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This paper reviews the various ferritic microstructures produced by austenite decomposition in continuous-
ly cooled low-carbon and ultralow-carbon steels and irons. Various terminologies used to identify the
different ferritic microstructures are presented and related to several classification systems which have been
developed for bainitic and ferritic microstructures in steels. Microstructural aspects are emphasized and
discussed relative to transformation kinetics and mechanisms of austenite transformation to various

morphologies of ferrite.
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1. Introduction

Microstructures in commercial low-carbon sheet and
plate steels typically consist of equiaxed ferrite grain
structures.” Cementite may also be present as dispersed
pearlite colonies in hot-rolled steels, or as dispersed
spheroidized particles in cold-rolled-and-annealed sheet
steels. Recent commercial development of interstitial-
free (IF) or vacuum-degassed steels has completely elim-
inated cementite from the microstructure of cold-rolled-
and-annealed sheet steels, and additions of Ti and Nb
to IF steels completely remove carbon from interstitial
solid solution in ferrite and control crystallographic
texture.>* Annealed ferritic microstructures in low-
carbon and IF steels have very high formability but low
strength.

The requirement for steels of higher strength with high
toughness or high formability has led to recent intensive
examination of continuously cooled microstructures in
low-carbon and ultralow-carbon steels.* In contrast to
the equiaxed ferritic microstructures of conventionally
hot-rolled or cold-rolled-and-annealed steels, the ferritic
microstructures formed by decomposition of austenite in
the new steels, by virtue of alloying or rapid cooling,
often assume non-equiaxed morphologies. The tempera-
ture range in which the non-equiaxed morphologies of
ferrite form is intermediate to those at which austenite
transforms to equiaxed ferrite/pearlite and martensite,
and therefore is the same as that in which bainitic
microstructures form in medium-carbon steels. How-
ever, the low-carbon steel ferritic microstructures formed
at intermediate temperatures differ in variety and form
from classical bainitic microstructures. In addition to
recent developmental activity, non-equiaxed ferritic mi-
crostructures have been applied in pipe-line steels®> and
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described in the welding literature.® Also, considerable
previous effort has been devoted to characterizing the
fundamental structures and mechanisms of austenite
transformation in irons and very-low-carbon steels. This
effort has recently been reviewed by Wilson.”

The purpose of this paper is to review the character-
istics of the various ferritic microstructures which form
in low- and ultralow-carbon steels. Various bainite and
ferrite classification systems which have been used to
classify intermediate-temperature-range austenite trans-
formations to ferritic microstructures are also presented
and compared. The presentation of these considerations
should provide a framework for the intensifying discus-
sion of microstructural evolution in modern low-carbon
high-strength steels.*

2. Bainite and Bainite Classification Systems

Davenport and Bain® introduced bainitic micro-
structures to the world by high-resolution light micros-
copy of steel specimens isothermally transformed at
temperatures between those at which pearlite and mar-
tensite formed. Etching differences established the micro-
structures as different from pearlite and martensite, and
eventually the unique ferrite—cementite aggregates be-
came known as bainite in honor of Bain’s pioneering
efforts.”*® Two different morphologies of bainite which
form in medium-carbon steels, as described below, were
designated upper and lower bainite by Mehl in 1939.19

From the early recognition of bainite as a unique mi-
crostructural constituent of steels, the non-lamellar com-
bination of ferrite and cementite has been an important
characteristic of bainite. Aaronson!?!% strongly advo-
cates the generalized microstructural definition of bainite
as the product of a non-lamellar, non-cooperative mode
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Fig. 1. Schematic illustrations of various ferrite (white)—cementite (dark) bainite morphologies. (a) Nodular bainite,
(b) columnar bainite, (c) upper bainite, (d) lower bainite, (¢) grain boundary allotriomorphic bainite, and

(f) inverse bainite (from Ref. 13)).

of eutectoid decomposition of a parent phase. In steels,
the eutectoid phases are ferrite and cementite, and six
morphologies of ferrite and cementite are now recognized
as bainite by Aaronson and his colleagues.!® Figure 1
shows these morphologies schematically. Upper bainite,
Fig. 1(c), consists of sheaves or groups of parallel ferrite
crystals, in the form of laths or plates, with discontinuous
interlath cementite particles. In lower bainite, Fig. 1(d),
ferrite crystals contain fine carbides at angles around
55 to 60 degrees to the long axis of the ferrite. In a
high-manganese steel, lower bainite has recently been
shown to form by the growth of secondary ferrite plates
from a common ferrite spine, with the carbide precipita-
tion occurring in austenite adjacent to the secondary
ferrite plates.!®

In many low-carbon and alloy carbon steels, how-
ever, cementite is not associated with intermediate-tem-
perature austenite transformation.'® Therefore, broader
classifications of bainitic-type microstructures have been
proposed which incorporate microstructures without ce-
mentite. For example, Ohmori et al.*%*? recognize that
the ferrite of upper bainite in low-carbon steels will
always have a lath-like morphology, but that bainite may
be carbide-free (BI), with austenite retained between
laths, or that carbides may be present between ferrite
laths (BII) or within ferrite laths (BIII). Table 1 lists the
bainite morphologies in the Ohmori et al. system, and
Fig. 2 shows the isothermal transformation regions where
the three types of upper bainite formed in a low-carbon
Cu-Ni-Cr-Mo steel.}”

Bramfitt and Speer have proposed the general clas-
sification system for bainite shown in Fig. 3.!® Three
major types of bainite, all based on an acicular mor-
phology of the ferrite, are presented. The differences
in the various types of bainite are dependent on the
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Table 1. Morphology of bainite in isothermal transforma-
tion.

Criteria
Microconstituent

Ferrite morphology Carbide distribution

Ferrite Lath-like Acicular ferrite
(carbide free)
Upper bainite BI Lath interface
BII
BIII

Lower bainite Plate-like Within grain

type and association of other phases with ferrite in the
bainitic structures. In the B, and B; morphologies, the
Bramfitt—Speer system recognizes that martensite may
transform from austenite retained between ferrite crys-
tals. This phenomenon is frequently observed in con-
tinuously cooled low-carbon steels, and partially trans-
formed interlath austenite is commonly referred to as
the martensite—austenite (M/A) constituent of ferritic or
bainitic microstructures. The Bramfitt—Speer bainite
classification system is the most comprehensive proposed
to date for bainites with acicular morphologies of ferrite,
but as discussed in the next sections, does not describe
all of the ferritic microstructures observed in continuous-
ly cooled low-carbon steels.

3. Ferritic Microstructures: General Considerations

In continuously cooled low-carbon and ultralow-car-
bon steels, the dominant decomposition product of aus-
tenite is ferrite. Some of the parent austenite is invariably
not transformed and as noted earlier, the austenite may
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Fig. 3. Proposed morphological classification system for
bainite according to Bramfitt and Speer (from Ref, 18)).

be retained to room temperature or partially transformed
to produce the M/A constituent. The ferrite may take
many morphologies, and retained austenite or M/A
constituent mirrors by default the shapes of the ferrite
crystals. Therefore none of these forms of ferrite fit the
microstructural definition of bainite as presented in Fig.
1, although lath or acicular morphologies of ferrite are
incorporated into the bainite classifications of Ohmori
et al.*®'? and Bramfitt and Speer.'® The general re-
action of austenite to ferrite implies rejection of car-
bon into retained austenite, according to the dynamic
solubility limits of ferrite. At very high cooling rates,
even in very-low-carbon steels or irons with sufficient
hardenability, austenite may transform to martensite
which is well characterized in the literature.”"** Some-
times the martensite is autotempered, reflecting both the
high M, temperatures of low-carbon steels, and the fact
that the martensite at the temperature of formation was
supersaturated with carbon.?® Figure 4 shows cementite
precipitates in a coarse autotempered martensite lath
produced by cooling a steel containing 0.075C, 3.0 Mn,
and 1.0 Cr at 1°C/s.

The many types of ferrite which form in low-carbon
steels are the subject of the balance of this paper. In
addition to the relatively well-characterized forms of
ferrite which form from austenite at high temperatures,
types of ferrite which form from austenite at intermediate
temperatures are now commonly observed in contin-
uously cooled low-carbon steels. The recent interest has
been driven by studies of a series of low-carbon and
ultralow-carbon steels produced by the ISIJ Bainite
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Fig. 4. Cementite precipitation in a large autotempered lath
of martensite in a 0.075C-3.0Mn—1Cr steel cooled at
1°C/s. (Courtesy of C. C. Tseng, Colorado School of
Mines)

Research Group,2!'??) and evaluation of low-carbon
high-strength-low-alloy (HSLA) steels developed for
U.S. Navy ship plate applications.?® Independent of
the latter recent efforts, the International Institute of
Welding (ITW) has recognized the variety of ferritic
microstructures which may form in low-carbon steel
welds and weld heat-affected zones, and has established
metallographic procedures to estimate the amount of
each type of ferritic structure in welded specimens.?®
Also, studies of austenite transformation in the 1960s
and 1970s established many fundamental aspects of
transformation mechanisms and structures in pure irons
and low-carbon steels. Wilson” and Maki?* have writ-
ten comprehensive recent reviews of austenite-to-ferrite
transformation in the latter ferrous alloys, evaluating
transformation start temperature plateaus as a function
of cooling rate for various transformation mechanisms.
Recently, Yada has also categorized temperature ranges
for various transformations in a number of low-carbon
steels.?®

Figures 5 and 6 show, respectively, continuous-cooling-
transformation (CCT) diagrams for an ultralow-carbon
steel investigated by the ISIJ Bainite Committee?? and
an HSLA plate steel evaluated by Thompson et al.?”
The composition of the ultralow-carbon steel is given in
the figure, and the HSLA steel contained (in mass%)
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Table 2. Symbols and nomenclature for ferritic microstruc- the diagrams are labeled with the ISIJ Bainite Com-

tures according to ISIJ bainite committee.??

Symbol Nomenclature
I, Major matrix-phase
o, Polygonal ferrite
0y Quasi-polygonal o
Oy Widmanstitten «
oy (Granular bainitic) «
og Bainitic ferrite
oA, Dislocated cubic martensite
II, Minor secondary phases
Ve Retained austenite
MA Martensite—austenite constituent
oM Martensite
aTM Auto-tempered martensite
B BII, B2: upper bainite
Bu: upper bainite
B, : lower bainite
P’ Degenerated pearlite
P Pearlite
(2] Cementite particle

0.06 C, 1.45Mn, 1.25Cu, 0.97Ni, 0.72Cr and 0.42Mo.
In both steels, dependent on alloying and hardenabil-
ity, intermediate temperature transformations play an
important role in austenite decomposition. The vari-
ous types of ferrite which form in the phase fields in
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mittee notation, as reproduced in Table 2, and in the
HSLA steel diagram are identified by the letters PF,
WF, AF and GF, which stand for polygonal ferrite,
Widmanstétten ferrite, acicular ferrite and granular
ferrite, respectively. Each type of ferritic microstruc-
ture will be discussed below.

As noted above, in addition to CCT diagrams, the
various austenite transformation mechanisms and prod-
uct microstructures have been fundamentally related
to temperature ranges of formation and isothermal trans-
formation diagrams. For example, as shown in Fig.
7, Wilson” has related continuous-cooling-arrest tem-
peratures for various austenite decomposition mecha-
nisms in low-carbon irons to independent C-curves on
time-temperature-transformation (TTT) diagrams. He
reasons that each transformation product has a unique
transformation-start temperature plateau over a range
of cooling rates established by the mechanism of the
transformation. At a critical cooling rate, which cor-
responds to the nose of a C-curve on a TTT diagram,
a given mechanism is suppressed, and transformation
shifts to a lower temperature at which transformation
proceeds by another mechanism.
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Fig. 7. (a) Transformation start temperatures as a function of cooling rate and (b) associated transformation
curves for various transformation products in an iron containing 0.011% C (from Ref. 7)).

4. Ferritic Microstructures: Specific Types

The following sections briefly describe the various
types of ferritic microstructures which have been ob-
served in continuously cooled low-carbon irons and
steels. Each type of microstructure may be described by
several terms, depending on the classification system or
terminology used by investigators, and the following
discussion will attempt to cross reference the various
terms used for a given structure if possible. In many
cases the characterization of the austenite decomposi-
tion products is not yet complete, and considerable
work is still necessary to couple transformation mech-
anisms and kinetics to microstructural evolution.

5. Polygonal or Equiaxed Ferrite

The ferritic microstructure which forms at the highest
temperatures and slowest cooling rates in low-carbon
steels is nucleated as grain-boundary allotriomorphs and
grows into equiaxed grains. In view of the equiaxed grain
geometry, this type of ferrite is referred to as equiaxed
or polygonal ferrite (PF), and is designated «, in the
ISIJ bainite committee notation. The IIW system terms
this morphology as primary ferrite, and distinguishes
primary ferrite nucleated on grain boundaries and in
grain interiors as PF(G) and PF(I), respectively.¥

Polygonal ferrite is readily identified in the light mi-
croscope and is characterized by very low dislocation
densities and the absence of substructure, as revealed by
the transmission electron microscope (TEM). Figure 8
shows an example of polygonal ferrite in homogenized
HSLA-80 steel isothermally transformed at 675°C for
5005.28) The dark-etching regions of the microstruc-
ture are martensite which formed on quenching after
the 500-s isothermal hold. Due to impingement, there
is considerable grain-boundary curvature in the iso-
thermally formed ferrite in Fig. 8, but the ferrite grain
boundaries are smooth and continuous on the scale of
the light microscope.

Wilson” reviews evidence for nucleation of equiaxed
ferrite at austenite grain corners. Thus the ferrite inter-
faces cross original austenite grain boundaries, and the
parent ausenite grain structure is rendered indistinguish-
able in specimens largely transformed to polygonal fer-
rite. In contrast, in specimens only partially transformed
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Fig. 8. Polygonal ferrite (light grains) formed in HSLA-80 steel
(composition in text) isothermally transformed at
675°C for 500s. The dark structures are martensite
formed during quenching after isothermal holding.
Light micrograph. (Courtesy of M. Kumar, Colorado
School of Mines)

to polygonal ferrite, the network of ferrite grain-bound-
ary allotriomorphs clearly outlines the parent austenite
grain-boundary structure. Growth of polygonal ferrite is
controlled by rapid substitutional atom transfer across
partially coherent boundaries and long-range diffusion
of carbon atoms which are rejected from the growing fer-
rite. Partitioning of substitutional alloying elements may
occur at the interfaces of polygonal ferrite, a phenome-
non which may cause significant reductions in growth
rates of grain-boundary ferrite allotriomorphs.?® ™3

6. Widmanstitten Ferrite

Coarse, elongated crystals of ferrite are almost
universally referred to as Widmanstétten ferrite (WF).
Figure 9 shows examples of Widmanstétten ferrite form-
ed by isothermal transformation of austenite in an ho-
mogenized HSLA-80 steel held at 600°C for 100s. The
WF appears uniformly white, with no evidence of sub-
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Fig. 9. Widmanstitten ferrite (large elongated white grains)
formed in HSLA-80 steel isothermally transformed for
100s at 600°C. Dark areas are martensite formed
during quenching after isothermal hold. Light
micrograph. (Courtesy of M. Kumar, Colorado School
of Mines)

structure within individual crystals, and the dark areas
are martensite formed during quenching after the iso-
thermal hold. The most common WF crystals, which
nucleate at austenite grain boundaries or from polygonal
ferrite allotriomorphs, are referred to as Widmanstitten
side-plates, according to the Dubé classification system
advocated by Aaronson.3?

The ISIJ Bainite Classification system uses the symbol
a,, for Widmanstitten ferrite, and notes the characteris-
tic lath-like or plate-like shape of this form of ferrite.
Widmanstitten ferrite is further described as “mostly
recovered”, perhaps to indicate the absence or minimal
presence of a dislocation substructure. The ITW system
appears to describe Widmanstdtten ferrite within the
category of regions of two or more parallel laths of fer-
rite of high aspect ratio, greater than 4: 1, and in general
assigns the term Ferrite with Aligned Second Phase,
FS(A), to these regions of microstructure. Specifically,
Widmanstétten ferrite side-plates would be identified as
FS(SP).

The mechanisms by which Widmanstitten ferrite
forms are still under discussion. There is general agree-
ment that WF forms at faster cooling rates and at the
next lower range of temperatures than equiaxed ferrite.
However, there are several explanations for the mech-
anisms by which Widmanstétten ferrite forms. Ohmori
and his coworkers** have characterized the surface relief
associated with isothermal Widmanstétten ferrite forma-
tion in an ultralow-carbon 3% Mn, 1% Cr steel, and
conclude that Widmanstitten ferrite nucleates via a dif-
fusional mechanism and grows via a displacive mech-
anism. On the other hand, Kinsman and Aaronson3¥
argue that the surface relief associated with Widman-
stétten ferrite formation can be produced by diffusional
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Fig. 10. Widmanstétten ferrite saw-teeth with low dislocation
densities and copper precipitates in a copper-
containing HSLA steel cooled at 0.1°C/s (from Ref.
27)). TEM micrograph.

ledge mechanisms of growth. In copper-containing low-
carbon steels, the present authors show that Widman-
stitten ferrite growth may be accompanied by precipita-
tion of copper particles at interfaces between Widman-
stitten ferrite crystals and austenite.?” Therefore, evi-
dence is provided not only for interstitial atom diffusion,
as required by ferrite formation, but also for substitu-
tional atom diffusion during the growth of Widman-
statten ferrite. Figure 10 shows a TEM micrograph of
Widmanstitten ferrite saw-teeth in a copper-containing
HSLA steel.?” Low dislocation densities and copper
precipitates are present in the WF, consistent with high
temperatures of transformation and diffusion-controlled
mechanisms of growth.

7. Quasi-polygonal or Massive Ferrite

In very-low-carbon steels and. irons, it is possible by
rapid cooling to go from single-phase austenite to single-
phase ferrite without a composition change. Cooling,
however, must be rapid enough to minimize partition-
ing in the intervening two-phase ferrite—austenite field.
Under these conditions, the microstructure formed con-
sists of relatively coarse ferrite grains, and therefore, is
referred to as massive ferrite. The ferrite grains, however,
have irregular grain boundaries and often show etching
evidence of substructure. Figure 11 shows an example of
massive ferrite in an ultralow-carbon steel containing
0.005% C and 3% Mn. This microstructure is also
termed quasi-polygonal ferrite, «,, in the ISIJ Bainite
Committee notation, and similar to polygonal ferrite,
crosses prior austenite grain boundaries.

As reviewed by Wilson,” the massive transformation
has been in the past a subject of extensive academic
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Fig. 11. Quasi-polygonal ferrite formed in ultralow-carbon

steel containing 0.005C and 3 Mn cooled at 50°C/s.
(Courtesy of C. C. Tseng, Colorado School of Mines)
Light micrograph.

investigation. Practical interest is now expressed because
continuously cooled low-carbon steels with quasi-polyg-
onal ferrite microstructures show the potential of ex-
cellent combinations of strength and ductility.*) Because
the parent austenite and product ferrite involved in a
massive transformation ideally have the same composi-
tion, the transformation can be accomplished by short-
range diffusion across transformation interfaces.*> How-
ever, interstitial or substitutional atom partitioning may
occur at the migrating interfaces,*® causing irregular
growth and the jagged boundaries of massive ferrite
crystals. In contrast to polygonal ferrite, massive ferrite,
as shown by transmission electron microscopy, contains
a high dislocation density, dislocation subboundaries,
and apparently even M/A constituent®*”*® Such a sub-
structure correlates with low yield-to-ultimate-strength
ratios and high strain-hardening rates of low-carbon
steels with quasi-polygonal microstructures.*®

8. Bainitic or Acicular Ferrite

With increasing cooling rates, the austenite of low-
carbon and ultralow-carbon steels transforms to much
finer ferrite crystals than described above. The most
commonly used terms for the resulting ferritic micro-
structures are bainitic ferrite, ag,2% and acicular ferrite,
AF 52427 The transformation temperatures for the for-
mation of these ferritic microstructures are clearly in
the intermediate temperature range, as shown in the
continuous-cooling-transformation diagrams of Figs. 5
and 6. Although the austenite decomposition is only to
ferrite, coexisting with retained austenite or M/A con-
stituent, the microstructural arrangement of acicular-
shaped ferrite crystals in groups of parallel laths is
included in the Ohmori et al. bainite classification as BI
bainite and in the Bramfitt and Speer bainite classifica-
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Acicular ferrite formed by isothermal transformation
of copper-containing HSLA-80 steel transformed for
5000s at 500°C. (Courtesy of M. Kumar, Colorado
School of Mines) Light micrograph.

tion as B,, acicular ferrite with interlath austenite. Thus
the literature describes the fine nonequiaxed ferritic inter-
mediate-temperature austenite transformation product
as both ferrite and bainite.

Figure 12 shows a light micrograph of acicular ferrite
formed in HSLA-80 steel isothermally transformed at
500°C for 5000s. The most prominent features of the
microstructure are the aligned, elongated, parallel islands
of retained austenite or M/A constituent within the prior
austenite grains, and the fact that the austenite grain
boundary structure is conserved, as emphasized by the
IS1J ferrite classification system. The matrix which con-
tains the elongated particles is featureless in the light
micrograph.

Complete characterization of bainitic or acicular ferrite
requires TEM, and many good examples of TEM char-
acterization have been published in the literature.42227
The TEM shows that the matrix structure consists of
many fine, elongated ferritic crystals with a high dis-
location density. In a given region, the ferrite crystals
are parallel and have almost the same crystallographic
orientation. As a result, the ferrite crystal boundaries are
low-angle and do not respond to etching, explaining the
apparent absence of matrix boundaries in light micro-
graphs. Austenite or M/A constituent is retained between
the ferrite laths, and therefore by default assumes the
elongated or acicular morphology observable in light
micrographs.

In weld metal of low-carbon content, acicular ferrite
is considered to consist of fine, elongated crystals of
aspect ratio less than 4:1.%4 However, in contrast to
sheet- and plate-steel microstructures, adjacent acicular
ferrite crystals are not parallel, a situation which results
from the nucleation of several ferrite crystal variants
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Fig. 13. Granular ferrite formed by continuous cooling of a
modified-A710 steel (composition in text) at a rate of
1°C/s. (Courtesy of B. Kloberdanz, Colorado School
of Mines) Light micrograph.

from oxide particles distributed throughout the weld
metal. As a result, the welding literature regards intra-
granular nucleation as a major characteristic of acicular
ferrite. Many questions regarding the mechanisms of nu-
cleation and growth of bainitic ferrite, continuing from
arguments regarding the importance of shear and dif-
fusion in the bainite literature, must yet be resolved.

9. Granular Ferrite or Granular Bainitic Ferrite

Granular bainitic ferrite, ag,2?) or granular ferrite,
GF,?? has many similarities to bainitic or acicular fer-
rite, but there appear to be morphological differences
which merit a separate category of austenite-to-ferrite
transformation. Microstructures consisting of granular
bainite also form in the intermediate austenite transfor-
mation range, as shown in the CCT diagrams, Figs. 5
and 6. Although acicular and granular ferrites form over
the same transformation temperature range, the cooling
rates which form granular ferrites appear to be some-
what slower than those which form acicular ferrites.

Figure 13 shows a light micrograph of granular ferrite
formed during continuous cooling of a modified-A710
steel (0.033C, 1.44Mn, 1.20Cu, 2.19Ni, 0.67Cr, and
-0.46 Mo) at a rate of 1°C/s. Similar to acicular ferrite
microstructures, the microstructure of granular ferrite
consists of dispersed retained austenite or M/A particles
in a featureless matrix which may retain the prior aus-
tenite grain boundary structure. However, in contrast
to the acicular ferrite microstructures, the dispersed
particles have a granular or equiaxed morphology. TEM
shows that the ferritic matrix consists of fine ferrite crys-
tals, containing high densities of dislocations, separated
by low-angle grain boundaries.?” As for acicular ferrite
microstructures, the low-angle boundaries explain the
insensitivity of the matrix ferrite crystals to etching for

© 1995 ISWJ

Fig. 14. Equiaxed island of retained austenite in granular
ferrite of modified-A710 steel cooled at 2.5°C/s (from
Ref. 27)). TEM micrograph; dark field illumination
with austenite diffraction beam.

light microscopy. The ferrite crystals have granular or
equiaxed shapes which cause enclosed retained austenite
or M/A regions, by default, to have the granular or
equiaxed shapes resolvable in light micrographs.

The nucleation and growth mechanisms of granular
ferrite have been explored much less than those of bain-
itic or acicular ferrite. Nevertheless, there is evidence that
the granular ferrite crystals grow by a diffusion-con-
trolled ledge mechanism. Figure 14 shows a TEM micro-
graph of a retained austenite island in a modified-A710
steel specimen transformed to granular ferrite.?” The
retained austenite crystal is roughly equiaxed in shape
and defined by ledge interfaces with the surrounding fer-
rite. Granular ferrite is the same microstructure referred
to as granular bainite by Habraken and Economopo-
lous.*> Bramfitt and Speer attempted to incorporate
it into their classification system by incorporating a
category of bainite consisting of acicular ferrite with
“discrete-island” constituent, but it is difficult to see how
secondary phases can assume equiaxed morphologies in
a matrix of acicular ferrite.

10. Summary

This paper has described the various ferrite micro-
structures which form by austenitic transformation in
low-carbon and ultralow-carbon steels and irons. Of
necessity it has reviewed pertinent literature regarding
bainite and ferrite transformation, microstructure, and
morphology, in addition to presenting evidence from the
authors’ investigations. The review is far from exhaus-
tive, and instead is directed to questions regarding fer-
rite formation in the context of the 1994 Tokyo con-
ference ‘“New Aspects of Microstructures in Modern
Low Carbon High Strength Steels”. Considerable new
information regarding the evolution of microstructure
and properties of continuously cooled low-carbon steels
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was presented at that conference, and the reader is
referred to the Abstract book and subsequent papers
from that conference for a wealth of new information.
It is clear that there are many scientific questions re-
garding the mechanisms by which the various ferritic
microstructures form*2:134%4 and some confusion re-
garding characterization and terminology of the various
microstructures. These questions will be addressed in
future research which, because of the Tokyo conference,
can now be more clearly defined.
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