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Estimation of bainite plate-thickness in low-alloy steels
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Abstract

Published experimental data on the thickness of bainite plates in silicon-rich steels have been analysed in order to develop a
quantitative model for the plate-thickness. It is found that the strength of the austenite, and the chemical free energy change
accompanying transformation, are by far the most important factors influencing plate-thickness. The transformation temperature
does not have any independent effect within the limits of the analysis. These trends are expected from a metallurgical point of view
and are discussed in the context of the mechanism of transformation. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

The microstructure of bainite consists of fine plates
of ferrite, growing in clusters known as sheaves. Within
each sheaf, the plates are parallel and in identical
crystallographic orientation, each with a well-defined
crystallographic habit plane. The fine plates within a
sheaf are known as sub-units. Their thickness is typi-
cally a fraction of a micrometre. Since it is the thickness
rather than the plate length which primarily determines
the mean free slip distance [1], there is considerable
technological interest in understanding and controlling
the scale of the microstructure.

There are well established trends reported in the
published literature. For example, the aspect ratio
(thickness/length) of sheaves is known to decrease with
the transformation temperature but is not sensitive to
the substitutional alloy content, at least for the low-al-
loy steels studied [2—4]. Other evidence has been re-
viewed in [5]; the general trend is that the sub-unit or
the sheaf width increases as the transformation temper-
ature is increased, whereas the number of sub-units per
sheaf decreases with increasing temperature. Similar
trends have been observed for martensitic transforma-
tions [6].

Like martensite, the growth of bainite causes dis-
placements which can, on a macroscopic scale, be de-
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scribed by an invariant-plane strain (IPS). The
invariant-plane is the habit plane of the plate [7,8]. The
strain is a large shear deformation (~0.26) on the
habit plane and a smaller dilatational strain ( =~ 0.03)
directed normal to the habit plane. The magnitude of
these strains is so large that the transformation product
is constrained to be in the form of a thin plate, a shape
which minimises the strain energy when the plate is
elastically accommodated.

The shape change is not always elastically accommo-
dated, particularly when the martensite or bainite trans-
formation occurs at an elevated temperature where the
austenite has a low yield strength. Direct observations
[9] reveal the plastic relaxation in the austenite adjacent
to a plate of bainite, as illustrated schematically in Fig.
1. The dislocation debris associated with the plastic
deformation resists the further advance of the interface,
the resistance being largest when the austenite is strong.
Consequently, the strength of austenite must be an
important factor in controlling the ultimate thickness of
bainite plates. The plates are expected to be thicker at
higher temperatures, when the yield strength of the
austenite remains low in spite of the plastic relaxation.
Dynamic recovery may also play a role but since this
can only weaken the austenite, its effect will be similar
to that of the temperature dependence of the yield
strength.

On the other hand, if the austenite is sufficiently
strong, then the plates are expected to be elastically
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Table 1

The composition (wt.%) of the alloys used in the measurements of bainite plate thickness by Chang and Bhadeshia [10]

Alloy C Si Mn Ni Cr P S N

A 0.27 1.98 2.18 0.02 1.90 0.015 0.012 0.0054
C 0.46 2.10 2.15 0.02 — 0.014 0.013 0.0062
E 0.10 1.77 2.12 2.00 0.02 0.013 0.012 0.0053
F 0.26 1.85 2.10 0.02 — 0.015 0.013 0.0086
G 0.26 1.93 2.04 0.02 1.02 0.015 0.010 0.0069
H 0.10 1.63 1.99 0.03 1.97 0.013 0.011 0.0080

The plate-thicknesses are listed as a function of the

o' slipped Y

(a) (b)

Fig. 1. Schematic illustration of a perfect invariant-plane strain
surface relief (a) and one where plastic relaxation occurs in the
adjacent austenite (b) [5].

accommodated. They may then maintain elastic equi-
librium with the matrix, continuing to thicken until the
strain energy balances the available free energy. If the
plates are allowed to grow freely (i.e. without impinge-
ment) they would then be expected to be thicker at
lower temperatures, where the driving force is largest.
Not surprisingly, this contradicts the experimental data
for bainite, which certainly is not in thermoelastic
equilibrium with the matrix.

There is a further effect concerned with impingement
between adjacent particles which might determine the
size of bainite plates. A large nucleation rate must
naturally refine the microstructure.

The purpose of the present work was to relate some
recently published data [10] on the thickness of bainite
sub-units to austenite strength, temperature and the
chemical driving force for nucleation as independent
variables.

2. Data

The bainite sub-unit data are from a set of isothermal
experiments on silicon-rich steels where the precipita-
tion of carbides is suppressed [10]. The microstructure
thus consists of just bainitic ferrite and austenite, to-
gether with any martensite which forms when the
austenite is cooled. The alloys that were studied are
listed in Table 1.

transformation temperature and alloy composition in
Table 2. It should be pointed out that the measure-
ments are stereologically corrected as described in [10].
The table also includes the calculated austenite
strength. These calculations are based on an empirical
model by Young and Bhadeshia [11], where the yield
strength is expressed as follows:

g7 =(1—0.26 x 10~2T, + 0.47 x 10~ 572 — 0.326
x 107872 x 15.4(4.4 + 23we + 1.3wg; + 024w,
+ 0.94wpg + 32wy), (1)

where T, =T —25, T is the temperature in °C and w
represents the concentration of the element identified by
the subscript, in wt.%. The yield strength of the austen-
ite is given in units of MPa.

The chemical free energy change (driving force) avail-
able for nucleation was calculated as in [12]'.

One difficulty is that although the strength, tempera-
ture and driving force are expected to influence the
plate-thickness, the explicit dependence of the thickness
on these variables is not known. The usual regression
methods do not help in this respect since they require
an assumed relationship to begin the analysis. We have
therefore opted to conduct the regression analysis with
a computer based neural network method which does
not require a prior choice of the relationship between
the input and output variables. The technique is intro-
duced briefly—detailed descriptions and examples can
be found elsewhere [13-18].

3. The technique

Neural networks are parameterised non-linear mod-
els used for empirical regression and classification mod-
elling. Their flexibility makes them able to discover
more complex relationships in data than traditional
linear statistical models.

A neural network is ‘trained’ on a set of examples of
input and output data. The outcome of training is a set

! The computer programme for these calculations can be accessed
from http://www.msm.cam.ac.uk/map/mapmain.html
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Table 2
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The chemical free energy [12], the austenite strength [11] and the bainite plate-thickness [10] at different transformation temperatures

Alloy Temperature °C Free energy J mol~! Austenite strength, MPa Bainite plate thickness, pm
A 300 —1669 121.8 0.053
315 —1589 119.5 0.059
330 —1503 117.4 0.083
350 —1392 114.8 0.110
380 —1225 111.4 0.130
400 —1115 109.3 0.170
B 260 —2174 167.2 0.046
270 —2104 164.7 0.055
305 — 1855 156.9 0.059
320 —1755 153.9 0.06
345 —1595 149.6 0.064
370 —1454 145.8 0.093
400 —1285 141.8 0.115
430 —1118 138.3 0.122
E 360 —1399 75.4 0.170
380 —1289 73.9 0.180
430 —1015 70.8 0.210
460 —850 69.2 0.240
F 350 —1636 108.5 0.092
370 —1525 106.3 0.098
400 —1358 103.4 0.120
430 —1193 100.8 0.190
G 330 —1647 113.5 0.070
350 —1536 110.9 0.090
370 —1431 108.7 0.110
400 —1254 105.7 0.120
430 —1088 103.1 0.150
H 380 —1316 76.0 0.220
410 —1147 74.0 0.240
430 —1038 72.8 0.330

of coefficients (called weights) and a specification of the
functions which in combination with the weights relate
the input to the output. The training process involves a
search for the optimum non-linear relationship between
the inputs and the outputs and is computer intensive.
Once the network is trained, estimation of the outputs
for any given inputs is very rapid.

One of the difficulties with blind data modelling is
that of ‘overfitting’, in which spurious details and noise
in the training data are overfitted by the model. This
gives rise to solutions that generalise poorly. MacKay
[13—18] has developed a Bayesian framework for neural
networks in which the appropriate model complexity is
inferred from the data.

The Bayesian framework for neural networks has
two further advantages. First, the significance of the
input variables is automatically quantified. Conse-
quently, the model-perceived significance of each input

variable can be compared against metallurgical theory.
Second, the network’s predictions are accompanied by
error bars which depend on the specific position in
input space. These quantify the model’s certainty about
its predictions.

As described earlier, the input variables considered to
influence the plate-thickness include (1) the transforma-
tion temperature, (2) the nucleation rate as represented
by the free energy available for nucleation (AG,,,) at
the transformation temperature and (3) the strength of
austenite at the temperature of transformation. The
variation of elastic modulus over the temperature range
considered here is negligible [19].

The variables are listed in Table 3. The plate-thick-
ness data were available for a total of 30 combinations
of temperatures and the alloys listed above. All of these
were included in the analysis. The original data of
Chang and Bhadeshia [10] are illustrated in Fig. 2.
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Table 3
The variables used in the analysis

Variable Range Mean S.D.

Temperature, °C

—AG, 5 J mol™!
Austenite strength, MPa
Bainite plate thickness, pm

260-460 368.5  50.31
2174-850 1418 308.6
69.24-167.20 1129 29.28
0.046-0.33 0.13  0.069
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Fig. 2. The variation in bainite plate thickness as a function of
transformation temperature as reported by Chang and Bhadeshia
[10]. Note that a variation in the transformation temperature also
causes a change in the austenite strength and the chemical driving
force. Thus, the variation illustrated is not due to the effect of
temperature alone.

4. The analysis

Both the input and output variables were first nor-
malised within the range + 0.5 as follows:

Xy = 2 min__ 5 )
X, X,

max ~ “‘min

where xy is the normalised value of x, which has
maximum and minimum values given by x,,,. and x
respectively.

The network consisted of three input nodes, a num-
ber of hidden nodes and an output node representing
the bainite plate-thickness (Fig. 3). The network was
trained using a randomly chosen 15 of the examples

min>

OUTPUT UNIT

HIDDEN UNITS

INPUTS

Fig. 3. A typical network used in the analysis. Only the connections
originating from one input unit are illustrated, and the two bias units
are not illustrated.
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Fig. 4. Variation in o, as a function of the number of hidden units.
Several values are presented for each set of hidden units because the
training for each network was started with a variety of random seeds.

from a total of 30 available, the remaining 15 examples
being kept aside at first to be used as ‘new’ experiments
to test the behaviour of the trained network. This
procedure helps avoid over-complex models.

Linear functions of the inputs, x;, are operated on by
a hyperbolic tangent transfer function?:

h;= tanh(Z wibx; + ggn) 3)
7

so that each input contributes to every hidden unit. The
bias is designated 6, and is analogous to the constant
that appears in linear regression. The strength of the
transfer function is in each case determined by the
weight w;. The ‘output’ y is, in the present case, the
plate-thickness normalised according to Eq. (2). It can
be obtained using the following linear operation:

Y=Y wh+09. (4)

The specification of the network structure, together
with the set of weights is a complete description of the
formula relating the inputs to the output. The weights
are determined by training the network; the details are
described elsewhere [13-18]. The training involves a
minimisation of the regularised sum of squared errors.
The term o, used below is the framework estimate of
the noise level of the data. The complexity of the model
is controlled by the number of hidden units (Fig. 4),
and the values of the five regularisation constants (a,,),
one associated with each of the three inputs, one for
biases and one for all weights connected to the output.

2 The network operates in two stages, given by the two equations
that follow. There are, therefore, two sets of w and @ coefficients. The
two sets are distinguished by the superscripts (1) and (2) respectively,
enclosed in brackets to avoid them being misinterpreted as exponents.
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Fig. 5. The test error as a function of the number of hidden units.
Several values are presented for each set of hidden units because the
training for each network was started with a variety of random seeds.

The inferred noise level of the data shows little
variation with the number of hidden units, Fig. 5. This
can simply be because the number of data used for the
training were too few. However, a highly complex
model with a large number of hidden units may not be
justified, because the model may, in a meaningless way,
attempt to fit the noise in the experimental data. The
number of hidden units was set by examining the
performance of the model on the test data (Fig. 5).
Even here there was only a small variation with the
number of hidden units. A model with four hidden
units gave the lowest test error which is a measure of
the deviation of the predicted value from the experi-
mental one. This model was then chosen to represent
the variation in the bainite plate-thickness as a function
of the input variables.

The agreement for the training and the test data set
for the best model (4 hidden units, seed =70) are
shown in Fig. 6. The fit appears to be good and similar
for both datasets, indicating again that the model is
neither too simple nor too complex.

Once the optimum number of hidden units was es-
tablished, the model was retrained on the entire data set
to give a more accurate model. The final degree of
agreement is shown in Fig. 7. The weights which would
be required for the use of Egs. (3) and (4) in order to
calculate the bainite plate-thickness are listed in Table
4. The inputs and outputs are used as normalised in Eq.
(2), so the maximum and minimum values listed in
Table 3 are necessary in order to normalise the inputs
and then unnormalise the output. The computer pro-
gramme which does all these calculations is available on

http://www.msm.cam.ac.uk/map/neural/programs/
plate-b.html

5. Application of the model

The model described above can be used in practice to
manipulate the size of bainite plates, in general by
altering the alloy chemical composition. The latter infl-
uences the austenite strength, driving force and the
transformation temperatures, the effects of all of which
can be estimated quantitatively using the model. For
the moment we use the results of the trained model to
study the effect of individual variables on the plate-
thickness to see whether they make metallurgical sense.

The significance (o, ) of each of the variables, as
perceived by the neural network, in influencing the
plate-thickness is illustrated in Fig. 8. The significance
parameter is like the partial correlation coefficient in
the multiple regression analysis. A high value of ¢, for
a given input parameter implies that this variable ex-
plains a relatively large variation in the bainite plate-
thickness in the data set. Thus, it is interesting to note
from Fig. 8, that a large part of the variation in the
bainite plate-thickness in the data set is explained by
the variation in the austenite strength. The transforma-
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Fig. 6. (a) Training and (b) test data for the best model. The error
bars represent + lo.
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Fig. 7. Result of training on the whole data set. The error bars
represent + lo.

tion temperature explains only a small part once
the variation in austenite strength and driving force
due to the change in temperature are allowed for
separately.

The model could then be used to estimate the bainite
plate-thickness given all the input variables. The effect
of each individual variable is discussed below.

5.1. Effect of temperature

Fig. 9 shows the effect of temperature alone on the
bainite plate-thickness at a fixed level of austenite
strength and AG,,,,. The plate-thickness is virtually
independent of the transformation temperature per se,
once the austenite strength and driving force have been
taken into account. Therefore, it appears that tempera-
ture by itself does not have much of an effect. This may
be a reflection of the limited temperature range of the
experimental data. For example, it might be expected

Table 4
The weights for the plate-thickness model

—0.00144919 —0.0024908 —0.015984 —0.0199077  0.00156831
0.00267663  0.0173535  0.0173944 —0.173165 0.0419401
0.0239065 1.38359 0.431789 —0.0746111 —0.524353
1.59167 0.141247  —0.0277307 0.0298074  0.669476

—0.952923

The data are arranged in a continuous horizontal sequence in the
following order:
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Fig. 8. The model perceived significance of the input variables in
influencing the bainite plate-thickness.

that dynamic recovery effects become prominent at
high temperatures in which case there would be a
temperature effect which is independent of the austenite
strength and the driving force.
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Fig. 9. The variation of the bainite plate-thickness with the transfor-
mation temperature, austenite strength and driving force. Note that
unlike Fig. 2, the temperature, strength and driving force are in this
illustration independent variables. The error bars represent + lo
confidence limits.
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5.2. Effect of driving force

For a given alloy composition, the driving force
available for nucleation of bainite increases as the
supercooling below the bainite start temperature is
increased. A large nucleation rate is expected at large
supercoolings (low temperatures). This must lead to a
refinement of microstructure by impingement effects.
Such a trend is indeed found, as illustrated in Fig. 10.
It is emphasised that the model developed is nonlinear
with four hidden units, capable of capturing synergistic
effects between the input variables. Thus, the slope of
the curve in Fig. 10 may be somewhat different for
weaker austenite or for a different temperature.
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Fig. 11. The effect of austenite strength at the transformation temper-
ature on the bainite plate thickness. The error bars are + lo confi-
dence limits.

5.3. Effect of austenite strength

As described earlier, for cases where the shape defor-
mation causes plastic relaxation, weaker austenite will
present a smaller resistance to interface propagation.
The plate-thickness in this limit is therefore expected to
decrease with increasingly strong austenite. The model
perceives such a relationship, as illustrated in Fig. 11.
The fact that the error bars become very large beyond
~ 170 MPa is a reflection of the upper limit of the
strength in the experimental database and the fact that
the dataset itself is limited to just 30 points.

6. Conclusions

It appears that the thickness of bainite plates in
silicon-rich alloys depends primarily on the strength of
the austenite at the transformation temperature, and
the chemical free energy change accompanying trans-
formation, when these variables are treated indepen-
dently. This conclusion applies specifically when the
shape deformation causes plastic strain in the adjacent
austenite. Strong austenite or a large driving force
results in finer plates, the former because there is a
larger resistance to interface motion and the latter
because an increased nucleation rate leads to mi-
crostructural refinement.

Temperature does not, in its own right, seem to have
a significant effect over the range 260-460°C, but it is
possible that this situation could change should dy-
namic recovery effects become prominent.
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