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The microstructure of a hot-rolled low-carbon plate steel has been examined using a
combination of light microscopy and scanning electron microscopy. It has been found that in
the hot-rolled condition, the microstructure consists of alternate bands of ferrite and pearlite,
together with relatively large, irregular pearlite nodules. These large nodules were found to be
comprised of pearlite, intragranularly nucleated ferrite (both Widmanstétten and idiomorphic),

together with carbide-deficient and/or carbide-free regions. It is argued that the carbide-
deficient and carbide-free regions form as a result of the premature initiation of the pearlite
reaction, i.e. pearlite forms prior to the body of the austenite grains attaining the eutectoid
composition. In order to model the formation of the banded structure, specimens were
reaustenitized at 1050°C for 10 min and furnace cooled. This heat-treatment cycie produced
an austenite grain size which was less than the chemical banding wavelength. A model for the
decomposition of austenite, under these conditions, is presented.

1. Introduction and background
In a recent investigation of a hot-rolled low-alloy plate
steel containing 0.15% C [1-47, it was found that the
microstructures that developed during the decomposi-
tion of austenite could not be rationalized using what
might be termed the conventional model of the aus-
tenite to ferrite plus pearlite reaction. This model (for
example, see [5-8]) involves the formation of a skel-
eton of ferrite around the austenite grain boundaries.
Ferrite growth then continues until the interiors of the
austenite grain attain the eutectoid composition; at
which point, the pearlite reaction initiates and con-
sumes the remnant parent phase. One obvious
consequence of the conventional model is that each
austenite grain, upon complete transformation, will
yield a single pearlite region consisting of either a
single colony or a nodule. In keeping with earlier work
[2], we will employ Mehl’s definition [9] of a pearlite
colony that is “. . .formed as a unit, usually with but
one direction of lamellac in which the ferrite and
cementite have each a single orientation”. It then
follows that a nodule is comprised of more than a
single colony. What we are terming the conventional
model would also imply, at least in low-alloy steels,
that pearlitic colonies contain an appreciably constant
volume fraction of cementite.

However, as shown by two of the present authors
[1, 2], the above model could neither account for the
ferrite/pearlite banding, nor for the incidence of large

4412

pearlite nodules in a 0.15% C, 1.5% Mn steel. For the
sake of completeness, a light micrograph of the
0.15% C, 1.5% Mn steel is shown in Fig. 1. Several
ferrite/pearlite bands are arrowed and a number of
large pearlite nodules are labelled A. In earlier work
[1, 2], models were developed to account for the
formation of the microstructures that are illustrated in
Fig. 1. In the present study, a different low-alloy steel
containing 0.12% C, is examined in order to deter-
mine the frequency with which a microstructure, such
as that shown in Fig. 1, might be expected to occur. A
heat-treatment schedule has also been developed to
determine whether or not microstructural banding
could occur when the chemical banding wavelength
was greater (by a factor of approximately two) than
the austenite grain size.

The results of the present study will be compared
with those presented elsewhere [1-4].

2. Experimental procedure

The hot-rolled steel, whose composition is given in
Table 1, was provided by the United States Steel
Research Laboratories in Monroeville, PA. The car-
bon level of this material is somewhat lower than that
contained in the alloy which was examined in other
work [1-4]. However, the steel employed in the pre-
sent investigation contains microalloying additions
(titanium and vanadium, Table ) which wili be im-
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Figure 1 Light micrograph of a 1.5% Mn-0.15% C steel. The
microstructure consists of alternate bands of ferrite and pearlite (e.g.
arrowed) together with large, irregular pearlite nodules (arrowed A).

TABLE I Chemical composition of the hot-rolled plate (wt %)

C Mn Si P S Al N Ti v
0.12 1.53 0.25 0.013 0002 0038 001 0016 0.09

portant when the results of the present investigation
are compared with previous studies [1, 2].

The steel was hot-rolled at 1200 °C and finish-rolled
at~1100°C. During hot-rolling, the plate thickness
was reduced by about 80%. The plate was air-cooled
after finish-rolling.

Specimens for light microscopy and scanning elec-
tron microscopy were prepared with standard tech-
niques and etched in 2% Nital. The SEM employed
was an LS.I. S$X40 operating at 15 kV.

3. Results
3.1. The microstructure of the hot-rolled
plate

Fig. 2a and b are low-magnification images of the
transverse plane of the plate. In both instances, the
microstructures are comprised predominantly of
alternate bands of proeutectoid ferrite (the light
etching phase) together with pearlite (the dark re-
gions). However, some of the pearlite nodules are not
contained within the “pearlite-bands” and several ex-
amples are arrowed in Fig. 2a and b. Hence, it can be
concluded that the microstructural banding is not a
completely accurate reflection of the chemical band-
ing, i.e. the pearlite nodules do not always form in
regions of a high manganese content. This is in accord
with the discussion presented elsewhere [1] (and see
Fig. 1). However, reference to Fig. 1 shows that large
nodules occur more frequently and are of a greater size
in the 0.15% C alloy as compared with the 0.12% C
alloy. Further discussion on this pomt is deferred to
Section 4.

Fig. 3a and b are higher magnification images of the
0.12% C alloy. At these magnifications, the micro-
structural banding becomes less evident, and the
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Figure 2 Low-magnification light micrographs of the 1.5%
Mn-0.12% C steel. The microstructure again consists of alternate
bands of ferrite and pearlite. Some larger nodules have been
arrowed, A.
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structures of the large irregular nodules become some-
what clearer. Reference to Fig. 3a reveals the presence
of nodules (~75 pm diameter) which contain intra-
granular, idiomorphic ferrite (arrowed A). For com-
parative purposes, the pearlite nodules which are
contained primarily within the bands (e.g. arrowed B
in Fig. 3a, b) are ~ 10-20 um wide. Intragranular
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Figure 3 Higher magnification light micrographs of the 0.12 % C steel. (a) Large nodules (~ 75 pm diameter) in association with idiomorphic
ferrite (arrowed A). The widths of the pearlite nodules within the bands (arrowed B) are approximately 10-20 pm. (b) Intragranular
Widmanstétten ferrite in association with a large pearlite nodule. Irregularly etching “pearlite” is arrowed, C. The width of the pearlite

nodules within the band is indicated at B.

ferrite, primarily Widmanstdtten in nature, is also
present in the two nodules (approximately 100 pm
diameter) in Fig. 3b. Of particular interest in Fig. 3a
and b is the irregular etching characteristics of the
nodules. For example, the nodules tend to be etched
more darkly at their peripheries, but exhibit less uni-
form etching characteristics within the body of the
nodules. This is particularly evident in the nodule
towards the centre of the image in Fig. 3b, and is
arrowed C. At this point, it can be suggested that, for
example, region C on Fig. 3b is a cementite-free or
cementite-deficient area within the pearlite nodules.

Fig. 4a and b are SEM images which display fea-
tures similar to those presented in Fig. 3a and b. (It
should be noted that there is a contrast reversal in the
SEM; proeutectoid ferrite appears dark and pearlite
images as bright regions.) The three large nodules
(A—C on Fig. 4a) vary in size from ~40-100 um and
contain numerous intragranularly nucleated ferrite
idiomorphs and Widmanstétten plates. The higher
magnification image of Fig. 4b serves to illustrate the
fact that the cementite in this large irregular nodule
tended to be lamellar in nature.

Fig. 5a and b are SEM images of a large nodule
which contains cementite-free/deficient regions in the
centre of the nodule. The lack of any discernible
boundary between these regions (labelled A, Fig. 5a),
together with the absence of any well-defined morpho-
logy implies that:

(i) these predominantly ferritic regions are not in-
tragranularly nucleated; but
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(i) they form in association with the “austenite to
pearlite” reaction.

Supportive evidence for this contention is provided
in Fig. 5b where an almost cyclic formation of irregu-
lar ferrite/cementite aggregates has developed (ar-
rowed) in association with cementite-free areas, to
yield the overall cementite-deficient region.

A further example of cementite-deficient regions is
presented in Fig. 6. However, in this instance, the
carbide-depleted zones occur both towards the centres
of the nodule (A) and towards its periphery (arrowed
B). The implications of this latter observation will be
discussed in Section 4. Finally, Fig. 7 is included to
justify the term nodule, at least six different colonies
(A-F) are seen to constitute this entity.

3.2. Microstructural banding in a
reaustenitized and furnace-cooled
sample

Fig. 8a and b are light micrographs of specimen

material which had been reaustenitized at 1050 °C for

10 min and furnace cooled. Reference to these figures

shows virtually perfect microstructural banding and

no large, irregular pearlite nodules. To facilitate fur-
ther discussion, the banding wavelength was deter-
mined to be close to 100 um and the volume fraction

of pearlite in the furnace-cooled material was ~ 12%.

The austenite grain size after 10 min at 1050 °C was

determined to be 50-55 pm with a relatively narrow



Figure 4 Scanning electron micrographs images. Note the contrast reversal with respect to Figs 1-3. (a) Low-magnification image. Three
nodules (A-C) contain intragranular Widmanstétten ferrite. (b) High-magnification image of nodule A. The cementite is seen to be
predominantly lameilar.

Figure 5 Scanning electron micrographs of a single nodule. (a) A cementite-deficient region (A) is located towards the centre of the nodule.
{b) Higher magnification image showing almost cyclic formation of cementite-free regions.
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Figure 6 Scanning electron micrograph of a complex nodule.
Cementite deficient regions are present, both towards the centre of
the nodule (A) and towards the periphery (B).

10 um

Figure 7 A pearlite nodule which is comprised of at least six pearlite
colonies (A-F).
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distribution, the largest
80-100 pm diameter.

austenite grains being

4. Discussion
4.1. The nature and origin of the large
irregular pearlite nodules
The observation of relatively large, irregular pearlite
nodules is in agreement with the earlier studies of two
of the present authors [ 1, 2] who examined a 0.15% C
- 1.5% Mn steel. However, a comparison of Fig. 1
with Figs 2-7 reveals that the nodules which were
found in the present study were small (size range
30-100 pm) as compared with those in the 0.15% C
steel (size range up to 200 um, e.g. see Fig. 1). This
difference is most likely due to differences in austenite
grain size; the microalloying additions in the present
system, acting to retard grain growth. This is sub-
stantiated by the fact that even after 10 min at 1050 °C,
the average grain size was only 50 pm with a max-
imum size of about 100 pum. Conversely, for the
0.15% C steel, grains as large as 100 um were found
after 10 min at 900 °C. In other respects, the nodules
which have been investigated in the present study bear
a marked resemblance to those in the 0.15% C steel in
that:

(i) many of the nodules contain intragranularly
nucleated ferrite (both Widmanstiatten and idio-
morphic);

(1)) many of the nodules contain cementite-free or
cementite-deficient regions.

The observation of intragranular ferrite in the large
nodules implies that the large nodules form from the
larger austenite grains. This follows because diffusion
distances are longer and a substantial carbon build-up
in the grain interiors will be time-consuming, thereby
permitting intragranular ferrite nucleation [10]. Con-
versely, in small austenite grains, rapid carbon en-
richment of the austenite grain centres will seriously
inhibit the nucleation of ferrite.

The observation of cementite-free and cementite-
deficient regions, often towards the centres of the
pearlite nodules, can be explained if the pearlite reac-
tion 1s initiated, well before the entire austenite grain
has attained the eutectoid composition. The following
is a modified and condensed version of the discussion
presented elsewhere [2]. However, it is considered that
this discussion is mandatory if the results of this paper
are to be adequately explained. Fig. 9a is a schematic
drawing of the free-energy/composition curves for a
temperature at which the stable phases are ferrite, o,
and cementite, Fe;C. Although the argument is then
for an isothermal transformation, we believe that the
resultant hypotheses should be applicable also to
continuous cooling transformations. If the metastable
equilibria between o (composition x,) and y (composi-
tion x,), and between Fe;C (composition x,) and y
(composition Xx,) are considered, then at time t= 0, an
alloy of composition x, will be supersaturated with
respect to o but not with respect to Fe;C. Hence,
proeutectoid ferrite will be the first phase to form.
During growth of this proeutectoid «, a diffusion
profile will develop in the austenite ahead of the



Figure 8 Light micrographs of specimen material which had been reaustenitized and furnace cooled. Almost perfect microstructural banding

is observed. Many of the ferrite grains are columnar.
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Figure 9 Equilibrium between austenite, v, ferrite, o and cementite
in the two-phase (o + Fe,C) region. (a) Free-energy/composition
curves defining the metastable equilibria between y and « and
between y and Fe;C (for details, see text). (b) Diffusion profile in the
vicinity of the y/« interface (see text for details).

growing o; this profile is shown in Fig. 9b. Now, if it is
assumed that there is local equilibrium at the w/y
interface (i.e. the vy — o reaction is occurring under fuil
diffusion control), then a zone of width y, in front of
the interface is supersaturated with respect to both
ferrite and cementite. This latter point can be appreci-
ated by referring to the free-energy curves of Fig. 9a,
which predicts that as soon as the austenite composi-
tion reaches x,, it is supersaturated with respect to
cementite as well as ferrite.

Therefore, we are suggesting that when the width of
the supersaturated zone reaches some critical value,
cementite nucleates on the y/a interface and the peari-
ite reaction is initiated. However, the pearlite reaction
cannot be sustained for the entire transformation,
because regions which are remote from the pearlite
initiation sites have compositions at, or close to x,
(e.g. see Fig. 9b). Hence, as the pearlite colonies/
nodules “move through” the diffusion profiles in the
austenite interiors, they encounter regions of lower
carbon concentrations and the supersaturated zone
will become narrower and narrower. Hence, the pearl-
ite reaction may terminate eventually to be replaced
by the proeutectoid ferrite reaction. Now, during
growth of the ferrite, the supersaturated zone will
again increase in width and the pearlite reaction may
again be initiated. Hence, we envisage a cyclic process
for the formation of pearlite and proeutectoid ferrite.
This hypothetical sequence of events is in good agree-
ment with the experimental images of, for example,
Fig. 5a and b where the alignment of pearlitic and
proeutectoid ferritic regions is particularly evident.
Our hypothesis is also consistent with the carbide-
free/carbide-deficient regions being located frequently
towards the centres of the large pearlite nodules.
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However, it was not unusual to find cementite-
deficient regions towards the periphery of the pearlite
nodules (Fig. 6). This may be explained as follows. Tt is
well known that many proeutectoid ferrite/austenite
interfaces do not initiate the pearlite reaction (for
example, see [11, 12]) and this leads eventually to the
formation of impingement interfaces between pearlitic
ferritic and proeutectoid ferrite. A natural con-
sequence of this phenomenon will be the formation of
carbide-free regions in the vicinity of impingement
interfaces. This may be explained with reference to the
schematic drawings of Fig. 10. In Fig. 10a, it is as-
sumed that a single pearlite colony, which constitutes
part of a nodule, has advanced to a sufficient extent
that carbide-free regions (i.e. proeutectoid ferrite, o, ) is
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forming. Hence, there is a relatively narrow diffusion
profile ahead of the advancing interface (Fig. 10b).
Now, suppose that there is a proeutectoid grain (o, in
Fig. 10a) that will not initiate the pearlite reaction;
rather, it will form an impingement interface with «o,.
During continued growth, the diffusion profile which
is associated with oy will increase in width and eventu-
ally overlap that of the proeutectoid grain o, thus
yielding a microstructure and concentration
profile similar to that shown in Fig. 10c and d, respect-
ively. At some point, the remaining austenite must be
sufficiently supersaturated with respect to carbon, that
nucleation of cementite occurs on the «; /v interface
(we are still assuming that the «,/y interface cannof
initiate the pearlite reaction). Now, depending on the
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Figure 10 Schematic diagrams illustrating the formation of either pearlite or grain-boundary carbides at impingement interface (for details,
see text). (@) Cementite-free ferrite, a; and a proeutectoid ferrite grain, o,. (b) Possible carbon concentration profile for (a). (c) As for (a), but
after further growth of o, has occurred. (d) Possible carbon concentration profile for (c). (¢} Decomposition of the remnant austenite in (c) to
pearlite. () Alternative mode of decomposition to yield grain-boundary cementite.
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width of the austenite which remains to be trans-
formed, pearlite or grain-boundary carbides can form.
Fig. 10e shows the formation of pearlite from a “rela-
tively” wide zone of austenite. In comparison, Fig. 10f
shows a possible transformation mode when the width
of the latterly transforming region is narrow enough,
that cooperation [13] cannot be attained and multiple
nucleation of cementite on the o, /y interface drains
the remnant austenite in carbon. This will favour
growth of o, and the formation of grain-boundary
cementite.

At this point it would be noted that:

(i) the model predicts that carbides (whether dis-
crete or as lamellae) should always be present at the
periphery of the nodules. This is indeed the case for the
image shown m Fig. 6 where the carbide deficient
region formed towards the periphery of the nodules;

{11) the same model can be applied for the case of
two carbide-deficient regions within a pearlite nodule.
Hence, it is also predicted that grain boundaries in
pearlite nodules should always be associated with
cementite. A transmission electron microscopy study
of the 0.15% C steel [2] has indeed shown this to be
the case.

4.2. The development of banded and
non-banded microstructures
In this section, the formation of a perfectly banded
microstructure in the furnace cooled samples will be
modelled. This will be followed by a discussion of the
lack of microstructural banding within the large, ir-
regular nodules in the as-received air-cooled samples.
Reference to Fig. 8a and b shows that almost perfect
microstructural banding develops upon slow cooling
from the austenite range. This is of particular interest
in that the microstructural, and hence chemical,
banding wavelength is ~ 100 um, whereas the ferrite/
pearlite bands are forming from austenite grains with
an average size of 50-55 pm (Thompson and Howell

\

Austenite which will transform to pearlite

Ferrite

Figure 11 A schematic scale drawing of the early stages of the ferrite
reaction. The shaded bands are assumed to be the high manganese
regions which will eventually transform to austenite. Hence, ferrite
nucleation (e.g. arrowed C) occurs in the manganese-lean regions
(see text for details).

[1] have shown that there is a one-10-one correlation
between the regions of high manganese and the pearl-
ite bands in furnace-cooled samples). Fig. 11 is a
schematic drawing of the early stages of the decom-
position of austenite during slow cooling. Fig, 11 is
drawn to scale and the 12%-15% of austenite that
will transform eventually to pearlite is between the
closely spaced parallel bands. Because manganese is
an austenite stabilizer, it serves to depress the Ar;
temperature. Hence, it is assumed that the first-formed
proeutectoid ferrite is located towards the centre of the
manganese lean regions, on grain-boundary quad-
ruple points and triple junctions. Preferential growth
of this proeutectoid ferrite along grain boundaries,
again located towards the centres of the manganese-
rich regions, will eventually lead to a “slab of ferrite”
which is approximately parallel to the austenitic re-
gions that will transform eventually to pearlite. Once
the ferritic slab has formed, growth can only continue
in a direction towards the manganese-rich regions.
This growth will be accompanied by the diffusion of
carbon towards the manganese-rich regions. Finally,
the pearlite reaction will be initiated and a perfectly
banded microstructure will result.

Some interesting consequences of this model are as
follows:

(i) ferrite must be able to grow through austenite
triple junctions in order to form the “ferritic slab”;

(i) growth of the ferritic slab towards the mangan-
ese-rich regions should favour the formation of colum-
nar ferrite grains. This indeed is the case as is evident
in Fig. 8b;

(iii) entire grains of austenite (e.g. labelled A,
Fig. 11) must transform to 100 % ferrite. Others (label-
led B) must transform predominantly to ferrite.

Now, reference to Fig. 2a and b (the as-received air-
cooled samples) shows that microstructural banding is
not as severe for cooling rates (~1°Cs~!) in excess of
those experienced for furnace-cooled samples
(~0.1°Cs™1). This is not unreasonable in that the
more rapid cooling will yield higher driving forces for
the ferrite reaction, and differences in the Ar, temper-
atures between the manganese-lean and manganese-
rich regions, should have a lesser effect. This is also
consistent with a discussion presented by Samuels
[14]. A consequence of the above is that there is some
critical cooling rate, above which microstructural
banding will no longer be evident. In the present study
and for the given grain size, this cooling rate is be-
tween 1 and 5°Cs™%, because the latter cooling rate
(generated by a rapid air cool) yielded a non-banded
structure.

Reference to Fig. 2a and b shows that the large
pearlite nodules occur in both ferrite and pearlite
bands. Furthermore, reference to Figs 3-8 shows that
the chemical banding has no discernible effect on the
microstructure of the nodules. Hence, for the de-
composition of the large austenite grains, we are
already above the critical cooling rate for micro-
structural banding. This is not unreasonable in that
the potency of grain boundaries as nucleation cata-
lysts, will far outweigh any variation in the Ar, tem-
perature.
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5. Conclusions

The microstructure of a hot-roiled low-carbon
(0.12%) steel consists of alternate bands of proeutec-
toid ferrite and pearlite, together with large, irregular
pearlite nodules. These latter entities consist of mul-
tiple pearlite colonies, intragranular ferrite (both Wid-
manstitten and idiomorphic), and carbide-deficient
carbide-free regions. These latter ferritic areas form in
association with the pearlite reaction. It is considered
that pearlite can be initiated well before the entire
austenite grain attains the composition which is given
by the Hultgren extrapolation. This leads to the cyclic
formation of pearlite and cementite-free regions.

A microstructural investigation of specimen mater-
ial which had been reaustenitized and subsequently
furnace-cooled, has led to the development of a new
model for the decomposition of austenite in chem-
ically banded steels. The model involves nucleation of
ferrite in solute-lean regions as originally described
elsewhere [1], the subsequent formation of “ferrite
slabs” and the transformation of entire grains of aus-
tenite, to ferrite.
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