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There has been an on-going discussion on the difference in formation mechanisms of upper and
lower bainite. Various suggestions have been supported by reference to observed morphologies
and illustrated with idealized sketches of morphologies. In order to obtain a better basis for
discussions about the difference in mechanism, the morphology of bainite in an Fe-C alloy with
0.7 mass pct carbon was now studied in some detail from 823 K to 548 K (550 �C to 275 �C) at
temperature intervals of 50 K or less. The work focused on bainite seen to start from a grain
boundary in the plane of polish and showing an advancing tip in the remaining austenite. The
results indicate that there is no essential difference with temperature regarding the ferritic
skeleton of feathery bainite. The second stage of bainite formation, which involves the
formation of both ferrite and cementite, was regarded as a eutectoid transformation and the
resulting morphologies were analyzed in terms of two modes, degenerate and cooperative
eutectoid transformation. There was no sharp difference between upper and lower bainite. Ways
to define the difference were discussed.
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I. INTRODUCTION

MEHL[1] introduced the terms upper and lower
bainite. He illustrated upper bainite with micrographs of
feathery bainite, which originates from grain bound-
aries. It is composed of very many parallel plates of
ferrite with cementite particles in the interspaces. He
illustrated lower bainite with acicular units, initiated by
intragranular nucleation of ferrite plates. It seems that
Mehl, in reality, simply distinguished between bainite
nucleated either at grain boundaries or intragranularly.
Hultgren[2] presented a sketch of the start of upper
bainite where the plates were nucleated on a grain
boundary and somewhat elongated cementite particles
formed in the interspaces. Aaronson and Wells[3] intro-
duced the term ‘‘sheaf’’ for intragranular groups of
closely packed parallel plates and proposed that they
form by repeated sympathetic nucleation, starting from
an initial plate of ferrite. Hillert[4] observed that the
outermost plate of ferrite in feathery bainite was
sometimes covered with a more intimate mixture of
ferrite and cementite. It could also form in a wider
interspace between ferrite plates. He did not identify it
as pearlite but proposed that it was a eutectoid mixture

that had formed under cooperation between ferrite and
cementite although the ferritic constituent came from
the bainitic ferrite. He predicted that this mixture should
be more common at lower temperatures. Ko and
Cottrell[5] discovered that bainite, similarly to marten-
site, forms with a surface relief. That inspired Matas and
Hehemann[6] to propose that bainitic ferrite grows very
fast, without time for diffusion of carbon. Cementite in
lower bainite would then form by a subsequent precip-
itation of carbon from the supersaturated ferrite. At
higher temperatures, there would instead be time for
carbon to escape to austenite in the interspaces where it
would precipitate as coarse particles of cementite.
However, they had measured the lengthening rate of
bainite[7] and Kaufman, Radcliffe and Cohen[8] reported
that their and similar growth rates[9,10] were slow enough
to be accounted for by carbon diffusion during growth.
Goodenow and Hehemann[11] then explained this appar-
ent discrepancy by proposing that the lengthening of a
bainite unit occurs by rapid, diffusionless formation of
subunits of limited length and the slower macroscopic
growth rate is controlled by slow nucleation of a
succession of subunits. Oblak and Hehemann[12] pub-
lished micrographs of subunits and a sketch illustrating
the morphological differences of Widmanstätten ferrite,
upper bainite, and lower bainite. The proposal by Matas
and Hehemann,[6] that cementite precipitates from
austenite in upper bainite and from supersaturated
ferrite in lower bainite, is still widely accepted as the
basis for defining and explaining the morphological
difference between upper and lower bainite. A mixture
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of the two morphologies of cementite can often be
observed, and it has been illustrated in sketches, e.g., by
Ohmori et al.[13] and Takahashi and Bhadeshia.[14] On
the other hand, Ohmori et al.,[13] who also discussed the
morphological differences of upper and lower bainite,
proposed that the morphological differences in the
ferritic constituent should be considered, i.e., upper
bainite consists of lath-shaped ferrite whereas lower
bainite consists of plate-shaped ferrite. The definitions
for upper and lower bainite will be considered in the
discussion. Until then, upper and lower bainite will
stand for bainite from higher and lower temperature
ranges.

A recent study of the morphology of bainite forma-
tion in some Fe-C steels with 0.3 mass pct carbon
resulted in two papers. The first one[15] reported on the
effect of grain boundaries on the proeutectoid formation
of ferrite. There was a large variation in shape of ferrite
particles soon after nucleation but it was observed that
their shapes were very similar for each grain boundary.
Usually, there was just one kind of shape at a boundary
but sometimes two and even more. It was concluded
that the large variation of shape, observed between
various grain boundaries, was related to the presumed
large variation of their crystallographic structure, which
is controlled by the relative orientation of the two grains
and the direction of the grain boundary relative to the
two lattices. Many shapes had facets to both grains of
austenite, and a particularly interesting shape was called
chevron because it consisted of two legs, one in each
austenite grain. Given more time, the legs of a chevron
will develop plates and a long series of chevron particles,
often covering the whole length of a grain boundary,
will develop into a feathery microstructure composed of
parallel plates of ferrite in each grain. Sometimes the
arrangement of closely spaced, parallel plates only
occurred on one side of the grain boundary and they
were called semi-feathers. It was concluded that they
were formed from other shapes of ferrite particles.

In that work it was realized that, in order to study
how the microstructure of bainite develops during
growth, it was essential to study a section containing
the main growth direction of an object. To increase the
chance of finding objects, sectioned in this way, it was
decided to study objects starting their growth from a
grain boundary. It was then found that one could often
observe cases where a plate of ferrite could be followed
all the way from start to growth front without any
interruption. It was concluded that the lengthening of
bainitic ferrite does not depend on repeated nucleation
and rapid growth of subunits to a limited length as
suggested by Goodenow and Hehemann[11] and still
widely accepted.[16] The same alloys with 0.3 mass pct
carbon were used in the second part of the recent
study,[17] which focused on the second stage of upper
bainite formation, in which the thin interspaces between
the ferrite plates transform, triggered by the occurrence
of cementite. It was stated that chemically this is a
eutectoid reaction because cementite stimulates the
simultaneous growth of ferrite, although the eutectoid
transformation mostly degenerates in upper bainite.

The elongated cementite particles, typical of upper
bainite, were predominant in the whole experimental
range of temperature but small colonies, typical of lower
bainite, appeared in the lower part of the range. This
confirmed the observation by Hillert,[4] who concluded
that the eutectoid transformation in the second stage of
bainite formation can occur in two modes, a cooperative
or degenerate eutectoid reaction. He further speculated
that the cooperative eutectoid would be more common
at even lower temperatures. In the study of alloys with
0.3 mass pct carbon, an attempt was made to examine
how such a transition to lower bainite could occur but
the experimental range was limited by the high MS

temperature. The present study was undertaken partly
in order to extend the experimental range by depressing
the MS temperature through an increase of the carbon
content to 0.7 mass pct carbon. Due to the importance
of studying units sectioned along their full length, the
main attention was again paid to objects starting from
grain boundaries in the plane of polish.

II. EXPERIMENTAL DETAILS

A high purity Fe-C alloy was applied in present work,
its chemical composition and the calculated martensite
start (Ms) temperature[18] are given in Table I. A carbon
content of 0.7 mass pct was chosen to depress the Ms

temperature to some extent and with a hope that at
lower temperatures bainite would develop without
competition from martensite as with the 0.3 mass pct
C alloy applied in preceding work.[17] The material was
first hot rolled to 3.6 mm, and after removing the
decarburized layers on both sides, it was cold rolled to a
thickness of 1.5 mm. Specimens, in size of roughly 7 9 6
mm, were austenitized at 1373 K (1100 �C) for 10
minutes under protective argon atmosphere and then
manually transferred to a Bi-Sn melt. After isothermal
holding, the specimens were quenched in iced brine.
Isothermal treatment was carried out over a temperature
range from 973 K to 523 K (700 �C to 250 �C) in a 50 K
interval with an additional temperature of 548 K
(275 �C). All specimens were mechanically polished
ending with 0.02 lm silica.
The specimens were initially examined with light

optical microscopy (LOM) and 2 mass pct picral was
applied to reveal the microstructure. At high magnifi-
cation, transmission electron microscopy (TEM) has
usually been the main tool to study the morphology of
lower bainite to obtain morphological and crystallo-
graphic information. However, some disadvantages are
obvious. The preparation of TEM samples is destructive
and the observation area is limited to an area of roughly
100 9 100 lm2.[19] These disadvantages prevent efforts
to link the high-magnification information obtained in
TEM with the low-magnification information from the
same position. Such information was critical since in the
preceding work[15] it was demonstrated that the inter-
pretation of 3D morphology, based on 2D pictures, is
easily influenced by an effect of sectioning and the
direction of the plane of polish, relative to the bainite
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unit, is more evident at low magnification. It was thus
decided to apply scanning electron microscopy (SEM) as
the main tool. In general, SEM is particularly useful for
studying 3-D features after deep etching and for very
fine microstructures even ordinary etching may give the
impression of deep etching. The electron channeling
contrast imaging (ECCI) technique requires polished
surfaces, which is thus an advantage in the study of fine
microstructures.

ECCI and electron backscatter diffraction (EBSD)
were applied for special purposes. They are both applied
to specimens in polished condition and can be applied
directly after each other on the same area. Theory and
application of the ECCI technique were recently
reviewed.[20,21] In contrast to the ordinary SEM, it uses
signals of backscattered electrons which are influenced
by material composition, crystal orientation, and topog-
raphy of the sample surface.[22] ECCI is also influenced
by the lattice orientation relative to the primary beam.
Minimum backscatter is expected when the beam fulfills
exactly the Bragg condition to the lattice planes. In
order to obtain the best contrast, it is thus necessary to
manipulate the beam in combination with sample tilt. A
traditional method for doing this was first proposed by
Morin et al.[23] In order to simplify the operation,
Zaefferer[24,25] proposed a new method to replace the
‘‘rocking beam’’ method with a combination of EBSD
technique and simulation of ‘‘electron channelling
pattern’’ (ECP) for sample under different tilt angles.
The application of ECCI technique in the present work
is rather primitive and no sample tilt was applied
through the work. Without tilt operation though, it was
found that it can give sufficient contrast between ferrite
and cementite as illustrated by Figure 1 of pearlite
behind the interface between a pearlite nodule and
austenite/martensite. The ferrite phase is shown with
different shades, supposedly due to slight differences in
orientation between separate sub-colonies that seem to
develop continuously during growth. It is interesting
that cementite appears bright when ferrite is dark and
vice versa. Possibly due to less skillful preparation of
specimens in the present work, white clouds could occur
erratically. An effort was made to avoid them but they
appear sometimes in the micrographs.

The ordinary SEM and ECCI work was carried out
with a field emission gun-scanning electron microscope
(FEG-SEM) JEOL JSM-7800F (Japan Electron Optics
Laboratory Ltd., Tokyo, Japan), operating at 10 to 15
kV with a working distance of 7 mm. The same electron
microscope was used for EBSD study, an accelerating
voltage of 15 kV and a step size of 50 nm were applied.
The EBSD data were processed with QUANTAX
CrystAlign software. The resolution of these techniques
is usually better than evident from the printed copies.

Higher resolution is offered through the on-line version
which should be consulted when needed.
In view of the prior experience, most of the micro-

scopic observations were made on objects showing their
starting points on some grain boundary and with an
emphasis on objects that seemed to be sectioned close to
their main growth direction. Well-developed feathery
bainite covering a grain boundary as well as more
dispersed parallel packets were examined. Cross sections
through packets were examined for special purposes.
The isothermal holding times were sufficiently short to
prevent unnecessarily complicated microstructures when
the degree of transformation is increasing.

III. OBSERVATIONS OF SHAPES

A preliminary survey was made with LOM. At 973 K
(700 �C) the transformation from an austenitic state
started with ferrite precipitation as expected for 0.7 mass
pct carbon, which is slightly hypoeutectoid. Grain
boundary films were formed but also more compact
particles, e.g., of the so-called chevron type with one leg
in each grain, Figure 2(a). In the preceding study of the
morphology of ferrite,[15] it was found that they play an
important role in the formation of feathery bainite. It is
here illustrated how their further development was
stopped by pearlite. Pearlite predominates even more
at 923 K and 873 K (650 �C and 600 �C). Figure 2(b)
demonstrates that some grain boundaries did not
nucleate pearlite but stimulated the formation of an
acicular constituent. The two pearlite nodules seen on
the sides were nucleated at grain edges. Such grain

Table I. Chemical Composition (Mass Pct) of Alloy, the Martensite Start (Ms) Temperature Is Calculated with the Model of

Stormvinter et al.[18]

C Si Mn P S B Others Ms [K (�C)]

0.699 0.033 0.003 0.001 <0.001 <0.0003 <0.025 539 (266)

Fig. 1—Pearlite colonies with ECCI. The contrast of ferrite and
cementite varies with the change of crystallographic orientation.
From 773 K (500 �C) held for 8 s.
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boundaries were found already in the preceding work on
proeutectoid ferrite, and it was suggested that they are
special boundaries, which stimulate only the nucleation
of ferrite with such orientation relationships to the two
austenite grains that they cannot develop into pearlite.
At this temperature, pearlite would otherwise predom-
inate due to its higher growth rate. At 773 K (500 �C),
pearlite no longer predominates and Figure 2(c) illus-
trates that an acicular constituent can grow ahead
of a nodule that was nucleated at the same grain
boundary.

The competition from pearlite was negligible at 723 K
(450 �C). Figures 3(a) and (b) show small units of
bainite after 5 seconds. It is evident that the chevron
shape in (a) contains a number of ferrite chevrons
packed very closely. It thus represents an early stage of
feathery bainite composed of one packet of ferrite plates
in each grain. In Figure 3(b), there is a family of parallel
packets of plates growing into one grain and there are
some short outgrowths into the other grain. Their
nature is uncertain but it is feasible that they are close
groups of plates growing with a large angle to the plane
of polish. Figure 4(a) illustrates a further development
after 8 seconds. This object consists of packets separated
by rather wide interspaces. It could rather be compared
with a fishbone than a feather but will here be regarded
as an incomplete feather. It has one family of packets on
the upper side and two families on the lower side.
Figure 4(b) illustrates that there is a tendency to form
complete feathers also at 723 K (450 �C).

Figures 5(a) and (b) demonstrate that groups of
chevrons can also form at 673 K (400 �C) and after
longer times they would develop in the feathery fashion.
It should be noted that each chevron probably consists
of several, very closely packed chevrons of ferrite. When
developed under longer time they would probably have
yielded families of packets of plates with wide inter-
spaces, i.e., an incomplete feather.

After 40 seconds at 623 K (350 �C), there was
intragranular nucleation of acicular bainite, Figure 6,
but feathers could still develop. The microstructure is
too complex to allow chevrons to be distinguished but
a few may be identified in the left-hand part. 30 sec-
onds at 573 K (300 �C) was too short to give more
than a few intragranular units of bainite but a long
series of chevrons could be observed, Figure 7. After
60 seconds feathers had developed, Figure 8. At 548 K
(275 �C), a few units of martensite were observed but
were difficult to distinguish from bainite in LOM. At
523 K (250 �C), there was a large fraction of
martensite.

In the preceding study of proeutectoid ferrite,[15] it
was concluded that feathery bainite can develop from
grain boundaries with a series of ferrite particles shaped
as chevrons. It is thus interesting that both features,
chevrons and more or less complete feathers, were now
observed in the whole range of temperature; examples at
573 K (300 �C) are shown in Figures 7 and 8. In the
whole range, there was a variety of feathery structures
from more or less complete feathers or semi-feathers to
incomplete feathers and more dispersed parallel packets.
No general difference in shape between grain boundary

nucleated bainite formed in the temperature region
studied was found.

IV. OBSERVATIONS OF THE INNER
STRUCTURE

A. At 823 K (550 �C)
The internal structure of pearlite at 823 K (550 �C)

was very similar to that of pearlite in Figure 1 from 773
K (500 �C), and it may be noted that it is only partially
lamellar although the carbon content, 0.7 mass pct, was
not far from the eutectoid. The remaining part is
fibrous. The 3-D morphology is shown by SEM in
Figure 9 and the fibers predominate.
It was possible to study other microstructures than

pearlite at 823 K (550 �C) although pearlite still pre-
dominated. Figure 10(a) shows a special grain boundary
without pearlite. It shows two different kinds of feath-
ers. One has been attacked by etching more than the
other but both have been attacked in the same way on
both sides of the grain boundary. Moreover, each one
has the same extension along the grain boundary on
both sides. It may also be noted that the left-hand object
finishes with a sharp tip on the grain boundary, and one
may imagine that it is the angle of a chevron. Further-
more, the EBSD micrograph in Figure 10(b) shows that
for each object the ferritic constituent on both sides of
the prior grain boundary has the same crystalline
orientation. These features strongly indicate that the
ferritic constituents of these objects are of the same kind
as for feathery bainite. Nevertheless, one could hesitate
to define them as feathery bainite because the object
with less attack by etching does not show any sharp tips
of ferrite on any side and the other object, which has
sharp tips, often has a central plate of cementite in the
tip as shown at high magnification in Figure 11. This is
supported by a similar object in Figure 12.

B. At 773 K (500 �C)
Pearlite still forms as nodules at 773 K (500 �C) and

Figure 1 already illustrates the growth front of pearlite
to austenite/martensite. Three acicular objects have
competed successfully with pearlite in Figure 13(a).
For some reason, the surface conditions of the middle
object have had a bad effect on the ECCI technique and
the internal structure cannot be seen. They all originated
at a grain boundary and so did the nodule of pearlite.
An upper part of one of the packets is magnified in
Figure 13(b). In this case, the plates are spaced rather
regularly except for the gap in the middle.
It may be tempting to regard Figure 14 as part of

feathery bainite because most of it is acicular ferrite and
cementite. However, most of the interspaces are rather
wide and at higher magnification in Figure 15(a) it was
revealed that they are filled with a eutectoid mixture
which was recognized as pearlite. The arrow in
Figure 15(b) shows how a colony of this eutectoid
mixture is in the process of covering the side of a ferrite
plate. It is evident that the plates formed first and that
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the growth rate of the eutectoid is highest along the
broad face of ferrite. Only the ferritic constituent of
bainite looks black in the ECCI micrographs of
Figures 13, 14, and 15, which shows that the lattice
orientations of martensite and pearlitic ferrite are
different. The orientation difference to the latter was

explored through the EBSD micrograph in Figure 16
where the arrow is from the same position as the arrow
in Figure 15(b). The accompanying misorientation map

Fig. 2—Chevron structure observed with LOM, as individual plate in (a) and packet of plates in (b) and (c). (a) From 973 K (700 �C) held for 3
min, (b) from 823 K (550 �C) held for 2 s, and (c) from 773 K (500 �C) held for 10 s.

Fig. 3—Chevron packets observed with LOM, (a) with almost sym-
metric two legs and (b) with one leg more developed than another,
both from 723 K (450 �C) held for 5 s.

Fig. 4—Chevron packets observed with LOM, (a) separated packets
resembling an incomplete feather, and (b) the term of ‘‘complete
feather’’ might be applied if the grain boundary is covered fully by
dense packets as seen on the right side, both from 723 K (450 �C)
held for 8 s.

Fig. 5—Chevron packets observed with LOM, (a) from 673 K
(400 �C) held for 5 s and (b) from 673 K (400 �C) held for 10 s.

Fig. 6—Chevron packets observed with LOM, intragranular packets
are seen in the interior of the prior austenite grains, from 623 K
(350 �C) held for 40 s.

Fig. 7—Chevron packets from early stage of transformation, ob-
served with LOM. The lower legs are almost parallel to the grain
boundary, from 573 K (300 �C) held for 30 s.
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shows an orientation difference of about 6 deg. It is
known that bainitic ferrite has an orientation relation-
ship to the parent austenite that is not favorable for
cooperation with cementite to form pearlite.[26] It is here
evident that a difference of 6 deg was sufficient for
making it possible. One may speculate that this ferrite
originated from the acicular ferrite by a gradual rotation
during growth somewhere, rather than by random
nucleation. Figure 17 shows spears with a centerline of
very few ferrite plates, surrounded by layers, which were
identified as pearlite due to its similarity with the
pearlitic nodule to the lower left corner.
Figure 18 from 10 seconds at 773 K (500 �C) shows

the inner structure of a wide packet of ferrite plates with
many of the interspaces transformed by the occurrence
of cementite. However, there are still some white lines
that may represent austenite.

C. At 723 K (450 �C)
Pearlite did not seem to play a major role below 773 K

(500 �C). Figure 19(a) from 723 K (450 �C) shows
feathery bainite. The EBSD micrograph in Figure 20
and the accompanying misorientation map tell that
there is an orientation difference between the ferritic
constituent on the two sides of the prior grain boundary
but only about 3 deg. This supports the previous
conclusion[15] that a feather originates from a long
series of nuclei that first developed as chevrons but it
seems that this ferrite crystal has some ability to adjust

Fig. 8—Chevron packets from later stage of transformation, ob-
served with LOM. Several other groups of packets are present. From
573 K (300 �C) held for 60 s.

Fig. 9—Pearlite morphology with SEM, deep etching is applied,
cementite is mostly fibrous, from 823 K (550 �C) held for 2 s.

Fig. 10—Two packets observed with (a) SEM and (b) EBSD IPF
map after a new polish. From 823 K (550 �C) held for 2 s.

Fig. 11—Higher magnification of packet from Fig. 10 with SEM.
Cementite lamella is seen close to the very tip. From 823 K (550 �C)
held for 2 s.

Fig. 12—Similar structure as in Fig. 11. From 823 K (550 �C) held
for 2 s.
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its crystalline orientation to better suit the conditions for
growth into the matrix austenite.

The long and thick spear in the left-hand part of
Figure 19(a) contains two thin plates that have direct
contact with the austenite at the growth front. In the
left-hand part of Figure 19(b), which is a magnification
of this spear, it can be seen that the plates were covered
by thick, speckled layers but according to the EBSD
micrograph in Figure 20 they are mainly composed of
ferrite of the same crystalline orientation as the plates.
Possibly, there may be one or two more plates here and

together they may be regarded as a prior packet. The
unit to the right in Figure 19(b) has several plates in
contact with the austenite at the growth front in
Figure 19(a) and they are not packed as closely. It is a
matter of definition if such a collection of plates should
be regarded as a packet. In Figure 19(b), it seems that
their interspaces have been transformed to the same
speckled microstructure. Unfortunately, the present
etching did not bring out its internal structure.
Figure 21 is from a different feather in the same
specimen and it demonstrates that the etching has
served well to make very elongated cementite particles,
or possibly carbon rich austenite, visible as white lines.
They show the positions of prior interspaces. By chance,
the etching has acted differently at the arrow and
brought out the internal structure of the side layer,
looking as a cooperative eutectoid.
Close to the center in Figure 21, there is a wide

interspace that is being transformed by side-layers,
which meet further down. It is interesting that in the
fully transformed interspace there is no sign of its
position, contrary to the presence of long cementite
particles in the position of prior interspaces that were
thin. The explanation is that thin interspaces transform
by a degenerate eutectoid transformation and wide
interspaces transform by a cooperative eutectoid
transformation.
In order to study the side layers better, the effect of

etching was removed by polishing and the top of the
same feather was first examined at higher magnification
with ECCI. In Figure 22(a), the contrasts were reversed
to make the cementite particles more visible. The
different shades from white to gray are probably caused
by different surface conditions after polishing. A slightly
gray side layer with cooperative eutectoid is shown at

Fig. 13—(a) Bainite packets formed in competition with pearlite nodules, observed with ECCI. (b) Magnified part of the packet in (a), revealing
that the austenite bands between primary ferrite plates are being transformed to a mixture of ferrite and cementite. From 773 K (500 �C) held
for 5 s.

Fig. 14—Bainite packets, separated by another kind of structure
(gray) which also differs from the austenite/martensite matrix (light
gray). Observed with ECCI. From 773 K (500 �C) held for 10 s.
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the top, in agreement with Figure 21. Figure 22(b) is an
EBSD misorientation map, and it demonstrates that the
ferritic constituent has the same lattice orientation

within a few degrees, as shown in c, in the whole unit.
It may be concluded that the cooperative eutectoid has
developed from the primary plate of ferrite.
Part of a feather on both sides of the prior grain

boundary is presented in Figure 23 after repolishing and
etching of the specimen from Figures 19 through 22.
Fine details of the microstructure are now resolved. This
feather also shows a mixture of morphologies caused by
different thicknesses of the interspaces. As the thickness
increases, the long cementite particles are replaced by
irregularly shaped particles and then by finer platelets in
a regular arrangement, characteristic of a cooperative
eutectoid transformation. Close to the upper left corner
there is a colony of such microstructure, which is in the
process of expanding into the remaining austenite, see
the inset in Figure 23.
Small volumes that do not belong to the feather are

also seen along the grain boundary in Figure 23. In spite
of them, it is evident that all the ferrite plates start from
the grain boundary. This indicates that the packets form
already in contact to the grain boundary. Figure 24
shows three packets with rather closely spaced plates of

Fig. 15—Higher magnification of two regions from Fig. 14, revealing that interspaces between the bainite packets have transformed into pearlitic
structures. The arrow in (b) marks the pearlite/austenite interface.

Fig. 16—EBSD IPF map of region shown in Fig. 15(b). A misorien-
tation line scan analysis across pearlite and bainite interface shows
that there is about 6 degree rotation for the ferrite lattice. The black
line gives the position of the line scan starting from the up side. The
white arrow marks the same interface as the arrow in Fig. 15(b).

Fig. 17—Two spears of bainite covered by side layers of pearlite.
Same specimen as in Fig. 14.

Fig. 18—Internal morphology of bainite from 773 K (500 �C), held
for 10 s.

Fig. 19—(a) Part of a feather observed with SEM. Close to the
growth front there are wide interspaces remaining between the pack-
ets. Side layers are seen on most packets. They are a mixture of fer-
rite and cementite and the higher magnification in (b) shows sparkle
layers which are composed of such mixture. From 723 K (450 �C)
held for 8 s.
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ferrite. They are all covered with side-layers. In
Figure 24(a), there is a cooperative eutectoid layer on
the lower side but the cementite platelets on the upper

side are roughly parallel to the main growth direction.
One may consider the possibility that they formed in
interspaces in a packet of very thin plates of ferrite but it
seems less likely in view of Figure 24(b) where both
side-layers on a packet are of that kind and the very
irregular interface to austenite on the upper side is far
from planar. Figure 24(c) shows a cooperative eutectoid
layer on the lower side but not on the upper side.
Figure 25 shows a wide packet with a mixture of coarse
cementite particles, several colonies of cooperative
microstructure inside the wide packet and several areas
with cementite platelets that often deviate from the main
growth direction. One rather gets the impression that
these particles are parts of a two-phase mixture of ferrite
and cementite that grows in a direction of free passage.
There is also a cooperative side-layer at the upper right
corner.

D. At 673 K (400 �C)
Similar morphologies as observed at 723 K (450 �C)

were found at 673 K (400 �C). In the ECCI micrograph
in Figure 26(a), there is only degenerate eutectoid

Fig. 20—EBSD IPF map of feather shown in Fig. 19 but in polished state. White line gives the position of misorientation line scan starting from
upper part of the feather. From 723 K (450 �C) held for 8 s.

Fig. 21—Another feather from same specimen as in Fig. 19,
observed with SEM. The arrow indicates an area where the inner
morphology of the side layer is successfully revealed by the etching.

Fig. 22—(a) Region from the feather shown in Fig. 20 and in same
polished state but observed with ECCI. Side layer is seen on upper
side. (b) EBSD IPF map, the rectangle marks the region shown in
(a). (c) Origin-to-point misorientation line scan, indicated by the
white line in (b) starting from the left.

Fig. 23—Both sides of the feather in Fig. 20 after new preparation.
Finer details are resolved. Inner structure varies with width of inter-
spaces. In upper left-hand corner, a eutectoid colony is growing into
austenite.
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microstructure with cementite particles elongated in the
main growth direction of the ferrite plates. Most of the
packets are dark but there is a white one to the right of
the middle and also one on the right-hand side. The
EBSD micrograph in Figure 26(b) shows that they are
of the same variant as the majority. On the other hand,
there are some thinner white packets in the left-hand
part that belong to another variant and even one that
partly looks black in Figure 26(a). It is evident that the

EBSD technique must be employed if it is important to
distinguish between variants.
The unit of bainite in Figure 27 has both kinds of

eutectoid microstructures. Just above the middle there is
a group of very fine ferrite plates outlined by cementite
particles elongated in the main growth direction. Fur-
ther down it is mixed up with the cooperative eutectoid.
The lengths of the cementite platelets show that they
have formed in thicker interspaces.
There are also several packets in Figure 28(a), and the

EBSD micrograph in Figure 28(b) reveals that there are
two variants intermixed, Figure 28(c). The thickest one
is similar to Figure 27 and contains both types of
eutectoid structure which can be seen better in the
on-line original.
Both types of eutectoids are found in Figure 29 but

there are hardly any elongated cementite particles
among the cooperative eutectoid, nor any cooperative
eutectoid among the degenerate one. All black and white
micrographs from 673 K (400 �C) were taken with
ECCI, and it was difficult to avoid some ‘‘clouds’’
mentioned in Section II.

E. At 623 K (350 �C)
Figure 30 from 623 K (350 �C) shows a packet where

the primary plates of ferrite can be identified partly by
small cementite particles arranged in lines and partly by
eutectoid cementite. In Figure 31 there is only cooper-
ative eutectoid but some of the plates of ferrite can be
recognized. The inset marks the position of one.

F. At 573 K (300 �C)
Figure 32(a) is a feather from 573 K (300 �C), and on

the right-hand side, there are several thin units that have
no contact to the prior grain boundary but are parallel
to each other. Nothing similar was observed at higher
temperatures. Figure 32(b) is an EBSD micrograph
from the same area after a new polish and gives a
comparison of the lattice orientation of the long plates
of ferrite on the two sides of the prior grain boundary. It
was found that it differed by 4 deg, which is similar to
the result in Figure 20 from 723 K (450 �C). In addition,
this micrograph reveals that the thin units, which are
here orange, belong to another variant of ferrite, which
occupies a much larger volume than they do according
to Figure 32(a). This discrepancy could be due to
insufficient etching of this variant and the fact that it
is taken after a new polish. It is interesting that the long
units are not intersected by the short ones. It seems
likely that the short ones have formed after the long
ones. It is thus proposed that the long plates came first
and have nucleated the new ones, which would not be
surprising because intragranular bainite can form at this
holding temperature, as illustrated by Figure 33.
Figure 34(a) is from the same feather as Figure 32(a),

and Figures 34(b) and (c) are magnifications of the
marked area in Figure 34(a). The three longer units in
Figure 34(b) were nucleated on the grain boundary and
they contain very many cementite particles, somewhat
elongated in the main growth direction. They are

Fig. 24—Three examples of side layers on packets in same specimen
as in Figs. 19 through 23. SEM from 723 K (450 �C) held for 8 s.

Fig. 25—Thick packet in same specimen as in Figs. 19 through 24,
with mixture of eutectoid colonies, elongated cementite particles of
various coarseness and thin, untransformed austenite. A eutectoid
side layer in the upper right-hand corner. SEM from 723 K (450 �C)
held for 8 s.
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covered with fine cementite particles standing up on the
new surface of ferrite after etching. Even ordinary
etching procedure gives an effect of deep etching on the
fine structures from the lower temperatures. The higher
magnification in Figure 34(c) of the top part of the unit
to the right in Figure 34(b) shows that those units

contain several fine plates. It is suggested that this unit
can be regarded as a packet, and the transformation was
completed by the degenerate mode of eutectoid reaction.
The three shorter units in Figure 34(b) belong to the
orange variant in Figure 32(b) and have the cooperative
type of eutectoid microstructure. Figure 35 belongs to
the same variant and it demonstrates the cooperative
microstructure better and also the lenticular shape,
which is not found on the units connected to a grain

Fig. 26—Degenerate kind of bainite with cementite particles aligned
in the main growth direction of ferrite. (a) ECCI and (b) EBSD
misorientation map to a reference point, marked with white cross,
show that a few units belong a different variant. From 673 K
(400 �C) held for 30 s.

Fig. 27—Bainite unit with a mixture of structures. Just above the
middle there is a packet of degenerate kind of bainite with several
fine plates of ferrite. The rest is a mixture of the features of both
degenerate and cooperative kinds of bainite. ECCI micrograph from
673 K (400 �C) held for 30 s.

Fig. 28—(a) Similar mixture of morphologies as in Fig. 27. (b) EBSD misorientation map to a reference point, marked with a white cross. (c)
The line scan in the position given by the white line shows that the change of ferrite lattice between different morphologies is within 5 degrees.
Another variant of ferrite is identified. From 673 K (400 �C) held for 30 s.

Fig. 29—Two packets of bainite of slightly different directions, one
being degenerate, the other being cooperative. ECCI micrograph
from 673 K (400 �C) held for 30 s.

Fig. 30—A packet with similar mixture of morphologies as in
Fig. 27. ECCI micrograph from 623 K (350 �C) held for 50 s.
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boundary. It may also be noted that the unit in
Figure 35 seems to have close contact with a smooth
area on its lower sides and so does the shorter unit above
its top. It is proposed that these areas represent single
plates of martensite, which have been triggered by the

units of bainite on quenching. Figure 36 shows a long
unit, which is representative of the other side of the
grain boundary where the long units contain very few,
maybe only one plate and are covered with side layers of
the cooperative type. Figure 37 is a similar example.
Oka and Okamoto[27] observed similar units as those in
Figures 36 and 37 but simply called the ferrite plates
midrib. It should be mentioned that martensite plates,
triggered by formation of bainite, are also observed in
Figures 36 and 37, all these plates appear smooth and
uniform which differs from surroundings.

G. At 548 K (275 �C)
Figure 38 shows parallel units of bainite at 548 K

(275 �C), and the magnified inset shows better that there
is a single plate of ferrite, surrounded with layers of
cooperative eutectoid. There is also a group of four units
that may be regarded as a packet. After a longer time,
they would probably have merged into one.

V. DISCUSSION

A. Origin of Packets and Feathers

Aaronson and Wells[3] explained that a sheaf of ferrite
plates can form by the repeated nucleation of a new
ferrite plate in contact with the side of a preexisting plate
and by sympathetic nucleation the new plate would
obtain the same crystalline orientation. For illustration,
they used a micrograph with a few parallel and closely
packed plates of ferrite but the plates were displaced
lengthwise and the total sheaf was thus longer than each
plate. Today, sympathetic nucleation is often used as an
explanation of the formation of packets of ferrite plates,
which can contain many plates of ferrite. Apparently
independent, Goodenow and Hehemann[11] proposed
the same kind of process but for the specific purpose of
explaining that the lengthening does not occur under
diffusion of carbon. Instead, they proposed that the rate
of lengthening is controlled by the rate of nucleation of
new plates, which grow very quickly by a diffusionless
mechanism but only to a limited length. These plates
were later regarded as subunits.

Fig. 31—Packet with predominant cooperative eutectoid feature. The inset illustrates one primary ferrite plate identified close to the very tip.
ECCI micrograph from 623 K (350 �C) held for 50 s.

Fig. 32—(a) LOM of feathery bainite with short side plates on the
right-hand side. (b) EBSD misorientation map to a reference point,
marked with the white cross reveals that all the short side plates
have different but uniform orientation. They almost fill the inter-
spaces. Note that (b) is taken after a new polish of (a). From 573 K
(300 �C) held for 60 s.

Fig. 33—Short units of bainite nucleated on sides of primary units.
LOM from 573 K (300 �C) held for 60 s.
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Since intragranular nucleation of ferrite could easily
be avoided, except for long times and low temperatures,
it could often be assumed that all plates of ferrite,
examined in the present study above 623 K (350 �C),
were nucleated on grain boundaries. Figure 39 shows
two grains, meeting at a grain boundary, and plates that
have started from the grain boundary. However, on the
upper side of the grain boundary, there are many cross
sections of plates without contact to this grain bound-
ary. It may be concluded that they were nucleated on
another grain boundary, situated above or below but
roughly parallel to the plane of polish. The short length
of these plates indicates that they are lath-like and that
length in the polished section may be close to the actual

width of lath-like plates. A great majority of the cross
sections are parallel, which is certainly related to the
observation that most ferrite particles, nucleated on the
same grain boundary, often have the same kind of

Fig. 34—Same feather as in Fig. 32. (a) LOM and (b) SEM of magnified region marked in (a). The long units, shown to the left, have the
degenerate eutectoid feature and seem to be packets composed of several plates of ferrite. The short units in the middle have the cooperative
eutectoid feature. (c) The top of the long unit to the right in (b) confirms that the long units contain thin plates of ferrite. From 673 K (300 �C)
held for 60 s.

Fig. 35—Higher magnification of the short units shown in Figs. 32
and 34, confirming the cooperative eutectoid layers. From 673 K
(300 �C) held for 60 s.

Fig. 36—Long units of bainite starting from a grain boundary. The
thick unit has typical side layers of cooperative eutectoid. Layers
have just started to develop on the sides of three thin plates to the
left. SEM from 673 K (300 �C) held for 60 s.
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shape[15] and may thus have the same crystalline
orientation. An interesting feature of the upper grain
in Figure 39 is that most of the plates are collected in
groups, which are certainly cross sections of packets
often observed in sections closer to the main growth

direction of the plates. The plates in a packet are placed
side-by-side in most of these cross sections and all of
them may have nucleated in contact with the grain
boundary because it was observed, e.g., in Figure 23
from 723 K (450 �C), that all plates of a packet existed
already close to the grain boundary. That they devel-
oped at an early stage at this temperature was demon-
strated also by the chevron in Figure 3(a) which can be
seen to consist of several units. One may only speculate
whether one plate stimulated the nucleation of the next
one on the grain boundary or the grain boundary had
some special properties along a certain line.
If the specimen in Figure 39 had been sectioned

perpendicular to the present plane of polish and also
perpendicular to the cross sectioned plates, the new
section could have displayed packets closer to their
length direction and also another grain boundary where
they nucleated. The section would also have shown
similar packets on the other side of that grain boundary
if the plates had started from chevron particles. It may
be concluded that all the plates in a feather have not
formed one after the other along the whole grain
boundary, nor by random nucleation.
Figure 39 also supports indirectly that the plates of a

packet have not been nucleated away from the grain
boundary, as previously suggested. The hypothesis that
plates of bainitic ferrite lengthen by the repeated
nucleation of subunits that grow rapidly to a limited
length of about 10 lm[11,12] was conclusively disproved
already by the in-situ observation in a high-voltage
electron microscope by Nemoto[28] that the growth is
continuous even down to a resolution of 0.1 lm.
Obviously, his result was not noticed when the hypoth-
esis of discontinuous growth by Goodenow and
Hehemann[11] was gaining new support by the discovery
that the BS temperature of steels could be predicted
reasonably well for Mn and Ni steels on thermodynamic
grounds.[29,30]

Continuous lengthening has recently been confirmed
several times with the use of confocal microscopes.[31–34]

New conclusive evidence was obtained in the preceding
paper on the morphology of proeutectoid ferrite by the
observation of plates formed under continuous growth
during decreasing temperature, Figures 36 and 37 in
Reference 15. On the other hand, it does not seem
possible to deny the atom probe tomography (ATP)
work showing that bainitic ferrite can have much higher
carbon contents than predicted by available thermody-
namic information.[35–37] From this point of view, it may
still seem feasible that the fine cementite particles in
lower bainite form by precipitation from supersaturated
ferrite. The opposite alternative is that these particles are
constituents of eutectoid colonies as suggested by
Hillert[4] as an explanation of the occasional presence
of two-phase colonies in upper bainite. More recently,
that was supported by a review of similar metallo-
graphic observations.[38] In the preceding study,[17] there
were further observations of a two-phase colony in
contact with cementite-free ferrite and carbon-enriched
interspace. The shapes of those colonies relative to the
surroundings were such that they could only be
explained as the result of a eutectoid transformation.

Fig. 37—Long unit of bainite showing typical side layers, sur-
rounded by thick layers that are fairly homogeneous, probably
untempered martensite. SEM from 673 K (300 �C) held for 60 s.

Fig. 38—Units of bainite usually containing only one plate of ferrite
with side layers. SEM from 548 K (275 �C) held for 45 s.

Fig. 39—Packets on two sides of a grain boundary. The long ones
are shown from their nucleation site on the grain boundary and to
the growing top. The short ones are shown in cross sections and
nucleated on another grain boundary above or below the plane of
polish. SEM from 723 K (450 �C) held for 8 s.
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That conclusion has now been further supported by the
observation that the eutectoid ferrite is part of the same
crystal as the carbon-free ferrite.

B. The Two Modes of the Second Stage

It was the main purpose of the present work to
examine whether there is a continuous change from the
occasional eutectoid colonies at higher temperatures to
their predominance at lower temperatures. Such a result
would be a strong indication that not even the fine
cementite particles in lower bainite have formed by
precipitation from supersaturated ferrite. In fact, this
goal was also behind the preceding study of the second
stage of bainite formation but could not be attained due
to the high MS temperature, probably close to 673 K
(400 �C), of the alloy with 0.3 mass pct carbon. The
critical temperature of lower bainite is generally given as
about 623 K (350 �C).[39,40] The present alloy has 0.7
mass pct carbon and an estimated MS temperature of
539 K (266 �C). There was thus a temperature range
open for the present study of lower bainite in this alloy.

In the preceding study of the second stage of
formation of upper bainite,[17] the focus was on the
transformation of austenite in the interspaces between
ferrite plates. In typical upper bainite, elongated cemen-
tite particles will precipitate in interspaces but it was
emphasized that there must be a simultaneous formation
of ferrite and one should thus consider the formation of
cementite as part of a eutectoid transformation and not
as a precipitation reaction, which is the generally
accepted hypothesis. Following an old suggestion,[4]

two modes of the eutectoid transformation were con-
sidered, the degenerate and cooperative ones. The coarse
cementite particles, typical of upper bainite and elon-
gated in the main growth direction, were considered as
the result of a degenerate eutectoid transformation and
the cementite platelets of a different orientation were
considered as constituents of two-phase colonies,
formed by cooperative growth. From this understand-
ing, one might expect also to be able to distinguish the
primary plates of ferrite, free of cementite, but that was
not always the case. One reason could be that SEM was
used as a convenient method to achieve higher
magnification.

Figure 18 is an ECCI micrograph of a packet of
bainite from 773 K (500 �C), and it is evident that even
with ECCI it can sometimes be difficult to identify some
cementite-free plates. However, it should be realized
that most of the plates that can be identified are now
surrounded by thin white lines that represent interspaces
in their final state of thin austenite with high carbon
content. The transformed interspaces may have started
to transform at an earlier state when the ferrite plates
were still much thinner. It would be difficult to identify
such plates when surrounded by a mixture of ferrite and
irregular cementite particles. Figure 26 is an ECCI
micrograph from 673 K (400 �C) and all the interspaces
have been transformed. Many of the cementite particles
are elongated in the main growth direction as a memory
of the directions of the interspaces but it is still difficult
to recognize individual cementite-free plates of ferrite.

In the lower half of Figure 27, there are many cementite
platelets of the cooperative type. Comparison of their
lengths with the thicknesses of ferrite plates, indicated
by elongated platelets of cementite in the band just
above the middle of the micrograph, shows that the
cooperative type of cementite has formed in interspaces
much wider than the prior interspaces in that band.
Figure 28(a) is another ECCI micrograph from 673 K
(400 �C) and the thick unit has the same mixture of
cooperative and degenerate eutectoid microstructures as
shown in Figure 27. Figure 28(b) is an EBSD micro-
graph of the same area and it demonstrates that the
ferritic constituent in the whole unit has the same lattice
orientation. There are also other units of a different
variant and the two are intermixed. The ECCI micro-
graph in Figure 29 also shows both kinds of microstruc-
tures but in two different units of bainite.
In the ECCI micrograph from 623 K (350 �C) as

shown in Figure 30, one can see series of small cementite
particles outlining prior interspaces although there are
also platelets reminding of the cooperative type.
Figure 31 shows only the cooperative type. In the
SEM micrograph as shown in Figure 34(b) of an etched
specimen from 573 K (300 �C), the two units of bainite
on the left-hand side and the one on the right-hand side
have very many small cementite particles in the main
growth direction. That morphology is recognized from
the side layers in Figure 24(b) at 723 K (450 �C) and
from the unit to the left in Figure 26(a) at 673 K
(400 �C). It should thus have formed by the degenerate
mode of eutectoid transformation and these units of
bainite should thus be packets of several plates of ferrite.
That is supported by Figure 34(c) showing thin plates of
ferrite at the very top of the single long unit where the
eutectoid transformation has not yet occurred. The three
smaller units in Figure 34(b) show the cooperative type.
This is better illustrated in Figure 35, which shows
another unit of the same family of parallel units of
bainite.
In the preceding study of proeutectoid ferrite,[15] it

was concluded that feathery bainite can develop from
grain boundaries with a series of ferrite particles shaped
as chevrons. It is thus interesting that both features,
feathers and chevrons, were now observed in the whole
range of temperature, in particular a series of chevrons
as well as feathers at 573 K (300 �C), Figures 7 and 8. In
the whole range, there was a variety of feathery
structures from more or less complete feathers or
semi-feathers to incomplete feathers and more dispersed
parallel packets.
The SEM micrographs in Figures 36 and 37, also

from 573 K (300 �C), show only one or two plates of
ferrite and the second stage of bainite formation has
only resulted in side layers formed by the cooperative
mode. The SEM micrograph from 548 K (275 �C) in
Figure 38 also shows long bainite units from a feather.
They also have side layers of the cooperative mode and
seem to have only one plate of ferrite. In that case, there
has not been any interspace.
In summary, for the degenerate mode of transforma-

tion, it is sometimes difficult to recognize the plates of
ferrite. The cementite constituent of the degenerate
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eutectoid is elongated or more or less irregular at the
higher temperatures but consists of small or slightly
elongated particles at the lower temperatures. It is
difficult to recognize the plates of ferrite if the cooper-
ative eutectoid predominates. Ferrite in the cooperative
eutectoid has the same lattice orientation as in the
adjoining plates of ferrite. It may be concluded that the
internal structure of bainitic units nucleated at grain
boundaries is not much affected by the temperature of
formation from 773 K to 548 K (500 �C to 275 �C).

C. Definition of Upper and Lower Bainite

There has been an on-going discussion how the
difference between upper and lower bainite should be
defined but it has been complicated due to a simultaneous
discussion on mechanisms. When Mehl[1] introduced the
terms upper and lower bainite, he simply exemplified
upper bainite with feathery bainite on grain boundaries
and lower bainite with intragranular units. Most cer-
tainly, Mehl and many others had noticed morphological
difference also with regard to the distribution of cemen-
tite within various types of bainite. Hillert[4] noted that
the elongated particles of cementite in upper bainite were
sometimes replaced by a more intimate mixture of ferrite
and cementite. He also noticed that the same two-phase
mixture could appear on the side of a feather. From his
background in diffusional transformations, he concluded
that the normal morphology of upper bainite was due to
a degenerate eutectoid transformation and the other
morphology was due to a cooperative eutectoid trans-
formation. He suggested the possibility that the second
mode would grow more important at lower temperatures.
Matas and Hehemann[6] must have noticed the same
difference in morphology but, from the idea that primary
ferrite forms without diffusion of carbon, they proposed
that carbon was ejected from the supersaturated ferrite
and precipitated as elongated cementite particles in the
austenitic interspaces in upper bainite, whereas carbon
precipitated directly in the supersaturated ferrite and
formed small platelets in a different direction in lower
bainite. From a morphological point of view, there was
no difference between the two approaches. These mor-
phologies have been widely accepted as the difference
between upper and lower bainite although it is mostly
connected with the idea of diffusionless growth of the
plates of ferrite. Of course, this definition concerns the
internal morphology and, in practice, only the cementite
particles. On the other hand, Vilella[41] already long ago
claimed that there is no sharp transition between the two
but a gradual change of the volume fractions from 723 K
to 573 K (450 �C to 300 �C) which should cover the
transition temperature from upper to lower bainite if it
exists. Pickering[39] made a similar statement. No major
transition of the internal morphology was found in the
present work or in the two preceding studies.[15,17]

Of course, it could make sense to define the limiting
cases as long as it is realized that there is no sharp
dividing line. The only way to define a sharp dividing
line may be to accept Mehl’s approach and to divide
between grain boundary and intragranularly nucleated
bainite. Another alternative, which has been discussed

by Ohmori et al.[13] is based on the effect of the primary
plates of ferrite on the characteristics of a unit of bainite.
However, this is also a feature that changes gradually. It
could finally be emphasized that the hypothesis of
cementite precipitating from supersaturated ferrite in
lower bainite implies a sharp transition between two
mechanisms but that would not imply a sharp transition
between them with temperature. From these results, it
does not seem wise to define a transition between upper
and lower bainite based on the inner morphology of the
bainite units. Mehl’s definition based on the nucleation
site seems much preferable.

D. Side Layers

At the lower right-hand corner of Figure 12 from 823 K
(550 �C), there are two long cementite particles between
plates of ferrite at the side of a packet. They suddenly
change growth direction and seem to start collaborating
with ferrite in forming a layer of cooperative eutectoid.
This change could hardly happen unless the cementite
particles had reached contact with the parent austenite
while growing in the main growth direction. One may
guess that the cementite particles were close behind the
growth front already before the change. In fact, that was
already noticed when this feathery microstructure was not
accepted as bainite in Section IV–A. In this respect, and
with the ability to form a eutectoid side layer, this case
resembles what was called columnar bainite in a steel with
0.82 mass pct carbon at 30 kbar and 563 K (290 �C).[42]
As shown in Figures 14, 15, and 16 from 773 K

(500 �C), pearlite has a tendency to cover the sides of
packets of ferrite plates. Figure 17 demonstrates that the
pearlitic side layer can reach close to the advancing tip
of ferrite (more clearly seen in the on-line version). It
thus illustrates that pearlite at 773 K (500 �C) can cover
the broad faces of ferrite plates with a layer that grows
along the broad faces much faster than into the free
volumes of austenite.
Figure 19(a) demonstrates that similar side layers also

form at 723 K (450 �C) on the sides of ferrite plates in
feathery bainite. However, the EBSD map in Figure 20
shows that the ferritic constituent of these layers has
almost the same lattice orientation because there is no
obvious difference in color. The misorientation line scan,
covering parts of both sides of the feather, illustrates that
already an orientation difference of about 3 deg gives a
noticeable difference in color. Figure 21 is from another
feather in the same specimen, where the etchant has
attacked part of the side layer in a different way. It is thus
revealed that this layer consists of the cooperative
eutectoid. Figure 22(a) confirms the result from
Figures 21 and 22(b), which demonstrates that there are
only small variations in orientation. It is thus confirmed
that the ferrite in the cooperative eutectoid and ferrite in
the adjoining plate have practically the same orientation.
The three SEM micrographs in Figure 24 show rather

thick packets of ferrite plates, also from 723 K (450 �C).
In Figures 24(a) and (c), there is a layer of cooperative
eutectoid on the lower side of the packets. On their upper
sides and on both sides in Figure 24(b), there is a different
kind of layer with many small cementite platelets in the
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main growth direction. It is proposed that they have
formed by the degenerate eutectoid transformation of
interspaces that were thinner than inside the packets.
Similar small cementite platelets can occasionally be seen
also inside the coarse packets. It may seem that there was
first a more widely spaced group of ferrite plates and
more finely spaced plates formed later in some of the
wider interspaces and on the sides of the group.

In Figure 21, there are two wide interspaces between
plates or packets and they are being filled by side layers.
For the interspace closest to the center of the micro-
graph, it is interesting that at this magnification there is
no indication of the prior interspace after it has been
closed. This case resembles case (d) in Figures 24 and 25
of Reference 17.

Close to the upper left-hand corner of Figure 23,
there is an example of a cooperative eutectoid colony
spreading along the side of one of the two ferrite plates
defining an interspace. Further back it has been able to
transform the whole width of the interspace. It is evident
that there is no difference between the cooperative
eutectoid found somewhere inside a packet or on its
side. It is suggested that in a thinner interspace the
colony would touch both plates, which could disturb the
cooperation and degenerate the eutectoid reaction.

Figure 36 demonstrates that the cooperative layer has
started to form even in the three thin units, giving the
impression that it is difficult to avoid side layers on ferrite
plates at this temperature, which was 573 K (300 �C).
However, the three long units in Figure 34(b) have no
side layers. On the other hand, Figure 34(c) illustrates the
ferrite plates at the tip and it is evident that the
microstructure will soon be modified by the occurrence
of cementite. One may speculated that the broad faces of
these plates are very coherent and not able to modify the
structure enough to cooperate with cementite in a
eutectoid reaction. Such a modification may be necessary
for cooperative growth, as proposed already in the
preceding study[17] of the second stage of bainite forma-
tion in steels with 0.3 mass pct carbon. It may be
significant that the present two different cases were
observed on long units of the same feather but on
different sides. Furthermore, the similarity in color
between long units on the two sides of the grain boundary
in Figure 32(b) indicates that they could originate from
common chevrons. An examination with EBSD showed
that the orientation difference between the long units on
the two sides, blue in Figure 32(b), was only 5 degrees,
indicating that they have actually formed from chevrons.
In the study of proeutectoid ferrite,[15] it was realized that
the grain boundary particles could hardly have a strict
orientation relationship to both austenite grains even
when they have facets to both grains as chevrons do. It is
thus suggested that only the long plates on one side of the
grain boundary had sufficiently good orientation match-
ing to avoid cooperative growth.

VI. SUMMARY AND CONCLUSIONS

The results of the present study are in general
agreement with the classical study of a eutectoid steel

by Modin and Modin,[43] which was carried out with
electron microscopy on plastic replica. However, the
higher resolution obtained with modern techniques has
increased the possibility to study finer details.
By avoiding low temperatures and long holding times,

it is possible to prevent intragranular nucleation of
ferrite in the Fe-C alloy with 0.7 mass pct carbon. All
nucleation of ferrite particles would then occur on grain
boundaries and, depending on the crystallography of the
grain boundary, the particles will develop into plates of
a certain direction. They form in groups of parallel
plates and will thus develop as packets of ferrite plates.
The first plate will in some way stimulate the formation
of another particle in the neighborhood on the grain
boundary etc. However, it is not evident by what
mechanism this repeated nucleation could happen. It
has been suggested that packets form by this process of
stimulated nucleation but in direct contact to a previous
plate and without contact to a grain boundary. That was
not observed in the present work.
Similar groups form on random sites on the grain

boundary and in a simple case all plates from a grain
boundary are parallel but sometimes more than one
family can form. On several grain boundaries, the ferrite
particles can develop plates into both austenite grains and
with a chevron pattern in a plane of polish. If nothing else
nucleates on the grain boundary, it will finally be filled
with groups of plates or chevrons. In a plane of polish,
the chevrons will look as a feather. The simple plates will
only grow into one grain and together look as half a
feather, a semifeather. If a grain boundary has not been
filled with groups, there will be a more incomplete feather
or semifeather composed of separated packets of ferrite
plates. That will also happen if there is competition from
another family of ferrite particles on the grain boundary.
Packets of plates were found in the whole temperature

range from 773 K to 548 K (500 �C to 275 �C) but the
individual plates are sometimes difficult to see depend-
ing on the morphology of the cementite particles formed
in the second stage of bainite formation. The cooper-
ative mode of eutectoid transformation gives less direct
indications of primary ferrite plates but the length of
cementite platelets in eutectoid colonies gives indirect
information on the distance between ferrite plates. The
free tops of plates at the growth front clearly show that
the first stage of bainite formation is the primary
precipitation of ferrite plates.
At 623 K (350 �C), there can still be many plates in

most packets, and for 573 K (300 �C) there were some
packets with several plates and some with very few
primary plates. At 548 K (275 �C), all units seemed to
have only one plate. Intragranular ferrite was difficult to
avoid at 573 K (300 �C). The nucleation started on the
sides of packets from a grain boundary. They were also
observed at 623 K (350 �C) but it did not interfere with
the study of grain boundary nucleated bainite. It seemed
to have only one plate of ferrite and all were of the same
variant, evidently influenced by the primary plate.
At 773 K (500 �C), the sides of packets were covered

with layers of pearlite but starting from 723 K (450 �C)
the side layers consisted of a eutectoid of the same ferrite
orientation as the plates and it was not possible to
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distinguish from the eutectoid colonies formed in wide
interspaces. The same kind of layers was found even on
single plates at 573 K and 548 K (300 �C and 275 �C).

Starting from 723 K (450 �C) for the Fe-C alloy with
0.7 mass pct carbon, no change of the formation
mechanism with decreasing temperature was observed
for bainite nucleated on grain boundaries. The gradual
occurrence of intragranular bainite, below a tempera-
ture that depends on the holding time, represents a
transition in itself and, morphologically, such bainite
does not start from a packet of ferrite plates but from
single plates. The second stage of formation, i.e., the
eutectoid reaction, for intragranular bainite occurs
predominantly with the cooperative mode.

The interaction with martensite at the lower temper-
atures should also be mentioned. At 573 K (300 �C), the
bainite units may nucleate martensite on quenching,
which will cover the broad face of the bainite. The MS

temperature was estimated to 539 K (266 �C) but at 548
K (275 �C) tempered martensite was observed with
layers of bainite.

The roles of the two modes of the eutectoid transfor-
mation, degenerate and cooperative, have been further
emphasized in the present report. It does not seem
convenient to define the difference between upper and
lower bainite with reference to their differences because
their relative amounts vary gradually over a wide
temperature range.
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vol. 57, pp. 3242–52.

39. F.B. Pickering: Transformations and Hardenability in Steels,
Climax Molybdenum Co., Ann Arbor, MI, 1967, pp. 109–
29.

40. M. Oka and H. Okanoto: J. Phys. IV Fr., 1995, vol. 5, pp.
C8-503–08.

41. J.R. Vilella: Trans. AIME, 1940, vol. 140, pp. 332–34.
42. T.G. Nilan: Transformarion and Hardenability in Steels, Climax

Molybdenum Co., Ann Arbor, MI, 1967, pp. 57–66.
43. H. Modin and S. Modin: Jernkont. Ann., 1955, vol. 39,

pp. 481–515.

4024—VOLUME 48A, SEPTEMBER 2017 METALLURGICAL AND MATERIALS TRANSACTIONS A


	Morphology of Upper and Lower Bainite with 0.7 Mass Pct C
	Abstract
	Introduction
	Experimental Details
	Observations of Shapes
	Observations of the Inner Structure
	At 823 K (550 degC)
	At 773 K (500 degC)
	At 723 K (450 degC)
	At 673 K (400 degC)
	At 623 K (350 degC)
	At 573 K (300 degC)
	At 548 K (275 degC)

	Discussion
	Origin of Packets and Feathers
	The Two Modes of the Second Stage
	Definition of Upper and Lower Bainite
	Side Layers

	Summary and Conclusions
	Acknowledgments




