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By identifying the relationship between the time required to obtain bainite and parameters such
as the transformation temperature and carbon concentration, it has been possible to institute a
design procedure that led to the desired mechanical properties and transformation character-
istics. The work has also identified difficulties in the calculation of tensile elongation on the basis
of a percolation model, which suggests that fracture occurs when the fraction of austenite drops
below the percolation threshold in the microstructure.
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I. INTRODUCTION

STRONG steels based on tempered martensitic
microstructures continue to serve well in situations
requiring a good combination of strength and tough-
ness.[1–5] Bainitic steels in this category have not in the
past been competitive even though they have the
potential of achieving the final structure by continuous
cooling transformation, primarily because of the uncon-
trolled presence of cementite particles. The problem was
not resolved by suppressing cementite precipitation
using solutes such as silicon, until the realization that
the thermodynamic limit to the extent of transformation
that can be achieved also needed to be engineered during
alloy design.[6,7] This latter effect helps avoid large
residues of untransformed austenite, which can then go
on to produce martensite, which cracks.[6–8]

Excluding the transformation induced plasticity
(TRIP)-assisted steels where the dominant phase is
allotriomorphic ferrite,[9–13] there are therefore two
classes of strong steels that have been developed based
on a microstructure consisting of bainitic ferrite, car-
bon-enriched retained austenite, and perhaps some
martensite. The first consists of steels whose properties
are achieved by continuous cooling transformation.[14–21]

The second is where the hardenability is controlled so
that the transformation temperature is dramatically
suppressed, giving slender plates of bainitic ferrite,
under isothermal conditions.[22–31] The transformation
time in the latter case, however, can be greater than
10 days at temperatures as low as 125 �C, making the
process suitable for large components; strength values in
excess of 2000 MPa can routinely be achieved.

There is an industrial requirement for the mass
production of strong steel sheet a few millimeters thick
using a continuous process that is rapid and in which the
transformation must occur over a narrow temperature
range around 350 �C, making the process essentially
isothermal. The transformation temperature is fixed by
the production process and the transformation time
must be limited to 10 minutes. The ultimate tensile
strength should be approximately 1400 MPa with a
ductility of about 20 pct. The purpose of the present
work was to see if such a steel can be achieved based on
the carbide-free bainitic microstructure described previ-
ously.

II. FEASIBILITY

The short isothermal transformation time is the vital
design criterion, and to assess whether this can be
achieved, data were collected from reported isothermal
transformation experiments on carbide-free bai-
nite.[7,22,32–34] The data are plotted in Figure 1. They
correspond to a variety of silicon-rich steels with
the carbide-free bainite; much of the variation in the
transformation temperature is due to differences in the
carbon concentrations of the alloys. The transformation
time increases dramatically as the carbon suppresses the
transformation temperature. The curves in Figure 1 are
generated by subjecting the data to neural network
analysis,[35,36] and the upper and lower curves in each
plot represent ±1r modeling uncertainties. Note that the
limited data do not deter from using a neural network
based on a Bayesian framework in order to identify and
plot the uncertainty bounds illustrated. The Bayesian
approach used[35,36] avoids the overfitting, which may
lead to a modeling of noise in the data.
The shortest time plotted in Figure 1 is 30 minutes,

but the trend indicates that, by controlling the chemical
composition, it should be feasible to design a steel to
comply with the required 10 minutes in the temperature
range of interest and to achieve the required strength.
The elongation data show a great deal of scatter so a
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different procedure will be used to estimate the expected
ductility.

III. DESIGN

The kinetics of transformation as a function of
chemical composition were calculated using a method
described elsewhere.[37–39] In brief, a time-temperature-
transformation (TTT) diagram is modeled as consisting
of two ‘‘C’’ curves, the one at higher temperatures
representing the initiation of reconstructive transforma-
tions (allotriomorphic and idiomorphic ferrite, and
pearlite) and the lower one, the formation of displacive
transformation products such as Widmanstätten ferrite
and bainite. The time period for the initiation of each
transformation is calculated using equations based on
Russell’s incubation period theory, as described in
Reference 37. The steel composition (C, Si, Mn, Ni,
Mo, Cr, V, W, Cu) enters into these equations via a free
energy change during the nucleation of ferrite from
austenite. The lower C curve has a flat top at a
temperature Th, which may correspond to the
Widmanstätten ferrite start temperature or the bainite
start temperature (BS), depending on the free energy
available.[40] The martensite start temperature (MS) is
also calculated thermodynamically, defined by the
temperature at which the driving force for diffusionless
transformation exceeds the critical value required to
trigger nucleation.[38,39] These calculations define the
whole of the initiation part of the TTT diagram and
have a reasonable reliability, which has been confirmed

in a vast number of design experiments, including those
covering wrought and welding materials based on iron.
The computer programs for conducting these calcula-
tions are freely available at www.msm.cam.ac.uk/
map/mapmain.html. The primary role of the calcula-
tions in this work is to define the time period for the
onset of the bainite reaction at the required isothermal
transformation temperature.
An extensive set of TTT-curve calculations were

carried out in which the composition was varied
systematically in the range 0 to 1 Co, 1 to 2 Cr, 1 to
2.5 Ni, 1.2 to 2 Mn, 0 to 1 W wt pct. Silicon and
aluminum were fixed at 1.5 and 0.5 wt pct, respectively,
in order to control cementite precipitation; aluminum,
like cobalt, also helps accelerate the bainite reac-
tion.[25,41] Carbon has the largest influence in the
suppressing transformation temperature, so its concen-
tration must be kept low enough to be able to achieve
the required rate of reaction, but high enough to ensure
that the necessary level of strength is achieved. Its
concentration, therefore, was fixed at 0.35 wt pct, a
value indicated by the data plotted in Figure 1, partic-
ularly the experiments reported in References 16 and 19,
where the mechanical properties achieved are not far
from what was required here, but using different heat-
treatment conditions. The molybdenum concentration
was maintained at 0.25 wt pct in order to prevent the
embrittlement of austenite grain boundaries by impuri-
ties such as phosphorus. A small amount of vanadium
(0.1 wt pct) was included for austenite grain size
control.
The calculation starts by initializing elements as

Co(1), Cr(1), Ni(2), and Mn(2), where the number in
parentheses represents the element concentration in
weight percent; these values are varied systematically
in sequence of steps, while keeping other elements such
as C, Si, Mo, Al, and V fixed, as described previously.
Figure 2(a) is the calculated TTT diagram for compo-
sition [0-1]Co-1Cr-2Ni-2Mn, with Co varying between 0
and 1 wt pct. The value Co � 1 wt pct was found to
accelerate the bainitic transformation and increase the
bainitic range, i.e., the difference between BS and MS

temperatures, and thus is used as the optimum value for
the next step. Figure 2(b) represents the calculated TTT
diagram for 1Co-[1-2]Cr-2Ni-2Mn with Cr varying
between 1 and 2 wt pct. The calculation showed that
Cr � 1 wt pct performs better as compared to Cr �
2 wt pct. Therefore, the starting composition for the
next step in Figure 2(c) becomes 1Co-1Cr-[1- 2.5]Ni-
2Mn with Ni concentration varying between 1 and
2.5 wt pct. The value of Ni � 1 wt pct was found to
enhance bainite kinetics and also broadens the bainitic
range. By fixing the starting composition to 1Co-1Cr-
1Ni-[1.2-2]Mn with Mn varying between 1.2 and
2.0 wt pct and including tungsten (1 wt pct) in this step,
a calculated TTT diagram was shown in Figure 2(d).
The value of Mn � 1.2 wt pct further improves the
bainitic range and also substantially accelerates the
initialization of bainite transformation to lower time.
The summary of the various steps in Figures 2(a)

through (d) is presented in Figure 2(e), where curve ‘‘A’’
represents the highest rate of transformation to bainite

Fig. 1—Published experimental data (points)[7,22,32–34] as a function
of transformation time. The curves represent ±1 r confidence limits
obtained by subjecting the data to a neural network analysis. (a)
Ultimate tensile strength as a function of isothermal transformation
time. (b) Transformation temperature (Tt) as a function of isother-
mal transformation time. (c) Elongation as a function of isothermal
transformation time.
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with composition 1Co-1Cr-1Ni-1.2Mn-1W while curve
‘‘B’’ represents the lowest rate of transformation, having
composition 1Cr-2Ni-2Mn; all other alloys have calcu-
lated transformation curves that fall between these two
limits. Given the temperature at which bainite is
expected to form, the MS temperature of the alloy must
be below 350 �C. Curve ‘‘A’’ represents the upper limit
of the acceptable amount of alloying permitted to meet
this criterion. Clearly, increasing the hardenability of
austenite leads to the suppression of transformation
temperatures and a reduction in the reaction rate, as
indicated by curve ‘‘B’’. The steel corresponding to
curve ‘‘A’’ was selected for further investigation; it has
the chemical composition Fe-0.35C-1.5Si-0.5Al-
0.25Mo-1.2Mn-1Cr-1Ni-0.1V-1Co-1W (wt pct).

For this alloy, the calculated initiation of the allotri-
omorphic ferrite reaction is indicated by curve ‘‘C’’ in
Figure 2(e). It appears that the hardenability of this
alloy is sufficient to avoid any elevated temperature
transformation given that the steel sheet is expected to
be cooled at a rate of 5 �C s�1 in the critical temperature
range 700 �C to 500 �C. The calculated MS temperature
is about 330 �C.

Judging from Figure 1, the alloy should achieve the
design strength, but it is necessary to estimate the
expected elongation. It has been suggested that with
microstructures of the kind considered here, failure in a
tensile test occurs when the retained austenite loses
continuity[42] and that this percolation threshold is
reached when the austenite fraction reaches about 0.1.
The fraction of austenite present in the initial micro-
structure can be calculated from the fact that the bainite
reaction, in the absence of cementite precipitation, obeys
the incomplete reaction phenomenon.[43] This happens

when the carbon concentration in the residual austenite
reaches the T0¢ curve, which represents the locus of all
points on a plot of temperature vs carbon concentration,
where austenite and ferrite of the same composition
have identical free energies after allowing for the stored
energy (400 J mol�1) of bainite.[40] The austenite
remaining at 350 �C at the cessation of the bainite
reaction, Vc

T, is given by

VT
c � x � xað Þ= xT0 � xað Þ ½1�

where x is the average carbon concentration, xT0 is the
concentration corresponding to the T0 curve, and xa is
the concentration in ferrite. Therefore, the residual
austenite at 350 �C was calculated as Vc

T = 0.33. Some
of this will decompose to martensite on cooling; the re-
tained fraction Vc

0 = 0.24 was calculated using the
Koistinen and Marburger equation.[44] The decomposi-
tion of the retained austenite as a function of plastic
strain was then calculated using a published model,[45]

which has recently been shown to be the optimum
method for such calculations.[46] It is based on the
equation

ln V0
c � ln Vc ¼ k1 DGa0c C ½2�

where Vc
0 is the fraction of austenite before deformation,

Vc the austenite content as a function of the plastic
strain C, and DGa0c the chemical free energy change for
transformation without a change in composition (cal-
culated using MTDATA[47]). The constant k1 has the
value 0.002017 mol J�1.[45] Figure 3 shows that perco-
lation is lost when the elongation is approximately
15 pct.

Fig. 2—Calculated time-temperature-transformation curves for the initiation of transformation. (a) Effect of cobalt in alloy containing 1Cr-2Ni-
2Mn wt pct. (b) Effect of chromium in alloy containing 1Co-2Ni-2Mn wt pct. (c) Effect of nickel in alloy containing 1Co-1Cr-2Mn wt pct. (d)
Effect of manganese in alloy containing 1Co-1Cr-1Ni-1W wt pct. (e) Curves ‘‘A’’ and ‘‘B’’ refer to the highest and lowest rates of bainite trans-
formation, whereas ‘‘C’’ describes the formation of allotriomorphic ferrite. The points are the experimental data described later.
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IV. EXPERIMENTAL DETAILS

An alloy was made in a vacuum induction furnace;
the ingot was reheated to 1200 �C for 1 hour followed
by hot rolling into 30-mm plate. The chemical compo-
sition of the resulting alloy is similar to the intended
design: Fe-0.34C-1.47Si-0.54Al-0.24Mo-1.20Mn-0.95Cr-
0.91Ni-0.10V-1.04Co-0.99W (wt pct). Cylindrical spec-
imens of length 10 mm and diameter 5 mm were
subjected to programmed heat treatments in the dila-
tometer (DIL805 BÄHR Thermoanalyse, Hüllhorst,
Germany) described elsewhere.[48]

Tensile testing was conducted on flat samples based
on ASTM-E8 geometry (1.5-mm thick, 6-mm wide, and
25-mm gage length) using a Zwick machine (Z600 Zwick
Roell, Ulm, Germany) at a crosshead speed of 10 mm
min�1.

Retained austenite measurements were conducted
using Cu Ka X-ray diffraction and Reitveld analysis[49,50]

of the resulting data; the details have been described
elsewhere.[30]

V. RESULTS AND DISCUSSION

The optical and transmission electron micrographs
are presented in Figure 4; not surprisingly, the micro-
structure is a routine mixture of platelets of bainitic
ferrite embedded in retained austenite.

The MS temperature of the steel was determined
dilatometrically by austenitizing at 950 �C for 3 minutes
followed by cooling at 20 �C s�1; the data illustrated in
Figure 5 were analyzed using the offset method,[48] in
which the deviation that identifies the onset of trans-
formation is fixed by calculating the strain correspond-
ing to 1 pct martensitic transformation in the alloy of
interest. From five experiments, MS was determined to
be 336 ± 10 �C, which is consistent with the value
calculated in References 38 and 39 at 330 �C, and indeed
with the requirement to produce bainite by isothermal
transformation at 350 �C.

Figure 6(a) shows the corresponding dilatometric
data for the isothermal formation of bainite; they show

the expected incomplete reaction phenomenon, with
the extent of transformation diminishing to zero as the
temperature is raised toward the BS temperature. The
maximum strain (�) observed was converted into a
volume fraction, as in Reference 51, so that the carbon
concentration of the residual austenite could be deter-
mined. The points plotted in Figure 6(b) show that, as
expected, the reaction ceases when carbon concentration
in the austenite reaches the T¢0 curve; the discrepancies
at low transformation temperatures are expected from
the fact that films of austenite trapped between platelets
of bainite are able to accumulate more carbon without
transforming.[52,53]

The data in Figure 6 were also used to compare the
measured transformation kinetics against the calculated
TTT diagram for the initiation of reaction, assuming that
this corresponds to the formation of 0.01 volume fraction
of bainite irrespective of the transformation temperature.
Figure 2(e) shows that the calculations[37] mostly under-
estimate the time required to form this fraction of bainite;
the reason for this discrepancy is not clear.
Figure 7(a) shows plots of engineering stress vs

engineering strain for three tensile test samples; the
recorded values of ultimate tensile strength and total
elongation are found to be 1452 to 1457 MPa and 12 to

Fig. 3—Calculated decrease in retained austenite content as a func-
tion of plastic strain.

Fig. 4—(a) Optical and (b) transmission electron micrograph struc-
ture obtained by isothermal transformation at 350 �C for 10 min.
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15 pct, respectively, and the uniform elongation is 7 to
8 pct. The measured total elongation is close to that
calculated using the percolation model at 15 pct in
Figure 3. The calculation was based on Vc

0 estimated to
be 0.24 using Eq. [1]. The same equation using the
experimental value of xc (Figure 6(b)) rather than xT0

yields Vc
T = 0.22, and since the MS temperature is

suppressed to –37 �C, Vc
0 = Vc

T. Curve ‘‘a’’ in Figure 8
shows the consequent change in the strain-induced
transformation behavior, indicating that the elongation
to be expected should be 25 pct because of the increased
thermodynamic stability of the austenite.
Curve ‘‘b’’ in Figure 8 is calculated using an X-ray

diffraction determined value of Vc
0 = 0.17; the diffrac-

tion experiment was repeated twice to confirm that the
fraction of retained austenite is between 0.17 and 0.18.
With this, the predicted elongation at 16 pct is closer to
the measured values in the range of 12 to 15 pct.
The carbon concentrations of the residual austenite in

Figure 6(b) were derived from the corresponding dila-
tometric curves by converting the maximum observed
dilatation at any temperature into a fraction of trans-
formation and then, using mass balance, into xc.

[51] This
involves a calculation of the lattice parameters of the
austenite and ferrite as a function of the solute concen-
tration and temperature. For 350 �C, the parameter for
the carbon-enriched residual austenite at the point of
maximum transformation strain was calculated to be
3.6512 Å, which is calculated using thermal expansivity
measurements to contract to 3.6236 Å at ambient
temperature. The latter is reasonably consistent with
the X-ray determined lattice parameter of the retained
austenite at 3.6175 ± 0.001 Å. This gives confidence in
the interpretation of the dilatometrically determined
xc = 1.47 wt pct, which at most may be an overestima-
tion by 0.18 wt pct if the X-ray determined lattice
parameter is used. If the X-ray measurement is taken to
be more accurate, then the MS temperature of Vc

T would
rise to 20 �C so that martensite would not form on
cooling the sample to room temperature; this does not
strictly explain the discrepancy between the values of
Vc
0 for curves ‘‘a’’ and ‘‘b’’ illustrated in Figure 8. The

explanation consistent with past experience[54] is that the
carbon is not uniformly distributed, with the larger

Fig. 5—Martensite start temperature measurements.

Fig. 6—(a) Isothermal transformation dilatometric curves. (b) Calcu-
lated T¢0, T0, and the paraequilibrium Ae¢3 curve, together with
experimental data (points) showing the carbon concentration at
which the bainite reaction ceases.

Fig. 7—(a) Three engineering stress vs engineering strain curves.
Curve 1 is plotted in full, and curve 2 is almost identical so only the
final point corresponding to failure is plotted. (b) The tensile test
sample after fracture.
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islands containing a lower concentration and hence
decomposing to martensite on cooling.

It follows that one difficulty in calculating the fracture
strain is the estimation of the fraction and stability of
the austenite, given that the latter phase is unlikely to be
homogeneous in terms of both size and carbon concen-
tration. A second feature neglected in the percolation
analysis is that the macroscopic strain will not, in the
later stages of deformation, be uniform given the onset
of necking in a tensile test. A further analysis was done
to examine the consequences of the latter effect by
comparing the local strain at the neck to the value
measured over a gage length of 25 mm. Figure 7(b)
shows the fractured tensile specimen; there was virtually
zero plastic strain in the z direction with the failure
typical of thin samples via shear on the plane containing
y and inclined at 45 deg to x. The contraction strain
along y at the arrowed position of fracture was Cy =
–17 pct, which, because C z is zero, corresponds to an
elongation along the tensile axis of Cx = 17 pct, which
is only slightly larger than the 15 pct recorded over the
entire gage length (cf. calculated value of 16 pct).
Therefore, it is concluded that, in the present case, the
necking does not significantly influence the outcome of
the percolation analysis because of the thin-sheet shape
of the specimen.

As a precautionary comment, it is worth emphasizing
that the fracture strain as a generic issue depends not
only on the occurrence of necking, but also on the
damage sites and rate of occurrence. The austenite
clearly has a role in determining ductility, but the
relationship of ductility and the quantity of retained
austenite generally cannot be straightforward.

VI. CONCLUSIONS

By assessing the literature data on the relationship
between transformation time and mechanical properties,
it has been possible with the help of design procedure
to obtain, in the first iteration, a steel that has the
desired microstructure of carbide-free bainitic ferrite

and carbon-enriched retained austenite. Furthermore,
the structure can, as required, be obtained by isothermal
transformation for 10 minutes and has been shown
experimentally to have the intended properties.
The work has also identified detailed discrepancies in

the calculation of time-temperature-transformation dia-
grams and in the estimation of elongation. These topics
will be the subject of continued research.
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