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A model for austenitisation
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In the field of phase transformations in steels, much attention has been paid to the
transformation of austenite into diverse product phases but, until recently not much work
has been done on the formation of austenite during heating. There are few published
models dealing with the transformation of eutectoid or hypoeutectoid steels with a starting
microstructure which is a mixture of ferrite and pearlite.

The aim of the present work was to use phase transformation theory to develop a model
for austenite formation which takes into account the chemical composition and
microstructure of the steel studied, and thermal history experienced. Classic nucleation
theory and diffusion-controlled growth equations are used to determine the progressive
transformation of the different phases into austenite.

A phase transformation model with sound physical basis as the one presented in this
work can be used to determine the effects of various parameters in the reaction involved,
like microstructure (grain size, pearlite spacing), composition, heating rate and others.
Another direct application of this model is the generation of CHT (continuous heating
transformation) diagrams for specific steels, which are a useful reference in research, as
well as in many industrial processes. © 2003 Kluwer Academic Publishers

1. Introduction

In the field of phase transformations in steels, much at-
tention has been paid to the transformation of austenite
into diverse product phases but, until recently not much
work has been done on the formation of austenite dur-
ing heating [1-15]. There are some published models
which deal with the transformation of eutectoid or hy-
poeutectoid steels with a starting microstructure which
is a mixture of ferrite and pearlite [15-20].

The aim of the present work was to use phase trans-
formation theory to develop a model for austenite
formation which takes into account the chemical com-
position and microstructure of the steel studied, and
thermal history experienced. Classic nucleation theory
and diffusion-controlled growth equations are used to
determine the progressive transformation of the differ-
ent phases into austenite.

A model such as this may be useful in diverse ap-
plications, ranging from the calculation of continuous
heating diagrams of steels of precise composition and
microstructure, to the simulation and monitoring of
manufacturing processes.

2. Austenitisation of a hypoeutectoid steel

The phenomenology of austenitisation of an hypoeutec-
toid steel is more complex than that of the same transfor-
mation in other alloys. The equilibrium microstructure
is composed of ferrite and pearlite, the latter being a
composite of ferrite and cementite. In two-dimensional
sections a colony of pearlite has the appearance of

alternate lamellae of ferrite and cementite. In three-
dimensions each colony consists of an interpenetrating
bi-crystal of ferrite (@) and cementite (8) [21]. Ferrite
has a very low solubility of carbon and hence, on its
own, only begins to transform to austenite at high tem-
peratures. But if cementite decomposes and yields its
carbon to the transformation front, the reaction from
ferrite to austenite can proceed at lower temperatures.

Itis the logical to expect that the initiation of austeni-
tisation in a hypoeutectoid steel is in pearlite, where the
diffusion distances for carbon are small. The reaction
can then proceed into the remaining ferrite once the
pearlite is consumed.

New grains of austenite nucleate at pearlite colony
boundaries [15]. As the diffusion distances for carbon
from the dissolving cementite to the ferrite austenite
interface are small (smaller or equal to half the spac-
ing characteristic of the pearlite), these grains grow ex-
tremely fast, to the extent that pearlite is sometimes
assumed to transform instantly [15] into austenite, fol-
lowed by the advance of the interface into the ferrite.

When the austenite starts to grow into the ferrite, car-
bon has to partition to the austenite/ferrite interface for
the reaction to proceed, so the diffusion rate of carbon
in austenite becomes one of the limiting factors, but the
range of this diffusion process is much larger and the
rate of transformation will depend on the morphology,
distribution and volume fractions of the phases present.

Any model aiming to describe reaustenitisation of an
hypoeutectoid steel has to deal with all the parameters



referred to above. Austenitisation must clearly be
microstructure sensitive. Thermodynamic equilibrium
limits the extent of transformation at long times, while
nucleation of austenite in pearlite colonies and diffusive
processes are expected to control the rates of transfor-
mation.

The model described in this work includes nucle-
ation of new austenite grains at the edges of the pearlite
colonies. These grains will be assumed to grow until
the pearlite has completely transformed into austenite,
after which allotriomorphic ferrite transforms.

3. Characterisation of the microstructure

A hypoeutectoid carbon steel presents two distinctive
microstructures, groups of pearlite colonies and some
ferrite grains between them. This distribution of phases
is even more accentuated in the case of steels containing
chemical segregation, which on rolling lead to a banded
structure.

If it is assumed that the latter is always the case,
it is possible to define the microstructure of the steel
using four independent parameters, as shown in Figs 1
and 2. In a more general microstructure, it is assumed
that these parameters would still represent the extent
of each phase (ignoring its internal microstructure) in
a way which accounts for austenite formation.

The parameters [, and [, define the thickness of the
ferrite and pearlite layers respectively. The sum of both
gives [;. In a structure that is not heavily banded, /,
and /,, are used in an abstract way to define the relative
volume fractions of allotriomorphic ferrite and pearlite.
Assuming that the carbon content of ferrite is zero, and
that pearlite as a whole has the eutectoid carbon com-
position (0.77 wt%), [, can be defined as,

I we
l, = 1
P0.77 M
with
Ih=I,+1, (2)

where w, is the weight percent of carbon.

The dimension of the pearlite colonies /., may be de-
fined as a typical colony diameter, as shown in Fig. 2,
and it has been measured using the linear mean inter-
ception method. Finally, /, characterises the eutectoid
ferrite cementite periodicity.

Figure 1 Definition of microstructure parameters /,,, [, and /;,. P denotes
pearlite regions and « the ferrite regions.
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Figure 2 Definition of microstructure parameters /.o and /.

There is no need to define the thicknesses of the ce-
mentite and ferrite layers in pearlite because it is as-
sumed here that both layers decompose into austenite
at a common transformation front.

All the quantitative metallographic methods used
during this study were conducted following Sellars [22]
unless stated otherwise, and stereological corrections,
when needed, were done as in Chang et al. [23].

4. Nucleation of austenite in pearlite colonies
Austenite nucleates at the surfaces of the pearlite
colonies [15]. Classic nucleation theory [24] is used to
calculate the dependence of nucleation on temperature.

6 kT G*+ Q
I =CyNy — — - 3
0 0lcol h exp( RT ) ()

where [ is the nucleation rate per unit time in a single
colony, Ny is the number of nucleation sites per unit
area of colony interface, and Cy is a fitting parameter.
The active nuclei are all assumed to be located at the
surface of the pearlite colonies; hence the ratio between
colony surface to volume, which gives the factor %.
k is the Boltzmann constant; R the gas constant; & the
Planck constant; Q is an activation energy representing
the barrier for the iron atoms to cross the interface,
estimated to be 270,000 J mol~! [25]. T is the absolute
temperature and G* is the activation free energy for
nucleation.

The activation free energy for nucleation is deter-
mined from a balance of interface and volume energy
of the critical nucleus. The austenite/ferrite interface en-
ergy at nucleation is considered to be y =0.025 J m~2
[25]. Several authors [26-29] have studied the effect
of composition on the increase in free energy on trans-
formation from ferrite to austenite, but not of cemen-
tite and ferrite to austenite. The increase in free energy
from ferrite + cementite to austenite is determined as
follows.

Such free energy can be estimated using commer-
cial software such as MTDATA [30]. However, an an-
alytical expression was designed in order to produce a
stand-alone computer model. Therefore, a group of vir-
tual experiments were designed, in which the composi-
tion was varied about an average value (Table I). Exper-
iment design methods [31] have been used to determine
the representative combinations. 32 different composi-
tions have been considered, so that none of the 7 factors
(element composition: Fe, C, Si, Mn, Cr, Ni, Mo) is



TABLE I Composition values used in the virtual experiments

C Si Mn Cr Ni Mo

(wt.%)  (Wt.%) (Wt.%) (Wt.%) (wt.%) (wt.%)
Average 0.54 0.21 0.77 0.18 0.11 0.03
Level + 0.77 0.42 1.5 0.36 0.22 0.06

Level -  0.27 0.10 0.35 0.09 0.05 0.01

confused with others or interactions lower than the 4th
degree. The higher and lower level of each composition
corresponds to approximately twice and half the com-
position of the average steel. The average composition
has also been added to the list of compositions used.

All these different steels were studied using
MTDATA [30] in the temperature range 373-1873 K,
in steps of 25 K, assuming paraequilibrium. The free
energy change on transformation from ferrite and ce-
mentite to austenite was thus determined.

The data obtained from MTDATA were used to
train a neural network, using software developed by
Neuromat [32], based on the work done by MacKay
[33, 34]. The network has 8 input variables (7 elements
and temperature) and 13 hidden units. The analytical
function thus created can then be incorporated into a
stand-alone computer model.

5. Diffusion-controlled growth of austenite

in steel
Once the new grains of austenite have nucleated, their
rate of growth, up to the equilibrium volume fraction,
has been assumed to be determined by the diffusion of
carbon in austenite, from the decomposing cementite,
to the boundary between ferrite and austenite. The ve-
locity of that interface can be determined from a mass
balance and the relevant diffusion equation.

The flux of carbon atoms in austenite at the
ferrite/austenite interface is

D (%) dr 4)
Br F=pint

where D = D(c, T) is the diffusion coefficient of car-
bon in austenite; ¢ the carbon content of the steel; and
ri™ the position of the interface.

The atoms involved in the boundary advance is de-
termined by

(¥ — c*")dr (5)

where ¢”* and ¢*V are the composition of austenite
and ferrite in paraequilibrium with each other close to
the y /a interface, and are calculated following Akbay
etal. [7].

Equating Equations 4 and 5 gives

3
D(—C> dt = (¢’ — ¢)dr (6)
or F—pint

so that the velocity of the interface v;, can be deter-
mined as follows

d_r L D(g_ic*)r=ri“‘
dr — (cv® — co7)

int __
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Figure 3 Carbon content and position of the interface.

The determination of the concentration gradient in a sit-
uation with moving boundaries (Stefan problem Fig. 3)
doesn’t have a simple solution [35]. Using the following
approximation,

dc cV? — cre
o) S\ T ®

the velocity of the interface can be calculated to be

. D [cvl — cve
Ulnt ~ _(C ¢ > (9)

r \c¥® — cor

Is important to note that r in Equation 9 is the dif-
fusion distance of carbon in austenite, and that unless
the direction of that flux and the direction of advance-
ment of the interface are coincident the position of the
interface will have to be determined as v™™¢, where  is
time.

6. Transformation of pearlite

The nucleation rate of austenite in a pearlite colony is
I (Equation 3). Each active nucleus develops in one of
the layers or “slices” of ferrite surrounded by cementite.
The newly nucleated grains grow as hemispheres until
they reach a size of the order of /, and a steady growth
rate, and start growing into the colony. If the geometry
of the pearlite colony is assumed spherical, each ferrite
layer is then a flat disc of radius R;. As the new austenite
grains grow from the edges of these discs (Fig. 4), the
area already transformed can be accounted as

A== [R} (6 — sin6)) + R3 (6, — sin6)]  (10)

| =

where A is the area that has already transformed (using
the average velocity of advance of the interface, see

Figure 4 Transformed area (in grey) in a single slice.
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Figure 5 Interface profile within a slice.

below). R, is the radius of the slice and R, the position
of the interface from the edge of the colony. 6; and 6,
are the angles containing the transformed area from the
centre of each circle.

In this case, the advancement direction of the inter-
face is perpendicular to the diffusion of carbon. The
velocity of the interface determined in section 5 is a
function of the diffusion distance r. That obviously
means that the advancing front of austenite will show
different velocities from the «/6 interface to the cen-
tre of the ferrite lamina (Fig. 5). As the velocity of the
interface is a function of the inverse of the diffusion
distance, the interface would not be flat, but presents
instead a double hyperbolic contour. In order to avoid
increasing the complexity of the model, an average ad-
vance velocity for a flat interface is used.

The average advance velocity can be determined as

1 i
/ v dr (11)

rf—r() o

) 1 i yo __ cve
gt = = / ) (f————-—> & (12)
re—ro Jy T vy — v

. 1 Tr 1 vl _ ore
Sint _ / ~drD (i) (13)
re—ro Jr T cre — v

0

=int
v =

—int
v =

cYe — ooy

cv? —cre

(Inry —Inrg) D (——————-) (14)
r f— ro
where '™ is the averaged velocity of the interface. r s
and rp are the limits of integration, being in this case
the distance to the centre of the slice (position that will
correspond to the slowest movement of the interface),
and the minimum distance from cementite in which
we could consider to have steady growth of austenite

TABLE II Composition of steels used

C Si Mn Cr Ni Mo v
(Wt%) (wt%) (Wt%) (wWt%) (wt%) (wt%) (wt%)

Steel A 0.55 0.22 0.77 0.20 0.15 0.05 0.001
Steel B 0.54 0.20 0.74 0.20 0.17 0.05 0.001

TABLE III Microstructure of steels used

(in the model, this value has been taken as a few cell
parameters in thickness, 1078 m). The other parameters
have already been defined in Section 5. As the slices
have a regular thickness, the conversion from area to
volume is trivial.

As in many cases not only one single austenite nu-
cleus will start to grow, an extended to real volume cor-
rection has been used, following the method presented
by Avrami [36-38] and Cahn [39],

vy, =1 —exp(—v,) (15)

where v,, is the real volume fraction and v, is the ex-
tended one.

7. Transformation of ferrite
Once all the pearlite has been transformed to austenite,
the o/ y interface keeps advancing into the ferrite grains
until all the material has been reaustenitised. This inter-
face is considered to be flat. The concentration profile
at the «/y interface during austenite growth remains
that illustrated on the right hand side of Fig. 3. As the
diffusion distances become larger, the velocity of the
interface v™™ (Equation 9), becomes smaller.

Ferrite grains are assumed to be flat plates, with an
average thickness of 2 /,, so that there is no need to use
an extended/real volume correction.

8. Implementation of the model

The theory described thus far has been stated in terms
of isothermal transformation, whereas it is the contin-
uous heating experiments which are of technological
interest. To account for anisothermal transformation,
the kinetic equations were discretised for implemen-
tation into a computer program. For a given heating
history, the heating curve is then divided into small tem-
perature intervals, in each of which the calculation is
isothermal. The boundary conditions are then changed
to be appropiate for the next temperature interval and
similar calculations are repeated to generate the entire
transformation behaviour during heating.

9. Comparison with experimental results

In order to compare the predictions of the model with
the transformation behaviour of steel, a standard set
of experiments have been designed. This set of exper-
iments can then be used to compare the capability of
the model to predict the effects of other parameters like
composition and microstructure. A series of six exper-
iments was conducted, in which samples of steels A
and B (Table II) were heated at 50°C s~ to the maxi-
mum temperatures 746, 773, 812, 750, 725 and 725°C,
spending 2.4, 2.7, 3.9, 4.5, 1.5 and 151 seconds re-
spectively, above the A.; temperature. All the tempera-
tures quoted are in the intercritical range so only partial

2l 0 (m) 2, (m) l, £ 0 (m) leol £ 0 (M)
Steel A (2.55+1.36)107° 6.38 x 107° (0.51+0.05)107¢ (19.73 £0.95) 1076
Steel B (1.85+0.97)107° 434 %1076 (0.25+0.05)10° (18.46 +0.95)10~°
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transformation is expected, although the extent of
austenite varied from very little to almost complete
transformation.

Experimental data had been collected using a
dilatometer (Thermecmastor Z), using hollow steel
samples following the thermal history described in
these six experiments. The same thermal history and
the composition and microstructural description of the
samples (Table III) were fed into the model and its re-
sults compared with experimental data.

The six experiments on steel A, as described above,
were used to determine the nucleation fitting parameter
Co, obtaining the value CyNy = 1.5 x 10~3 m~2. The
model was then tested using the standard set of exper-
iments against two steels of different composition, and
slightly different microstructure. As shown in Figs 6
and 7, the predictions of the model give an excellent
description of the experiments.

This kind of model can then be used in multiple appli-
cations, not being the least important of them the cal-
culation of CHT (continuous heating transformation)
diagrams for any hypoeutectoid steel, taking into ac-
count its composition and microstructure, as the one in
Fig. 8, calculated for steel B, or the final distribution of
phases after a reaustenitisation heat treatment.

Steel A
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20t
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Figure 6 Predictions vs. experimental results on steel A.
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Figure 7 Predictions vs. experimental results on steel B.
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Figure 8 Continuous heating transformation diagram for steel B.

The CHT diagram shown in Fig. 8 was determined
by feeding the model with 8 different constant heating
rates (0.1, 0.3, 1, 3, 10, 30, 100, and 300°C s~ ') and the
composition and microstructure of steel B.

10. Conclusions

A model describing the reaustenitisation of hypoeutec-
toid steel has been presented. A phase transformation
model with sound physical basis as the one presented in
this work can be used to determine the effects of various
parameters in the reaction involved, like microstruc-
ture (grain size, pearlite spacing), composition, heating
rate or even other parameters not included in the model
at the moment, by comparison of experimental results
with adequate predictions. Another direct application of
this model is the generation of CHT (continuous heat-
ing transformation) diagrams for specific steels, which
are a useful reference in research, as well as in many
industrial processes.
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Appendix

The neural network described in section 4 has 8 input
variables (7 elements and temperature) and one output
variable (increase in volume free energy on transforma-
tion from ferrite/cementite mixtures to austenite). Both
the input and output variables were first normalised
within the range £0.5 as follows:

Xy = X T Xmin__ 5 (16)

Xmax — Xmin

where xy is the normalised value of x, X, the maxi-
mum value and x,;, the minimum value of each variable
of the original data. A similar operation was performed
for the output variable. The maximum and minimum
values of each of the inputs and output are summarised
in Table I'V.

TABLE IV Maximum and minimum values of each of the inputs and
the output included in the database used to train the neural network

Variable (unit) Minimum Maximum
Fe (wt%) 0.9740 0.9913

C (wt%) 0.0027 0.0077

Si (Wt%) 0.0010 0.0042
Mn (wt%) 0.0035 0.0077

Cr (wt%) 0.0009 0.0036

Ni (wt%) 0.0005 0.0022
Mo (wt%) 0.0001 0.0006
Temperature (K) 373 1873

Free energy (Jm™3) —14100 85900
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The analytical function created during the neural
network analysis has a standard feedforward network
structure [40], with one hidden layer containing 13 hid-
den units. At every hidden unit j, each of the input
Vanables x; is multiplied by a coefficient (or weight)
(w ) All these products are then summed together and
a constant (or bias) 6'" is added. The result of these op-
erations is then used as the argument of a hyperbolic
tangent.

(1) ()
= tanh (Z w') x; + 0 ) (17)
The normalised output is then calculated as,

y=> wPh;+6@ (18)
j

where w® is another weight and #® another bias
respectively.

The values of the weights and biases of the func-
tion used are shown below. The data are arranged
in a continuous horizontal sequence in the following
order:
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