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Abstract

It is possible to create bainite in the form of long, slender crystals of ferrite whose scale
compares with that of carbon nanotubes. These crystals are about 200A in thickness and
are generated by the partial transformation of austenite. The result is an extraordinary
combination of strength and toughness; the bainite has the highest hardness and lowest
transformation temperature ever reported. The mechanism of transformation is such that a
stable carbon concentration which is many orders of magnitude greater than its equilibrium
solubility, is retained in the ferrite in spite of aggressive tempering heat—treatments. All
this can be achieved in bulk steel and without the use of expensive solutes, deformation or
rapid thermal treatments. The science associated with this bainite is described, together
with a series of characterisation experiments ranging from atoms to the behaviour of large
components in violent deformation.

Introduction

The choreography of atoms during the course of the bainite transformation has major con-
sequences on the development of structure at a variety of scales. In particular, the scale and
extent of the structure is dependent directly on the fact that the atoms move in a disciplined
fashion. This information can be exploited to develop unconventional alloys — for example,
rail steels which do not rely on carbides for their properties, and the hardest ever bainite
which can be manufactured in bulk form, without the need for rapid heat treatment or me-
chanical processing [1, 2, 3, 4, 5, 6, 7]. The purpose of this paper is to describe the current
understanding of this novel hard bainite in terms of atomic mechanisms, thermodynamics
and structure—property relationships.

The Limiting Transformation Temperature

What is the minimum temperature at which bainite can form? To answer this question
requires a knowledge of the aomic mechanisms of nucleation and growth. However, any



calculation about bainite cannot be considered in isolation; for example, one limitation is that
martensitic transformation must be avoided. We begin this discussion with a consideration
of nucleation and then set out the general conditions rationalising the variety of solid—
state transformations that occur in steels and which lead to an invariant—plane strain shape
deformation with a large shear component. The discussion will rely on certain free energy
changes which are explained first for clarity. This is followed by a brief explanation of
how the displacive transformations in steels fit together in terms of nucleation and growth
phenomena.

Thermodynamics

There is a significant change in the chemical composition of the austenite when it decomposes
into the equilibrium mixture of ferrite and austenite. A ferrite nucleus on the other hand
has such a small volume that it hardly affects the composition of the remaining austenite.
The calculation of the free energy change associated with nucleation must therefore take
into account that only a minute quantity of ferrite is formed. The free energy change for the
formation of a mole of ferrite nuclei of composition z® is given by AGj3, Fig. 1a [8, 9].
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Figure 1: Free energy diagrams illustrating (a) the chemical free energy changes during the
nucleation and (b) the growth of bainitic—ferrite from austenite of composition Z.

The greatest reduction in free energy during nucleation is obtained if the composition of
the ferrite nucleus is set to a value x,,, given by a tangent to the ferrite free energy curve
which is parallel to the tangent to the austenite free energy curve at T, as shown in Fig. 1a.
This maximum possible free energy change for nucleation is designated AG,,.

There is simplification when the transformation occurs without composition change (Fig. 1b).
The change AG"* is the vertical distance between the austenite and ferrite free energy curves
at the composition of interest.

We shall henceforth use AG,, for the case where nucleation occurs by a paraequilibrium
mechanism and AGY for cases where there is no change in composition on transformation.



Transformation—Start Temperature

It is a common observation that the Widmanstétten ferrite—start (Wsg) and bainite—start
(Bs) temperatures are more sensitive to the steel composition than is the Aes equilibrium—
temperature where the austenite first transforms to ferrite on cooling at an infinitely slow
rate. This indicates that the influence of solutes on the nucleation of Widmanstatten ferrite
and bainite is more than just thermodynamic, Fig. 2.
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Figure 2: (a) The variation of the Widmanstétten ferrite—start and bainite-start tempera-
tures as a function of the Aes temperature of the steel concerned [10]. (b) Schematic TTT
diagram illustrating the two C-curves and the T} temperature.

Some clues to this behaviour come from studies of time-temperature-transformation
diagrams, which consist essentially of two C-curves. The lower C—curve has a characteristic
flat top at a temperature T}, which is the highest temperature at which ferrite can form by
displacive transformation, Fig. 2. The transformation product at T}, may be Widmanstatten
ferrite or bainite.

The driving force AG,, available for nucleation at T}, is plotted in Fig. 3a, where each
point comes from a different steel. The transformation product at 7, can be Widmanstatten
ferrite or bainite, but it is found that there is no need to distinguish between these phases
for the purposes of nucleation. The same nucleus can develop into either phase depending on
the prevailing thermodynamic conditions. The analysis proves that carbon must partition
during the nucleation stage to provide the free energy required for nucleation. The situation
illustrated in Fig. 3b is not viable since diffusionless nucleation would in some cases lead to
an increase in the free energy.

The plots in Fig. 3 are generated using data from diverse steels. Fig. 3a represents the
free energy change AG,, at the temperature T, where displacive transformation first occurs.
The free energy change can be calculated from readily available thermodynamic data. It
follows that Fig. 3a can be used to estimate T}, for any steel. The equation fitted to the data
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Figure 3: The free energy change necessary in order to obtain a detectable degree of trans-
formation. Each point represents a different steel and there is no distinction made between
Widmanstétten ferrite or bainite. (a) Calculated assuming the partitioning of carbon during
nucleation. (b) Calculated assuming that there is no change in composition during nucle-
ation. After Bhadeshia [8, 9].

in Fig. 3ais [8, 9, 11]:
Gy =C (T —27318)—Cy  Jmol™* (1)

where C] and Cs are fitting constants for the illustrated temperature range. The linear
relation between Gy and T is termed a universal nucleation function, because it defines the
minimum driving force necessary to achieve a perceptible nucleation rate for Widmanstatten
ferrite or bainite in any steel.

Evolution of the Nucleus

The nucleus is identical for Widmanstatten ferrite and for bainite; the transformations are
distinguished by their growth mechanisms. But what determines whether the nucleus evolves
into bainite or Widmanstatten ferrite?

The answer is straightforward. If diffusionless growth cannot be sustained at T} then
the nucleus develops into Widmanstétten ferrite so that 7}, is identified with Wgs. A larger
undercooling is necessary before bainite can be stimulated. If, however, the driving force at
T}, is sufficient to account for diffusionless growth, then T), = Bs and Widmanstétten ferrite
does not form at all.

It follows that Widmanstéatten ferrite forms below the Aes temperature when:

AG™7 <« —Ggy  and  AG,, <Gy (2)



where Gy is the stored energy of Widmanstitten ferrite (about 50 Jmol ™). AGY™7*¢ is
the free energy change associated with the paraequilibrium growth of Widmanstéatten ferrite
[12]. The first of these conditions ensures that the chemical free energy change exceeds
the stored energy of the Widmanstatten ferrite, and the second that there is a detectable
nucleation rate.

Bainite is expected below the T{) temperature when:
AGT < _GSB and AGm < GN (3)

where G5 is the stored energy of bainite (about 400 Jmol™!). The universal function, when
used with these conditions, allows the calculation of the Widmanstéitten ferrite-start and
bainite—start temperatures from a knowledge of thermodynamics alone.

In this scheme, carbon is partitioned during nucleation but in the case of bainite, not
during growth which is diffusionless. There is no inconsistency in this concept since a greater
fraction of the free energy becomes available as the particle surface to volume ratio, and hence
the influence of interfacial energy, decreases.

The scheme is illustrated in Figure 4 which incorporates an additional function G%
representing the critical driving force AG7"*{Mg} needed to stimulate martensite by an
athermal, diffusionless nucleation and growth mechanism. Martensitic transformation occurs
when AG7® becomes less than a critical value AG"*{ Mg} given by the function G%;:

AG™ < G% (4)

Whereas it is reasonable to set G% to an approximately constant value for low-alloy steels
[14, 15, 16, 17] a function dependent on the strength of the austenite has to be used for steels
containing large concentrations of solute [18].

The scheme is illustrated in Fig. 4. It explains why bainite and martensite do not form
in every steel. Consider steel b in Fig. 4, which contains a larger concentration of austenite
stabilising elements than steel a. Therefore, whereas the conditions outlined in equations
3 and 4 lead to both bainite and martensite in steel a, the point where bainite formation
becomes possible in steel b is also the Mg temperature. Since martensite has a huge kinetic
advantage over bainite, the latter is absent in steel b. Thus, for example, only martensite
occurs in Fe—28Ni-0.4C wt%, whereas both bainite and martensite are found in Fe-4Cr—0.3C
wt%.

The Mechanism of Nucleation

The universal function Gy was originally derived by fitting to experimental data over the
temperature range 400-650°C [8, 11] and has been demonstrated more recently for high—
carbon steels [19]. It is nevertheless empirical and requires some justification for the linear
dependence of G on T}, (Fig. 4) before it can be extrapolated to explore low transformation
temperatures and address the question about the minimum temperature at which bainite
can be obtained.

Classical nucleation theory involving hetrophase fluctuations is not appropriate for bainite
9] given that thermal activation is in short supply. Furthermore, it leads to a relationship



Free energy — -

Temperature —

Figure 4: Free energy curves of low (a) and high (b) alloy steel showing the conditions
necessary for the nucleation and growth of bainite and martensite.

between the chemical driving force AGeoppy and the activation energy G* for nucleation as
Gx x AGoH e (5)

which cannot explain the proportionality between Gy and T}, [9].

One mechanism in which the barrier to nucleation becomes sufficiently small involves
the spontaneous dissociation of specific dislocation defects in the parent phase [20, 21]. The
dislocations are glissile so the mechanism does not require diffusion. The only barrier is
the resistance to the glide of the dislocations. The nucleation event cannot occur until the
undercooling is sufficient to support the faulting and strains associated with the dissociation
process that leads to the creation of the new crystal structure.

The free energy per unit area of fault plane is:

Gr =nppa(AGouem + Gsrrain) + 20ay{np} (6)

where np is the number of close-packed planes participating in the faulting process, pa is
the spacing of the close—packed planes on which the faulting is assumed to occur. The fault
energy can become negative when the austenite becomes metastable.

For a fault bounded by an array of np dislocations each with a Burgers vector of mag-
nitude b, the force required to move a unit length of dislocation array is np7,b. 7, is the
shear resistance of the lattice to the motion of the dislocations. G provides the opposing



stress via the chemical free energy change AGepga; the physical origin of this stress is the
fault energy which becomes negative so that the partial dislocations bounding the fault are
repelled. The defect becomes unstable, i.e., nucleation occurs, when

Gp = —np7ob (7)

Take the energy barrier between adjacent equilibrium positions of a dislocation to be G7.
An applied shear stress 7 has the effect of reducing the height of this barrier [22, 23]:

G =G, — (T—1)v" (8)

where v* is an activation volume and 7, is the temperature independent resistance to dislo-
cation motion. In the context of nucleation, the stress 7 is not externally applied but comes
from the chemical driving force. On combining the last three equations we obtain [21]:

» » 207 , v*
G =G, + |1, + %GSTRAIN + v+ pf}) AGeouem (9)

npb
It follows that with this model of nucleation the activation energy G* will decrease linearly as
the magnitude of the driving force AGcpypy increases. This direct proportionality contrasts
with the inverse square relationship of classical theory.

The nucleation rate I, will have a temperature dependence due to the activation energy:
Iy x vexp{—G*/RT} (10)

where v is an attempt frequency. It follows that
—G* x T where (= RIn{ly/v} (11)

We now assume that there is a specific nucleation rate at T}, irrespective of the type of steel,
in which case (3 is a constant, negative in value since the attempt frequency should be larger
than the actual rate. This gives the interesting result that

G o BT (12)

which is precisely the relationship observed experimentally, Fig. 3a. This is evidence for
nucleation by the dissociation of dislocations with the activation energy proportional to the
driving force, as opposed to the inverse square relationship predicted by classical theory. The
activation energy G* in this model comes from the resistance of the lattice to the motion of
dislocations.

Nucleation corresponds to a point where the slow, thermally activated migration of glissile
partial dislocations gives way to rapid, breakaway dissociation. This is why it is possible to
observe two sets of transformation units, the first consisting of very fine embryo platelets
below the size of the operational nucleus, and the second the size corresponding to the rapid
growth to the final size. Intermediate sizes are rarely observed because the time period for
the second stage is expected to be much smaller than that for the first. Figure 5 shows that
in addition to the fully growth sub—units (a few micrometers in length), there is another
population of much smaller (submicron) particles which represent the embryos at a point in
their evolution prior to breakaway.



Figure 5: Transmission electron micrograph of a sheaf of bainite in a partially transformed
sample. A region near the tip of the sheaf in (a) is enlarged in (b). The arrows in (b) indicate

possible sub—operational embryos which are much smaller than the fully grown sub—units seen
in (a). After [24]

Mechanism of Growth

In the absence of carbide precipitation, the bainite reaction stops when the driving force for
diffusionless growth is exhausted. This and other observations lead to the conclusion that the
individual platelets growth without diffusion, and that the carbon subsequently partitions
into the residual austenite [25, 26, 27, 28, 29]

The scale of individual plates of bainitic ferrite is too small to be resolved adequately
using optical microscopy, which is capable only of revealing clusters of plates. Using higher
resolution techniques such as photoemission electron microscopy it has been possible to study
directly the progress of the bainite reaction. Not surprisingly, the lengthening of individual
bainite platelets has been found to occur at a rate which is much faster than expected from
a diffusion—controlled process. The growth rate is nevertheless much smaller than that of
martensite, because of the plasticity associated with the accommodation of the invariant—
plane strain shape change. The platelets tend to grow at a constant rate but are usually
stifled before they can traverse the austenite grain.

The complete scheme which describes the atomic mechanisms of solid-state transfor-
mations from austenite has been elaborated elsewhere [9, 28], but Table 1 summarises the
essential details for Widmanstatten ferrite, bainite and martensite. These are some of the
details which permit alloy design.



Table 1: Mechanisms of Displacive Transformations

Martensite o/ Bainite «y Widmanstéatten ferrite ayy
Diffusionless nucleation | Paraequilibrium nucleation | Paraequilibrium nucleation
Diffusionless growth Diffusionless growth Paraequilibrium growth
Design

Suppose we now attempt to calculate the lowest temperature at which bainite can be induced
to grow. As explained above, we have the theory to address this proposition. Such calcu-
lations are illustrated in Figure 6a, which shows for an example steel, how the bainite-start
(Bs) and martensite-start (Mg) temperatures vary as a function of the carbon concentration.
There is in principle no lower limit to the temperature at which bainite can be generated. On
the other hand, the rate at which bainite forms slows down drastically as the transformation
temperature is reduced, as shown by the calculations in Figure 6b. It may take hundreds
or thousands of years to generate bainite at room temperature. For practical purposes, a
transformation time of tens of days is reasonable. But why bother to produce bainite at a
low temperature?
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Figure 6: (a) Calculated transformation start temperatures in Fe-2Si-3Mn steel as a function
of the carbon concentration. (b) The calculated time required to initiate bainite [13].

It is well known that the scale of the microstructure, i.e., the thickness of the bainite
plates, decreases as the transformation temperature is reduced. This is because the yield
strength of the austenite becomes greater at lower temperatures, thereby affecting the plastic
accommodation of the shape deformation accompanying bainite growth, and presumably
because the nucleation rate can be greater at larger undercoolings. The strength of the
microstructure scales with the inverse of the plate thickness, thus providing a neat way of
achieving strength without compromising toughness.

Experiments consistent with the calculations illustrated in Figure 6 demonstrated that
in a Fe-1.5Si-2Mn-1C wt% steel, bainite can be generated at a temperature as low at 125°C,
which is so low that the diffusion distance of an iron atom is an inconceivable 1077 m over
the time scale of the experiment!



What is even more remarkable is that the plates of bainite are only 200-400 A thick. The
slender plates of bainite are dispersed in stable carbon—enriched austenite which, with its
face—centred cubic lattice, buffers the propagation of cracks. The optical and transmission
electron microstructures are shown in Fig. ??; they not only have metallurgical significance
in that they confirm calculations, but also are elegant to look at. Indeed, the microstructure
has now been characterised, both chemically and spatially to an atomic resolution; the
pleasing aesthetic appearance is maintained at all resolutions. There is no redistribution of
substitutional atoms on the finest conceivable scale [30].

Ultimate tensile strengths of 2500 MPa in tension have been routinely obtained, ductilities
in the range 5-30% and toughness in excess of 30-40 MPam?!/2. All this in a dirty steel which
has been prepared ordinarily and hence contains inclusions and pores which would not be
there when the steel is made by any respectable process. The bainite is also the hardest
ever achieved, 700 HV. The simple heat treatment involves the austenitisation of a chunk of
steel (say 950°C), gently transferring into an oven at the low temperature (say 200°C) and
holding there for ten days or so to generate the microstructure. There is no rapid cooling —
residual stresses are avoided. The size of the sample can be large because the time taken to
reach 200°C from the austenitisation temperature is much less than that required to initiate
bainite. This is a major commercial advantage [31].

It is cheap to heat treat something at temperatures where pizzas are normally cooked.
But suppose there is a need for a more rapid process. The transformation can easily be
accelerated to occur within hours, by adding solutes which decrease the stability of austenite.
There are two choices, aluminium and cobalt, in concentrations less than 2 wt%, have been
shown to accelerate the transformation in the manner described. Both are effective, either
on their own or in combination [32].

Much of the strength and hardness of the microstructure comes from the very small
thickness of the bainite plates. Of the total strength of 2500 MPa, some 1600 MPa can be
attributed solely to the fineness of the plates. The residue of strength comes from dislocation
forests, the strength of the iron lattice and the resistance to dislocation motion due to solute
atoms. Because there are many defects created during the growth of the bainite [9], a large
concentration of carbon remains trapped in the bainitic ferrite and refuses to precipitate,
probably because it is trapped at defects [?].

Strong Bainite: Armour

Whereas the ordinary tensile strength of the strong bainite is about 2.5 GPa, the strength
has been reported to be as high as 10 GPa at the very high strain rates (107 s™!) associated
with ballistic tests [33].

The strong bainite has therefore found application in armour [34, 35]. Fig. 9 shows a series
of tests conducted using projectiles which are said to involve “the more serious battlefield
tests” (the details are proprietary). Figs. 9a,b show experiments in which an armour system
is tested. A 12 mm thick sample of the bainitic steel is sandwiched between vehicle steel, the
whole contained in glass—reinforced plastic. In ordinary armour the projectile would have
penetrated completely whereas the bainite has prevented this; the steel did however crack.
By reducing the hardness (transforming at a higher temperature), it was possible for the
armour to support multiple hits (Fig. 9¢) without being incorporated in an armour—system.
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Figure 7: Fe-0.98C-1.46Si-1.89Mn-0.26Mo-1.26Cr-0.09V wt%, transformed at 200°C for 5
days. (a) Optical micrograph. (b) Transmission electron micrograph. [1, 2, 3]
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Figure 8: Ballistic test on the bainitic armour alloys [33]. Departure from the straight line
indicates plasticity and the horizontal axis represents projectile velocity.
The ballistic mass efficiency BMFE of an armour is defined as

BIE - ass of ordinary armour to defeat a given threat

13
mass of test armour to defeat same threat (13)
Fig. 9d shows that the BMFE of the strong bainite exceeds titanium armour and compares
with the alumina [34].

Low—Carbon Hard Bainite?

High—carbon steels are difficult to weld because of the formation of untempered, brittle
martensite in the coarse-grained heat—affected zones of the joints. The martensite fractures
easily, leading to a gross deterioration in the structural integrity of the joint. For this reason,
the vast majority of weldable steels have low carbon concentrations. It would be desirable
therefore to make the low—temperature bainite with a much reduced carbon concentration.

Calculations done using the scheme outlined in this paper indicate that carbon is much
more effective in maintaining a difference between the Mg and Bg temperatures than are sub-
stitutional solutes which reduce |[AG"®| simultaneously for martensite and bainite, Fig. 10.
Substitutional solutes do not partition during any stage in the formation of martensite or
bainite; both transformations are therefore identically affected by the way in which the sub-
stitutional solute alters the thermodynamic driving force. It is the partitioning of carbon at
the nucleation stage which is one of the distinguishing features of bainite when compared
with martensite (Table 1). This carbon partitioning allows bainite to form at a higher tem-
perature than martensite. This advantage is diminished as the overall carbon concentration
is reduced, as illustrated in Figure 10.

From these results, it must be concluded that it is not possible to design low—temperature
bainite with a low carbon concentration.
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Figure 9: Fe-0.98C-1.46Si-1.89Mn-0.26Mo-1.26Cr-0.09V wt%, transformed at 200°C for 5
days. (a) 12 mm thick sample of bainite between two plates of ordinary vehicle armour, with
a layer of glass—reinforced plastic. Arrow indicates the path of the projectile. (b) Rear view,
showing lack of penetration. (c) Lower hardness bainitic armour - remains intact following
multiple hits. (d) Comparison of armours. After D. Crowther and P. Brown.

Summary

There are many adjectives that have been given to the fine bainitic microstructure described
in this paper:
e (Cold-bainite because of the low temperatures at which it grows.

e Hard-bainite because the hardness of the microstructure (600-700 HV) almost matches
that of the hardest untempered martensite.

e Strong—bainite because of the observed tensile strength (compressive strengths in excess
of 4.5 GPa have been recorded, and tensile strength approaching 10 GPa at high strain
rates).

e Fast—bainite for the faster transforming cobalt— and aluminium-containing variants [4].

e Super—bainite, an unfortunate term coined in industry.

There remain, as is always the case, many parameters which have yet to be characterised,
for example the fatigue and stress-corrosion properties. However, this is work in progress
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and is certainly not holding back the application of this alloy, which is a tribute to phase
transformation theory.
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