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Mechanism of the Transition from Bainite

to Acicular Ferrite

S. S. Babu* and H. K. D. H. Bhadeshia*

The factors controlling the transition from a microstructure consisting of austenite grain boundary nucleated
sheaves of bainite, to one containing intragranularly nucleated plates of acicular ferrite are explored. The work confirms
that in weld metals containing inclusions, the transition from bainite to acicular ferrite can be stimulated by the prior for-
mation of a small amount of allotriomorphic ferrite along the austenite grain surfaces. For a successful transition, the
allotriomorphic ferrite has to be inert, i.e. unable to develop into Widmanstitten ferrite or bainite sheaves. Detailed ex-
periments are reported to verify that the allotriomorphic ferrite can be rendered inert by the build up of carbon in the
austenite ahead of the allotriomorphic ferrite/austenite boundary.
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I. Introduction

Acicular ferrite is a phase most commonly observed
due to the transformation of austenite during the cooling
of low-alloy steel arc-weld deposits (see for example,
Ref. (1)-(4)). It is also found in wrought steels which
have deliberately been inoculated with nonmetallic inclu-
sions®-®, Acicular ferrite is of considerable commercial
importance because it provides a relatively tough and
strong microstructure.

A lot of experimental data have provided convincing
evidence that acicular ferrite is essentially intragranularly
nucleated bainite®@®-12 Acicular ferrite does not nor-
mally grow in sheaves because the development of
sheaves is stifled by hard impingement between plates
nucleated independently at adjacent sites"?. Indeed,
conventional bainite or acicular ferrite can be obtained
under identical isothermal transformation conditions in
the same (inclusion rich) steel; to obtain bainite, the
austenite grain size has to be small in order that nuclea-
tion from grain surfaces dominates and subsequent
growth then swamps the interiors of the austenite
grains"?. For a larger austenite grain size, intragranular
nucleation on inclusions dominates, so that acicular
ferrite is obtained. Using the same reasoning, acicular
ferrite is not found when the number density of in-
tragranular nucleation sites is small’®. Some of the ex-
perimental results which confirm that acicular ferrite is
nothing but intragranularly nucleated bainite are sum-
marised schematically in Fig. 1. The transformation tem-
peratures are identical for all the cases illustrated, the
differences being that: (Fig. 1(a)) inclusion density chang-
ed for the same austenite grain size — the sample with the
smaller inclusion density transforms to bainite since the
relative number density of austenite grain boundary
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nucleation sites is larger'?; (Fig. 1(b)) an increase in the
austenite grain size at constant inclusion density
stimulates a transition from a predominantly bainitic to
an acicular ferrite microstructure"®; (Fig. 1(c)) the
growth of a layer of inert allotriomorphic ferrite at the
austenite grain surfaces causes a transition from bainite
to acicular ferrite®??.

II. Method and Experimental Techniques

To enable the acicular ferrite/bainite transition to be
studied easily, it is necessary that the steel used should
contain a substantial quantity of nonmetallic inclusions
of the type responsible for the nucleation of acicular fer-
rite. Consequently, steel samples were machined from a
manual metal arc weld, deposited in a way designed to
avoid significant dilution from the base material (i.e. an
all weld metal deposit to ISO 2560 joint geometry). The
weld was deposited using 4 mm diameter electrodes, 120
Amps current, 23 V DC+ potential, 250°C interpass tem-
perature and 4 mm s~! welding speed. The joint was
deposited on 20 mm thick mild steel base plate, with
some 30 runs necessary to complete the weld. The final
chemical composition is given in Table 1, determined

Table 1 Chemical composition (mass%) of the alloy used in this in-
vestigation. The nitrogen and oxygen concentrations are in parts per
million by mass.

C Si Mn Ni Mo Cr Al Ti O N

0.10 0.68 1.24 0.04 0.01 1.87 0.007 0.015 274 168

f Henceforth, active allotriomorphic ferrite is defined as that which
is able to develop into other transformation products such as
Widmanstatten ferrite or bainite at the transformation temperature
of interest. The allotriomorphic ferrite is said to be inert when the
local reduction in transformation temperature at the ferrite/ austenite
interface due to the partitioning of carbon prevents the development
of secondary Widmanstétten ferrite or bainite.
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FERRITE Fig. 1 Schematic illustration of some of the experiments

which indicate that acicular ferrite is nothing but in-
tragranularly nucleated bainite. The transformation tem-
peratures are identical for all samples, the differences be-
ing that: (a) inclusion density changed for the same
austenite grain size—the sample with the smaller inclusion
density transforms to bainite since the relative number den-
sity of austenite grain boundary nucleation sites is larger®;
(b) an increase in the austenite grain size at constant inclu-
sion density stimulates a transition from a predominantly
bainitic to an acicular ferrite microstructure. (c) The
growth of a layer of inert allotriomorphic ferrite at the
austenite grain surfaces causes a transition from bainite to
acicular ferrite.
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spectroscopically with the oxygen and nitrogen concentra-
tions being measured using LECO furnaces.

The samples machined from the weld, in the form of 3
mm diameter rods, were homogenised at 1200°C for 3
days, while sealed in quartz tubes containing pure argon.
The samples were then plated with a thin layer of nickel,
as described elsewhere’?, in order to minimise surface
effects. All subsequent heat-treatments were conducted
in a Theta Industries high-speed dilatometer with a
helium gas-quench facility. The austenitisation treatment
was carried out under helium in the dilatometer
chamber.

For optical microscopy, the samples were mechanically
polished and etched in 2% nital solution. The prior
austenite grain size generated by austenitising at 1150°C
for 10 min was found to be about 70 um (mean lineal
intercept).

Thin foils for transmission electron microscopy were
prepared from 0.3 mm thick discs cut from the heat-
treated rods. The discs were mechanically thinned to
about 70 um by abrasion on SiC coated grinding paper,
and then electropolished in a solution of 5% perchloric
acid, 25% glycerol and 70% ethyl alcohol, at a potential
of 65V (5°C). The thin foil samples were examined using
a Philips EM-400T transmission electron microscope
operated at 120 kV.

Details of the dilatometric technique have been de-
scribed previously!?; the interpretation of such data re-
quires a knowledge of lattice parameters and thermal ex-
pansivities of the phases involved. The lattice parameter
of ferrite was measured using X-ray diffraction (Debye-
Scherrer, Cu-K,, 45 kV). With a Nelson-Riley extrapola-
tion of the measured data, the accurate ferrite lattice
parameter was found to be 0.28739£0.00024 nm. For
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Fig. 2 Calculated time-temperature-transformation diagram for the
alloy studied. The thermodynamically calculated transformation tem-
peratures (°C) are Ms=427, By=7546, W;=680, Ae; =760 and Ae;=
828 representing the martensite-start, bainite-start, Widmanstatten
ferrite-start, paraequilibrium y/(y+ «) temperature and equilibrium
y/(y+a) temperature respectively. Paraequilibrium means that the
ferrite grows in such a way that the substitutional solute to iron
atom ratio is constant everywhere, whereas equilibrium allows all the
alloying elements to partition between the phases.

austenite, the lattice parameter can be estimated using
published data®®, The thermal expansion coefficients
of austenite and ferrite were measured dilatometrically to
be 1.9955% 10°£0.2% 1077 K 'and 1.3941 x 107°>+0.2 X
1077 K™! respectively.

III. Results and Discussion

1. Heat-treatment

Figure 2 illustrates the calculated"®-®® time-tempera-
ture-transformation (TTT) diagram for the alloy. If thin
layers of allotriomorphic ferrite (c) are to be utilised in
order to prevent austenite (y) grain boundary nucleated
reactions from stifling the development of intragranular-
ly nucleated acicular ferrite, then the allotriomorphic
ferrite itself must be inert. It is well known, however,
that Widmanstatten ferrite packets or bainite sheaves
arc often seen to grow from o/ interfaces, especially®
when the « has an orientation with the austenite which is
in the Bain region®”. In other circumstances, the ferrite
appears unable to develop into other transformation
products®®. A major purpose of this work was to investi-
gate whether it is the carbon diffusion field established
at a temperature 7, in front of the allotriomorphic
ferrite/austenite interface that sometimes prevents the
ferrite from developing into Widmanstatten ferrite or
bainite during subsequent transformation at a lower
temperature 7.

A series of experiments was designed to investigate the
role of the partitioned carbon (Fig. 3, Table 2); the de-
tailed choice of transformation temperatures for these
experiments is discussed later:

(a) Heat-treatment H1 involved a low allotriomor-
phic ferrite transformation temperature (7,), in order to
render it inert (a low T, corresponds to a large value of
x™, the carbon concentration in the austenite at the
austenite/ ferrite interface).

(b) As a control experiment, H2 was designed with a
high T,, such that the allotriomorphic ferrite would be
active on subsequent transformation at 7.

(¢) Any carbon build up at the «/y interface can in
principle be homogenised by annealing at a high tempera-
ture T,> T,. This could render initially inert allotriomor-
phic ferrite active. Heat-treatments H3 and H4 were
designed to test this idea.

(d) In heat-treatment HS5, the temperature 7, was
deliberately set to be larger than the bainite-start tempera-
ture of the alloy, in order to confirm that acicular ferrite,
which is supposed to be intragranularly nucleated
bainite, does not form.

The temperatures for the heat-treatments just de-
scribed were determined theoretically, by calculating the
Widmanstatten ferrite-start and bainite-start tempera-
tures for the austenite (of composition x?*) adjacent to
the allotriomorphic ferrite, as illustrated in Fig. 4. In Fig.
4, the horizontal axis represents the temperature at which
allotriomorphic ferrite grows, whereas the vertical axis
represents the Widmanstitten ferrite-start or bainite-
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Fig. 3 Schematic illustration of the heat-treatments used.

Table 2 Heat-treatment schedules. The samples were austenitised at
1150°C for 10 min prior to transformation at lower temperatures.
The temperatures (7°) are all stated in °C, and the corresponding
time periods (#) in minutes. The samples were all quenched after the
final isothermal reaction. 7, is the allotriomorphic ferrite growth
temperature, T, is an annealing temperature and 7, is a bainitic trans-
formation temperature.

T, L, T, f T, f
Hi 660 1.0 - - 501 5
H2 740 4.0 — — 500 60
H3 660 1.0 760 0.5 500 60
H4 660 1.0 750 1.0 500 60
H5 660 1.0 — — 600 i

start temperature of the austenite at the allotriomorphic
ferrite/austenite interface. The methods for thermo-
dynamic and transformation-start calculations have
been described elsewhere'®-19, 1t is clear from Fig. 4 that
for T,=660°C, the allotriomorphic ferrite is expected
to be inert when 7,=500°C. For the same value of
T,=500°C, allotriomorphic ferrite generated by transfor-
mation at 7,>720°C is expected to be active.

These calculations are valid for heat-treatments H1
and H2, which do not include any intermediate annealing
treatment at 7,. They assume therefore that any carbon
concentration built up in the austenite as the
allotriomorph grows, is retained as the sample is cooled
rapidly to Ty. On the other hand, samples H3 & H4 were
annealed at 7, immediately after the growth of
allotriomorphic ferrite and before heat-treatment at 7.
It is therefore necessary to model any change in the
carbon concentration profile ahead of the «/y interface
during the annealing treatment.

The distribution of carbon (x) in front of a ferrite
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Fig. 4 Calculations designed to predict whether the allotriomorphic
ferrite should be inert or active. (a) Variation of x’* as a function of
the temperature at which allotriomorphic ferrite grows. (b) The
horizontal axis represents the temperature at which allotriomor-
phic ferrite is induced to form. The vertical axis represents the
Widmanstétten ferrite-start or bainite-start temperature of the aus-
tenite at the allotriomorphic ferrite/austenite interface.

allotriomorph of half-thickness Z in the absence of soft-
impingement is given by®>®
1—erf {z/(4D1)**}
P =F+ (e —% e
X{Z } X (x x) 1—erf {Z/(4Qt)05}

where z is the distance in the austenite ahead of the inter-
face, and X is the average carbon concentration of the

)
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steel. D is the weighted average carbon diffusivity in
austenite®?:

1_)=S D{x} dx/(x—x") ¥))

where D is the concentration dependent diffusion co-
efficient of carbon in austenite, calculated as in (25)-(27).
Having calculated this carbon concentration profile
generated at 7,, a finite difference method described
elsewhere!'® was utilised to see how it homogenises dur-
ing heat-treatment at 7, (Fig. 5). The concentration at
the ferrite/austenite boundary after the annealing treat-
ment is therefore known, permitting the calculation of
Widmanstéitten ferrite-start and bainite-start tempera-
tures at that location. With the help of such calculations,
it was possible to demonstrate (Table 3) that heat-
treatments H3 and H4, both of which incorporate an in-
termediate anneal at T, should activate the ferrite which
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Fig. 5 Finite-difference modelling of the homogenisation of the car-
bon concentration profile generated during the growth of allotriomor-
phic ferrite. The figure shows variation of x”* as a function of time at
a given ageing temperature 7,. Notice that the ageing heat-treatment
at 500°C (the temperature at which bainite or acicular ferrite are
formed) hardly reduces the x’°, in comparison to heat-treatment at
760°C.

Table 3 The results of calculations designed to indicate whether the
allotriomorphic ferrite generated in heat-treatments H1-H4 should
be inert or active. x77 is the carbon concentration in the austenite at
the o/ y interface at the temperature T,. xJ* is the carbon concentra-
tion in the austenite at the «/y after heat-treatment at 7,. Since
T,=500°C, x,’-’: must be less than 0.011 mole fraction if the ferrite is
to be active during isothermal holding at T;. The microstructure ob-
served experimentally (within the austenite grains) is listed in the last
column. The concentrations are all in mole fractions, the tempera-
tures in °C and time in minutes.

T, t, x¥ T, t, xp Microstructure
H1 660 1.0 0.0274 501 5  0.0224 acicular
H2 740 4.0 0.0086 500 60 0.0079 bainite
H3 660 1.0 0.0274 760 0.5 0.0119 bainite
H4 660 1.0 0.0274 750 1.0 0.0092 bainite

would otherwise be inert. The ferrite half-thickness
values necessary for the calculations were measured
directly using optical microscopy at about 3.5 um. This
probably overestimates the thickness due to sectioning
errors. The calculations nevertheless demonstrated that
even with any overestimated thickness, the annealing
treatment is more than adequate in activating the ferrite.

Figure 6 shows the microstructure of a sample which
was quenched directly from the austenitisation temper-
ature to another temperature (500°C) below Bs. The
experiment confirms that in ordinary circumstances,
heterogeneous nucleation at the austenite grain surfaces
dominates the transformation behaviour, leading to a
fully bainitic microstructure rather than one containing
intragranularly nucleated bainite (i.e. acicular ferrite).
This is in complete contrast with the microstructure ob-
tained during heat-treatment H1 (Fig. 7), in which the
first transformation product to form is allotriomorphic
ferrite, which completely decorates the austenite grain
surfaces. Since this allotriomorphic ferrite is inert (Table
3), transformation at 7, leads to the formation of
acicular ferrite.

Figure 8 (heat-treatment H2) shows a case where the
allotriomorphic ferrite is ineffective. Because it formed at
a relatively higher temperature, x4 is small enough to
permit the ferrite to develop into bainite during transfor-
mation at Ty. There is clear evidence of the growth of
bainite sheaves from the allotriomorphic ferrite (which is
therefore classified to be active, Table 3); consistent with
theory, bainite is obtained instead of acicular ferrite.

Fig. 6 The bainitic microstructure generated during isothermal
transformation at 500°C for 60 min followed by quenching to
ambient temperature.
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Fig. 7 The microstructure generated by heat-treatment H1. The
allotriomorphic ferrite layer is inert, giving acicular ferrite in the
interiors of the austenite grains.

Experiments H3 and H4 both show bainitic microstruc-
tures (Fig. 9(a) and (b)), because in both cases, the anneal-
ing treatment at 7, leads to a reduction in the concen-
tration of carbon at the «/y interface, rendering the
allotriomorphic ferrite active.

Figure 10 confirms that acicular ferrite will not form if
T, is greater than the bainite-start temperature of the

alloy, even when the austenite grain boundaries are
covered with layers of inert allotriomorphic ferrite. Heat-
treatment H5 has a microstructure of just allotriomor-
phic ferrite and the martensite obtained on quenching to
ambient temperature.

2. Interpretation of dilatometric data

The dilatometric technique can be extremely useful in
studying transformations because it allows the transfor-
mation to be followed as it happens (Fig. 11). The three
typical examples presented in Fig. 11 illustrate direct
transformation to bainite, a two-stage heat-treatment
involving first the formation of allotriomorphic ferrite

Fig. 8 The microstructure generated by heat-treatment H2, in which the allotriomorphic ferrite is active, with bainite sheaves in
the middle of the austenite grains, (a) optical micrograph, (b) thin foil transmission electron micrograph of allotriomorphic
ferrite and bainite sheaf.



Mechanism of the Transition from Bainite to Acicular Ferrite 685

Fig. 9 The microstructures generated by heat-treatments H3 (a) and
H4 (b), where the allotriomorphic ferrite was activated by annealing
at 760 and 750°C, respectively. Bainite sheaves have formed as a con-
sequence.

and then acicular ferrite, and finally, a three-stage heat-
treatment in which the sample is annealed at an elevated
temperature after the growth of allotriomorphic ferrite.
It is particularly notable that in the latter case, no trans-
formation occurs during annealing at 7., although the
distribution of carbon must homogenise as discussed
earlier. This is because the paraequilibrium fraction of

Fig. 10 The microstructure generated by heat-treatment HS5, con-
sisting of allotriomorphic ferrite and martensite, since isothermal
holding at a temperature above B did not cause any transformation.

ferrite at T, is approximately that which was induced to
form at 7.

Figure 12(a) illustrates the length change observed dur-
ing isothermal transformation at 660°C; the incubation
time prior to the onset of substantial reaction is about 10
s, which is consistent with the calculated TTT diagram
presented in Fig. 2. Figure 12(b) shows how the isother-
mal transformation at temperatures below Bs (500°C)
ceases, (Bs temperature, for average composition deter-
mined using the method presented elsewhere!'9-(9, is
546°C) so that the carbon concentration of the residual
austenite at that stage can be compared against the 77
curve (discussed later) in order to deduce the mechanism
of transformation.

The dilatometric data can be interpreted further, since
the length changes can be converted into the volume frac-
tion of transformation using the lattice parameter and
thermal expansivity measurements presented earlier!.
The volume fraction data can in turn be combined with a
conservation of mass criterion to estimate the carbon con-
centration of the residual austenite at any stage of reac-
tion. It is interesting to see that for heat-treatments H1
and H4, the formation of acicular ferrite and bainite (re-
spectively) ceases as the carbon concentration of the
residual austenite reaches the T curve of the phase
diagram (Fig. 13). This curve defines the locus of all
points on the phase diagram at which austenite and strain-
ed-ferrite of the same composition have the same free
energy (see for example, (4)). If that carbon concentra-
tion is exceeded, then transformation cannot proceed
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Fig. 11 Dilatometric data: (a) direct transformation below the bainite-start temperature; (b) two-stage heat-treatment in which
the initial transformation to allotriomorphic ferrite is followed by further transformation below Bs; (c) as in (b), but with
an elevated temperature anneal imposed between the allotriomorphic and bainitic transformation to homogenise carbon in
the residual austenite.
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12 (a) Dilatometric data showing that substantial transformation begins after about 10 s at 660°C, consistent with the

calculated TTT diagram of Fig. 2. (b) Illustration of the fact that isothermal transformation at 500°C within the bainite
transformation temperature range leads to a fairly rapid cessation of reaction, permitting the carbon concentration of
residual austenite at that stage to be compared against the 7} phase boundary.

without the partitioning of carbon. Bainite® and acicular
ferrite®? are both known to stop growing when the 73
curve is reached, indicating the existence of an in-
complete reaction phenomenon which can be interpreted
to indicate that bainite and acicular ferrite grow without
diffusion, any partitioning of carbon occurring after the
growth event. These results are therefore significant in
two respects; firstly, acicular ferrite is once again confirm-
ed to have the same mechanism of transformation as
bainite. The second point is that the enrichment of
austenite caused by the initial partial transformation to

allotriomorphic ferrite also contributes to an early cessa-
tion of transformation to bainite or acicular ferrite.

IV. Conclusions

The formation of acicular ferrite in steels containing in-
tragranular nucleation sites can be enhanced by reducing
the number density of austenite grain boundary nuclea-
tion sites. This can be done by decorating the austenite
grain surfaces with thin layers allotriomorphic ferrite.
The ferrite must however, be inert in the sense that it
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Fig. 13 The carbon concentrations of the austenite that is left un-
transformed after the cessation of the acicular ferrite or bainitic
transformation (in a mixed microstructure which also contains some
allotriomorphic ferrite), plotted together with calculated phase bound-
aries. The transformations clearly cease well before the austenite
reaches its paraequilibrium or equilibrium composition.

should not develop at lower transformation temperatures
into secondary Widmanstitten ferrite or bainite. It can
be rendered inert by the partitioning of carbon into the
austenite at the ferrite/austenite interface, as long as the
local concentration is large enough to depress the local
Widmanstatten ferrite-start or bainite-start temperature
below the actual heat-treatment temperature. Finally, the
results are all consistent with the hypothesis that acicular
ferrite is nothing but intragranularly nucleated bainite.
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