. .· : 

tenite reflection clearly shows the distribution of retained austenite. 

Many of them 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 extensively decorated lath boundaries. The entrapped 

retained austenite has been decomposed to a further extent than those shown 

in Figs. 7 and 8. This can only be revealed by dark field imaging. Figure 

9(d) is the dark field micrograph of a (02I) cementite reflection which 

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 (Oll) 

cementite spot and the (lll) austenite spot are imaged. 

The ''wavy" or "S-shaped" retained austenite and 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 into carbide and 

ferrite after prolonged hoiding. Similar decomposition of retained'austenite 

't' 
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24 
has been observed in the tempering of martensite. Figure ll(a) shows 

the st.ructure of bainite after transformation at 315°C for 168 hr. There 

is no distinct difference from the transformation product formed after a 

shorter time. The corresponding selected area diffraction pattern, Fig. 

11 (b), is slightly different from the on.es 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 [llOl] orientation. 

The corresponding plane normal to [llOl] is (J305) following the derivation 

25 of Okamoto and Thomas. 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 reaction temperature (Figs. 7, 8, 

and 9). Therefore we rule out the possibility of indexing it as epsilon 

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 figures. Compounded by the fact that (110) 'Y is parallel 

to (lll)a in the Kurdjumov-Sachs relationship, it is liable to be errone-
·""' 

ously indexed as austenite. However, it should be noticed that the planar 

angle between reflections A and Bin Fig. ll(b) is 78°, whereas an angle 

of 70.53° is extended between the {111} planes in austenite. Thus it can­

not be indexed as austenite. 
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From the morphology observed above, we can say that at 315°C, the 

bainite in silicon steel is formed by the procedure shown schematically 

in Fig. 12. After the bainitic ferrite has nucleated in the austenite~ 

a layer of carbon enriched austenite exists around it. Due to the rapid 

diffusion of carbon in austenite away from the tip of the ferrite needle, 

another ferrite wtit is formed on the top of the retained austenite follow­

ing the same procedure. This process then gives rise to. the ''bamboo shaped" 

structure. Carbides are precipitated gradually fromthe enriched austenite 

during isothermal holdi'!'lg. After prolonged transformation, the retained 

austenite decomposes completely and results in a struc.ture 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 

steels, 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 2S·40 isothermally transfornied at 400°C for 7 hr. lt 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). Dark field 

images of the cementite reflections reversed the contrast of the carbides 

in the lower and top grains separately, Fig. 14(b) and (c). Morphologically, 

the ~arbides in the top grain have the . appearance of the carbide in high 
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temperature formed bainite while carbides in the bottom grain appear to be 

very similar to those formed at lower temperatures. 

The shape of the cementite 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 Fig·. 15(a). In the selected area diffraction pattern, Fig. 15(b), 

the matrix and the cementite were indexed as [llO] and [lOl] orientations a · c 

respectively. The stereographic analysis of the diffraction pattern, Fig. 

15(c), show that the orientation is close to that of Bagaryatskii: 10 

(100) II (lOl) c a 

(OlO)c II (lll) a 

<ool) c II (121) a 

By close examination of the stereogr~, it is seen that the cementite/ 

ferrite orientation relationship deviates slightly from that of Bagar,.... 

yatskiL Much better agreement can be obtained by the Isaichev orienta­

tion relationship, 26 Le., 

<olo) c II (111) a 

(103)c II (Oll)a 

It is seen that in the Isaichev orientation relationship, the ferrite' 

lattice should be rotated around the [lll] 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/12Ni/4Co/0.4C alloy in Part II of this thesis, the detected Isaichev 

lattice relationship between bainitic ferrite and cementite coupled with 
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the Kurdjumov-Sachs relationship between austenite and bainitic ferrite 

allows one to conclude that the bainitic cementite precipitated from 

austenite at the austenite/ferrite interface. Another area showing carbide '" 

to be in the shape of platelets instead of rods is demonstrated in Fig. 16(a). 

The internal fringes of the carbide can be seen in the dark field micrograph. 

In addition to the typical 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(a) and (b). 

In view of the fact that both upper and lower bainite were observed 

at this transformation temperature the transition between these two struc-

tures must occur in the vicinity of 400°C. 

D. Isothermal Transformation at 480°C 

At this transformation temperature the structures produced showed 

little similarity to those resulting from transformation at 315°C or 400°C. 

In general, the structure resembles an acicular ferrite bounded by carbide 

particles (or with a few carbide particles dispersed throughout· the 

ferrite). Such a structure is illustrated in Fig. 18. The foil is in 

[112] orientation. This structure has been termed the "accicular or plate­

like ferrite" by Jolivet and Portevin, 27 ''X-constituent" by Davenport, 28 

"pro-bainitic ferrite" by Hultgren29 and "carbide-free ba'inite" or "clear 

30 bainite" by Ko. This is different from the proeutectoid ferrite formed 

by incoherent growth in 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 of bounded by carbide clusters. This type of 
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structure can be clearly observed at the high temperatures of the bairtitic 

transformation, provided the products of the proeutectoid transformation 

do not interfere with the growth of bainite. 

It. appears that these structures must be attributed, at least partly, 

to the heterogeneity of austenite at high temperature. This heterogeneity 

increases further during the incubation period. As a·result elongated 

ferrite plates or lenses form in the carbon-depleted regions, as was the 

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

separate these ferrite plates 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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IV. SUMMARY AND CONCLUSIONS 

Structurally, bainite is an aggregate of ferrite and carbide, 

. although the microstructure may assume a variety of forms. The mor-

phology changes gradually with the reaction temperature, so no pronounced 

structural change is observed over any small temperature range. As is 

true of martensitic structures, the appearance of bainite is dictated pri-

marily by the temperature of the formation •. However, completely 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 

structure of a Fe/1.87Si/0.54C steel when isothermally transformed at 

275°C. The orientation relationship between epsilon carbide and bainitit 

13 ferrite was found to follow that of the Jack relationship, viz., 

(OOOl)e:jj(Oll)a, (lOll)Ejj(lOl)a. When transformed at 315°C, a layer of 

retained austenite formed along the boundary of the ferrite component of 

19 
bainite bearing Kurdjumov-Sachs relationship. Upon further isothermal 

holding, the retained austenite decomposed into cementite and ferrite.· 

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 with transformation temperature. At low transformation temperature, 

the carbon enrichment Ht 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 also determines 

the .nature of the carbides. 

At 400°C, the transformation product of a Fe/1.73Si/0.4C steel re-

. veais that cementite in platelet shape i.s formed on a specific crystallo-

graphic plane in the bainitic ferrite plates. The Isaichev orientation 

26 relationship was observed between cementite and ferrite instead of that 

10 of Bagaryatskii. 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 the austenite/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 ind.icates 

that the carbide precipitation in. bainite reaction depends on the trans-

formation temperature as well as the composition of the steel. Furthermore, 

the cementite mo~phology adopted is first determined by the substructure 

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

OOOOQ2 
000002 
000002 
000002 

PROGRAM HE XANGU INPUT ,ouTPUT, TAPE I= 1 NPUT, TAPEJ=OUTPUT J 
DIMENSION M(750)~0(750JrRfC(750),01~(750JriTEH(5J 

1113 FORMATC1Hlr19X,4A-10,i-.4,ni SYSTEM//) ·. ·· 
6231 FORMAT( 1H1 ,19X,9H -~-l_.r.J,!.?S . .JJ.Hihl.B..t)HJljJ//J_ ____ . _____ ........ . 

37 FORMAT(1Hlrl9Xr19H H K l H K lr13Xr3HHKlrl1Xr4HHK-Lr11X,,HH 
1-KLrlOXr5HH-K-l/1H ,!) 

000002 11 FuRMAT(2H1,55x,7iHABLE 2/1 
000002 . I FORMATC1HO,J9X,7HTABLE 1) 
000002 2 FORMAT(20X,48HLATTICE SPACINGS AND RECIPRJCAL LATTICE SPACINGS) 
QO.QQ_9L .. ___ ..... _2._F 0 RM ~JJ ·1 HO , 19 b~.~ll.tt.~-'-1!~.11!.!hllltitlJ:.L ·-----·····. ____ . 
000002 5 FORMAT(20X, 2(F7.3,5XJ,F7.3/) 
000002 6FORMAT(20Xr 9H H K lrllX.rlH0,15K,3H1lOIJ 
000002 7 FURMATl20X, 313r6X,F9.4,8X,F9.4) 
000002 14 FORMAT(20X, 2CF7.3,5XJrF7.3/J 
000002 is FURMATliOX, Ji3J --
000002 1000 CJNT INUE . 
000002 RE.AD-C 1, 1112) I-TEM, I SYST, A, B,C,HH,HI(, Ml.------~·-··-- -~ .----~ . 
000026 1112 FURMATC4AlO,A4 1 12 1 1Xr3F8.0,313J 
000026 .IF( ISYST.EQ:99) STOP. . -
000032 WRITEC3,1113JITEM 
000040 WRITE(3,1J 

····" _Q_Q.Q.9~_':t. __________________ ~-~ t!:.£.~ 1-'-~----~--------------------·--·---.. ···---··-<··--......... -- - ------ .... .,.. ...... ---··· 
000050 WRITEl3r3J 
000054 WRITE(3,5JA,B,C 
000066 WR1TE(3,6) 

C KSW = 1 HE~AG 
C KSW=2 ORTHO,TETRA 

_ J!Q00_7_L ___ _!f_1.!.~Y.~_!.VU~.?., l'.+.!.r_?. 2.~--------· ..... _ -·---
oooo73 141 KSW=1 
000074 GO TO 19. 
000075 222 KSW=2 
000101 19 STAM=.15*((A*A)/(C~C)) 
000103 A2=A*A 
000104 B2=B*B oo"o i o -~r ---- -· · ·- -~---- c2;;;·c·•·c··-· · ·----------·---..... -· ... ---·- ............ ··--·-·--· .. ·---------~- ............... ____ .. _____________ .......... ·- · ... · 

C TEST TO SEE IF COMBINATIONS READ I~ 
000106 lFlMHl356r357,351 ... 
000 llO 356 REAO(l, 92) ( M( KK ),KK=l, MKJ 
000111 92 FORMAT(8l10) 
000117 DO 91 KK=1 1 MK 
oo0-125-~- -- ------~9f···o-I-(ft ·KK-:-1-;M' KK_) __ -- ---------- ---- -~~-

000127 NUM=MK 
000130 N=MK 
000132 DO 190 KK=1,HK 
00013~ IH = IABS(M1~iJ/10000J 
000140 H=IH . . · ·ao~ol 41--.. ~--· ·--~-,----·-.r;;IA·ss-rr~ffKK~·--=c-fH*iOO oo;·-171-oa·r·-· ·-·----- -----------.. , .... -- ~ .. ~--·~- ~~-- ~~-· · -
000146 XK=K . 
000147 L = IABS(M(KK)- (lH*lOOOOJ- CK*lOOJ) 
000154 ~l = l 
000156 GO TO (197 1 198),KSW 
000164 197 DCKK )= SQR T( C 3. *AZ*C 2) /14. *C2*( H*H•H• XK+XK•XK) +3. *AZ*Xl*XLH - o·ocfio2·---·--Go-To i9o --·--------- ·. --·---~---------............ . 

000202 1~8 O(KK)=lA*B*C)/ SQRT(B2*C2*H*H+AZ*C2•XK*XK+A2*B2*Xl*XLJ 
000221 190 CONTINUE 
000224 GO TO 358 
000224 357 MMH=MH+1 
000226 .. __ M_~K=~!<+_1 
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000227 MML=Ml+1 
000231 N=lMMH*MM~*M~l)~1 

000235 KK=O 
.. ..Q002~_6 ______ _QQ __ 90 __ J_tt::J.,MMH ..... -----·--·------ .. _____ ........................ ---- _ ........... . 

000237 DO 90 K=1,MMK 
090240 DO 90 l=lrHMl 
000241 H=IH-1 
000243 X~=K-1 
000245 Xl=l-1 

___ .Q00247 ______________ _j£._l H+X~.+X~_L10t~.Q.JJQ ___________ ---·--·--------------- ............................... _ ... . 
000251 10 KK=KK+1 ' 
000253 lf(KK!EQ.7~1) ~0 TO 358 
000254 MlKK)=lOOOO.*H+100.*XK+Xl 
Q00262 GO TO (97,9~) ,_KSW .. . . _ 
000270 97 J(KKJ= SQRTll3.*A2*C2)/(4.*C2*(H*H+H*XK+XK*XK)+3.*A2*Xl*XLJ) 
000305 GO TO 90 

---ooo3o6 9a··u·cKK> ;;;, A*-s•ci Tr··s-<JR'rTs2*-c2*-ti*.ti•Ai*c-2*ift<*ii<+_A_2*8 .. 2*xi.*xt'f). · 
000325 _90 CONTINUE 

C ARRANGE IN ORDER LARGEST TO SMAllEST 
000335 358 MM=N-1 
000337 NN=N 

__ Q_00_340 ----- DU._lQ. .. J.:=:J...t..tl~. ------------·------··· -------·-··· ·-······-· --·---------·--·- ........ -----·-- ............. _ .... _ ... 
000341 .NN=N-1 
0003/t:~ DO 70. KK=1,Nt-4 
000344 IF (O(KK+1J-OCKK)) 70,70,60 
000350 60 BUB=O(KK+1) 
000351 D(KK+U=O(KK) 
000353 D(KKJ=BU~ -·ooo-353-------sus=H"fi<i<+Ti ___ --.. -------··· .. -----··· ·-------·-------------- .. ------------- ..... ---- .·. . .. .. ........ . 

000355 M(KK+1)=H(K~) 
000356 M(KKJ=SUB 
000360 70 CONTINUE 
000365 L13 = 13 

C PRINT OUT 
··-(foo366·---- DO 120 KK=l,N 

000371 RECCKK)=(1./0(KK)) 
000373 REClKK)=RECTKKf+.oooOs 
000374 O(KK)=DlKK)+.00005 
000376 lH = IABS(H(KK)/ClOOOOJ) 
0004J2 K = IABS((M(KKt-(IH*10000))/100) . . 
~-000·4·07·~--~-----L-;· lABS( M(KKJ -- ( IH*l0000) -·- tK•-foo)_) _____ .. ___ .. _.._ _____ .~,---·--, .. ~-~- . ... ---- -

000415 GO TO (8000,8001),KSW 
000423 8000 JNO = IH + K + K 
000425 JJNO = JN0/3 
000430 IFlJNO ~ j•JJNOJ8002,8003,~002 
000432 8003 JNOO = l/2 .. "a·o 0 43 r·------· l F ( l..:f4c J NO 0 I 1 i 0, 8 0 02-;Tfo-·-.. ------·------------.. ---···---------.................. ---- .................. . 

000436 8002 lf(l13-57)8005,8006,8005 
000440 -8066 WRITE(3,623f) . . 
000444 L13=2 . 
000445 8005 WRITE ( 3, 7)JH,K, L ,D( KK), REC tKiO 
000463 l13=L13 + 1 ... ~~<Io~o-;;6 ... s-·-----------·--e;o -ro·Izo---------···-··----------~---.. ··--------·-· ............... ~-~----·-- ...... ·""'- ...... _ ............. ._....,_ ..... .,..,.... ·· - ........ · ~-- ... ·-··· .. 
000465 8001 IFlllJ-57)8007,8008,8007 
000467· 8008 WRITE( 3 ,6l31J . . . .. 
000473 L13=2 
000474 8007 WRITE(3,7) IH,K~l,D(Kk),REC(KK) 

. _0_00_~!..? _________ !:_1.;3= ~.!_3 -t;_! ___ .__ ------ __________ .. _ ........... ' ......... ' ···-·--·· ------· -- .. . 
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000514 120 CONTINUE 
c PART 2 OF PROGRAM 

000517 18 WRITE(3,11) 
000523 W_13J.JE (3, 12) ___ -----····-·--.. .......... _ ------------------ _______ . 
00<1"527:---- 12 FURHATC20X,29X,21HANGLES BETWEEN PLANES!) 
000527 . WkiTE(3,l3J 
000533 13 FORHATI20X,3X,1HA,11Xr1H8,11X,1HCJ 
000533 W~ITE(3,14J A,B,C 
000545 WRITE(3,17J 
000551 17 FORHAT(20X 1 19H 

000551 
000552 

110X ,5HH-K-L) 
lll = 1 
IFI MHJJ-68~ 367, J6J 

__ c_ TE~T TO $~E ___ JF CO~BINAT_IONS READ IN 
000 554 367 IF ( HH-HK) 112,112 t 111 
000557 111 MEL=MH ------
000561 GO TO 113 
000561 lJ.l. MEL=MK 
000563 113 lf(MEL-MLJ 116,116,114 
OQO 566 _ _1_1_4 li M=MEL __ 
000570 GO TO 117 

___ 9 00 57 0 _____ __.! 16__!...!._ M:::J~-'=--- ·-'---·----···-----------·--·-·----------·-·-----------.. -·---· ---------· ....................... . 
000572 117 I 1=0 
000573 _ po 700 JH=l,MMH 
000575 XH=JH-1 
000577 DO 700. K=l,MMK 
ooo6oo · XK=K-1 
000602 DO 700 l=1,MHL _ . __ -_ ·-·---------·-----·-· ··-ooo-6~-------·-XI;;i -·1-·----------------------------------------·-----------------------------
ooo6o5 IF IXH+XK:t:_Xp707, 700, 10! 
000610 707 lf(XH-1.)333,600,333 
000612 333 lf(XK-1.)444r600,444 
000614 444 IFIXL--1;.)445,600,445 
000616 445 DO 400 J=2,LIH _ 

~-·~o o0620·~·----~·~·--·~~,-fRUI··e-·~ ;;-··_XH +XK+XK-··--··--·~--~ ----···-----·----··-~---·"-·-'·-~···~·---·--·· .. -....... ~. . ... . -~ "·- .. ~. 
000622 IIRULE = IRULE/3 
00.0625 IF(IRULE ~3*1IRULEJ1020,70i1,70iO 
000630 7021 IF(Xl - 2.)7020,600,7020 
000632 7020 CONTINUE . 
000632 _ DIV=J . _ · c><><f63'3 ·------· --------~X"H/olv-··-------------- --· ---------- -- ---- .. - ···---------------------------.. ---··"------- -----
ooo635 IH=YH 
000636 ZH=IH 
000637 IF(YH-lH) ~00,200,400 
000641 200 YK=XK/DIV 
00064.3 IK=YK -000 64~------ZK = fi< ___________ -----...,-- ..... ---------·----·--·------------·------------ ------ -- ...... .. 
000~45 lF(YK-lK)400r300,400 
000647 . 300 Yl=Xl/DIV. . 
000651 ll=Yl 
000652 Zl=Il 

_.gg~:~~-- 400 ~6~~~~~~) 400, 70 __ ~1t()O ----· __ .......... _____ ---------------------------------·-

000660 600 11=11+1 
000662 DIG(IIJ~lOObO.*XH+100.*XK•XL 
000667 700 CONTINUE 
000611 NUM=Il 
000700 368 DU 801 JJ = lt NUM 

~--··~-~-----------~---;------·--·------------·--··· ·---~--- ----~--·-~-~ - ~ ~ ---·"-----~---· --···-··-···-- ' . 
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C TO GET EACH CH4NGE IN K1,Khll ON A NEW P4GE 
000703 1101 JH1=DlG(JJl/10000. 
000705 XH1=JH1 

__ <!_O_Q_70L ___________ __I5_1= ~_!)J_gtJ.Jt- UWl*~QIJ.90!J l. !JJl_Q. 
000712 XK1=K1 
000714 Ll=D1G(JJJ-(XH1*10000.)-(XK1*100.) 
000720 XL 1=L 1 
000722 GO TO (27,28J,KSW 
000730 27 PART=XHl*XH1+XK1*XK1+XH1*XK1+STAR*XL1*XL1 
000736 GO TO 29 
·aoo--7i6 --- ··- ---2 if PAR:r2~ cx"H1 *xHi i7 Az-._-, xKt-*X"K. 1-1/sz., xl. 1*KL 1, ,:;-z 
000745 29 GO TO t7000,7004J,KSW 
000753 7000 JNO = JHl+K1+K1 
000755 JJNO = JN0/3 
000760 1F(JND-3*JJNOJ7004r7003,7004 
000762 7003 JNOO = Ll/2 --o-<1'6763 ------------Ti=TL: i:.z*"J!Wu1 'foo!'f;7o04, ·ioo_s _____ ··-
ooo766 7004 IFILLL-57) 7007,7006,7007 
000770 7006 WRITE(3,37) 
000774 LLL=2 
000775 7007 KH8=XH1 

.. 9.Q9.l?~-----·------KK8=XKL _______________________ ----------- ------ -------
001000 KL8=XL1 
001002 WRITE(3,15) KH8rKK~,KL8 
001013 LLL = LLL+1 
001015 GO TO 7008 
001015 7005 ll = NU~ 
001017 GQ TO 801 -o-oi·al7 ___ --·7oo8 ·coNTiNuE··--· 
001017 DO 801 LL = JJ,NUM 
001022 JH2=DIGILL)/10000. 
001024 XH2=JH2 
001025 K2=1 DIG ILL)-( XH2*10000.) )/100. 
001030 XK2=K2 o 0 I'0"3'2· ... ~.~~--- ~- -·i~2~-D-fGf.li.-I=··r>fHi*i-OO<fO~:-r:.-f~i·K~2-*I oo:-f·~- ·~~ ·~·--.. ---------------- .. ·-·~- ·---~ .. . . ~--
001036 XL2=L2 
001040 GU TO C 2000 ,3000), KSW 

C HEXAGONAL SYSTEM 
001046 2000 AT~ST;XHi~XH2+XKl*XK2+.5*CXH1*XK2+XH2*XK1J~STAR~Xll*XL2 

. () 9_1_0 5 ?__ __ ._ _________ l_FJ .. ~ TE .. ffi2.QE., 5 O~_,_.?_.Q~ ______ . _ ----------' _ -------- _ -----· ----------- _ .. . .. _ . . 
001060 506 ALPHA=ATES T I SQRT (PART*( XH2*XH2+XK 2*XK2+X~2*XK2+STAR*XL2*XL2) I 
001C71 XALPHA = ATANC SQRTCl.OOO- ALPHA*ALPHA)/ALPHA) 
001100 XALPHA=XALPHA*57.Z958 . 
001102 IFlXALPHAJ 874,872,874 
001103 872 IF(ALPHA) 873,874,874 
001105 873 XALPHA=l80. 

~--ooi·ior·---·-874XALPHA;xAL PHA-+.oo-l>s·· ~- -----~·-····- -~-·--- ·---·· .. -· ·-··-·-~~---·~- .,_ ... ·~., .. 
001111 IF(XALPHA)611,612,612 
001112 611 XALPHA=XALPHA+180. 
001114 GO TO 612 
001115 505 XALPHA=90. 
001117 612 B TES T=XHl*XH2+XK 1*XK2+. 5*( XH 1*XK2+ Xri2*XK l) + S TAR*Xll* C--XLZ) ooTi3i·-----------Tf:-(al'Esff .. 6o6,6-05,7.-o6'"-------,--------·---·---------------·---------------- ·-·-- ---
_001133 606 BETA=BTEST/ SQRT(PART*lXH2*XH2+XK2*XK2+XH2*XK2+STAR*XL2*Xl2)) 
001144 X~ETA = ATAN( SQRTl1.000-BETA*BETAl/dETA) 
001153 X~ETA=XBETA*57a2958 
001155 IFCXBETAI884,B82,8S4 
o_o_~ !.5.~--------~_L_l!'_~-~Er ~ Lt!.~-~-~-~84_!..~~'! _______ _ 
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-· --
001160 883 XdETA = 180. 
001162 ~a4 XBETA ~ X'~T~+.0005 
001164 IFCXBETA) 613,614,614 
001165 613 XBETA=XBETA+180. 0o1161 ----- Go··ra-·614 _________ ----- -- · ·-

oo117o 605 XBE TA=90. 
001172. .6f4 -- GTEST=XH 1*XHl+XK 1*( -XK 21 +. 5*( XH1*( -XK2) +XH2*XK1) +STAR*Xll*XL2 
00120.5 IFJGTESTJ_706~_]'_()5,706 _ _ 
001206 706 GAMMA=G TEST I SQRH PART*( XH2* XH2+XK2*XK2+Xr-12* (-XK2) +ST AR*)(l2*XLZl) 
001220 _ XGAMMA_:: __ AT AN(_ SQRH.J . ..!Sl.Q...Q-:.~~~~!~-~"'"!_~) __ [~_1\_MH~L _________ _ 

. --001227 XGAMMA=XGAMMA*5 7.2958 
001231 IF(XGAMMAJ894,892,894 
001232 892"1FlGAMMA) 893,894,894 
001234 __ _ __ 893 ~GAMMA=_180. 
001236 894 XGAMMA=XGAMMA+.0005 

_ 001240 ________ l:f_(XGAMMAJ 615 ,616p616 ________________________ ~- .... ___________________ .• ---------
001241 615 XGAMMA=XGAMMA+l80. - -
001243 GO TO 616 
oot244- 705 XGAMMA=9o: 
001246 6_16 DTE ST=XH1* XH2+XKl*l-XK2)+. 5.* (XHl* (-XK2J +XH2*XK1-l +S T AR*XL l*I-XL21 
0o1262 IFlDTESTi8o6-,8os,8o6- · · - --- - --- ·· -- · -

001263 806 DEL TA=OTEST I SQRT (PART *l XH2*XH2+XK2*X1<:2+XH2*C-XK21•STAR*XL2*XLZH 
···o·o-1i'fs·----------XDELTA;--ATAN(_- SQRTC1~00~0ELTA*rieLTAJfoELT4J ______________ ------------- ·- . --

001304 XDELTA=XDELTA*57.Z958 
001306 iFIXDELTAJ 864,862,864 
001307 862 lfll>ELTA) 863,864,864 
0013i1 863 -XDELTA-;.180. - -
001313 864 XDELTA=XOELTA+.0005 
ClOI"'3I~5--·~----~·····-~-.. ---·~F-·rx o Elf A T61~ 1 ~-aoo; ~·oo··~-~·~~ .. -.,.~-~ . -···- .~--~ -.--. ··-· ~- -.-~"~-------· -~--···--·~·-,. . ·-~ ·-.. 
001316 617 XDELTA=XOE:LTA+180. 
001320 GU TO 800 
001321 805 XDELTA=90. 
001323 GO TO 800 

C . ORTHORHOMBIC AND Tt:TRAGONAL SYSTEM.. . · ~ --<foT.323 ________ 30<i<f-A"xre sr;-c-xtiT*X·ti·z-i7A"2+fxK i*xK iflaz. rxci•xr-z, 1c 2·-· 
001333 IFCAXTESU906,905,906 . 
001334 966 AL~HA=AXtESTI~QRT(PART2~C{XH2*XH2JIA2+CXKZ~XK2iiB2+CXL2*XLZ*IC2JJ 
001346 XALPHA= AT AN( SQRTll.OOO.:...ALPHA*AL;)HUIALfJH'J . 
001355 XALPHA = X~L~HA*57.295S . . .... 
001357 1F(XALPHAJ814r812r814 (f6T3&if" --- -- iffTTF-, ALPHA) 813' 814~-814 ____ .. ----- -·- . --- - --- -----------·-·· ···--- . 

001362 813 XALPHA = 180. 
00136~ 814 XAL~HA =XALPHA+.0005 
001366 IFlXALPHAJ91lr91Zr912 
001367 911 XALPHA=XALPHA•180. 
001371 GO TO 912 -· ·oof37z·------,m5··xAI"PtTA-·;9o··~-----·----- -- --------- -----·-- --- -------------------·-· -·------ · -·· ·--------- · -
001374 912 BXTEST = ( XH1*XHZJ IAZ+( XK1-4<XK2 J /BZ-CXLl*XL2)1C2 
001404 IFIBXTESTJl006,1005fl006- -. 
001405 1006 BETA=BXTES T I SQRT( PART2* ( ( XH2*XH2) I A2+( X<Z*XKZ I IB2+1XLZ*XL 2) ICZ) 1. 
001417 XBETA= ATANC SQRTll. 000-BE TA-'BETAI/SETAJ 
001426 XBETA=XBETA*57.2958 . 

·--·o~ar·43(f·~·--~---~-----1-F fXBET AJ 82:4 ;822;-824' ~---·-···-.. -~- ... ~-~ ·-"~~ .. u·-·····~·~~--···~-- ..... -·· 

001431 822 1FlBETAJ823r824r824 
001433 823 XBETA=1SO~ . 
001435 824 XBETA=XBETA+.0005 
001437 IFCXB~TAJ1013,1614,1014 

.. OQ_l ~~-~------!i>-~.!-~-~E_T A=X_!3 E_T ~+.t8~C!.!_ ____ -~- .... _ 
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001442 GO TO 1014 
001443 1Q05 XB~TA =90. 
001445 1014 G X TEST= ( XH l* XH2) I A2- ( XK1*XK2 J I Bl+ lXLl*XL2) I CZ 

__ j)_Q!_45_~~- ________ lfJ.GX T_~HJ..l!.Q~_,_!_!_Q.~,_l.l9~ _ --~ --~----- ----~-· _____ .:_ __ .... __ . _ . 
001456 1106 GAMMA=GXTESTI SQRTlPART2*llXH2*XH2JIA2+(XK2*XK2)1B2+lXL2*XL2JIC2tt 
001470 XGAMMA= ATANI SQRTll.OOO~GA~MA*GAHMAJ/GAMMA) 
001477 XGAMMA=XGAMMA*57.2958 . 
001501 IF(XGAMMAJ834,832,834 
001502 832 1FlGAMMA)833,834,834 
001504 833 XGAMMA=180. ··-oo f506_,. __ --- 834 -XGA.MMA=XGAMMi+-. o005~---·-·-······--- --· ~-~----· -·--·~-~~~ ·---~ .. ---·-----~· ---·----- -- --· 
001510 IFlXGAMMAJI115,1116,1116 
001511 1115 XGAMMA=XGAMMA+180. 
001513 GO TO 1116 
001514 1105 XGAM~A=~O~ 

... Q_01_il_~-- ··-- __ !!_16 DXTEST::...l XH1~XH2) I A2-(!(Kl*X~J1~--l~J._!_XL2_L{_(~L. ______ ,_ ___ _ 
001526 IFCDXTESTl 1206r1205,1206 
001527 1206 DELTA=DXTESTI SQRTlP~RT2*llXH2*XH2tiA2+1XK2*XK2ti82+1XL2*XL2t/CZ)t 
001541 XDELTA; ATANl SQ~Tll.OOO-OELTA*DELTAJIDELHJ .. 
001550 XOEL TA=XDEL TA*57. 2958 
001552 IFlXOEL,TAJ844 1 842,844 

_Q.9J..~53 ______ !!42 __ 1f_(_OEL T~J_843 _._!t'!!t.r.~44 ______ .. -·-- .... ___________ ---------·· _ _ . ·' 
001555 843 XDELTA=180. . 
001557 844 XDELTA=XOELTA+.0005 
001561 1FlXDELTAJ1217;so6,SOO 
001562 1211 XDEL TA=XOH TA+180. 
001564 GO TO 800 
001565 1205 XDELTA=90. --·o-oT5'6'7 ________ 8oo'Go-roT9iYo<i';9oo41'·~-Ksw·-- ----- --------------- ------. --·---- -- -- ..... 

001575 9000 JNO=JH2+K2+K2 
001577 JJNO=JN0/3 
001602 IF ( JND-3*JJNO) 9004,9003,9004 
001604 9003 JNOO=L212 . 
001605 IFIL2-2*JNU0)801,9004,801 ooi6To · ----·9oo4"TF"rrcc=s7T9o·cf7~- 9oo6;--9oo7 ---
oot612 9006 WRITEl3,37) 
001616 WRITEl3,15)KH8,KK8,~L8 
001630 LLL=2 
001631 9007 KH3=XH2 
001632 KK3~XK2 o of 634 -- ---------·---lfL3;;-xiT·--------------------- ---·-···- ···--······---··-··--··-····-·-··· ---· ---------···-- -.................... ---- .. . 

001636 WRITE(3,16JKH3,KK3,KL3~XALPHA,X8ETA~XGAMMA,XDELTA 

001657 LLL=LLL+1 
001661 801 CONTINUE 
001666 i~ FORM~T(20X,lOX,3IJ,lX 1 4Fl5.2) 
001666 GO TO 1000 . ... oof66_6 ___________ 'E1\fo-··------- ------------------ ·----··-- ... -........... ------ __ ... ,.... .... --··- ... -·- ------- .. 
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FIGURE CAPTIONS 

Fig. 1 (a)Structure of bainite which was obtained in isothermally 

transformed steel 2S54 (Fe/1 87Si/0.54C + 0.79Mn/0.3Cr) at 275°C for 

17 hr. (b) is the corresponding selected area diffraction pattern 

showing a (ooo~ £·zone parallel with a [ ou] a zone. 

Fig. 2 Stereographic projection, based on the orientations determined· 

in Fig. 1, representing the orientation relationship between epsilon 

carbide and bainitic ferrite. 

Fig. 3 Another area of the bainite.formed in steel 2S54 at 275°C 

0 

characteristic wavy ep~ilon carbide with size of 60 to 200A in width 
0 

and 700 to 4000A in length are seen in a bainitic ferrite grain. The 

insert shows the selected area diffraction pattern where the foil 

orientation is (1oo] and the epsilon carbide is in approximate [1120] 

orientation. 

Fig. 4 Structure of martensite of steel 2S54 tempered at 275°C for 17 hr. 

(a) shows typical internally twinned martensite plate where no carbide 

was detected. It is distinctly different from the bainitic structure. 

(b) selected area diffraction pattern and indexed representation show­

ing orientation of the matrix and twin are [i31J and. [1oi] respectively. 

Twin plane is (l21). 

Fig. 5 (Oll)a projection of iron atoms in ferrite lattice, the hexagon 

indicates the epsilon carbide, exhibiting Jack orientation relation-

ship with the matrix. . The open circles represent atoms in this plane 

of the diagram, filled circles represent atoms in the plane at a dis­

tance of 1/2 [011] above or below this plane. 
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(011) projection of iron atoms in ferrite lattice, the hexagon a 

indicates the Mo2c, exhibiting Pitsch - Schrader orientation relation­

ship with the matrix. 

Fig. 7 Structure of bainite in steel 2S54 after isothermal transformation 

at 315°C (600°F) for 24 hr. (a) Bright field micrograph showing re-

tained austenite and cementite embedded in dislocated bainitic ferrite 

grain. (b) The corresponding selected area diffraction pattern and 

its schematic representation, (c), showing the ferrite, austenite and 

cementite in [111]a~ [ou]y and [o12]Fe
3

C zone respectively. Kurdjmov-. 

Sachs o:rientation relationship is followed between bainitic ferrite and 

austenite.· (d) The retained austenite reverses contrast in the dark 

field image using (lll) reflection. (e) A very thin layer of cementite 

(pointed by arrow) in contact with austenite is seen clearly in the 

dark field image of a (02l) cement.ite reflection. 

Fig. 8 Another region of bainite in steel 2854 obtained by isothermal 

transformation at 315°C for 24 hr (a) bright field micrograph showing 

"S-shapedi' retained austenite forms along the lath boundary and then 

bends into the ferrite lath. (b) and (c) are the selected area dif-

fraction pattern and its indexing, is the same as in Fig. 7. The 

unique shape of retained austenite is pointed out by arrows in the 

dark field image of a (lll) y spot. 

Fig. 9 Another area of bainite in steel 2S54 after iso.thermal transforms-

tion at 315°C for 24 hr (a) ·bright field image which shows extens.ive 

lath boundary decoration of cementite suggesting retained austenite 

has been decomposed to a further ext.ent. (b) and (c) are the selected 
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area diffraction pattern and the schematic representation same as in 

Fig. 7. (d) dark field image of a (021) cementite reflection showing 

carbide forms along the lath boundary. (e) Both the carbide and re-

tained austenite (indicated by arrow) reverse contrast in the dark 

field image using (OZl) cementite and (lll) austenite reflections. 

Fig. 10 Structure of bainite in st.eel 2S54 after isothermal transformation 

at 315°C for a shorter time, 17 minutes, showing unique "S-shaped" 

retained austenite and cementite. 

Fig. 11 Bainite in steel 2S54 obtained by isothermal transformation at 

315°C for 168 hr (a) Bright field micrograph showing ferrite lath with 

cementite. (b) the corresponding selected are diffraction pattern, (c) 

the schematic representation demonstrating ferrite in [roo] and [111] 

orientation and the cementite in [122] zone, no retained austenite is 

detected. (d) dark field image of a (201) cementite reflection show-

ing reversal of contrast for the carbides. (e) The carbide can also 

be indexed as epsilon carbide in [ l011] zone. The corresponding plane 

normal to [1101] is (3305). See text for details. 

Fig. 12 Schematic drawing of bainite forming in silicon containing steel 

showing the nucleation of ferrite lath and a thin layer of carbon en-

riched austenite is retained in contact with the ferrite lath. The 

austenite subsequently decomp_oses into cementite and ferrite. In the 

absence of silicon the decomposition of retained austenite is very fast 

and the formation of retained austenite may be by-passed without being 

noticed. 
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Fig. 13 Structure of typical lower bainite in steel 2S40 (Fe/1,73Si/0.4C) 

after isothermal transformation at 400°C for 7hrs.(a) cementite par-

ticles precipitated on a certai~ crystallographic plane in dislocated 

bainitic ferrite. These carbides reverse contrast in the dark field 

as iri (b). 

Fig. 14 Bainite in steel 2S40 formed at 400°C after transforming for 7-

hrs. (a) Carbides of varying sizes are seen probably due to sectioning 

effect in two different bainite grains. (b) and (c) Dark field micro-

graphs using cementite reflections reverse contrast of carbide in the 

top and bottom grains respectively. 

Fig. 15 (a) Structure of bainite in steel 2S40 obtained by isothermal. 

transformation at 400°C ··for 7 hrs. showing cementite platelet have 

precipitated (b) The corresponding selected area diffraction pattern, 

deiOOnstrating the ferrite matrix in [ iio] zone and cementite in [1oi] 

zone. (c)·Stereographic projection corresponding to Fig. 15 (b) 

representing the lattice relationship between cementite and bainitic 

ferrite; Isaichev orientation relationship, viz. , (010) II (lil) , c a 

(103) II <on> . c a 

Fig. 16 Transmission electron micrograph of structure of bainite iri all 

alloy 2S40 after transformation at 400°C for 7 hrs.(a) indicating the 

shape of cementite is platelet instead of rod. The contrast of the 

cementite is reversed in the dark field image, (b) • · 

Fig. 17 Electron micrograph of structure of bainite in alloy 2S40 

obtained by isothermal transformation at 400°C for 7 hr. (a) showing 

long striations of cementite (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 where carbides 

as marked by arrow, starts to precipitate at the lath boundary sug­

gesting the transition of carbide morphology from transgranular to 

intergranular is taking place. 

Fig. 18 Structure of transformation product in 2S40 alloy after isother­

mal holding at 480°C for 2 hr • (a) showing accicular ferrite bounded 

by a few carbide particles which has been termed as "carbide-free" 

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

, ' 
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PART II. 

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=l42°C) 

into lower temperature range of lower bainite was studied by thin foil 

electron microscopy. In addition to the characteristic shott bainitic 

carbide, long carbide stringers arranged in rows parallel to the longi-

tudinal 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) and (335) ferrite plane. The cementite/ferrite orientation rela-

tionship devia~es slightly from the Bagaryatskii orientation relationship. 

Evidence showing the existence of internal twinning in lower bainite 

is also presented. The fact that the observed twins, whether acconnnodation 

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 compoaition of the steel. The 

various transformation products have been a subject of metallurgical re-

search for a long time. 1 Since the classical study of Davenport and Bain 

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 phase 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 resemblance to martensite in its morphology and crystallo-

graphy yet bainite involves a change in composition from austenite and 

involves diffusion has given rise to numerous and often conflicting theo-

ries. They may be divided broadly into three categories: theory of 

2 1 nucleation and growth, theory of shear and theory involving both nu-

3 cleation and growth, and shear. 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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6 that bainitic ferrite forms by a displacive mechanism. 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 electron 

microscopy have led to some determination of the orientation relationship 

between ferrite and cementite in bainite. 11 •12 Some points concerning the 

transformation have been elucidated. Based on the crystallographic evi-

13 14 . 
dence together with the kinetic investigations ' the conclusion that 

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+a 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 {or 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-

tiona! carbides could then be assumed to occur as a result of cementite 

15 precipitation along these twins during isothermal holding. 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 transformation 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 satisfactorily 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-12wt% Ni-4wt% 
/ 

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 this 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 

techn.iques 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 withaMs 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 

neut;:ral atmosphere inside the Inconel tube durin,g 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. Carbon analysis before 

and after heat treatment showed no significant decarburization. It should 

be mentioned 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 Cr03 

400 ml acetic acid 

21 ml H20 

The temperature of the electrolyte was kept at l0°C during polishing using 

an ice water bath. The applied voltage was about 25 de 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 . 

Stereographic 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 alloy was isothermall y transformed for more than 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 

17 is retarded in the presence of a high alloy content . 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 long direction 

of ferrite. 18 

Figure l(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 structure has been reported before. • A dark field image of the (103) 

cementite reflection reverses .the contrast of the carbide as seen in 

Fig. l(b). A different kind of carbide morphology, shown 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. 
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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 

12 Wayman 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]~ and [111] orientation. 
~ a . 

Austenite grain boundaries have been known to be preferential sites for 

21 
bainite nucleation. 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 from the isothermal transformation temperature. The im-

pingement of martensite plates on the bainite grains supports the trans-

formation sequence described. In 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 M temperature. The 
s 

inhomogeneous shear during the subsequent martensite transformation is 

therefore accomplished by slip instead of twinning resulting the 
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demonstration of a dislocated structure.* Since the initially formed 

baini~e 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 carbide 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 (llO) 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 

22 subunit as suggested by Oblak and Hehemann. 

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. 

8 This model is also supported by the kinetic results. 

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. Trans., l, 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) and (112) poles respectively. The calculated a a . 

divergence extended between (112)a and (li2)a poles is 48.19° which match-

es reasonably well with the measured result. Thus it is rational to as-

sume (112) and (ll2) to be the trace normals of the carbides. 

Aaronson2 ~as 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)a and 

(ll2~planes 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 micro.structures 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 seen 

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 structure 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 

(ZOO) reflection and reveals that these ferrite islands are all in the . a. 

same orientation. The contrast of the matrix is reversed when imaging a 

matrix (llO) spot as shown in Fig. 7(e). A very thin layer (or rows of 
a. 

small particles) of cementite precipitated along the ferrite island is 

detected in the dark field image of spot cas 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. The current observation indicated that . some · 

austenite is trapped during bainite transformation. They subsequently 

decompose to ferrite and carbide and give rise to this kind of morphology. 

Again, similar microstructures were observed in the Si bearing steel 

(Part I of this study). 

· Another kind of bainite morphology (Fig. 8) w~s detected which 

might be easily interpreted ·erroneously as upper bainite. The selected 

area diffraction pattern and the schematic representation are shown in 

.Fig. 8(b) .and (c) respectively. The dark stringers are identified as 

retained austenite instead of carbide. The Kurdjumov-Sachs orientation 

relationship, [lllla.ll [011] y (Oll) a. II (lll) 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 reflection. 

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 [lOO]a and [lll]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} a' {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 ~ X-ray pole figure technique, similar orientation relationship 

between ferrite and austenite has been observed in bainite formed below 

It has beeri 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 ferrite? If by this we mean that the ferrite has the same 

composition as the parent austenite, the transformation is diffusionless 

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 satura~ed but its carbon 

content should be considerably less than that of the parent austenite. 

The knowledge of carbon content in painitic 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/a+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 a/a+y phase boundary~ a large portion of the carbide 

must precipitate from austenite. Recently, by using a modified electron 

24 
microprobe, it has been demonstrated that the carbon content of the 

bainite was less than the detectability limit (0.03 pet) of the probe in 

Fe/O.llc/1.95Mo and Fe/0.13c/2.99Cr alloys. It was concluded that the 

initially formed bainitic ferrite was not supersaturated and the bainitic 

carbides which formed in these microstructures must have been precipitated 

from austenite. 
25 .. 

However, as pointed out by Hehemann, theoretical con-

26 . 
siderations 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 measurements. It seems thc;lt it is extremely difficult to decide con-

elusively 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 studies of the orientation relationships between the 

bainitic carbides and between such carbides and austenite have suggested 

that these carbides precipitate from austenite in upper bainite and from 

ferrite in lower bainite. 11 These results 11 are consistetlt with other 

evidence at high temperature 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 

single 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 

parallel rows of cementite platelets can be clearly seen. 

The electron diffraction pattern and its indexing are presented in 

Fig. 9(b) and (c), zone axis in this case is [331] The stereographic a 

projection corresponding to .the diffraction analysis is shown in Fig. 9(e). 

It is found that the cementite/ferrite orientation relationship is close 

27 to that of Bagaryatskii. 

(100)Fe 3C II (llO) a 

(010)Fe
3

C II (lll) a 

(001) Fe3c II (112) a 

Similar results have been observed by other workers in bainite11 and 

28 tempered martensite. 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 discrepancy 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. lO(b) and (c). The dark field 

micrograph, Fig. lO(d), using the (ZlO)Fe3c reflection revealed that all 

the cementite particles were in the same orientation. This diffraction 

pattern also gives the orientation relationship which is again close to 
27 . 

that of Bagaryatskii (Fig. lO(e)). In this case, however, the (100)Fe 3c 

is 3° apart from (llO)a. This also indicates that the cementite/ferrite 

orientation relationship slightly deviates from that 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. ll(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 (112) - (335) which are 5° apart. a a 

As mentioned before, cementite was related to bainitic ferrite with 

29 . 
the Isaichev orientation relationship, and the ferrite/austenite lattice 

30 relationship follows that of Kurdjumov-Sachs. The orientation correspond-

ence of the three crystals, i.e. austenite, ferrite and cementite 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: 

(lOO)c II (545) y 4.76° from (101) .a 

(010) c II (lOl) y II (lll)a 

(OOl)c II (252) 4.76° from (!21) a y 

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

31 32 
Pitsch lattice relationship , which was obtained when cementite formed 

in austenite. This leads to the conclusion that the bainitic carbide was 

originally formed in austenite. 
25 

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., 

(lll)y II (011) Ct II (103) 
c 

(lOl)y II (111) 
. Ct II (010) 

c 

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 speculat,ed 

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 temp~rature of · 

500°F (260°C) or above. These transformation temperatures may be too high 

for twinning to occur, if we draw the anology 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 



0 0 j I 

-79-

steel after isothermally transformed at 204°C (400°F) for 15 days. 

Elongated carbide particles together with some internal twinning in grey 

contrast (delineated by double arrows) can be seen inside the dislocated 

matrix. The selected area diffraction pattern, Fig. 14(b), is analyzed 

and indexed as [115] matrix, [111] twin, and the carbide is identified 

as cementite in [01~] orientation. The twin plane is (112)a. Many re­

flections from these three crystals are superimposed on each other. Park 

field images of a series of reflections were taken very carefully. Figure 

14(c) shows the dark field image of a (021) cementite 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 (Ol!) twin spot and (121) Fe
3
c spot was dark imaged as shown in Fig. 

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) Fe
3
c (Fig •. 14 (e)), (lOl) twin and (l21) Fe3c (Fig. 14 (f)) and 

(i12) twin and (04~) Fe
3
c (Fig. 14(g)). Although the nature of the twinri-

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 re.g.ion of (112) and (335) • It is clearly seen that the cementite · a a 

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 martens!-

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 martensitic theory. A similar 

5 point of view has also been pointed out before. Furthermore, the current 

evidence shows that the unidirectional carbide morphology in lower 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) In 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+a+ Fe
3
c). 

(2) Bainite grows from the austenite grain boundary 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 relationship. 

(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) instead a 

of (112)
0

• 

(7) Internal twinning has been resolved in lower. bai.nite where carbides 

lie at an angle to the twin interface. 
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IV . DISCUSSI:ON 

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 

27 . 
Bagaryatskii. In order to understand this, it seems necessary to ex-

amine the possibility whether cementite precipitates in ferrit.e or in 

austenite. 

In lower bainite, it has been generally believed that cementite 

precipitates from supersaturated ferrite which is formed by a shear type 

. 1 6 33 34 (martensite-like) mechanism from parent austenite. ' ' ' Nevertheless, 

this formation sequence does not differ from that of the autotempering 

of martensite. The transformation nature of this process is also ques-

tionable. 
33 . 

According to Pickering, "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 allows 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 niight be unreason--

able to expect the carbide to precipitate from the supersaturated ferrite · 

35 in order to proceed ' the growth process. Moreover, the bainitic carbide 

has been observed. to lie at an angle to the twin interfaces. .The uni-

directional morphology of bainitic carbide cannot be attributed to carbide 

precipitation on the internal twins; whereas in the t .empered 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. 34 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 

36 by Andrews, . only small atomic rearrangements are necessary to produce 

the cementite structure from 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 

1 Bain 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. 37 This model was further developed by Zener and 

6 subsequently supported by Ko and Cottrell 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. 
. 38 . 

Besides, Cristian 

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 

39 observed to exhibit surfac~ relief effects. 

The other model was proposed originally by llultgren40 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 ,a/y interface. As 

41 37 
further developed by Hillert based on Zener's analysis, it is now common-

· ly called the Zener-Hillert model . 

In the case of upper bainite, it has been shown that austenite 

7 
becomes increasingly enriched in carbon content as the reaction proceeds. 

Furthermore, crystallographic evidence has supported the fact that bainitic 

11 carbides nucleate in the austenite. 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 

bainite, it1 •6 •
37

•
42 

has been frequently assumed that the formation of 

lower bainite follows the Davenport and Bain mechanism. However, the 

kinetic 43 
data suggest that the edge-wise growth of lower bainite pro-

ceeds by the Hultgren mechanism. 

More recently, the growth mechanism of the ferritic component of 

bainite became the centr•l controversey on the bainitic react.ion. 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-worker~• 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 is 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 exteil-

sive supersaturation of bainitic ferrite with respect to carbon. The 

carbide precipitation plays. only a secondary role in this shear mechanism. 

26 
The other growth model as proposed by Kinsman and Aaronson 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 rates 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 microstructural 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 

product 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 spen~ 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 



-86-

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 transformation. 

Strictly speaking one can ask: is 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 

. 44 
model or the statistical model alone. 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 the 

diffusion-controlled model, it is the author's conclusion that a combina-

tion of both must operate during bainite transformations in steel. In a 

particular system, at high t~ansformation temperature, 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. The two 

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 ferrite 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 process between ferrite growth and carbide nucleation gives rise 

to various morphologies of bainite, 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 diffusion 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 austeni.te entrapped between 

them is increased until it exceeds the solubility of carbon 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 

also play 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 attributed 

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 

(1) The cementite in bainite is related to ferrite .with .a specific variant 

of the Isaichev orientation relationship rather than due to that of 

Bagaryatskii. 

(2) It appears that the bainitic carbide is formed in austenite at the. 

ferrite/austenite interface. 

{3) Internal twinning in bainitic ferrite has been resolved. The fact 

that the observed t"ins, whether accoUIDodation or transformation, 

persisted after isothermal holding suggests that the unidirectional 

precipitation of carbides cannot be attributed to carbide nucleation 

on twins. 

(4) 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 (10.3) 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 (100) and (111) orientation a a 

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 

ta~n from the right hand sided grain of bainite showing a [113]d. 

orientation. (c) Dark field of (103) Fe
3

C spot, indicated as C, shows 

the carbide clearly. (d) The contrast of the matrix is reversed by 

dark field imaging the (llO) spot. a 

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

after transformation at 204°C for 900 hours showing another region 



-94-

where Fe
3
c can be seen lining up uniformly suggesting that the 

cementite precipitates behind the moving ferrite/austenite interface. 

(b) Dark field image of (103) Fe
3
c 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 [112] orientation. (d) shows the dark field image of a a 

(ZOO) spot of the ferrite island. (e) The contrast of the matrix is 

reversed by imaging (llO) reflection. (f) a thin layer of cementite a 

along the a 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) a spot. (f) Dark field image of { 110} a {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 [Oll). (d) Dark 

field image of a (Zll) 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 [1Zl)Fe
3
c orientation respectively. (d) Dark field image of 

cementite using a (Zl0)Fe
3
c reflection. (e) Stereogram corresponding 

to Fig. 10. (c) The orientation relationship of tempered dislocated 

martensite is closely but not exactly followed between the bainitic 

carbide and ferrite. 

Fig. 11 (a) Structure 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 

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

(011) II (111) , (lll) II (lOl) and (hl) II (l2l) is obeyed between a y a y a y 

ferrite and austenite; Isaichev correspondence, viz., (010) I I (lll) 
c 0. 

and (103) I I (011) is observed between cementite and ferrite. 
c a 

Fig. 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 

(Oll) twin spot and a (121) Fe
3
C spot. (e), (f), and (g) are dark 

field micrograph using reflections of (221) Fe
3

C, (lOl) twin + (l21) 

Fe3C and (112) twin + (042) Fe
3

C respectively. 



-97-

XBB 748-5793 

Fig. 1 (a) (b) 
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Fig. 2 
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XBB 748-5429 

Fig. 3 (a) (b) 
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Fig. 4 (c) (d) 
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Fig. 5 (a) (b) 
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Fig. 6 (a) 
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Fig. 8 (f) 
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Fig. 11 (a) (b) 
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GENERAL SUMMARY AND CONCLUSIONS 

1) 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. 

2) Epsilon carbide was unambiguously identified iQ lower bainite of a 

3) 

silicon containing steel. The orientation relationship between epsi-

lon carbide and bainitic ferrite was found to follow that of Jack viz., 

(0001)£ II (011) a 

(lOiO)t: II (2il)a 

(i2iO)t: II (lli)a 

The cementite observed in lower bainite was in the shape of small 

platelets and exhibited the Isaichev orientat.ion relationship, viz., 

(OlO)C I I (lll)a,(l03)C I I (Oll)a with the bainite ferrite rather 

than that due to Bagaryatskii. 

4) 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 (112) to (335) which are 5° apart. a a 

5) 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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6) The "auto-tempered" model of Pickering and the "rapid nucleation" 

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. 

7) 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. 

8) 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 partiti?n 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 

carbon concentrations build up at the a/y interface leading to the 

nucleation of uniformly distributed and well sp~ced cementite parti-

" cles from austenite as the interface moves along. 
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