ELSEVIER

Available online at www.sciencedirect.com

sc.ENcE@D.nECT®

Scripta Materialia 51 (2004) 721-725

SCripta MATERIALIA

www.actamat-journals.com

Effect of the austenitizing temperature on the kinetics of ferritic
grain growth under continuous cooling of a Nb microalloyed steel

A.B. Cota **, C.A.M. Lacerda ®, F.L.G. Oliveira °
F.A. Machado °, F.G. da Silva Araugjo *

& Department of Physicss REDEMAT, Federal University of Ouro Preto, Praga Tiradentes 20, Centro 35400000 Ouro Preto, Brazil
Y REDEMAT, Federal University of Ouro Preto, Praga Tiradentes 20, Centro 35400000 Ouro Preto, Brazil

Received 3 September 2003; received in revised form 21 May 2004; accepted 25 May 2004
Available online 3 July 2004

Abstract

The continuous cooling kinetics of the nucleation and growth of the ferritic phase was studied on a Nb microalloyed steel. John-
son-Mehl-Avrami equations were found for three austenitizing conditions and a direct relation between the time exponent and the

transformation time was revealed.
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1. Introduction

The austenite/ferrite transformation has been studied
by many authors [1-4], as a function of the cooling rate,
of the previous austenite grain size and of the degree of
deformation on the non-recrystallization region.

The effect of the austenitizing temperature on the au-
stenite transformation kinetics, for a Nb microalloyed
steel, was studied by differential thermal analysis under
continuous cooling. The authors demonstrated a strong
dependence of the temperature for the beginning of fer-
rite formation and of the transformation time on the au-
stenitizing temperature, due to its effect on the austenite
grain size [5].

Offerman et al. [6] studied the kinetics of the auste-
nite/ferrite transformation by synchrotron X-ray diffrac-
tion of individual grains, and confirmed the parabolic
grain growth model, for the ferritic grains in the initial
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transformation stages. Bengochea et al. [7] studied the
evolution of the transformed fraction of deformed au-
stenite into ferrite, under continuous cooling, based on
an adaptation of the Johnson—-Mehl-Avrami [8,9] the-
ory. They were able to determine the average ferritic
grain growth rate with the equation proposed by English
and Backofen [10]. Their results show a decrease in the
ferritic grain growth rate, as time increases.

This work analyzes the influence of the austenitizing
parameters on the kinetics of nucleation and growth of
the ferrite grains, during the continuous cooling trans-
formation, for a low-carbon steel, microalloyed with
Nb.

2. Experimental

The chemical composition of the steel under investi-
gation, expressed in wt%, is 0.15C, 1.42Mn, 0.37Si,
0.052A1, 0.031Nb, 0.023P, 0.009S and 0.0042N. The
samples were austenitized at 900, 1000 and 1100 °C,
for 30 min, in order to achieve different austenite grain
sizes. They were subsequently cooled in air, before
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quenching at temperatures between Ar; and Ar;, the
temperatures for the start and finish of the austenite/fer-
rite transformation. The reaction time, ¢, was measured
from the instant the sample reached Ars, until the in-
stant it was quenched. The transformation time, t, for
each austenitizing temperature, was measured between
Ar; and Ary, in experiments in which the samples were
cooled in air until room temperature. The samples were
etched with picric acid saturated solution, to reveal the
austenite grain boundaries. The microstructural charac-
terization was carried out by light and electron micros-
copies, to determine the volume fraction and the
average grain size of the polygonal ferrite and previous
austenite, with the linear intercepts method. An etch
with Nital 2% revealed the ferrite grains, formed before
quenching, and the residual austenite, which turns into
martensite.

3. Results and discussion
3.1. Austenite grain size

Fig. 1 shows the evolution of the average austenite
grain size with the austenitizing temperature. For the
sample austenitized at 1100 °C, the austenite grain size
is much larger then for the samples austenitized at lower
temperatures. This is a result of the dissolution of a large
amount of niobium carbonitrides at that temperature.
The niobium carbonitrides hinder the austenite grain
boundaries, and inhibit the austenite grain growth, when
the austenitizing is performed at lower temperatures.

3.2. Phase transformation temperatures

The temperatures for the start (Ar;) and finish (Ary)
of the austenite/ferrite transformation were determined
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Fig. 1. Effect of the austenitizing temperature on the average austenite
grain size, for a Nb microalloyed steel.
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Fig. 2. Temperatures for the start (Ar;) and finish (Ar;) of the
austenite/ferrite transformation, and transformation time (z), as a
function of the austenitizing temperature, for continuous cooling in
air.

by DTA [11] and the results are shown in Fig. 2, of
the transformation temperature as a function of the au-
stenitizing temperature. The Ar; temperature decreases
with an increasing austenitizing temperature. This is a
result of the increased average austenite grain size
achieved at higher temperatures. A larger austenite grain
size leads to a decrease in the number of potential sites
for ferrite nucleation, at the austenite grain boundaries,
raising the driving force necessary for the transforma-
tion.

Quantitatively, the austenite/ferrite transformation
may be expressed in terms of Arz, which is a parameter
related to the nucleation for the transformation, and of
7, the transformation time [1]. Fig. 2 shows, together
with the tendencies of the transformation temperatures,
the dependence of the transformation time with the au-
stenitizing temperature. Higher austenitizing tempera-
tures imply longer transformation times. This is a
result of the increased austenite grain sizes, which de-
crease the Ar; temperature, delaying the beginning of
the austenite/ferrite transformation. Lower Ar; temper-
atures imply that the transformation occurs at lower
rates, once there is less energy available to activate the
reaction and reduced diffusion of carbon. Also, at lower
temperatures, the cooling rate in air is lower. Another
reason for the increase in the transformation time is
the increase in dissolved Nb that segregates in the auste-
nite/ferrite boundary, slowing it down [1].

3.3. Microstructural evolution and kinetics of ferrite
formation

Fig. 3 shows photomicrographs of Nb microalloyed
steel samples, austenitized at 900, 1000 and 1100 °C,
continuous cooled in air, and quenched from tempera-
tures inside the ferrite—austenite region. For the samples
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Fig. 3. Photomicrographs of Nb microalloyed steel samples, continuous cooled in air after: (a) austenitizing at 900 °C and quenched at 755 °C;
(b) austenitizing at 1000 °C and quenched at 720 °C; (c) austenitizing at 1100 °C and quenched at 588 °C.

austenitized at 900 and 1000 °C, the microstructure is
composed of polygonal ferrite and martensite. In these
samples, upon quenching from temperatures close to
Ar;, some pearlite was also formed. The microstructure
of the samples austenitized at 1100 °C is, basically,
polygonal ferrite, martensite and bainitic ferrite, accord-
ing to the classification proposed by Krauss and
Thompson [12].

The ferrite volume fractions, measured in the samples
quenched in water at room temperature, increased with
the decreasing of the temperature of interruption of the
continuous cooling. Fig. 4 shows the polygonal ferrite
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Fig. 4. Ferrite volume fraction, f,, as a function of the reaction time,
for the austenitizing temperatures of 900, 1000 and 1100 °C.

volume fraction, f,, as a function of the reaction time,
t, for the three austenitization temperatures. The data
were fitted to the Johnson—-Mehl-Avrami [8,9] model,
expressed by Eq. (1):

fo=A[l —exp(=B-1")] (1)

where A, B and n are constants determined in the curve
fitting of the ferrite volume fraction as a function of the
reaction time. The fitted semi-empirical equations are
listed in Table 1, for the three austenitizing tempera-
tures, together with the correlation coefficients, and
the transformation times of austenite to ferrite under
continuous cooling.

A closer look into the parameters adjusted for the
Johnson-Mehl-Avrami equation, for the Nb microal-
loyed steel, reveals a linear relation between the time
exponent in the equation, n, and the transformation
time under continuous cooling, t. This is shown in
Fig. 5, of the coefficient # as a linear function of t, with
a correlation coefficient above 0.999. It reveals a partic-
ular feature of this empirical equation, valid at least for
the steel in question that allows the prediction of the
transformation time under continuous cooling, directly
from the time exponent. Despite the obvious relation be-
tween the two values, the relation between them could
be non-linear, had 4 and B values different from those
found.

The ferrite grain growth rate may be estimated from
Egs. (2)-(4), together with the equation proposed by
English and Backofen [10]:

-0
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Table 1

Semi-empirical equations for the kinetics of austenite/ferrite transformation, of a Nb microalloyed steel, under continuous cooling

Austenitizing temperatures Equation

Correlation coefficient (R?) Transformation time

900 °C Sy = 0.82[1 — exp(—0.05¢"1)]
1000 °C f = 0.84[1 — exp(—0.01¢"1)]

1100 °C fu = 031[1 — exp(—0.001£+%)]

0.9647 41 s

0.9584 136 s

0.9784 154 s
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Fig. 5. Johnson-Mehl-Avrami time exponent, as a function of the
transformation time, 7, under continuous cooling of a Nb microalloyed
steel.

where g is the ferrite grain growth rate, S, is the surface
area of the austenite/ferrite phase boundary per unit vol-
ume and f, is the volume fraction of ferrite at time .

The surface area of the austenite/ferrite phase bound-
ary per unit volume is shown in Fig. 6 as a function of
the ferrite volume fraction. It is observed that the higher
the austenitizing temperature, the smaller the phase
boundary surface area, as a result of the larger austenite
grain sizes. A maximum is observed for the S, versus f,
plot, establishing the value at which the growing ferrite
grains start to touch each other.

Fig. 7 shows the ferrite grain size, d,, as a function of
the reaction time, for the three austenitizing tempera-
tures. Higher austenitizing temperatures lead to larger
ferrite grain sizes. The larger austenite grain sizes, pro-
duced by the higher austenitizing temperatures, decrease
the surface area for the nucleation of the ferrite grains,
what leads to the production of larger grains. The effect
is much more pronounced at the austenitizing tempera-
ture of 1100 °C, as a result of the secondary growth of
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Fig. 6. Surface area of the austenite/ferrite phase boundary per unit
volume, Sy, as a function of the ferrite volume fraction, f,, for the
austenitizing temperatures of 900, 1000 and 1100 °C.
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Fig. 7. Ferrite grain size, d,, as a function of the reaction time, for the
three austenitizing temperatures of 900, 1000 and 1100 °C.
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Fig. 8. Average grain growth rate, g, as a function of the reaction time,
for the three austenitizing temperatures of 900, 1000 and 1100 °C.

the austenite grains, caused by the dissolution of the Nb
precipitates.

The coarse polygonal ferrite grain size in the speci-
men austenitized at 1100 °C can be explained by the
longer reaction times, shown in Fig. 2, despite the fact
that Ar; and Ar; are at lower temperatures. Grain
boundary nucleation between Ar; and Ary, for this case,
results in a smaller number of nuclei, and the longer
reaction times provide the polygonal ferrite coarsening.
The grain boundary nucleation sites appear to be satu-
rated early only for the specimen austenitized at 1100
°C, because of the smaller interfacial area available.

Fig. 8 shows the average grain growth rate, g, as cal-
culated from Eq. (5), as a function of the reaction time,
for each austenitizing temperature. There is a decrease in
g with the reaction time, once longer times correspond
to lower temperatures, at which the atom diffusion de-
creases. The increase in g with the austenitizing temper-
ature is a result of the smaller degree of grain
impingement, together with the lowering of Ars that in-
creases the driving force for the reaction.

4. Conclusions

For the Nb microalloyed steel analyzed, the increase
of the austenitizing temperature, from 900 to 1100 °C,
decreases the Ar; temperature from 755 to 668 °C,
approximately, for continuous cooling in air, and in-
creases the austenite grain size from 9.5 up to 100 pm.
Also, it increases the average ferrite grain size from 8
to about 40 pum, at the end of the reaction, as well as
it increases the ferrite grain growth rate.

Semi-empirical equations, for the ferrite transformed
fraction as a function of the reaction time, for the au-
stenitizing temperatures of 900, 1000 and 1100 °C, re-
vealed that, for the Nb microalloyed steel under study
in continuous cooling, the time exponent has a linear
relation with the transformation time.
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