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The aim of this work is to evaluate the influence of heating rate and initial microstructure on the
anisothermal formation of austenite. In this sense, the start (Ac,) and finish (Ac;) temperatures of austenite
formation have been determined on dilatometric curves obtained at various heating rates in steels with fer-
rite and/or pearlite initial microstructures. As it was expected, Ac, and Ac; temperatures rises linearly with
heating rate, except for steels with a pure ferrite initial microstructure where the Ac, temperature is almost
insensitive to heating rate over the range studied. Experimental results in steels with a pearlite and ferrite—
pearlite initial microstructures also show that the elevation of the critical temperatures with heating rate is
quite sensitive to the morphology of pearlite. It seems that the higher the heating rate is, the stronger the
influence of morphology on the critical temperatures are. This experimental study and the knowledge of the
mechanisms that control the austenite formation process have allowed to establish the variables that most
directly influence this reaction in steels with pearlite and ferrite—pearlite initial microstructures. Those are
the heating rate and the two parameters that characterise the morphology of pearlite, the mean true inter-
lamellar spacing and the edge length of the pearlite colonies interface in pearlitic steels, together with the
volume fraction of pearlite and the mean free distance of pearlite in ferrite plus pearlite initial microstruc-
tures. Likewise, two equations have been proposed for the determination of the start (Ac,) and (Ac;) finish

temperatures of austenite formation as a function of those variables.

KEY WORDS: heating critical temperatures; austenite formation; steels.

1. Introduction

The formation of austenite during heating differs in
many ways from those transformations that occur during
the cooling of austenite. For instance, the kinetics of
austenite decomposition can be described completely in
terms of the chemical composition and the austenite grain
size. By contrast, the microstructure from which austenite
may form is more complex and additional variables are
therefore needed to describe the kinetics of austenite for-
mation. Factors such as particle size, distribution and chem-
istry of individual phases, homogeneity and the presence of
non-metallic inclusions should all be important.* Thus, in
the case of formation of austenite from pearlite, the most
relevant structural factor to be considered is the interlamel-
lar spacing of pearlite.”

The development of dual-phase steels by partial austeni-
tisation revived the interest for the heating part of the heat
treatment cycle in the eighties. Dual-Phase steels, widely
used in the automobile industry, are characterised by a su-
perior combination of mechanical properties. These steels
are produced by annealing low carbon steels in the intercrit-
ical temperature range with the aim of obtaining ferrite—
austenite mixtures, and subsequent quenching to transform
the austenite phase into martensite.*® Speich et al.? and,
Garcia and DeArdo" described in detail the mechanisms
that control the austenite formation process under isother-
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mal conditions in low carbon steels with a ferrite—pearlite
initial microstructure. Later, Roosz et al.” quantitatively
determined the influence of the initial microstructure on the
nucleation rate and grain growth of austenite during
isothermal treatment of an eutectoid plain carbon steel. All
these reports emphasised the importance of the microstruc-
ture that exists before intercritical annealing.

However, little information is available about the austen-
ite formation in steels subjected to continuous heating.
Recently, some researchers have adopted a new approach to
the problem using artificial neural network.'®!'") This has
helped to identify the fact that a neglect of the starting mi-
crostructure can lead to major errors in the transformation
temperatures, sometimes by more than 100°C. In this sense,
the aim of this work is to evaluate the influence of heating
rate and microstructural parameters such as interlamellar
spacing of pearlite and the mean free distance of pearlite on
the anisothermal formation of austenite in steels with initial
microstructures consisting of ferrite and/or pearlite. This
study will allow to establish the variables that most directly
influence the austenite formation process and to propose
two empirical formula for the determination of the start
(Ac,) and finish (4Ac;) temperatures of austenite formation
as a function of those variables.
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2. Experimental Procedure

Table 1 lists the chemical composition of the studied
steels. FERR steel in Table 1 has a full ferrite initial mi-
crostructure as shown in Fig. 1. Specimens of this steel
were ground and polished using standardised techniques for
metallographic examination. Nital-2pct etching solution
was used to reveal the ferrite microstructure by optical mi-
croscopy. The ferrite grain size was measured on micro-
graphs. An average ferrite grain diameter (D) of 158 um
was estimated by counting the number of grains intercepted
by one or more straight lines long enough to yield at least
fifty intercepts in total. The effect of a moderately non-
equiaxial microstructure was eliminated by counting the
intersections of lines in four or more orientations covering
all the observation fields with an approximately equal
weight.'?

The following heat treatments were carried out to yield
in PEARL steel (Table 1) fully pearlitic microstructures
with different scale parameters. Specimens were austeni-
tised for 5 min at 1 000°C, isothermally transformed at one
of two different temperatures and subsequently cooled
rapidly to room temperature. Table 2 lists the temperatures
and holding times used for the isothermal formation of
pearlite with different morphological parameters in this

Table 1. Chemical composition (mass%).

Steels C Mn Si N Al P Cr Ni
FERR 0.002 0.05 - 0.004 - 0.003 - &
PEARL 0.76 091 0.24 - - 0.013 - S
MIXT 0.11 0.50 0028 0.004 0.046 0015 0012 0020

15KV 18rn WD24

(©)

steel. Specimens were ground and polished using standard-
ised techniques and finished on 0.25 ym diamond paste for
metallographic examination. 2 pct-Nital etching solution
was used to reveal the microstructure by light optical mi-
croscopy (LOM). Micrographs in Figs. 2(a) and 2(b) con-
firm that 100% transformation to pearlite occurs at both
heat treatments performed (Table 2). An etching solution of

,

Fig. 1. Optical micrograph of initial microstructure in FERR
steel.

Table 2. Isothermal conditions employed for the formation of
pearlite microstructures in PEARL steel.

Temperature Time
Specimen
) (min)
PEARL1 675 45
PEARL2 525 60

(d)

Fig. 2. Optical and electron micrographs of the two different morphologies of pearlite in PEARL steel (Table 2): (a)
PEARLI1 (LOM); (b) PEARL2 (LOM); (c) PEARL1 (SEM); and (d) PEARL2 (TEM).
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picric acid in isopropyl alcohol with several drops of
Vilella’s reagent was also used to reveal pearlite in
PEARLI specimen on a JEOL JXA-820 scanning electron
microscope (SEM) (Fig. 2(c)). Pearlite in PEARL2 speci-
men was characterised by transmission electron microscopy
(TEM). For this, 3 mm diameter cylindrical samples were
sliced into 100 um thick discs and subsequently ground
down to foils of 50 um thickness on wet 800 grit silicon
carbide paper. These foils were finally electropolished at
room temperature until perforation occurred, using a twin-
jet electropolisher set (E. A. Fischione Inst. Mfg—Model
110) at a voltage of 100 V. The electrolyte consisted of 5%
perchloric acid, 15% glycerol and 80% methanol. The foils
were examined in a JEOL JEM-200 CX transmission elec-
tron microscope (TEM) at an operating voltage of 200 kV.
(Fig. 2(d)).

MIXT steel in Table 1 is a low carbon-low manganese
steel with a ferrite plus pearlite initial microstructure. Semi
rolled slabs 36 mm thick were soaked at 1250°C for
15 min, hot rolled to 6 mm in several passes, and finally air
cooled to room temperature. Specimens of this steel were

Table 3. Continuous cooling conditions employed for the for-

mation of ferrite and pearlite microstructures in

reheated to 1 000°C, held for 60 s and cooled at one of three
different cooling rates to obtain three ferrite and pearlite
starting microstructures with different morphology of
pearlite (MIXT2 —4). Table 3 lists the cooling rates used
for the formation of ferrite and pearlite with different mor-
phological parameters in this steel. As-rolled and annealed
resultant microstructures all are formed by, approximately,
89% of ferrite and 11% of pearlite (Fig. 3). Specimens
were polished in the usual way and finished on 0.5 um dia-
mond paste for metallographic examination. Two types of
etching solution were used: Nital-2pct to reveal the fer-
rite—pearlite microstructure by light optical microscopy and
solution of picric acid in isopropyl alcohol with several
drops of Vilella’s reagent to disclose the pearlite morpholo-
gy on a JEOL JXA 840 scanning electron microscope.
Figure 4 shows the scanning micrograph of all the different
morphologies of pearlite considered for MIXT steel.

Two parameters, the mean true interlamellar spacing, &,,
and the area per unit volume of the pearlite colonies inter-
face, SF’, characterise the morphology of pearlite.” The
values of o, in all the cases (PEARL1-2 and MIXT1-4
specimens) were derived from electron micrographs ac-
cording to Underwood’s intersection procedure.''¥ The
values of S'* were measured on scanning micrographs by
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Fig. 3.
(b) MIXT2, (c) MIXT3 and (d) MIXTA4.

© 2003 ISIJ

Optical micrograph of the four different initial microstructures considered in MIXT steel (Table 3): (a) MIXT1,
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Fig. 4.
MIXT], (b) MIXT2, (¢) MIXT3 and (d) MIXTA4.

Table 4. Morphological characterisation of pearlite in PEARL
steel.
% s d
Specimen
(um) (mm") (um)
PEARL1 0.20+0.03 581486 4.16+0.70
PEARL2 0.06+0.01 1432460 1.65+0.07

Table 5. Morphological characterisation of ferrite plus
pearlite microstructure in MIXT steel.

[ s ' A
Specimen
(um) (mm™") (um) (um)
MIXT1 0.15£0.02 959+154 2.50+0.50 3615
MIXT2 0.20+0.02 7281144 3.25+0.80 43+4
MIXT3 0.25+0.04 704193 3.40+0.40 4743
MIXT4 0.29+0.04 871t106 2.80+0.30 49+10

Data for o, S'* and a” for PEARL and MIXT steels are
listed in Tables 4 and 5, respectively.

Likewise, Table 5 shows the mean free distance of
pearlite for MIXT steel, A, which is the mean edge-to-edge
distance, along ramdom straight lines, between all possible
pairs of pearlite nodules in a ferrite plus pearlite mi-
crostructure. The mean free distance of pearlite is'®:
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Scanning micrograph of the four different morphologies of pearlite considered in MIXT steel (Table 3): (a)

where V, is the volume fraction of pearlite and N, is the
number of pearlite interceptions per unit length of test line.

To evaluate the influence of heating rate and initial mi-
crostructure on the anisothermal formation of austenite,
specimens with different initial microstructures (FERR,
PEARLI1-2 and MIXT1-4 specimens) were heated at a con-
stant rate ranging from 0.005 to 100°C/s in a Adamel
Lhomargy DT1000 high-resolution dilatometer. The dimen-
sional variations in the specimen are transmitted via an
amorphous silica pushrod and measured by a linear variable
differential transformer (LVDT) in a gas-tight enclosure en-
abling to test under vacuum or in an inert atmosphere. The
DT1000 dilatometer is equipped with a radiation furnace
for heating. The energy radiated by two tungsten filament
lamps is focused on a cylindrical specimen of 2 mm in di-
ameter and 12 mm in length by means of a bi-elliptical re-
flector. The advantages of this arrangement are the large in-
stantaneous power transfer to a specimen of small mass,
and the low thermal inertia ensuring an homogeneous tem-
perature in the whole specimen during rapid heating. The
temperature is measured with a 0.1 mm diameter chromel-
alumel (type K) thermocouple spot welded to the specimen
in a central position. The high efficiency of heat transmis-
sion and the very low thermal inertia of the system ensure
that the heating rates ranging from 0.003 to 200°C/s remain
constant.

The variation of the relative change of length as a func-
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tion of temperature (AL/L,=f(T)) shown in the three dilato-
metric curves of Fig. 5, reproduces the contraction under-
gone by steels with different initial microstructures (ferrite,
pearlite and ferrite plus pearlite) during continuous heating
at 0.05°C/s. In all the cases, the formation of austenite takes
place between the Ac, and Ac, temperatures which repre-
sent, respectively, the temperature at which the austenite
formation starts and ends. The transformation start temper-
ature Ac, is defined as the temperature at which the linear
thermal expansion, graphically represented by the AL/L,=
f(T) function, first deviates from linearity. This behaviour
is caused by the volume contraction associated with the
austenite formation, which first compensates, and then re-
verses the normal expansion of the steel due to the increase
in temperature. Location of the point at which the deviation
occurs is obtained by extrapolating the linear portion of the
thermal expansion curve. Likewise, transformation finish
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Fig. 5. Heating dilatometric curves of steels with different initial

microstructures for a heating rate of 0.05°C/s: (a) FERR
steel with a full ferritic microstructure; (b) PEARL steel
with a full pearlitic microstructure (PEARL2 specimen);
(c) MIXT steel with a ferrite and pearlite microstructure
(MIXT1 specimen).
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temperature Ac; is determined by extrapolating the linear
portion of the curve after transformation.

Figure 5 shows important differences among the three
dilatometric curves. The heating dilatation curves shown in
Figs. 5(a) and 5(b) display the contraction associated to the
reaustenitisation of steels with a pure initial microstructure,
fully ferritic and fully pearlitic microstructures, respective-
ly. Experiments reveal clearly that austenite formation from
pure ferrite and pure pearlite needs between 10 and 20°C to
reach completion at a slow heating rate (0.05°C/s). On the
other hand, dilatometric curve in Fig. 5(c) reproduces the
contraction undergone by a steel with a ferrite and pearlite
initial microstructure during continuous heating. In contrast
to the austenitisation of pure initial microstructures, austen-
ite formation from a mixture of ferrite and pearlite needs a
wide range of temperature to reach completion, specially in
low carbon steels, such as MIXT steel. Since pearlite disso-
lution is a much faster process than that of ferrite-to-austen-
ite transformation, differentiation between pearlite dissolu-
tion and ferrite-to-austenite transformation may be detected
in the heating dilatometric curves of low carbon steels. It is
for that, the experimental curve in Fig. 5(c) shows an un-
usual well formed by contraction associated to the pearlite
dissolution.” Interrupted heating tests at temperatures 10°C
above and below Ac, temperature confirmed that this anom-
aly effectively corresponds to the pearlite-to-austenite
transformation. Authors reported in previous work® a sig-
nificant effect of pearlite interlamellar spacing on the
dilatometric contraction associated to the pearlite dissolu-
tion. The dilatometric anomaly associated with this trans-
formation is eliminated as interlamellar spacing of pearlite
increases. This effect is mainly caused by the influence of
the interlamellar spacing on the austenite growth rate.
Likewise, the small contraction after the relative change in
length reaches to a minimum corresponds to the formation
of austenite from some grains of ferrite that remains un-
transformed in the microstructure. As Datta et al.'® found
under isothermal conditions, those residual ferrite grains
transform almost instantaneously due to a change in ferrite-
to-austenite transformation kinetics.

3. Results and Discussion

The influence of heating rate and initial microstructure
on the anisothermal formation of austenite has been evalu-
ated from the determination of the heating critical tempera-
tures, Ac, and Ac;, on dilatometric curves obtained at vari-
ous heating rates in steels with ferrite and/or pearlite mi-
crostructures. The change of Ac, and Ac; temperatures with
heating rate for FERR steel is shown in Fig. 6. Moreover,
the effect of morphology of pearlite together with the heat-
ing rate on the critical temperatures is displayed on Figs. 7
and 8 for PEARL and MIXT steels, respectively.

The Ae, and Ae, temperatures in these figures (dotted
and dashed lines) represent the start and end temperatures
of austenite formation under equilibrium conditions, re-
spectively. These temperatures has been determined from
dilatometric curves obtained at a heating rate of 0.05°C/s.
This is the rate normally used for considering quasi-equilib-
rium conditions.'” In PEARL and MIXT steels, specimens
with different morphology of pearlite were used for the de-
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Fig. 6. Effect of heating rate on the Ac, and Ac;, critical tempera-
tures of a steel with a pure ferrite initial microstructure.

— 900
Aci! @PEARL1
mPEARL2
A 850
\Cal

*  OPEARLA )
OPEARL2 g
2
®
800 &
o
€
@
Ae, L

________ 750

x
Aey
N ; . 700
0.001 0.01 0.1 1 10 100 1000
Heating Rate / °Cis

Fig. 7. Effect of heating rate and morphology on the Ac, and Ac,
critical temperatures of a steel with a pure pearlite initial
microstructure.

termination of these temperatures. Any difference between
Ac and Ae temperatures will show the influence of heating
rate and morphology on the kinetics of austenite formation.
Solid lines in Figs. 68 represent a linear regression of the
experimental results.

According to Figs. 7 and 8, independently of the mor-
phology of their initial microstructure, the Ac, and Ac, tem-
peratures in the eutectoid (PEARL) and low carbon
(MIXT) steels scarcely rises with heating rate at slow and
moderate rates of heating, i.e. up to about 1°C/s, whereas a
stronger influence of heating rate on those critical tempera-
tures is observed at higher rates. An increase of up to about
100°C is detected in the critical temperatures as heating
rate is risen from 10 to 100°C/s in both steels. For FERR
steel, Fig. 6 suggests that the Ac, temperature is almost in-
sensitive to heating rate over the range studied, whereas Ac;
temperature follows a tendency similar to that found in
PEARL and MIXT steels. In all the cases, it seems a rea-
sonable approach to consider that Ac, and Ac; temperatures
rises linearly with heating rate. The different linear regres-
sions observed for different morphology of pearlite in
PEARL and MIXT steels suggests that the elevation of the
critical temperatures with heating rate is quite sensitive to
morphological parameters. However, this influence is not
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Fig. 8. Effect of heating rate and morphology of pearlite on the
Ac, and Ac; critical temperatures of a steel with a ferrite
and pearlite initial microstructure. (a) Ac, temperature
and (b) Ac, temperature.

independent of the heating rate. It seems that the higher the
heating rate is, the stronger the influence of morphology on
the critical temperatures is.

The independence of the transformation start tempera-
ture from heating rate in FERR steel is consistent with a
massive transformation that does not involve long range
diffusion process. Speich and Szirmae estimated the maxi-
mum ferrite/austenite interface velocity as 0.016 m/s for a
200 um ferrite grain diameter.'® This is a very high veloci-
ty but still much less than that reported for diffusionless
transformations, about 10°m/s.!” Formation of austenite
from ferrite is well established to be a nucleation and
growth process. The potential nucleation sites for austenite
in pure iron are either in the matrix, at grain boundary
faces, at grain boundary edges, or at grain corners.’” All of
them are exhausted early in the transformation®" and the re-
action is then further controlled by growth. The growth rate
of austenite into ferrite, G, is given by*>:

ov AG
GZi _ act A oa—y
kT e’q{ kT ] g

=2 exp 22 exp| o2 |agr 7y ...o3)
= exp i exp " geovTy ...

where § is the boundary thickness, v is the number of at-
tempts to jump the boundary activation barrier per unit
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time, k is the Boltzman constant, 7 is the absolute tempera-
ture, AG,, is the free energy for the activated transfer
atoms across the ferrite/austenite interface, AS is the en-
tropy of activation per atom, AH is the enthalpy of activa-
tion per atom, and Ag*~" is the Gibbs free energy differ-
ence per atom between the o and 7y phases. The values of
AH and v are uncertain but are generally assumed to be
equal to the enthalpy of activation for grain boundary diffu-
sion®” and to kT/h (being h Planck constant), respectively.
The value of AS is also uncertain and may be negative or
positive.

Figure 9 shows the Gibbs free energy change for the fer-
rite-to-austenite transformation, Ag*”?, for FERR steel.
This energy has been obtained according to the thermody-
namic calculations proposed by Aaronson et al’***> and
Kaufman et al.?® In order to account for the effects of al-
loying elements into calculation, Zener factorisation of the
free energy into magnetic and non-magnetic components
has been performed.”” The start temperature of the trans-
formation corresponds to the temperature at which
Ag®”"=0 i.e. the root of Ag*>" function (907°C for FERR
steel according to Fig. 9). This temperature is quite similar
to the 4c, temperatures measured in FERR steel over the
heating rate range studied. Taking into account that the
Gibbs free energy only depends on the chemical composi-
tion of the steel, the independence of the transformation
start temperature from heating rate in FERR steel is then
understood.

Regarding Ac, temperature in this steel, kinetics theory®®
shows that a massive transformation such as ferrite-to-
austenite transformation takes place almost instantaneously
(1°C), whereas the present experimental results revealed
that this transformation needs between 20 and 100°C to
reach completion depending on the heating rate. These be-
haviour only can be explained by some kinetic hindrance to
transformation which is more significant, the higher the
heating rate is.

As it has been pointed out, in PEARL and MIXT steel,
the Ac, and Ac, temperatures rise linearly with heating rate
over the studied range and they are quite sensitive to the
morphology and dispersion state of pearlite. Figures 7 and
8 show that the heating critical temperatures are higher, the
coarser the interlamellar spacing of the initial pearlite is,
and the higher the heating rate is. Moreover, it seems that
the heating critical temperatures increase as the mean free

500 -

400

300 4
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o
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0 . : :

somw

Temperature / °C

7j10 750 800 850
-100

Fig. 9. Gibbs free energy change for a— 7y transformation in
FERR steel.
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distance of pearlite nodules increases in the ferrite plus
pearlite initial microstructure for MIXT steel (Fig. 8). The
behaviour with the heating rate is not unusual since nucle-
ation and growth kinetics are time-dependent phenomena.
Likewise, this behaviour with change in the morphology
and distribution state of pearlite appears logical since the
rate at which the austenite formation can proceed depends
on the rate at which carbon atom can be provided to the fer-
rite-austenite interface; this rate is very much dependent on
the carbide shape, size and distribution.

e Determination of Ac, and Ac, Temperatures as a Func-
tion of Heating Rate and Pearlite Morphology for Steels
with a Pearlite and Ferrite—Pearlite Initial Microstructure
According to experimental results in Figs. 7 and 8, inde-

pendently to the morphology of the initial microstructure, it

seems reasonable to formulate a linear heating rate depen-
dence of Ac, and Ac, temperatures as follows,

Acleel+f1m°rf- 7
and
Acy=Ae, +f3m°'f- T

where Ae, and Ae, are the start and end critical tempera-
tures of austenite formation under equilibrium conditions,
respectively; ;™" and £;"" are the functions representing
the dependence of Ac, and Ac; temperatures, respectively,
on the initial microstructure (i.e. the different slopes ob-
served for different morphology of pearlite in the linear re-
gressions of the experimental data in Figs. 7 and 8); and T
is the heating rate.

The first step of austenite formation in steels with a fer-
rite—pearlite starting microstructure consists of pearlite dis-
solution and growth of austenite into pearlite.”” This
process is controlled primarily by carbon diffusion in the
austenite, with a diffusion distance about equal to the inter-
lamellar spacing of the pearlite, unique morphology factor
that affect the growth kinetics of austenite into pearlite.?”
However, the nucleation of austenite in pearlite may be also
sensitive to morphological parameters such as the edge
length of the pearlite colonies since the points of intersec-
tion of cementite with the edges of the pearlite colony are
preferential sites for austenite nucleation into pearlite.">*!®)
Subsequent steps of austenite growth into ferrite will be
controlled by carbon diffusion in the austenite.”’ Those
processes are not expected to be ferrite microstructure-sen-
sitive, but might depend on the dispersion state of pearlite.
Thus, /™" and £, will depend on the morphology and
dispersion state of pearlite. The determination of both func-
tions will be analogous for steels with a pearlite and ferrite—
pearlite initial microstructures, since the mean free distance
of pearlite, or microstructural parameter that characterises
the dispersion state of pearlite for a fully pearlitic mi-
crostructure is obviously zero.

Nucleation and growth processes under isothermal con-
dition can be described in general using the Avrami’s equa-
tion®”:
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where ¥, represents the formed austenite volume fraction,
N is the nucleation rate, G is the growth rate and ¢ is the
time. If the nucleation and growth rates do not depend on
temperature and time, the time needed to transform a small
volume fraction of austenite & (about 0.01), at the starting
point of transformation, will be expressed as follows:

:|1/4

The difference between Ac, and Ae, in continuous heating
is approximately the product of # ) and the heating rate, 7.
Therefore, the influence of the microstructure on Ac, tem-
perature can then be formulated as follows,

3In(1 - 6)
nNG?

() =[

Likewise, if the functions representing the influence of the
microstructure on the nucleation and growth rates are
named as f and f;;, respectively, ;™" will have the follow-
ing general form,

1

(S

As it was mentioned above, the nucleation of austenite
inside pearlite takes place preferentially at the points of in-
tersection of cementite with the edges of the pearlite
colony. Approximating the pearlite colony as a truncated
octahedron, the number of nucleation sites per unit volume
is calculated as N.=1/((a")*0,), where a” is the edge length
of the pearlite colony and o, is the interlamellar spacing.'”
It seems reasonable then to assume the function f in Eq.
(9) to be proportional to the number of nucleation sites per
unit volume i.e. fy>(N,.), being i a constant.”’ Roosz et al.”
investigated all the three cases of microstructure depen-
dence for i=1, 2 and 3, and they found that their measured
values of austenite volume fraction were best described
with i=2.

On the other hand, austenite nuclei in pearlite grow when
carbon atoms are transported by diffusion to the
ferrite/austenite boundary from the austenite/cementite
boundary through the austenite and from the ferrite/cemen-
tite boundary through the ferrite, resulting in a transforma-
tion of the ferrite lattice to an austenite lattice.’" As in the
case of the reverse transformation (austenite-to-pearlite
transformation), the growth rate of austenite in pearlite is
believed to be controlled by the volume diffusion of carbon
in the growing phase,>'® and it is assumed that the effective
diffusion distance is approximately equal to the interlamel-
lar spacing of pearlite. Hillert et al.’" studied the isother-
mal formation of austenite from a mixture of ferrite and
pearlite, and suggested that the expression of the austenite
growth rate in pearlite could have the general form
Gx1/0,. Thus, the function f; in Eq. (9) can be expressed
as fgx1/0,.

Therefore the function £;™" in Eq. (9) that expresses the
microstructure dependence of the start austenite formation
temperature in steels with a pearlite and ferrite—pearlite ini-
tial microstructures, can be formulated as f;™ (o /N2)"™.

ﬁ morf
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The best linear fitting between the different slopes of the
solid lines in Figs. 7 and 8, and the complex morphological
parameter (0/N2)"* has the following form,

1/4

fmorf — 2 Gg + 1 (10)
i 5| w2 e
and thus Eq. (4) can be rewrite as follows,
1/4
2 [ o} 1] .
Ac) = Ae, +| —- +—|-T
5 | Ng 2
1/4
de+ 2% il (1)
= Ae, +—- . — T e
s | N2 2

with ¢, in yum and N¢ in gm™.

Following the above reasoning, the microstructure de-
pendence of Ac, temperature can be also determined. In
general, it appears reasonable to assume that the tempera-
ture at which the transformation is completed must depend
mainly on the growth rate of the transformation since nu-
cleation sites saturate early in the reaction and the reaction
is then controlled by growth. This assumption is adequate
for austenite formation in both pearlitic and ferrite plus
pearlite steels, since in both type of steels, the transforma-
tion during heating occurs within a finite temperature
range. In the case of PEARL steel, it has been found that
austenite formation occurs in a temperature range of 20 or
50°C depending on the morphology of pearlite and the
heating rate. This is a rapid transformation, but not instan-
taneous. It seems reasonable then to consider all of the nu-
cleation sites exhausted lately in the transformation and the
reaction controlled by growth in both PEARL and MIXT
steels. In this case, the reaction law in Eq. (6) can be ex-
pressed with an exponent of 1 in time in Avrami’s equa-
tion,?”

V,=1—exp(—KGt)

where K is a constant that contains the number of nucle-
ation sites for austenite and G is the growth rate of austen-
ite. The influence of the microstructure on Ac; temperature
can then be formulated in the same way than Eq. (8),

1

The growth of austenite in pearlite, or first step of austen-
ite formation in steels with a ferrite—pearlite starting mi-
crostructure, is primarily controlled by the volume diffusion
of carbon atom in the austenite with a diffusion distance
about equal to the interlamellar spacing of the pearlite.
After completion of pearlite disolution, austenite grows into
the surrounding ferrite. The growth rate of austenite in fer-
rite is mainly controlled by carbon diffusion through the
austenite.” This process is not a ferrite microstructure-sen-
sitive. The growth rate of austenite in ferrite only depends
on the chemical composition of the steel through the diffu-
sion coefficient of carbon that control the movement of the
ferrite/austenite interface. Therefore, the influence of the
microstructure on the growth kinetics of austenite can then

© 2003 IS
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be formulated as f;<1/0, for a steel with a pearlite and fer-
rite plus pearlite initial microstructure.’”’ However, the
progress of ferrite-to-austenite transformation depends on
the amount of pearlite in the initial microstructure (i.e. vol-
ume fraction of pearlite, /) and its dispersion state since
the nucleation sites of austenite are in pearlite. The number
of nucleation sites for austenite (K) depends on the surface
area per unit volume of pearlite nodules (S,). Therefore, the
microstructure dependence of Ac; temperature, f£;", will
depend on the volume fraction of pearlite, its morphology
and, on the surface area per unit volume of pearlite in a fer-
rite plus pearlite initial microstructure:

1
f[Vpon,SvJ

In this sense, the following general form for f;
posed:

f morf _
3

morf

is pro-

1-N
fémorfocVPZ O.O +[ S Pj

) 1=V ; A
=l|o,+ =Vylo,+— | ...(15)
4N, 4

where 1}, is the volume fraction of pearlite, N, is the num-
ber of pearlite interceptions per unit length of test line,'”
and A is the mean free distance of pearlite. In the case of a
fully pearlitic microstructure £;""« o,

The best linear fitting between the slopes observed for
different morphology of pearlite in the linear regressions of
the Ac; experimental data in Figs. 7 and 8, and the morpho-
logical parameter o, has the following form,

[t =412 & +i +i (16)
3 | %t P
and thus Eq. (5) can be rewrite as follows,
> A 1.
Acy=Aey H|4Vy|o,+— |+ —|-T
4 2
. A) . 1 .
= Aey +4V; GO+Z -T+E'T ............ a7

with o, and A in um.

Resembling experimental results, Egs. (11) and (17) sug-
gest that an increase in the heating rate leads to an elevation
of the start and finish temperatures of austenite formation
independently of the morphology of pearlite, whereas the
morphological parameters of pearlite only affect the critical
temperatures at high enough heating rates. Thus, the heat-
ing critical temperatures can be factorised into three intrin-
sic components: the influence of the composition of the
steel, the effect of the heating rate and the convoluted effect
of microstructure and heating rate.

Comparison between experimental and calculated Ac,
and Ac, values using Eqgs. (11) and (17) in PEARL and
MIXT steels at various heating rates and for specimens
with different initial morphology of pearlite is shown in
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Fig. 10. Comparison of experimental and calculated Ac, and Ac,
critical temperatures of steels with a pearlite and ferrite—
pearlite initial microstructures.

Fig. 10. Points lying on the line of unit slope show perfect
agreement between experimental and calculated values.
The accuracy of the calculations is quantified by R*. The
Ac, and Ac, values calculated from the equations proposed
in this work are in good agreement (with an accuracy of
97% in square correlation factor) with the corresponding
experimental results.

4. Conclusions

(1) The influence of heating rate and initial microstruc-
ture on the anisothermal formation of austenite has been
evaluated from the determination of the heating critical
temperatures, Ac, and Ac,, on dilatometric curves obtained
at various heating rates in steels with ferrite and/or pearlite
initial microstructure. In all the cases studied, it seems that
Ac, and Ac, temperatures rises linearly with heating rate,
except for steels with a pure ferrite initial microstructure,
where the Ac, temperature is almost insensitive to heating
rate over the range studied. This independence of the trans-
formation start temperature from heating rate is consistent
with a massive transformation that does not involve long
range diffusion process.

(2) Experimental results in steels with a pearlite and
ferrite—pearlite initial microstructures show that that eleva-
tion of the critical temperatures with heating rate is quite
sensitive to the morphology of pearlite. This influence is
not independent of the heating rate. It seems that the higher
the heating rate is, the stronger the influence of morphology
on the critical temperatures is. The elevation of the critical
temperatures with the heating rate in these steels is not un-
usual since nucleation and growth kinetics are time-depen-
dent phenomena. Likewise, the behaviour with the mor-
phology of pearlite is explained by the fact that the rate at
which the austenite formation can proceed depends on the
rate at which carbon can be available in the ferrite. This rate
is very much dependent on the pearlite morphology and its
dispersion state.

(3) This experimental study and the knowledge of the
mechanisms that control the austenite formation process
have allowed to establish the variables that most directly in-
fluence this reaction in steels with pearlite and ferrite—
pearlite initial microstructures. Those are the heating rate
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and the morphological parameters that characterise the
morphology of pearlite in both microstructures: the mean
true interlamellar spacing and the area per unit volume of
the pearlite colonies interface in pearlitic steels, together
with the volume fraction of pearlite and the mean free dis-
tance of pearlite in ferrite plus pearlite initial microstruc-
tures.

(4) Finally, two equations have been found for the de-
termination of the start (4c,) and (Ac,) finish temperatures
of austenite formation. In these equations, the heating criti-
cal temperatures are factorised into three intrinsic compo-
nents: the influence of the composition of the steel, the ef-
fect of the heating rate and the convoluted effect of mi-
crostructure and heating rate.
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