Metallography of Bainitic Transformation in

Silicon Containing Steels

DER-HUNG HUANG AND GARETH THOMAS

The formation of carbide in lower bainite was studied in two silicon containing carbon
steels by transmission electron microscopy and diffraction techniques. Epsilon carbide
was identified in the low temperature isothermally transformed bainite structure. The
crystallographic relationship between epsilon carbide and bainitic ferrite was found to
follow the Jack orientation relationship, viz, (0001)e| {{011)a, (10i1)e{ {(101)x. The
cementite observed in lower bainite was in the shape of small platelets and obeyed the
Isaichev orientation relationship with the bainitic ferrite, viz, (010)c!i(111)a,

(103)c! 1{011)a. Direct evidence showing the sequence of carbide formation from aus-
tenite in bainite has also been obtained. Based on the observations and all the crystallo-
graphical features, it is strongly suggested that in silicon containing steels the bainitic
carbide precipitated directly from austenite instead of from ferrite at the austenite/fer-
rite interface as has been proposed by Kinsman and Aaronson (Ref. 1). The uniformity
of the carbide distribution is thus envisaged to be the outcome of precipitation at the aus-

tenite-ferrite interphase boundary.

THE term bainite, so named in honor of E. C. Bain,
refers to the microstructural constituent formed in
steels when austenite decomposes at temperatures
above that for martensitic formation but below that
for pearlite through either isothermal transformation
or continuous cooling. The morphology of bainite
changes gradually with reaction temperature, so no
pronounced structural changes are observed over any
small temperature range. Although the microstruc-
ture may assume a variety of forms, two major vari-
ants of bainite morphology, namely upper and lower
bainite, are observed in steels transformed in differ-
ent ranges of temperature ™

The transformation mechanism of bainite has been
a topic of discussion ever since the structure was
first recognized. The problem is complicated in view
of the fact that the bainite reaction often exhibits
features characteristic of two basic classes of trans-
formation in iron alloys, the diffusion controlled and
the martensitic type. As pointed out in a recent de-
bate on bainite,’ both the nature of carbides and
whether the carbides in bainite precipitated from
supersaturated ferrite or from austenite is of funda-
mental significance to the bainite reaction mechanism.
It is generally accepted that cementite constitutes the
carbide phase in upper bainite. Although cementite
is likewise frequently observed in lower bainite, the
exact carbide precipitation process is still uncer-
tain. It has been reported that epsilon carbide is the
first carbide formed in low temperature bainite which
is subsequently replaced by cementite on further
transformation.’™ These reports were based either on
conclusions drawn indirectly from physical measure-
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ments or from direct electron microscopy observa-
tions.” Unfortunately, it has not always been possible
to determine unambiguously the nature of the carbides
present because of competing factors and their com-
plex structures. In view of the lack of totally defini-
tive evidence for the identification of epsilon carbide
in lower bainite in the literature, it was part of the
purpose of the current investigation to provide such
information, and to study the relevant crystallographic
relationships.

Previous crystallographic studies of the orientation
relationships between bainitic carbide and ferrite have
suggested that these carbides precipitate from austen-
ite in upper bainite and from ferrite in lower bain-
ite ®>® These results are consistent with other evidence
at high temperature and have generally been accepted.
In the lower temperature range, however, there is
still no universal agreement on the formation mecha-
nism. One school of thought holds the view that lower
bainite forms by a shear mechanism similar to that of
martensite and the transformation is completed either
by a subsequent tempering process resembling that of
auto-tempering in martensitic steels or by a relaxa-
tion process.B This concept requires carbide precipi-
tation from ferrite. It is supported by the evidence
that the typical B::uc,rau-yatskii9 ferrite/ cementite orien-
tation relationship occurring in martensite'’ was also
found to exist between ferrite and cementite in lower
bainite.>® On the other hand, based on the calculated
average carbon content of the retained austenite as-
sociated with partial transformation to bainite from
X-ray diffraction data, it was concluded that bainitic
carbide is more likely to precipitate directly from
austenite.! Therefore, the origin of the carbide in
lower bainite remains to be elucidated for verification
of the transformation mechanism. Thus in the present
study, thin foil transmission electron microscopy and
diffraction has been utilized to reexamine the morpho-
logical and crystallographical features of cementite
and ferrite in lower bainite, in order to try to provide
experimental verification.
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EXPERIMENTAL PROCEDURE
A. Materials and Heat Treatment

The chemical composition of the alloys under in-
vestigation are given in Table I along with their M,
temperatures which were determined by dilatometric
measurements. The steels will be referred to by their
designations as given in Table 1. Note that the nominal
composition is indicated by the alloy designation: the
first digit represents nominal wt pet of the silicon con-
tent, the last two digits represent wt pet of carbon. Al-
loy 2840 was vacuum melted and cast as a twenty-five
pound ingot. After hot rolling, homogenization at
1300°C was done for several days. The details of heat
treatment and the corresponding TTT diagram have
been described in Ref. 11 which were followed to en-
sure that proper bainitic treatments were achieved.

The particular composition of the alloy 2854 selected
provided an opportunity to compare the results with
those of Oblak and Hehemann’ on the morphology and
crystallography of the bainite transformation. Alloy
2554 was vacuum induction melted in this laboratory
using high purity material and poured in a fast chilled
copper mold as a 1.8-kg (4-1b) ingot.

All materials were sandblasted to remove any sur-
face oxide. They were subsequently homogenized at
1100°C for three days and furnace cooled. A simple
low-cost but successful technique was employed to
prevent decarburization during homogenization. The
as-received or as-cast materials were wrapped in
stainless steel envelopes then sealed inside an Inconel
tube filled with cast iron chips and a small amount of
active charcoal. The cast iron chips provided enough
carbon potential inside the Inconel tube during homo-
genization annealing so as to minimize any decarburi-
zation of the heat-treated material. Alloy 2554 and
2840 were then hot rolled to strips of 0.1 cm (0.040
in.) thickness, with infermediate surface grinding em-
ployed to remove any scale.

Coupons of 2.54 by 3.8l em {1 by 1 1/2 in.}) were cut
from these strips, austenitized at 900°C for 1 1/2 h in
a dynamic argon atmosphere, and then quenched di-
rectly into a neutral salt bath. Isothermal transfor-
mation was then accomplished at a predetermined
temperature above M, for a certain time. Carbon
analyses before and after heat treatment showed no
significant decarburization.

B. Electron Microscopy

Thin foils for transmission electron microscopy
were prepared from the heat treated 0.1 cm (4,040
in.) thick specimens, by first mechanical grinding,
followed by chemical thinning and finally electro-
polishing in a chromic-acetic acid bath. Foils were

Table ). Chemical Composition of the Alloys (in Wt Pct)
With Their M, Temperatures

Designation Composition M Temperature
2854 Fe-0.54C-1.8781-0.79Mn-0.30Cr 250°C {482°F)
2840* Fe-0.40C-1.738i 370°C (698°F)

*We are grateful to Dr. H. L Aaronson for providing this alloy.
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examined in a Seimens Elmiskop IA microscope,
operated at 100 kV in both imaging and diffraction
modes. For the identification of epsilon carbide, se-
lected area diffraction patterns were indexed with the
aid of tables of d-spacings and angles between crys-
tallographic planes calculated from a general computer
program which has been compiled for noncubic crystal
systems. The input data were a = 2 7735A and ¢

= 4.339A, which yield a ¢/a ratio of 1.586 as deter-
mined by Jack.”

RESULTS AND DISCUSSION
A, Isothermal Transformation at 275°C

Thin foils suitable for transmission electron mi-
croscopy were made from isothermally transformed
lower bainite of steel 2S54. Although the precipitates
were often very small and gave incomplete diffraction
patterns, the presence of epsilon carbide in lower
bainite was detected by employing careful selected
area diffraction and dark field imaging techniques.

Fig. 1{a) shows the structure of lower bainite of the
steel 2854 after being isothermally transformed at
275°C for 17 h. A high density of carbide precipitates
is distributed uniformiy throughout the bainitic ferrite
matrix. These carbides form as thin platelets or laths
varying in size from 60 to 200A wide and 700 to 4000A
long. The corresponding selected area diffraction pat-
tern is shown in Fig. 1(5) together with its indexing.
From this and many other photographs which give a
variety of orientations of the ferrite and carbide
with respect to the incident electron beam, it has been
possible to determine the orientation relationship be-
tween the two phases. In Fig. 1, the matrix has the
[011], zone orientation and the carbide is analyzed as
epsilon carbide with [0001]¢11[011],. It is clearly seen
that the volume fraction of carbide is very large and
the carbide/ferrite interface is rather ragged suggest-
ing that the interface is partially or noncoherent and
contains structural dislocations. In addition to the iden-
tification of epsilon carbide in lower bainite, the orien-
tation relationships between epsilon carbide and bain-
itic ferrite may be obtained directly by plotting the
orientations determined from the diffraction pattern,
Fig. 1(b), on a stereographic projection as in Fig. 2, It
is clearly seen that (0001)¢ plane is parallel with
(011),, and (1011), is only 1 deg from (101),. This is
practlcauy the same as the Jack orientation relation-
ship'* which may be stated:*

(0001) | 1{011),
(1011) 1 1(101),.

The one degree discrepancy between our result and
that of Jack’s is atiribujed to experimental errors.

Characteristic wavy epsilon carbide in better con-
trast 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], diffraction pattern and the
epsilon carbide is slightly tilted about five deg from
the [1120]; zone, in agreement with the orientation re-
lations shown in Fig. 2.

METALLURGICAL TRANSACTIONS A



BAINITIC FERRITE ORIENTATION ([011]

EPSILON CARBIDE ORIENTATION [0001]

Fig. 1—{a} Structure of bainite which was obtained in isothermally transformed steel 2854 (Fe-1.878i~0.54C + 0.79Mn~0.3Cr) at
275°C for 17 h; (b) the corresponding selected area diffraction pattern showing a {0001} ¢ zone parallel with a [011], zone.
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Fig. 2—8tereographic projection, based on the orientations
determined in Fig. 1, representing the orientation relation-
ship between epsilon carbide and bainitic ferrite. (0001)e -
carbide|| (011) ferrite, (1010)€ ~carbide}| (211) ferrite, (10I1)
€-carbide|| (101) ferrite.

In order to provide unique identification of this mi-
crostructure of bainite, the tempered martensitic
structure of this steel was also studied and is pre-
sented for comparison. Figure 4 shows an example of
the structure obtained after water quenching a speci-
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men of the same steel to martensite followed by tem-
pering at 275°C for 17 h. By comparing Fig. 4 with
Figs. 1 and 3 it is seen that they are entirely different.
For example, the structure in Fig. 4 is densely twin-
ned, which is characteristic of high carbon marten-
site.’® Analysis of the selected area diffraction pat-
tern indicates that the orientation of the matrix and
twin are [131] and [101] respectively. The twin plane
is (121),. 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 well known, though not
fully understood, for contributing tempering resistance
when used as an alloying element in steel.”®"* It is evi-
dent that lower bainite and tempered martensite are
easily distinguishable in this alloy and consequently
unique identification of lower bainite is established.

In summary, epsilon carbide has been unambigu-
ously identified in lower bainite, with the orientation
relationship between epsilon carbide and bainitic fer-
rite being that observed earlier by Jack™ viz,

(0001) | 1(011),
(1011)11{101),.

It should be mentioned that a similar orientation
relationship was also recently observed in lower bain-
ite of a 300M steel.’® However, the origin of the car-
bide in lower bainite as deduced from this latter re-
search is quite different from ours, and will be dis-
cussed later.

The observed crystallographic orientation relation-
ship between epsilon carbide and ferrite can be ac-
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counted for by formation of epsilon carbide in either
supersaturated ferrite or austenite. They will be dis-
cussed as follows:

(i) Epsilon Carbide Formed in Ferrite. In bainite, if
epsilon carbide forms directly from supersatured fer-
rite (though often assumed, this statement is unveri-
fied), there will be little difference between bainite
and martensite in the morphology of the precipitation
process. The crystallographic analysis shows that the
orientation relationship between epsilon carbide and
bainitic ferrite is that suggested by Jack' observed in
tempered martensite. This relationship also gives the
following (Fig. 2):

(0001)¢ 1 1(011),
(1010)¢ 1 1(211),.

The stereogram, Fig. 2, shows that in epsilon car-
bide and ferrite close-packed planes and directions
are parallel in both structures. The lattice misfit be-
tween (1010), and (211}, planes is 1.2 pct which is the
lowest mismatch between the two crystals. This orien-
tation relationship for epsilon carbide in tempered
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Fig. 3—-Another aresa of the
bainite formed in steel 2854
. at 275°C characteristic wavy
epsilon ca})rbide with size of
60 to 200A in width and 700
to 4000A in length are seen
in a bainitic ferrite grain.
The insert shows the selec-
ted area diffraction pattern
where the foil orientation is
. [100] and the epsilon carbide

is in approximate [1120] ori-
entation.

N

martensite can be explained in terms of minimizing
the surface energy at the relatively low formation tem-
perature '**®

(ii) Epsilon Carbide Formed in Austenite. It is
equally possible that epsilon carbide forms on the aus-
tenite side of the austenite/ferrite interface. Such a
transformation can also give rise to the Jack relation-
ship. 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,

(111),11(0001)
(110), 1 1(1210).

Unfortunately, it was not possible to retain enough
austenite to verify this assumption, However, it has
long been established that the K—$S relationship®® is
obeyed between austenite and bainitic ferrite formed
at low temperature,” viz,

(111),11(011)
(1i0)y 1 1(111)g.

METALLURGICAL TRANSACTIONS A



(a)

Fig. 4~Structure of marten~
site of steel 2854 tempered
at 275°C for 17 h. (a) Shows &
typical infternally twinned |
martensite plate where no »
carbide was detected. It is
distinctly different from the
bainitic structure; (b) selec~
ted area diffraction pattern
and indexed representation
showing orientation of the ma-
trix and twin are [111] and
[101] respectively. Twin
plane is (121),

(b)

This leads to the ferrite/epsilon-carbide relationship
of the Jack type'® observed in the present research.

In a recent investigation,® a similar orientation re-
lationship was observed when NisTi precipitated from
austenite in a Fe/28Ni/2Ti alloy during ausaging. Upon
transfor mation to martensite on subsequent cooling,
the orientation relationship between Ni;Ti and mar-
tensite retained that between the precipifates and the
matrix before transformation, i.e., the austenite phase.
The same orientation relationship has also been ob-
served after isothermal decomposition of a molybde-
num austenitic alloy where fibers of Mo,C nucleated
on the austenite side of the austenite/ferrite inter-
face.?*** Both of these results indicate that the in-
direct evidence of the orientation relationship between
epsilon carbide and austenite may be deduced from
that observed between epsilon carbide and bainitic fer-
rite, the ferrite and austenite being themselves re-
lated by one of the K—§ variants.

As will be shown and discussed in the later sections,
the bainitic cementite in silicon steel was found to pre-
cipitate directly from austenite at the austenite/ferrite
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interface. This suggests that precipitation of epsilon
carbide is also likely to occur in contact with austen-
ite at the austenite/ferrite interface. This is contrary
to the conclusions of Lai,’® who also observed the
existence of the Jack orientation relationship in lower
bainite but supported accordingly the view that epsilon
carbide precipitated from supersaturated bainitic fer-
rite by analogy to tempered martensite. However,
there are morphological differences and it is important
to realize that two families of epsilon carbide in a
characteristic criss-cross pattern are generally ob-
served in tempered martensite,'®™*® while in lower
bainite only one variant has ever been detected in pre-
vious electron metallographic studies™*® and in the
present investigation, despite the fact that the same
orientation relationship existed between the epsilon
carbide and the ferrite component in both bainite and
martensite. The present suggested model viz, that for-
mation of either epsilon carbide or cementite occurs
on the austenite side of the austenite/ferrite interface
is also able to account for the unidirectional mor-
phology of the carbide phase in bainite.
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Fig. 5—Structure of bainite in steel 2854 after isothermal
transformation at 315°C for 17 min, showing unique ¢ S-
shaped’” untransformed austenite and cementite.

B. Isothermal Transformation at 315°C

As the isothermal transformation temperature was
raised to 315°C a structure developed’ which is unique
to silicon containing steels. These structures do not
exhibit the classical morphologies normally associated
with bainite and an example is presented in Fig. 5
which shows the microstructure of bainite after 17
min of transformation. S-shaped second phase parti-
cles are found to be distributed throughout the struc-
ture. As will be shown in the following, detailed analy-
sis indicates that the specimen contains bainitic fer-
rite, cementite and austenite. The problem of uniquely
identifying austenite and cementite in these structures
is not trivial. Careful choice of the proper orientation
is needed so that selection of well defined austenite and
cementite diffraction spots can be done to obtain ap-
propriate dark field images. Such an example is given
in Fig. 6. Figure 6(a) represents the bright field image
of the bainite structure obtained by isothermal trans-
formation at 315°C for 24 h. Stringer shaped structures
can be seen roughly along the long axis of the bainitic
ferrite grain. The corresponding selected area diffrac-
tion pattern is shown in Fig. 6(b) and is indexed in Fig.
6(c). The analysis shows that the bainitic ferrite is in
[111] orientation and austenite in [011], following the
Kurdjumov-Sachs orientation relationship.'® A third
constituent is identified as cementite in the [010] FesC
zone. Dark field imaging of the (111) austenite diffrac-
tion spot, Fig. 6(d), reverses the contrast for the aus-
tenite which positively shows that the wide stringers
mainly at the lath boundaries are untransformed aus-
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tenite. Figure 6(e) is the dark field image using a
(201) cementite diffraction spot. A thin layer of cemen-
tite, as indicated by the arrow, is revealed in contact
with the austenite. Thus the formation of bainitic car-
bide is seen to bear a definite relationship to the un-
transformed austenite. Further evidence of the above-
mentioned morphology is presented in Fig. 7(a). The
diffraction pattern and the analysis are the same as
those for Fig. 6. The dark field micrograph, Fig. 7(b),
using the (111) austenite diffraction spot clearly shows
the distribution of untransformed austenite. Many of
these austenitic areas follow lath boundaries and then
bend into the matrix as indicated by the arrows. In
some other areas similar microstructures are seen
in which the lath boundaries are extensively ‘‘decor-
ated’”’. However, here untransformed austenite has
been decomposed to a further extent than is shown in
Figs. 6 and 7, and this can only be revealed by selec-
tive dark field illumination. As indicated by the ar-
rows in Fig. 8, when both the (201) cementite and
(111) austenite diffraction spots are imaged, the un-
transformed austenite appears to have stepped inter-
faces enveloping the growing front of ferrite.

It has been proposed by Aaronson et al,**’* that the
ferrite component in austenite develops by a ledge
mechanism during isothermal transformation. This
mechanism involves ferrite growth primarily by the
formation and lateral movement of ledges through dif-
fusional jumps across the edge of the ledge. The kink
shaped carbides could be indicative of such ledges left
by the movement of the austenite/ferrite interface.
However, the details of ledges in bainite have not yet
been resolved by transmission electron microscopy.
A recent in situ investigation of the bainite reaction by
using high voltage electron microscopy indicated that
no ledge was observed when a Fe/9.1Ni/0.51C alloy
was isothermally transformed to bainite at 380°C,*®
but since this was not done in a controlled environ-
ment nor were high resolution techniques utilized, the
validity of the experiment is open to question. Thus,
more conclusive evidence is needed, requiring sophis-
ticated electron microscopy studies on the detailed
interface structures.

The untransformed austenite will eventually decom-
pose into carbide and ferrite after prolonged holding.
The structure of bainite after transformation at 315°C
for a longer period, 168 h, is shown in Fig. 9(a). There
are no marked differences between this structure and
that after transformation for shorter times, e¢.g., Figs.
5 to 8. However, no reflections corresponding to aus-
tenite were detected in the selected area diffraction
pattern Fig. 9(b). As shown in the analysis, Fig. 9(c),
the cementite is in [122] orientation, with ferrite in
[100] and [111]. Cementite particles are clearly de-
lineated in the dark field image of a (201) cementite
diffraction, Fig. 9(d). Thus the decomposition of the
untransformed austenite into ferrite and cementite
seems to be complete in this specimen. The above ob-
servations provide direct evidence for the transfor-
mation path of cementite in bainite. Similar decompo-
sition of retained austenite has been observed in the
tempering of martensite which results in cementite
precipitation along the martensite boundaries in addi-
tion to the accompanying Widmanstatten carbide for-
mation inside the martensite matrix.?’

It should be emphasized that the bainite structures
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a - ferrite in [NN] ———
Yy - austenite in [OI1] - — -
C ¢ -cementite [010] —- —

Fig. 6—Structure of bainite in steel 2S54 after isothermal transformation at 315°C for 24 h. (a) Bright field micrograph showing
untransformed austenite and cementite embedded in dislocated bainitic ferrite grain; (b) the corresponding selected area diffrac-
tion pattern; (¢) indexing of pattern, showing the ferrite, austenite and cementite in {111}, [011] and [010] Fe,c zones respec-
tively. The Kurdjumov-Sachs orientation relationship is followed between bainitic ferrite and austenite; (d) the untransformed
austenite reverses contrast in the dark field image using the (1I1) austenite reflection; (¢) a very thin layer of cementite

(pointed by arrow) in contact with austenite is seen clearly in the dark field image of the (201) cementite reflection.
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Fig. 6—~Continued.

described above are more complex than those associa-
ted with conventionally described upper and lower
bainite (e.g. Ref. 3) and cannot be classified only ac-
cording to the orientation and distribution of the ce-
mentite particles. The conventional classification is
further complicated by the general rule (true or not)
that the bainite morphology changes over a relatively
narrow temperature range being described as upper
bainite above 350°C and lower bainite below about
350°C (e.g. Refs. 1, 3). Moreover, whilst many pub-
lished micrographs can be easily identified morpholo-
gically as portraying either upper or lower bainite,
yet the bainite structure in an Fe/Cr/C alloy® has been
concluded to be lower bainite despite the presence of
elongated bainitic carbides which morphologically im-
plies that the product may be upper bainite. Thus we
believe it is best to describe the present microstruc-
ture simply as bainite in order to avoid possible con-
fusion.

C. Suggested Sequence for Bainitic Transformation

From these observations, it can be postulated that
at 315°C, the bainite in silicon steel probably forms in
the following sequence. The bainitic ferrite which nu-
cleates and grows from the austenite grain boundary is
arrested in growth periodically as a result of solute
(carbon) enrichment of the adjacent austenite. Cessa-
tion of growth due to carbon enrichment can only oc-
cur when the carbon content of the austenite in either
the specimen as a whole, or in a small region totally
enclosed by ferrite, attains that of the Ae; curve or its
metastable equilibrium extrapolation. Below the eu-
tectoid range, growth can only resume if carbide pre-
cipitation occurs in the austenite. Due to the rapid
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Fig. 7-—Another region of bainite in steel 2854 obtained by
isothermal transformation at 315°C for 24 h; (a) bright field
micrograph showing ¢ S-shaped’’ untransformed austenite
forms along the lath boundary and then bends into the ferrite
lath, the selected area diffraction pattern is the same as in
Fig. 6; (b) the unique shape of retained austenite is pointed out
by arrows in the dark field image of the (111) diffraction spot.

METALLURGICAL TRANSACTIONS A



Fig. 8—Dark field micrograph showing another area of the
bainite in steel 2554 after transformed at 315°C for 24 h. Both
the carbide and austenite are in bright contrast by imaging the
(201) cementite and (111) austenite diffraction spots. Ferrite
appears to be enveloped by untransformed austenite.

diffusion of carbon in austenite away from the growing
ferrite®®* and the low rate of nucleation of carbide in
the presence of silicon, a layer of metastable austen-
ite is retained along the austenite/ferrite grain bound-
aries. Other ferrite units may form from this layer of
austenite following the same sequence. Repetition of
this discontinuous growth mode can give rise to the
observed ‘‘bamboo shaped’’ bainitic structure. Mean-
while, carbides precipitate gradually from the untrans-
formed austenite during isothermal holding thereby
delineating the previous position of the austenite/fer-
rite interphase boundary. After prolonged isothermal
holding the untransformed austenite will decompose
completely resulting in the observed bainitic ferrite—
cementite composite.

The advantage of using silicon in the steel is that it
appears to retard austenite decomposition. Thus in
nonsilicon containing steels, the carbide probably pre-
cipitates rapidly and the decomposition of untrans-
formed austenite may be too fast for its existence to
be detected.

A similar growth model has been proposed by Shac-
kleton and Kelly® for bainite formed at a higher tem-
perature range, i.e., 400 to 500°C. Their crystallo-
graphic data suggested that cementite and ferrite can
nucleate independently in austenite although this was
not detected in their transformation product. The pres-
ent observations demonstrate that carbides may form
from austenite even at a low temperature and the par-
ticular carbide morphology results from precipitation
along the austenite/ferrite interface. Another growth

METALLURGICAL TRANSACTIONS A

model has also been suggested by Oblak and Hehe-
mann’ to describe microstructures similar (but not
identical) to the ones reported here. They considered
this type of bainite morphology to be due to rapidly
growing substructural units which propagated to a
limited size. Delayed precipitation of cementite from
bainite permits substantial partitioning of carbon to
the austenite trapped in between ferrite laths. Cemen-
tite may subsequently precipitate from this enriched
austenite.

Although the above explanations are consistent with
the observed microstructure, the current detected s-
shaped carbides cannot be adequately explained by this
mechanism alone. Further direct evidence is required
to test this shear-model conclusively.

In summary, to account for the observed particular
bainitic morphology, the current proposed sequence of
bainite formation is not contradictory to any of the
existing models as far as the origin of carbides is con-
cerned.

D. Isothermal Transformation at 400°C

At this higher transformation temperature, the fer-
rite regions in the Si steel are in general coarser
than those found after the lower temperature treat-
ments. This is seen very clearly in Fig. 10 which
shows the bright field and a cementite dark field image
of the bainite of steel 2840 isothermally transformed
at 400°C for 7 h. This structure is typical of lower
bainite consisting of ferrite and unidirectional cemen-
tite platelets.

The shape of the cementite particles, although ap-
pearing to be lathlike in many cases, was confirmed
to be platelets, by tilting and observing bainite in the
direction nearly perpendicular to the cementite habit
plane as shown in Fig. 11(a). In the selected area dif-
fraction pattern, Fig. 11(b), the matrix and the cemen-
tite were indexed as [110], and [101], orientations
respectively (Fig. 11(c)). The stereographic analysis
of the diffraction pattern, Fig. 11(d), shows that the
orientation relationship is close to, but not exactly,
that of Bagaryatskii:'

(100) | 1(101)
(010), 1 1(111),
(001).11(121) .

This relationship is the same as that previously ob-
served by other workers for bainite®® and tempered
martensite.”® By close examination of the stereogram,
it is seen that the cementite/ferrite orientation rela-
tionship deviates slightly from that of Bagaryatskii as
observed before.’® After numerous investigations on
this alloy and in other steels e.g., Fe/ lzNﬁCo/ 0.4C
and Fe/3.14Mn/0.37C (Ref. 30) it was found that this
deviation is real and can be interpreted in an alterna-
tive way. Much better agreement can be obtained by
the Isaichev orientation relationship* viz,

(010),11(111),
(103), 1 1(011},,.

The same orientation relationship has also been ob-
served earlier in a plain carbon steel by Ohmori.*? It
is seen that in the Isaichev orientation relationship,
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Fig. 9—Bainite in steel 2854 obtained by isothermal transformation at 315°C for 168 h; (a} bright field mi‘crograp.h sl}cw;ng fer-
rite lath with cementite; (b) the corresponding selected area diffraction pattern; (¢} indexed pattern showing ferrite in {100} and

[111] orientation and the cementite in [12Z] zone, no austenite is detected; (d) dark field illumination of a (201) cementite refiec—
tion showing carbides in bright contrast.
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Fig. 10—Structure of typical lower bainite in steel 2540 (Fe-
1.738i-0.4C) after isothermal transformation at 400°C for 7 h;
(a) cementite particles embedded unidirectionally in bainitic
ferrite. These carbides are in bright contrast in dark field
as in (b).
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the ferrite lattice is rotated around the [111] pole by
about 4 deg with respect to the Bagaryatskii relation-
ship. It appears that this small difference between the
two lattice relationships is significant in the argument
as to whether cementite forms in austenite or in fer-
rite. As mentioned before, cementite is related to
bainitic ferrite by the Isaichev orientation relationship
and the ferrite/austenite lattice relationship follows
that of Kurdjumov-Sachs. The orientation correspond-
ence of the three crystals, {.e., austenite, ferrite and
cementite can be summarized in Fig. 12 after the
proper crystallographic variants have been chosen.
The relationship between the three structures can now
be expressed uniquely as follows:

(100). 1 1(545)., 4.76 deg from (101),
(010),.11(101), 1 1(111),
(001) | 1(252), 4.76 deg from (121),.

It should be noted that the above relationships between
bainitic carbide and austenite are those which are in-
volved in the relevant variant of the Pitsch lattice re-
lationship®*** which was obtained when cementite
formed in austenite. This crystallographic analysis
thus supports the theory that bainitic carbides form
originally in austenite instead of in ferrite.!

The perpetual dispute over the source of bainitic
carbides warrants further discussion. It still remains
to be answered as to why the carbide particles in
lower bainite precipitate unidirectionally. Based on
the observed morphology and crystallography of baini-
tic carbides, attention will be focused on the possibil-
ity whether cementite precipitates in ferrite or in aus-
tenite.

The fact that in lower bainite the carbides form
with only one variant instead of in the Widmanstatten
morphology has led various investigators to believe
that it must be precipitating on some kind of planar in-
homogeneity. Shackleton and Kelly® suggested that the
bainitic ferrite that forms martensitically from aus-
tenite may be twinned and the cementite may subse-
quently precipitate on these twin boundaries, i.e. on
the {112} ferrite planes. Although no internal twinning
has ever been reported in lower bainite, it has been
argued that during tempering the twins are removed
by the precipitation of cementite. This explanation
seems to be unlikely since internal twins are not
easily removed by tempering martensite even at
higher temperatures than that used for isothermal
transformation to bainite. Secondly the habit plane of
the bainitic carbides was recently found to deviate
from the {112} ferrite planes both in this alloy and
other alloy systems, e.g. Fe/Ni/Co/C (Ref. 30) and is
not close to {110} which is a twin plane in high carbon
martensite.*® Hence, the unidirectional morphology of
bainitic carbide is not likely to be due to carbide pre-
cipitation on twins as in the case of martensite.'

It has also been suggested that cementite precipita-
tion might take place on stacking faults produced dur-
ing martensitic transformation of supersaturated fer-
rite from austenite.*® This is not convincing because
stacking faults are rarely observed in body centered
cubic structures and never in ¢-iron. The crystallo-
graphic observations on lower bainite in an Fe/7.9Cr/
1.1C alloy by Srinivasan and Wayman® shows that the
observed habit plane of bainite in this alloy is different
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from that of the martensite in the same alloy. They
also found that internal twinning could not explain the
observed habit plane and the austenite-ferrite orienta-
tion relationship. It was subsequently considered that
cementite precipitation takes place in ferrite behind
the advancing austenite/ferrite interface. However,

MR

- ™

1104 T 10,4

a - ferrite
¢ — cementite
fe)

the current crystallographic analysis, Fig. 12, has
shown that bainitic carbide can be related directly to
austenite by the Pitsch orientation relationship®*
suggesting that cementite may originate from austen-
ite. Nevertheless, this would not differ from that of
the precipitation of proeutectoid cementite from aus-

MATRIX ORIENTATION 0
CEMENTITE ORIENTATION [101]

(110)

FOIL
ORIENTATION
\
fio

REFLECTING
ZONE

0io g

© Mkl BAINITIC FERRITE
® hkl CEMENTITE

(d)

Fig. 11—{a) Structure of bainite in steel 2840 obtained by isothermal transformation at 400°C for 7 h showing cen}entlte plate_—
let have precipitated; (b) the corresponding selected area diffraction pattern, which is indexed in (c)’, demongtraﬁgg the ferrite
matrix in [110} « Zone and cementite in [10I] Fe ¢ (d) stereographic projection summarizing the lattice relationship between ce-
mentite and bainitic ferrite; Isaichev orientation relationship, viz, (010) o[} (111}, , (108) j} (011}, .
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& hki Fernte
O hkl Austente
a (hk)) Cementite

Fig. 12—Stereographic projection summarizing the orientation
relationship between austenite, cementite and ferrite where
K-8 relationship, is obeyed’_between_‘fe}'rite and austenite vz,
(011) 4| (111)y, 1D al| 10Dy and (211), ]| (A2D),; and the
Isaichev correspondence, viz, (010) || (111) ¢ ang {103) .
[{(011) is observed between cementite and ferrite.

tenite. Besides the unidirectional morphology of ce-
mentite cannot be accounted for if cementite precipi-
tates in the bulk austenite.

Since it is almost certain that carbide particles form
on some particular crystaliographic planes, an alter-
native suggestion is that the cementite is formed on
the austenite side of the austenite/ferrite interface, as
has been also suggested by Ohmori* and can be infer-
red from Ref. 8. Both the ferrite/cementite and the
austenite/cementite orientation relationships should
be concomitantly satisfied in this case. As pointed out
in the stereogram, Fig. 12, this lattice relationship is
in fact achieved.

The above analysis considers bainitic carbide to
form on the austenite side of the austenite/ferrite in-
terface without inferring the mechanism by which
bainitic ferrite is formed. The uniformity of the car-
bide distribution in lower bainite is thus envisaged to
be the outcome of discontinuous precipitation of ce-
mentite at the moving austenite/ferrite interface
boundary.

SUMMARY AND CONCLUSIONS

Epsilon carbide has been unambiguously identified
in the bainitic structure of an Fe/1.878i/0.54C steel
when isothermally transformed at 275°C. The orienta-
tion relationship between epsilon carbide and bainitic
ferrite was found to follow that of the Jack relation-
ship,” viz, (0001).]1(011),, (1011).{1{(101),. When
transformed at 315°C, a layer of untransformed aus-
tenite was detected to exist along the boundary of the
ferrite component of bainite, and bears the Kurdjumov-
Sachs relationship.’® Upon further isothermal holding,

the austenite decomposed into cementite and ferrite re-

sulting in the characteristic ‘‘bamboo shaped’’ bainitic
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microstructure observed in silicon containing steels.
Thus, the current experimental observations support
the theory that the bainitic carbide precipitates di-
rectly from austenite instead of from ferrite.! It has
been shown by thermodynamic calculations that the
average mole fraction of carbon in enriched austenite
increases with decreasing transformation tempera-
ture.' At low transformation temperature carbon en-
richment in untransformed austenite is high which
may result in the observed precipitation of epsilon
carbide. At higher reaction temperatures cementite
forms in untransformed austenite probably because
the carbon content corresponding to the extrapolated
Aey is less, The kinetics of precipitation also deter-
mine the nature of the carbide formed.

At 400°C, the transformation of an Fe/1.738i/0.4C
steel produces structure of cementite platelets em-
bedded in bainitic ferrites The Isaichev orientation re-
lationship> was observed between cementite and fer-
rite instead of that of Bagaryatsl‘:ii.9 Together with the
Kurdjumov-Sachs relationship’® obeyed between baini-
tic ferrite and austenite, it is shown that the bainitic
carbide can be related directly to the austenite. Thus
the morphological examination and the crystallogra-
phic analysis of the orientation relationship between
ferrite, cementite and austenite lead to the conclusion
that in silicon containing steel the carbide particles
form on the austenite side of the austenite/ferrite in-
terface,

The observation of epsilon carbide and cementite
in bainite with different morphologies when trans-
formed at different temperatures indicates that car-
bide precipitation in the bainite reaction depends on
the transformation temperature as well as the composi-
tion of the steel.

ACKNOWLEDGMENTS

We should like to thank Professor H. I. Aaronson
for many discussions and encouragement to proceed
with this research especially in regard to the question
of the origin of carbide precipitation. We are also
grateful to Professors R. F. Hehemann and N. F.
Kennon for careful reviews and helpful comments on
the manuscript. This work was done under the aus-
pices of the Energy Research and Development Admin-
istration through the Inorganic Materials Research
Division of the Lawrence Berkeley Laboratory, Uni-
versity of California.

REFERENCES

1 R.F Heh K.R Ki and H. 1. Aaronson Met. Trans.,, 1972, vol.
3, p. 1077.

2. Electron Microstructure of Bainite in Steel, Second Progress Report by Sub-
commuttee X1 of Committee E-4, ASTM Proc.. 1952, vol. 52, p. 543.

3, D. N. Shackleton and P. M Kelly The Iron and Steel Institute, Special Report
No. 93, 1965, p. 126; Acta Met., 1967, vol. 15, p. 979.

4 F B. Pickering: Transformation and Hardenabuity in Steels, p. 109, Climax
Molybdenum Co., Ann Arbor, 1967.

5 §.J. Matas and R. F. Hehemann Trans. TMS-AIME, 1961, vol. 221, p. 179.

6. 1. Deliry Mem Sci. Rev Met., 1965, vol. 62, p. 527

7.3 M. Oblak and R. F. Hehemann: Transformation and Hardenability in Steels,
p 15, Climax Molybdenum Co., Ann Arbor, 1967.

8. G. R. Srimwvasan and C. M. Wayman: Acta Met., 1968, vol. 16, pp. 609 and
621; Trans TMS-AIME, 1968, vol. 242 p. 79.

9.Y A. Bagaryatskii: Doklady Adademua Nauk SSSR, 1950, vol. 73, p. 1161.

VOLUME 8A, NOVEMBER 1977-1673



10. P. M. Ketly and I. Nutting: Proc. Roy. Soc., 1960, vol. A259, p. 45;JISI,
1961, vol. 197, p. 199.

11. H. 1 Aaronson and H. A. Domuan: Trans. TMS-AIME, 1966, vol. 236, p. 781.

12. K. H. Jack: JISI, 1951, vol. 169, p. 26.

13. W, S. Owen: Trans. ASM, 1954, vol. 46, p. 812.

14.W. C. Leslie, R. L. Pickett, C. P. Stoble, and G. Konoval. Trans. 4SM, 1961,
vol. 53, p. 715.

15. G. Lai: Met, Trans. A, 1975, vol. 6A, p. 1469.

16. E. Tekin and P. M. Kelly: Precipiation from Iron-Base Alloys, G R. Speich
and J. B. Clark, eds., p. 173, Gordon and Breach, New York, N Y., 1963.

17. M. G. H. Wells: Acta Met., 1964, vol. 12, p. 389.

18. 8. Murphy and J. A, Whiteman: Mez. Trans., 1970, vol. 1,p 843.

19. G, Kurdjumov and G. Sachs: Z. Physik, 1930, vol. 64, p- 325.

20. G. V. Smith and R. F. Mehl: Trans. AIME, 1942, vol. 150, p. 211.

21. I-Lin Cheng and G. Thomas: Mer. Trans., 1972, vol. 3, p. 503.

22. F. G. Berry, A. T. Davenport and R. W. K. Honeycombe: Insr. of Metals,
Monograph No. 33, p. 288, 1969.

23. F. G. Berry and R. W. K. Honeycombe: Met. Trans.,, 1970, vol. 1, p. 3297

24. H. L. Aaronson, C. Laird, and K. R. Kinsman: Phase Transformations, ASM,
p. 313.

1674~VOLUME 8A, NOVEMBER 1977

25. K. R. Kinsman, E. Eichen, and H. I. Aaronson: Met. Trans., 1971, vol. 2, p.
346.

26. M. Nemoto High Voltage Electron Microscopy, P. Swanun, L. Humphery, and
M. Goringe, eds., p. 230, 1974,

27 J A.McMahon and G. Thomas Third Intermational Conference on the
Strength of Metals and Alloys, Inst of Metals, London, Cambndge, England,
p. 180, vol. 1, 1973

28. L. Kaufman, S. V, Radchffe, and M. Cohen: Decomposition of Austenite by
Diffusional Process, H. 1. Aaronson and V. F. Zackay, eds.. p. 313, Inter-
science, N.Y |, 1962.

29. G. R. Speich and M. Cohen: Trans. AIME, 1960, vol. 218, p. 1050.

30 D. Huang and G Thomas: Unpublished research, University of Califorma,
Berkeley.

31. 1. V. Isaichev' Zh. Tekhn, Fiz., 1947, vol. 17, p. 835.

32.Y. Ohmon: Trans. ISI, Japan, 1971, vol 11, p. 95.

33. W. Pitsch: Acta Met., 1962, vol. 10, p 897.

34, W, Pitsch: Arch. Eisenhuettenw., 1963, vol. 34, pp 381 and 641.

35, M. Oka and C. M Wayman: Trans. TMS-AIME, 1968, vol. 242, p. 337.

36. K. Shimizu. T. Ko, and Z. Nishiyama: Trans. Jap. Inst. of Metals, 1964, vol. 5,
p- 225.

METALLURGICAL TRANSACTIONS A



