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The influence of time and isothermal transformation temperature on the morphology of acicular ferrite
in a medium-carbon microalloyed steel has been studied using optical and transmission electron
microscopy (TEM). This study has been carried out with the analysis of the microstructures obtained
with one- and two-stage isothermal treatments at 400 8C and 450 8C, following austenitization at
1250 8C. The heat treatments were interrupted at different times to observe the evolution of the
microstructure at each temperature. The results show that a decrease in the isothermal transformation
temperature gives rise to the development of sheaves of parallel ferrite plates, similar to bainitic
sheaves, but intragranularly nucleated. These replace the face-to-edge nucleation that dominates the
transformation at higher temperatures. The TEM observations reveal that the plates correspond to
upper acicular ferrite and the sheaves to lower acicular ferrite. In this last case, cementite precipitates
are present at the ferrite unit interiors and between the different platelets.

I. INTRODUCTION this study, this difficulty is avoided thanks to the nature,
crystallography, and spatial configuration of the nucleatingACICULAR ferrite and bainite are considered to be
inclusions, as has been previously reported.[26,27,28] As informed by the same transformation mechanism.[1–4] Both
the case of the acicular ferrite developed in low-carbonmicrostructures develop in the same range of temperatures:
steels,[29,30] the fine-grained microstructure obtained in thesebelow the high temperatures where allotriomorphic ferrite
medium-carbon steels also ensures a good combination ofor pearlite form, but above the martensite-start temperature.
mechanical properties.[24,25,31–33]

In bainite, the ferrite initiates at the austenite grain bound-
In the present article, the influence of the time and temper-aries, forming sheaves of parallel plates with the same crys-

ature of the isothermal treatment on the morphology of thetallographic orientation, whereas acicular ferrite is nucleated
acicular ferrite formed in a medium-carbon steel has beenintragranularly at nonmetallic inclusions.[5,6] The process of
investigated. The investigation has been focused on thenucleation on the inclusions, together with the autocatalytic
development of the microstructure once the nucleation eventnucleation,[7] leads to a chaotic arrangement of plates and
has taken place. The work includes the study of the differentthe fine-grained interlocking microstructure characteristic of
transformation products obtained during the isothermalacicular ferrite.[7,8]

transformation of the austenite. The fine details of the variousMost of the work on acicular ferrite has been carried out
microstructures produced have been resolved using transmis-on welds.[9–12] The high density of inclusions present in steel
sion electron microscopy (TEM) and scanning electronweld deposits ensures a high density of nucleation sites,
microscopy.which favors the development of an acicular ferrite micro-

structure instead of a bainitic one. Several authors have
focused on the study of acicular ferrite nucleation at inclu-
sions,[13–16] and a variety of mechanisms have been proposed II. EXPERIMENTAL PROCEDURE
to explain the nucleation event, as reported elsewhere.[1,2,8]

The chemical composition of the commercial steel usedSome inclusions have been identified to favor the nucleation
in the present work is presented in Table I. Isothermal treat-of the acicular ferrite and have been used to inoculate steel
ments were conducted in cubic samples with 10-mm-longand produce this type of microstructure in the base material
sides, which were austenitized at 1250 8C in an inert argonand not only in the weld pool.[17–23]

atmosphere, followed by direct quenching in a salt bath atAcicular ferrite has also been developed in a medium-
400 8C and 450 8C for different times (between 10 secondscarbon forging steel[24–28] or a low-carbon steel[29] following
and 20 minutes) before a final water quenching.a conventional processing route. The lower density of inclu-

To analyze the transformation in the bulk, avoiding surfacesions, as compared to that of weldments, would be expected
effects such as oxidation and decarburization, samples wereto cause an increase of the volume fraction of bainite, at the
sectioned into two pieces, which were mechanically polishedexpense of acicular ferrite. However, in the steel used in
and etched in 2 pct nital for optical metallography.

Thin-foil preparation for TEM observation was carried
out on the samples treated for 10 seconds at 450 8C and forI. MADARIAGA, Researcher, is with ITP, Parque Tecnologico de
20 seconds at 400 8C. The thin foils were prepared afterZamudio, 48170 Vizcaya, Spain. I. GUTIERREZ, Principal Researcher,

Materials Department, and Head, Thermomechanical Treatments Group, is slicing rods of 3 mm in diameter into discs which were
with CEIT and the University of Navarra (ESI), 20018 San Sebastian, thinned to 80 to 100 mm by mechanical polishing and electro-
Basque Country, Spain. H.K.D.H. BHADESHIA, Professor, is with the polished using 5 pct perchloric acid, 25 pct glycerol, andDepartment of Materials Science and Metallurgy, University of Cambridge,

70 pct ethanol solution. The polishing potential was 20 VCambridge CB2 3QZ, United Kingdom.
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Table I. Chemical Composition of Microalloyed Steel (Weight Percent)

C Mn Si P S Cr Mo V Cu Al Ti N

0.37 1.45 0.56 0.01 0.043 0.04 0.025 0.11 0.14 0.024 0.015 0.0162

out in a PHILIPS* CM12 electron microscope operating at

*PHILIPS is a trademark of Philips Electronic Instruments Corp., Mah-
wah, NJ.

100 kV and equipped with an EDAX 9190 energy-dispersive
spectrometer (EDS).

The amount of retained austenite at room temperature was
measured by X-ray diffraction, using standard tech-
niques,[34,35] with a PHILIPS IPW1825/00 diffractometer
controlled by an APD1700 data treatment system and using
a computer program, according to the method proposed by
Maeder et al.[36] The errors in retained-austenite measure-
ments were estimated to be ,10 pct of the absolute value,
in all cases.

III. RESULTS

The microstructures obtained after 20 minutes of isother-
mal treatment at 450 8C and 400 8C can be seen in the
micrographs of Figures 1(a) and (b), respectively. In both
cases, the austenite has transformed to acicular ferrite, giving
rise to the characteristic interlocking microstructure. How-
ever, in spite of the clearly acicular morphology, there are
slight differences between the two samples. These differ-
ences are better appreciated when the earlier stages of the
transformation are studied.

The microstructures developed after 10 and 20 seconds
at 450 8C are shown in Figures 2(a) and (b), respectively,
while the results obtained with the treatments carried out
for 10 and 30 seconds at 400 8C are presented in Figures
2(c) and (d), respectively. Comparing the micrographs cor-
responding to 10 seconds of isothermal treatment at 450 8C
and 400 8C, it can be seen that at the initial stages, the
transformation proceeds identically in both cases. The nucle-
ation of the first acicular ferrite units takes place intragranu-
larly at nonmetallic inclusions present in the austenite. The Fig. 1—Microstructures obtained after 20 min of isothermal treatment: (a)

450 8C and (b) 400 8C.transformation kinetics are faster at 450 8C than at 400 8C.
The main differences at the early stages are that there is a
decrease in the number density of plates and a reduction of
their aspect ratio, for the lowest treatment temperature. previously mentioned isothermal transformation tempera-

tures, can be seen in Figure 5. It is clear from the shape ofDifferences in the microstructure obtained at the two tem-
peratures become pronounced as the transformation pro- the curves that the isothermal transformation at 450 8C and

400 8C involves two steps. For short holdings, the amount ofgressed beyond 10 seconds, i.e., after the initiation of the
first generation of plates from inclusion nucleation sites. retained austenite increases with time, reaching a maximum,

after which the volume fraction of austenite undergoes aFigures 2(c) and (d) show that whereas at 400 8C the second
generation of plates developed in a parallel sheaf formation, rapid decrease toward zero. The time to reach the peak and

the magnitude of it depend on the transformation tempera-transformation at 450 8C progressed with the stimulation of
nonparallel plates. This is evident also from the transmission ture. For 450 8C, a maximum volume fraction of retained

austenite (10 pct) is observed after 1 minute of isothermalelectron micrographs presented in Figure 3. However, as
can be seen in Figure 4, even if the differences in morphology holding, whereas for 400 8C, the peak is at 20 seconds and

the volume fraction for this treatment is 5 pct.of the acicular ferrite become more apparent as the transfor-
mation progresses, they are also present from the early For the treatments carried out at 400 8C, carbides have

been observed by TEM to form after relatively short treat-stages.
The volume fraction of retained austenite, measured in ment times, as can be seen in Figures 6 and 7. The interpreta-

tion of the diffraction patterns has revealed that thesethe samples after quenching to room temperature from the
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Fig. 2—Time evolution of the microstructures obtained with isothermal treatments: (a) 10 s at 450 8C, (b) 20 s at 450 8C, (c) 10 s at 400 8C, and (d ) 30
s at 400 8C.

carbides are cementite. This same observation technique was orientation. For the isothermal treatments carried out at
450 8C, in general, no carbides were observed to form withinused to investigate the orientations of different ferrite units

belonging to a given sheaf. As can be seen in Figure 8, the ferrite plates. They only were produced in the interplate
regions for treatment times beyond 1 minute.the different parallel units have the same crystallographic
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acicular ferrite is clearly apparent, and the final microstruc-
ture could be incorrectly identified as being bainitic, without
the pictures for the early stages of transformation. It is
observed that the nucleation of the primary plates takes
place intragranularly on the same second-phase particles, as
reported before, and not at grain boundaries, as would be
the case for bainite. In the treatments carried out at 400 8C,
a clear tendency to form sheaves is observed, and the final
microstructure is composed of packets of plates following
the same growth direction, as is shown in Figure 3(b).

The growth of both bainite and acicular ferrite causes an
invariant plane-strain shape deformation, which gives rise
to a stress field in the adjacent austenite.[37] The field is such
that an identical variant is stimulated in the vicinity of the
tip of the original plate, whereas an accommodating variant
is favored on the face of the original plate.

There is a unique relationship between the shape deforma-
tion, orientation relationship, and habit plane. This means
that it is not possible (in the absence of degenerancies) to
have two plates with an identical habit plane but different
shape deformation. It follows that plates nucleated on the
face of a substrate plate must have a different habit plane
and orientation, leading to a chaotic microstructure. By con-
trast, a plate nucleating at the tip of the substrate plate
must be an identical variant with the same habit plane and
orientation, giving rise to a sheaf microstructure.

It remains to be discovered why, in the context of autocata-
lytic nucleation, face nucleation is favored at 450 8C while
tip nucleation occurs at 400 8C.

It has been reported that a sheaf morphology is not usually
observed in acicular ferrite microstructures, due to the effect
of hard impingement taking place between plates nucleated
independently at adjacent sites.[38] The microstructural
observations carried out in the present work reveal that from
the early stages of the transformation, significant differences
in the morphology of the acicular ferrite can be distinguished,
as is clearly illustrated by the micrographs in Figure 4. At
450 8C, single plates form at second-phase particles, while
at 400 8C, different parallel platelets are formed with residual
phases between them. Impingement does not seem to play
an important role, at this stage, in the formation of either
type of morphology.Fig. 3—TEM image of the beginning of the transformation at 450 8C and

400 8C: (a) 10 s at 450 8C and (b) 20 s at 400 8C. Additionally, in Figure 9(a), different individual plates
formed after 10 seconds of treatment at 450 8C can be
observed. Growth of these plates is not limited by impinge-
ment, and it is clearly apparent that the tendency to form

IV. DISCUSSION subunits is very reduced. Only very few incipient irregulari-
ties, such as the ones indicated by the arrows on the micro-All the isothermal heat treatments carried out on the pres-
graph, broke the regularity of the plate/austenite interfaces.ent steel, after austenitization, led to the intragranular nucle-
This clearly indicates that impingement is not the mechanismation of acicular ferrite. The first ferrite plates have been
responsible for the transition between both types ofobserved to nucleate on sulfide particles formed by a MnS
microstructures.core and a shell of CuS. This seems to play an important

It is to be mentioned, however, that longer treatment timesrole in favoring the nucleation of acicular ferrite, as dis-
at 450 8C, leading to the formation of greater acicular ferritecussed elsewhere.[27,28]

volume fractions, tend to increase the irregularity of theHowever, two different microstructural morphologies are
ferrite/austenite interface, as can be seen in Figure 9(b). Thisproduced, depending on the isothermal treatment tempera-
seems to indicate that, after the formation of the plates atture. At high temperatures, the secondary plates nucleated
450 8C, some additional growth of the plates still remainsat the interface between the primary ones and austenite are
possible, which produces these irregularities in the ferrite/inclined at a high angle with respect to the substrate unit.
austenite interface.This produces the typical acicular ferrite interlocked micro-

The growth of the acicular ferrite plates probably takesstructure, as shown in Figure 3(a). At lower treatment tem-
peratures, a significant change in the morphology of the place, as in the case of bainite, without carbon diffusion.
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Fig. 4—Acicular ferrite units nucleated at second-phase particles: (a) sheaf morphology produced at 400 8C and (b) plate morphology produced at 450 8C.

The excess carbon in ferrite is probably rejected into the but now probably in a locally carbon-enriched austenite.
The perturbations could be due to differences in the carbonaustenite soon after. Part of the carbon-enriched austenite

(,10 pct) remains stable on quenching to room temperature, distribution in front of the interface, as the diffusion field
in austenite is expected to be heterogeneous.as can be seen in Figure 5. For longer treatment times, the

transformation of this austenite to ferrite plus carbides causes In spite of these perturbations, the morphology of the
acicular ferrite is significantly different from that developeda decrease of the volume fraction of this phase that is present

at room temperature.[39,40] It is to be noted that the appearance at 400 8C, for the same interval of treatment times, as can
be seen in Figure 10.of the perturbations on the ferrite/austenite interface,

observed when passing from 10 to 20 seconds of treatment Autocatalytic formation of plates not associated directly
with particles contributes significantly to the progress of theat 450 8C, occurs within the range of austenite carbon enrich-

ment, in agreement with the results in Figure 5. These pertur- transformation. It is clear that at 450 8C the secondary plates,
nucleated on the face of the substrate plate, grow as individ-bations probably indicate that the growth of each individual

plate proceeds, after nucleation, by the fast growth of a ual plates. At 400 8C, there is a tendency to form sheaves
both for the primary units nucleated on particles and thesupersaturated ferrite plate. Soon after, the ferrite plate decar-

burizes, but, given that impingement is low at this stage, secondary ones formed autocatalytically. At 400 8C, autoca-
talysis also produces nucleation of secondary units at a highthe plate can to some extent continue growing as before,
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by Pitsch.[43] If, at the same time, the austenite is related
to the ferrite with the following variant of the Kurdjumov–
Sachs[44] orientation relationship:

(110)a , (111)g [111]a , [011]g

the orientation relationships between ferrite and cementite
(via austenite) can be easily deduced with matrix calcula-
tions,[45] leading to the following expressions:

73.5 deg between (100)cem and (110)a

17.4 deg between (011)cem and (110)a

which agree with the orientations found in the diffraction
pattern. This result suggests that carbide precipitation from
the carbon-enriched austenite between the ferrite platelets

Fig. 5—Retained austenite content as a function of the isothermal treatment also takes place during the isothermal treatment at 400 8C.
time and temperature. The presence of carbide within the ferrite subunits and

between them indicates that the obtained microstructures at
400 8C, in the present steel, correspond to lower acicular
ferrite. On reducing the transformation temperature, likeangle to the primary ones, as can be seen in Figure 11.

However, even in this case, the progress of the transforma- in the case of bainite formation, the time required for the
decarburization of the ferrite becomes higher than that fortion leads to the formation of ferrite sheaves growing now

from the primary sheaf/austenite interface. the precipitation of cementite, which takes place from super-
saturated ferrite. However, the presence of retained austeniteThe TEM work has revealed that, in most cases, the

ferrite units belonging to the same sheaf have the same at room temperature, for a range of treatment times, as shown
in Figure 5, indicates that some carbon enrichment of thiscrystallographic orientation (Figure 8). The apparent units

are connected, forming one unique ferrite crystal without phase also takes place during transformation, in agreement
with what has been reported for lower bainite.[40,41] Thisa grain or subgrain boundary between them. This could

indicate that branching of the original ferrite plate has carbon is mainly concentrated between the ferrite subunits
until it precipitates, leading to the formation of cementiteprobably been responsible for the sheaf formation and that

this, at least in the present case, is more a question of from austenite. This explains the orientation relationship
based on the Pitsch relation found between some cementitegrowth than one of nucleation of different self-accommo-

dating units slightly misoriented. One additional and funda- particles and ferrite. The precipitation of cementite from
supersaturated austenite explains the observed decrease ofmental point observed by TEM is the presence of carbides

associated with the ferrite plates. These can clearly be the volume fraction of g retained at room temperature, as
the treatment time increases.observed in Figure 6. The carbides, identified by diffraction

patterns as cementite, are elongated, and most of them form At 450 8C, the partitioning of carbon from ferrite to austen-
ite is high enough to produce a carbide-free acicular ferritean angle of about 50 deg to the ferrite/austenite interface.

The configuration exhibited is the typical one described of the upper type. The results in Figure 5 agree with the
mentioned partitioning being higher at 450 8C than at 400 8C.previously for lower bainite.[41] Diffraction patterns have

been used to investigate the crystallographic orientation According to the present results, the development of
sheaves is associated with the lower acicular ferrite, whilebetween cementite and ferrite. The diffraction pattern in

Figure 6 shows two sets of spots, one of them belonging the formation of plates at higher transformation temperatures
relates to upper acicular ferrite formation.to ferrite and the other one to cementite. The interpretation

of these patterns allows one to deduce a clear orientation The microstructure produced by the isothermal treatments
in this steel is mainly acicular ferrite, as pointed out before.relationship between both phases of the type proposed by

Bagaryatskii,[42] as can be seen in the corresponding stereo- However, it still possible to find, in certain localized places,
bainite formed on grain boundaries, as shown in Figure 12.graphic projection in the same figure. This clearly indicates

that the precipitation of the cementite has taken place from It can be seen, in Figure 12(a), that the bainite formed at
450 8C is composed of a set of different ferrite plates growingthe ferrite, as in the case of lower bainite.[41] However, not

all the diffraction patterns agree with the same type of from the grain boundaries and presenting regular interfaces
with the parent austenite. As the treatment time increases,orientation relationship. The pattern in Figure 7 shows

again two sets of spots, one corresponding to ferrite and at this same temperature, these interfaces become less regular
(Figure 12(b)). This behavior is similar to that exhibited bythe other one to cementite. The Bagaryatskii orientation

relationship would require the parallelism between the the acicular ferrite formed at this same temperature. At
400 8C, the different subunits constituting the lower bainite(100)cem plane of the cementite and one of the {011}a

family of the ferrite. However, as can be seen in the figure, have more irregular interfaces. Carbides are present at the
interiors, and some branching leading to different plateletsthe angle existing between the planes (100)cem and {110}a

is 74 deg, which is not compatible with any variant of is observed. According to this, it can be said that the different
morphologies observed in acicular ferrite relate to thosethe orientation relationship between ferrite and cementite

proposed by Bagaryatskii. On the contrary, cementite can present in the bainite formed for the same steel and treatment
conditions. The main difference may arise from the nucle-be assumed to form from austenite following an orientation

relationship with the parent phase of the type established ation sites. In the case of bainite, repeated nucleation takes
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Fig. 6—Detail of the acicular ferrite microstructure obtained after 20 min of isothermal treatment at 400 8C. Diffraction pattern with spots corresponding
to ferrite and cementite and stereographic projection showing the orientation relationship between both phases.

place at grain boundaries. This is not possible on particles, nucleation of units. This can explain the observed transition
from a plate to sheaf morphology, as the transformationonce the surface of the particle has been covered with ferrite.

This explains the formation of individual plates. As the temperature decreases.
Probably the carbon-enrichment profile, which is expectedtransformation temperature decreases, the branching ten-

dency of the lower bainite leads to the formation of sheaves to build up in austenite close to the interface of the primary
plates, could play the most important role in determiningfrom the primary ferrite plate, without the need for repeated
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Fig. 7—Carbide precipitation in the microstructure obtained after 20 min of isothermal treatment at 400 8C. Diffraction pattern with spots corresponding
to ferrite and cementite.

how the next units will form in acicular ferrite. For high parallel to the primary plate, leaving a thin layer of carbon-
enriched austenite (Figure 3(b)) between the different sub-temperatures, carbon would be able to diffuse away from

the interface in short times, and new units would have the units. Afterward, these regions of austenite lead to the precip-
itation of cementite between the ferrite platelets.opportunity to nucleate on the primary plate faces, producing

new ferrite variants. As the transformation temperature
decreases, the carbon profile would become sharper in the

V. CONCLUSIONSaustenite close to the interface. As a consequence, the stabil-
ity of this phase would increase locally, and nucleation on
the faces of the primary plates would be inhibited. However, 1. In the present steel, acicular ferrite microstructures have
the carbon-concentration profile in the austenite close to the been produced by isothermal treatments and exhibit two
tips of the primary plates is expected to be lower than at different morphologies: individual plates and sheaf for-
the faces. This would lead to the progress of the transforma- mation in the upper- and lower-temperature range.
tion, with the formation of new subunits presenting the same 2. Plates are associated with upper acicular ferrite and
orientation relationship as the previous one. There may be sheaves correspond to lower acicular ferrite. In this last
two reasons for the formation of parallel units at low temper- case, cementite precipitates are present at the ferrite unit
atures: the lower stability of the austenite close to the tip of interiors and between the different platelets.
the ferrite plate; and the strain field produced by the invariant 3. The autocatalytic formation of new plates is expected to
plane-strain shape transformation, which favors the forma- depend strongly on the carbon profile of the parent austen-
tion of the same variant as that of the primary plate at ite in front of the interface with the primary plates. This
these sites. profile would become sharper as the transformation tem-

perature decreases and the diffusion in austenite, of theFurther growth of these subunits seems to be possible
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Fig. 8—TEM image of an intragranularly nucleated sheaf of two parallel ferrite plates. Diffraction patterns of both platelets showing the same cryst allographic
orientation for them.
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