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Austenite Formation during Intercritical Annealing

J. HUANG, W.J. POOLE, and M. MILITZER

A systematic experimental study has been conducted on ferrite recrystallization and intercritical austenite
formation for two low-carbon steels with chemical compositions typically used for dual-phase and trans-
formation-induced plasticity (TRIP) steels. Different initial heating rates, holding temperatures, and times
were applied to the materials to examine the ferrite recrystallization and austenite formation Kinetics. An
Avrami model was developed to describe the isothermal ferrite recrystallization behavior and was applied
successfully to the nonisothermal conditions. It was found that the initial heating rate affects the isothermal
austenite formation kinetics for both the hot-rolled and cold-rolled materials albeit the effect is more pro-
nounced for the cold-rolled material. This can be attributed to the interaction between the ferrite recrys-
tallization and austenite formation processes. Furthermore, it was found that the distribution of austenite
phase is also affected by the ferrite recrystallization process. When ferrite recrystallization is completed
before the austenite formation (i.e., under sufficiently slow heating rate conditions), austenite is to a large
extent randomly distributed in the ferrite matrix. On the other hand, incomplete recrystallization of ferrite
due to higher heating rates leads to the formation of banded austenite grains. It is proposed that this
observation is characteristic of simultaneous recrystallization and austenite formation where moving ferrite
grain boundaries do not provide suitable sites for austenite nucleation.

I. INTRODUCTION fully control the decomposition of austenite into bainite and
martensite, with some austenite retained in the final microstruc-
ture. Again, alloying additions play a critical role, in this case,
usually a combination of Mn, Si, and more recently Al. The
addition of Si or Al is required to minimize carbide precipi-
tation, thereby enabling austenite retention at room tempera-
ture. The mechanical properties of the dual-phase and TRIP
steels are primarily dependent on the volume fraction, carbon
concentration, and distribution of the final transformation prod-
ucts,!"2! which inherit the composition and distribution of the
parent austenite phase. Therefore, the austenite condition
at the intercritical temperature is important for the evolution
of the final microstructure of the steel and consequently its
mechanical properties.

The formation of austenite has been widely investigated
over the last century albeit not as extensively as austenite
decomposition. What appears to be the first account that
austenite forms as a nucleation and growth process upon heat-
ing can be traced to Arnold and McWilliams.*! Roberts and
Mehl"! confirmed the nucleation and growth nature of the
process by discussing in detail the rate of austenite formation
from ferrite-cementite aggregates. A substantial body of work
was published in the 1980s in conjunction with extensive
research on dual-phase steels." " For example, Speich et al.'®!
investigated austenite formation in 1.5 wt pct Mn steels con-
taining 0.06 to 0.20 wt pct carbon with ferrite-pearlite
microstructures. They concluded that austenite formation can
be separated into three stages: (1) very rapid growth of austen-
ite into pearlite until complete pearlite dissolution, (2) slower
growth of austenite into ferrite primarily controlled by carbon
diffusion in austenite, and (3) very slow cquilibration of
austenite and ferrite controlled by manganese diffusion in
austenite. Garcia and DeArdo"' conducted similar studies on
1.5 wt pct Mn steels but included also primarily ferritic steels
with carbon contents as low as 0.01 wt pct. In general, the
nucleation of austenite is associated with cementite precipi-
tates and, thus, potential nucleation sites are ferrite/pearlite

THERE is currently a large interest in producing steels
with superior mechanical behavior as, e.g., provided by dual-
phase (ferrite/martensite) and transformation-induced plas-
ticity (TRIP) steels. To generate the required microstructures,
a processing route can be used, which involves cold rolling
of ferrite/pearlite microstructures followed by intercritical
annealing on a continuous annealing line, usually a hot dip
galvanizing line. This processing route can be used to pro-
duce multiphase steels such as dual-phase (ferrite/martensite)
and TRIP steels; the latter have a substantial fraction of
retained austenite (5 to 20 pct). Although a general under-
standing of these materials has been developed, a number of
fundamental issues remain to be solved. Furthermore, expe-
rience has shown that these steels are considerably more sen-
sitive to production variations compared to conventional
steels. A careful control of processing conditions and the
identification of critical processing steps is crucial to the suc-
cess of these products. The challenge, therefore, is to develop
industrially relevant processing routes that will lead to the
desired properties with a minimum of variation.

The processing routes for cold-rolled and annealed dual-
phase and TRIP steels involve reheating the stecl into the
intercritical region, where an austenite/ferrite mixture is formed.
For dual-phase steels, cooling to room temperature produces
a microstructure consisting of ferrite and martensite. The cool-
ing path and composition of these steels must be carefully
optimized to minimize transformation back to ferrite or the
pearlite and bainite reactions. This is usually facilitated by
alloy additions such as Mn, Mo, or Cr. In the case of TRIP
steels, cooling followed by holding at an intermediate tem-
perature in the bainite transformation range is required to care-
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are based primarily on isothermal studies on hot-rolled or
fully annealed steels. Little information is available on the
effect of cold rolling and heating rate on the austenite for-
mation in the intercritical temperature range.'*'*2%2! Petrov
et al.”?! have recently suggested that in a C-Mn-Si TRIP
steel, austenite formation occurs in nonrecrystallized ferrite
during ultrafast heating (> 1000 °C/s) leading to a refined
microstructure as compared to more conventional heating
rates (<50 °C/s). The substantial role of the degree of fer-
rite recrystallization is consistent with an earlier study by
Yang er al.*”! who observed a strong influence of ferrite
recrystallization and rapid spheroidization of cementite in the
deformed pearlite on the formation and distribution of austen-
ite in intercritically annealed C-Mn-Si steel. In this case,
austenite forms initially on grain boundaries of elongated fer-
rite grains and later, ie., after completion of recrystalliza-
tion, on carbides in the ferrite matrix.

Despite these important findings and their potential practical
relevance, there is still a lack of detailed quantification on
how heating rate will affect the austenite transformation during
the isothermal portion of intercritical soaking. Thus, a system-
atic experimental study has been conducted to investigate
the potential interaction of ferrite recrystallization and austenite
formation kinetics at the intercritical temperatures for a variety
of controlled heating rates for two cold-rolled steels with
chemistries typically used for dual-phase and TRIP steels.

II. EXPERIMENTAL METHODOLOGY

This study examined two steel chemistries, one typical of
a dual-phase steel and the other typical of a classical TRIP
steel. The chemical composition of the two steels is given
in Table 1. Samples with a chemistry typical of a dual-phase
steel, subsequently referred to as the Fe-C-Mn-Mo steel,
were received from STELCO Inc. in both the hot-rolled and
cold-rolled state. The hot-rolled and cold-rolled sheets had
thicknesses of 3.8 and 1.5 mm, respectively, and the level
of cold reduction was 55 pct.

The steel with a chemistry typical of a TRIP steel, subse-
quently referred to as the Fe-C-Mn-Si steel, was obtained
from a 50-kg laboratory casting, which was subsequently
hot-forged to a bar of 50 X 50 X 200 mm. The as-received
material was cut into samples of 12.7-mm thickness and then
hot rolled to 3-mm thickness in a laboratory scale hot-rolling
mill at a temperature of 950 °C followed by air cooling. The
hot-rolled steel was then given 50 pct cold reduction, result-
ing in a 1.5-mm-thick sample.

For recrystallization and austenite formation studies, test
coupons of 10 X 60 X [.5 mm were machined from the sheets
with the longitudinal direction of the test coupon being aligned
with the rolling direction. The Gleeble 1500 thermal-mechanical
simulator (Dynamic Systems, Inc., Poestenkill, NY) was
employed for all heat treatments. In particular, an excellent
control of heating rate and sample temperature can be attained.

Table 1.

The temperature was controlled using a type K thermocouple
spot-welded on the center of the sample and all annealing tests
were conducted under a rough vacuum, ie., ~26 Pa (2.0 X
107" Torr). To study recrystallization under isothermal con-
ditions, the samples were heated at a rate of 50 °C/s to the
desired annealing temperature. After a predetermined isother-
mal annealing time was reached, the sample was cooled to
room temperature using a helium gas quench. The average
cooling rate between the holding temperature and 250 °C
was approximately 100 °C/s. After isothermal recrystallization
experiments, the recrystailization behavior of the steels was
studied under continuous heating conditions by heating the
samples at various heating rates and quenching out.

For the austenite formation study, both the hot-rolled and
cold-rolled samples were investigated. Two types of heating
experiments werce conducted: (1) continuous heating experi-
ments were conducted at heating rates of 1 °C/s, 10 °C/s,
and 100 °C/s and (2) experiments where the samples were
heated into the intercritical region at various heating rates
(1 °C/s, 10 °C/s, and 100 °C/s) and then held for a predeter-
mined time at a given temperature. For both cases, the pro-
gression of the phase transformation was characterized by
a dilatometer, which was attached onto the sample to measure
the change in width during the heat treatment cycle. For the
tests that involved holding in the intercritical region, the
samples were then, after the appropriate isothermal hold
time, heated to 1000 °C to enable the analysis of the dilation
data to be conducted. The volume fraction of the austenite
phase was obtained by analyzing the dilatometric data using
the lever rule,’’! as depicted in Figure I. Here, a straight
line (AA”) was fitted to the first linear portion of the dilation
curve due to the ferrite/pearlite thermal expansion, while
another straight line (FF’) was fitted to the second linear
portion of the dilation curve due to the thermal expansion
of austenite. A vertical line can be drawn perpendicular to the
temperature axis to determine the austenite volume fraction.
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Fig. |—Determination of austenite volume fraction from dilatometric data.

Chemical Composition of the Investigated Steels (Weight Percent)

Steel C Mn Mo Si Ti Nb

Vv Cr Ni Cu P S Ca Al

Fe-C-Mn-Mo  0.06
Fe-C-Mn-Si 0.178

1.86
1.55

0.155  0.077 0.011
0.005 1.70  0.004

0.002
0.002

0.004  0.048
0.002  0.016

0.014
0.015

0.015 0.015 0.0041
0.042  0.007 0.005

0.0012
0.0013

0.043
0.026
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When the intercritical holding temperature is reached, the
austenite volume fraction is given by

V,(1) = AO|/AF [1a]
and at the end of holding at this temperature, it has increased to
V,(2) = AO,/AF [1b]

For microstructure analysis, additional samples were used and
then these were quenched using helium gas after the appro-
priate heat treatment.

The microstructures of all samples (i.e., as-received mater-
ials, samples of recrystallization, and intercritical annealing
tests) were examined using optical microscopy. Samples were
cut in the rolling plane to be analyzed and then mounted,
mechanically grounded and polished, with the final polishing
step using 0.05-um silica solution. The etching procedure used
for both materials was as follows: 3 seconds pre-etching in
2 pct nital, rinse in water, and final etching for 25 seconds in
10 pct sodium meta-bisulfite aqueous solution. The ferrite grain
size was determined using the Jeffries method according to
ASTM standard E112-96. The volume fraction of pearlite or
martensite was determined using a Clemex image analysis sys-
tem. The softening of ferrite was quantified by microhardness
(Hv) measurements in the ferrite phase using a MICROMET3
(Buehler, Ltd., Lake Bluff, [llinois) microhardness tester under

a load of 25 g. In addition, the ferrite recrystallization was mea-
sured metallographically, where ferrite grains with an aspect
ratio smaller than 3 were considered recrystallized grains.

III. RESULTS

A. Starting Microstructure and the Effect of Cold Rolling

The microstructures of the as-received hot- and cold-rolled
steels are shown in Figure 2. It can be observed that the
hot-rolled steels feature a banded microstructure, i.e., pearlite
bands in a recrystallized ferrite matrix. The ferrite grain
size is 6 and 11 um for the Fe-C-Mn-Mo and Fe-C-Mn-Si
steels, respectively. Quantitative metallography gives the
pearlite volume fraction of 11 pct for the hot-rolled Fe-C-
Mn-Mo steel and 25 pct for the hot-rolled Fe-C-Mn-Si steel.
After cold rolling, the aspect ratio of the ferrite grains is con-
sistent with the macroscopic level of cold reduction. Further,
the pearlite colonies are also elongated, suggesting that fer-
rite and pearlite co-deform, as has also been reported in other
studies.”””! The average pearlite band spacing for the hot-
rolled and cold-rolled Fe-C-Mn-Mo steel is 31 and 15 um,
respectively, while for the hot- and cold-rolled Fe-C-Mn-Si
steel, the spacing is 49 and 27 um, respectively. The reduc-
tion in pearlite band spacing is also consistent with the macro-
scopic deformation level for these two steels.

Fig. 2—Microstructures for the (¢) hot-rolled and () 55 pct cold-rolled Fe-C-Mn-Mo steel, and (¢) hot-rolled and (d) 50 pct cold-rolled Fe-C-Mn-Si steel;

pearlite: dark; and ferrite: gray.
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B. Recrystallization of Ferrite

During recrystallization, the deformed ferrite grains are
replaced by cquiaxed grains, as illustrated in Figure 3, for
annealing at 650 °C for the Fe-C-Mn-Mo steel. Closer observ-
ation under the scanning clectron microscope indicates that
spheroidization of pearlite also occurs as the holding time
increases. The reerystallized ferrite grain sizes were observed
to increase from 6.3 to 8.9 wm when the recrystallization
temperaturc was increased form 600 °C to 710 °C (Table II).

The fraction softening of ferrite can be obtained from
the hardness; i.e.,

f[() - [I
X = e 2]
[1() - HI\’(’,\

where H, is the initial microhardness of ferrite in the as-cold-
rolled stecl, /1 the microhardness after a given annealing con-
dition, and Hy,, thc microhardness corresponding to fully
recrystallized steel. The softening of ferrite obtained from
microhardness measurement can then be compared to the frac-
tion recrystallized from quantitative metallography, as shown
in Table 1. The results from the two techniques indicate that
the softening and fraction recrystallized are well correlated;
i.e., recovery appears to be a negligible softening process in
these materials. Thus, hardness measurements can be used to
determine the fraction recrystallized using Eq. [2].

The experimental isothermal recrystallization kinetics for
the ferrite phasc in Fe-C-Mn-Mo and Fe-C-Mn-Si steels
bascd on this softening analysis are shown in Figure 4. A

Table II.  Recrystallized Ferrite Grain Size
for the Fe-C-Mn-Mo Steel

[sothermal anncaling

temperature, °C 600 650 680 710
Recrystallized ferrite
grain size, um 6.3 7.2 8.8 8.9

Table III. Comparison of the Ferrite Recrystallization
Kinetics Determined by Microhardness Measurements
and Quantitative Metallography for the Cold-Rolled
Fe-C-Mn-Mo Stecel Annealed at 680 °C

Fraction Recrystallized

[sothermal Results from Results from
Annealing Microhardness Quantitative
Time, s Mcasurcment Mectallography
10 0 0
30 0.15 0.16
60 0.48 0.47
180 0.74 0.72
300 0.82 0.80
600 ! !

Fig. 3—Microstructure evolution for the cold-rolled Fe-C-Mn-Mo steel during isothermal annealing at 650 °C; pearlite: dark; and ferrite: gray.
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Fig. 4—Recrystallization kinetics and model predictions for the («) Fe-C-
Mn-Mo and (b) Fe-C-Mn-Si steel.

suitable fit to the experimental results can be obtained using
the Avrami equation,**! j.e.,

X =1 —exp(—ht") [3]

where X is the volume fraction recrystallized and n and b are
adjustable parameters where

b b,,exp(RT> (4]
describes the temperature dependence. Here, b, is a constant
and Q is an effective activation energy for the recrystallization
process. For both steels, a good fit to the data can be found
with n = | and Q = 350 kJ/mol. However, the recrystal-
lization rates are higher for the Fe-C-Mn-Si steel, and this is
reflected in the values for b; i.e., b, = 1.6 X 10" s7! for
the Fe-C-Mn-Si steel compared to b, = 7.2 X 10'° s~ for
the Fe-C-Mn-Mo steel.

An apparent activation energy of 350 kJ/mol is considerably
larger than the activation energy of 251 kJ/mol for self-diffusion
in bee-iron?®! and 226 kJ/mol reported by Yang and co-work-
ers”®! for 50 pct cold-rolled low C-Mn steel. This can be under-
stood in terms of the effects of solute additions such as Mn!*"2!
and Mo, ! which have been shown to delay the growth of newly
recrystallized grains due to solute drag on migrating grain
boundaries. The difference in the rate of recrystallization for
the Fe-C-Mn-Mo and the Fe-C-Mn-Si steel is summarized in
Figure 5, which shows the time for 50 pct recrystallization vs

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 5-—Time for 50 pct recrystallization as a function of temperature.
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Fig. 6—Recrystallization behavior for (a) Fe-C-Mn-Mo steel and (b)
Fe-C-Mn-Si steel under continuous heating conditions; symbols represent
experimental data and lines represent model predictions.

temperature. The slower rate of recrystallization in the Fe-C-
Mn-Mo steel can be attributed to a particularly strong solute
drag effect of Mo, which is well documented for austenite
recrystallization™! and the austenite-to-ferrite transformation.*!!
To examine recrystallization under nonisothermal conditions,
experiments were conducted at constant heating rates where
the samples were quenched at various temperatures. Figure 6
shows the results for fraction recrystallized based on Eq. {2].
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The solid lines are the predictions from applying Eq. (3] in
differential form and then numerically integrating."**! Good
agreement can be observed between the model and experi-
ments for heating rates of | °C/s and 10 °C/s and the predic-
tions for 100 °C/s are also shown in Figure 6.
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Fig. 7—Austenite formation kinetics for the (a) hot-rolled and (b) cold-
rolled Fe-C-Mn-Mo steel; and (¢) cold-rolled Fe-C-Mn-Si steel under

continuous heating conditions and orthoequilibrium (OE) and paraequilib-
rium (PE) austenite fractions.
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C. Austenite Formation

1. Continuous heating tests

The results for the austenite formation kinetics under con-
tinuous heating condition (1 °C/s, 10 °C/s, and 100 °C/s) for
the hot-rolled and cold-rolled Fe-C-Mn-Mo and cold-rolled Fe-
C-Mn-Si steels are summarized in Figure 7. In addition to the
experimental results, the orthoequilibrium and paraequilibrium
austenite volume fraction calculated from Thermo-Calc
(Thermo-Calc Software, Stockholm, Sweden) using the FE-
2000 database are shown for comparison (note: paraequilibrium
denotes a constraint equilibrium without partitioning of sub-
stitutional alloying elements). For the hot-rolled Fe-C-Mn-Mo
steel (Figure 7(a)), there is no significant difference in the kinet-
ics of austenite formation for heating rates of | °C/s and 10 °Cfs,
However, the austenite fraction clearly falls significantly below
equilibrium for all temperatures. Increasing the heating rate to
100 °C/s results in the expected behavior; i.e., the amount of
austenite fraction at a given temperature is decreased.

The results for the cold-rolled Fe-C-Mn-Mo steel are shown
in Figure 7(b). The significant observation to be noted here
is that there is essentially no difference in the austenite trans-
formation start and finish temperatures or the rate of austenite
formation for all the heating rates investigated (1 °C/s, 10 °C/s,
and 100 °C/s). However, the rate of austenite formation is
increased for the cold-rolled Fe-C-Mn-Mo steel compared to
the hot-rolled Fe-C-Mn-Mo steel.

For the cold-rolled Fe-C-Mn-Si steel, the observations on
austenite formation are different from the cold-rolled Fe-C-
Mn-Mo steel, as can be seen by comparing Figure 7(c) with
Figure 7(b); i.e., a significant difference is observed for a heat-
ing rate of 100 °C/s for the cold-rolled TRIP steel. This behavior
is qualitatively similar to the austenite formation behavior
observed in the hot-rolled Fe-C-Mn-Mo steel Figure 7(a) i.e.,
the degree of austenite transformed at a given temperature is
decreased for the highest employed heating rate (100 °C/s).

2. Ramp and hold tests

To examine the effect of heating rate in more detail, a series
of annealing tests were conducted where the material was
heated at different rates and then held isothermally at various
temperatures in the intercritical region for 10 minutes. Figure 8
compares the results from the analysis of dilatometry data for

05 — -
0.4

Cold-rolled 100 °C/s
0.3 - Hot-rolled 100 °C/s

Cold-rolled 1 °C/s

Austenite Volume Fraction

0.2
Hot-rolled 1 °C/s
0.1 J
0.0 - S T
0 250 500 750

Isothermal Holding Time, s

Fig. 8—LHffcct of initial heating rate on the isothermal austenite formation
kinetics at 750 °C for hot-rolled and cold-rolled Fe-C-Mn-Mo steel.
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heating rates of 1 °C/s and 100 °C/s to an isothermal hold at
750 °C for the hot- and cold-rolled Fe-C-Mn-Mo steel. Turning
first to the hot-rolled material, one can see that the volume
fraction of austenite phase increases with increased annealing
time, as expected. However, the more interesting observation
is that the samples with higher heating rates have a much
higher austenite volume fraction for a given annealing time.
For example, at the beginning of the isothermal hold, the frac-
tion of austenite is 0.09 and 0.11 for the 1 °C/s and 100 °C/s
heating rates, respectively, but these fractions increase to 0.21
and 0.29 after 10 minutes of holding at 750 °C. For the cold-
rolled material, the effect of heating rate is even more sig-
nificant. In this case, the fractions of austenite at the beginning
of the isothermal hold are 0.12 and 0.14 for the 1 °C/s and
100 °C/s heating rates, respectively (i.e., slightly higher than
for the hot-rolled material). At the end of the isothermal hold,
this difference increases to 0.17 and 0.34 for heating rates of
1 °C/s and 100 °C/s, respectively, i.e., the final fraction of
austenite is twice as high for the higher heating rate even
though the initial fractions are essentially the same.

Figure 9 shows the corresponding microstructures for the
cold- and hot-rolled Fe-C-Mn-Mo steels, which were heated
at rates of 1 °C/s and 100 °C/s to a temperature of 750 °C,
held for 10 minutes, and then helium quenched. In these
micrographs, the light colored phase is ferrite and the dark
phase is martensite. In examining these micrographs, it is
assumed that the quench rate, which was greater than 100 °C/s,

o T A
#c: Hot-rolled, 100 °C/s
e Wl W e R e

is sufficient to prevent any transformation of austenite back
to ferrite, and thus, the austenite volume fraction and distri-
bution at intercritical temperature are considered the same as
those observed for martensite at room temperature. The results
for austenite fraction after 10 minutes at 750 °C obtained
from quantitative metallography and from the analysis of
dilation data are shown in Table IV and are found to be in
good agreement with each other. For example, in the hot-
rolled steel, the volume fraction of austenite was measured
to be 0.19 and 0.21 for 1 °C/s and 0.27 and 0.29 for 100 °C/s
by metallography and dilatometry measurements, respec-
tively. Similar agreement was found for the cold-rolled sam-
ples. Further, several important observations can be made
regarding the distribution and morphology of austenite. For
the hot-rolled steel heated to 750 °C at 1 °C/s (Figure 9(a)),
relatively large austenite islands can be observed as well as

Table IV. Austenite Volume Fraction for the Fe-C-Mn-Mo
Steel for Heating at Different Rates and Then Holding
at 750 °C for 10 Minutes

Austenite Volume Fraction

Heati

Ree Hot-Rolled Cold-Rolled

°Cls Metallography Dilatometry Metallography Dilatometry
1 0.19 0.21 0.17 0.17

100 0.27 0.29 0.34 0.33

d: Cold-rolled, 1

N T Y R €

Fig. 9—Microstructures for the hot- and cold-rolled Fe-C-Mn-Mo steel isothermally annealed at 750 °C for 10 min with initial heating rates of 1 °C/s and
100 °C/s; martensite (austenite at intercritical temperature): dark; and ferrite: gray.
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Fig. 10—Effect of initial heating rate on the austenite formation kinetics of
cold-rolled Fe-C-Mn-Mo steel during holding at 775 °C and 800 °C, respectively.

a small number of much smaller islands distributed on the
ferrite boundaries. When the heating rate for the hot-rolled
steel is increased to 100 °C/s (Figure 9(c)), the austenite
islands are smaller and form an almost complete necklace of
grains along the ferrite grain boundaries. Turning to the ini-
tially cold-rolled materials, one can observe that at a heating
rate of 1 °C/s (Figure 9(b)), some highly elongated austen-
ite islands and a number of smaller islands on ferrite grain
boundaries have been formed. The most striking microstruc-
ture is observed for the cold-rolled material with a heating
rate of 100 °C/s. In this case, a relatively low density of large,
highly elongated austenite islands form. In addition, only
relatively few austenite grains can be seen on ferrite grain
boundaries.

To further appreciate the transformation behavior in the
cold-rolled Fe-C-Mn-Mo steel, Figure 10 shows the isother-
mal austenite formation kinetics at 775 °C/s and 800 °C with
initial heating rates of 1 °C/s, 10 °C/s, and 100 °C/s. Similar
to the transformation data at 750 °C, the transformation in the
isothermal stage is strongly affected by the heating rate, i.e.,
increasing the heating rate increases the transformation rate
at holding temperature. The effects of heating rate and tem-
perature are similar for the cold-rolled Fe-C-Mn-Si steel, as
shown in Figure 11 for annealing at 750 °C and 785 °C
with heating rates of 1 °C/s and 100 °C/s. It is worth noting
that although significant differences have been observed in
the austenite volume fraction after 10 minutes of isothermal
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Fig. 11—Effect of initial heating rate on the austenite formation kinetics

of the cold-rolled Fe-C-Mn-Si steel during holding at 750 °C and 785 °C,
respectively.

holding for different initial heating rates (Figures 8, 10, and
11), these differences should eventually disappear; i.e., given
enough time, the material will reach the equilibrium austen-
ite volume fraction at these intercritical temperatures regard-
less of the initial heating rate. In fact, careful examination of
the data in Figure 8 or 10 indicates that the slope of the austen-
ite fraction vs time curve after 10 minutes of holding for the
low initial heating rates has a small positive value, clearly
suggesting that 10 minutes of isothermal holding at these tem-
peratures is not sufficient for the material to reach equilib-
rium condition.

IV. DISCUSSION

A. Phenomenological Observations

The microstructures of the hot-rolled Fe-C-Mn-Mo and
Fe-C-Mn-Si steels feature pearlite colonies with a banded
morphology surrounded by equiaxed ferrite grains. After
cold rolling, the morphology of both phases becomes elon-
gated; ie., the ferrite grains become elongated and contain
deformation bands and other substructures, while the pearlite
is also deformed, as seen in Figures 2(b) and (d). The cold
work has the following effects on the material: (1) there is
an increase in the stored energy of the material due to the
high dislocation density and this provides the driving pres-
sure for the ferrite recrystallization upon annealing;'*! (2)
the total ferrite grain boundary area is increased; and (3) the
cementite faminar structure in pearlite is broken down. The
latter has been shown to promote spheroidization of cemen-
tite during subsequent annealing processes.'*?!

Upon annealing of the cold-rolled material, the stored
energy is released by recrystallization. In general, recrys-
tallization of ferrite is completed before the intercritical tem-
perature range is reached. However, for sufficiently high
heating rates, ferrite recrystallization can be delayed to tem-
peratures above the start temperature, 75, at which austen-
ite formation in ferrite was first experimentally observed as
a function of heating rate (i.e., after the rapid pearlite to
austenite reaction, which corresponds, for example, to the first
11 pct transformed in the Fe-C-Mn-Mo steel). Figure 12
shows a comparison of the nonisothermal recrystallization
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Fig. 12—Effcct of heating rate on the progressing of recrystallization with
respect to the onset of austenite formation for the (a) Fe-C-Mn-Mo steel
and (b) Fe-C-Mn-Si steel.

kinetics derived using the model described in Section I11-B
and the temperature, Ts. For the Fe-C-Mn-Mo steel, it can
be observed that there is a significant overlap between ferrite
recrystallization and austenite formation at higher heating
rates. For example, at heating rates of 10 °C/s and 100 °C/s,
the ferrite is 50 and 90 pct unrecrystallized, respectively,
when austenite formation in ferrite is first observed. On the
other hand, Figure 12(b) shows that for the Fe-C-Mn-Si steel,
ferrite recrystallization is completed before the austenite for-
mation in ferrite starts for all investigated heating rates. Thus,
for the Fe-C-Mn-Si steel, heating rates on the order of
1000 °C/s appear to be required for substantial overlap
between ferrite recrystallization and austenite formation con-
sistent with the recent experimental results of Petrov ef al.l*?!
The tact that the overlap between recrystallization and austen-
ite formation occurs at lower heating rates for the Fe-C-Mn-
Mo steel is related to two observations: (1) recrystallization
is slower in this steel and (2) Ty is lower. Both of these
effects can be attributed to the differences in chemistry of
the two steels, i.e., (1) Mo delays recrystallization and (2)
Si increases the A, temperature and thus also 7.

It might be expected that there would be important impli-
cations on the formation of austenite when it occurs simulta-
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temperature, and orthoequilibrium (OE) and paracquilibrium (PE) fractions.

neously with ferrite recrystallization, as will be discussed sub-
sequently. However, the effect of heating rate on the subsequent
isothermal transformation was also observed for hot-rolled
material, .e., in the absence of recrystallization, Thus, it appears
that there is an important intrinsic effect of thermal history
on austenite formation, i.e., the reaction is not additive.

Figure 13 summarizes the volume fraction of austenite for
the Fe-C-Mn-Mo steel after | minute of holding at various
temperatures with different heating rates being employed to
reach the temperature. The experimental results are compared
to ortho- and paraequilibrium predictions from Thermo-Calc.
The limited results from the hot-rolled stecl annealed at 750 °C
are also presented. The latter results show a similar trend as
those for the cold-rolled material, although to a smaller degree.
As the heating rate increases, a larger fraction of austenite is
obtained after the same isothermal holding time. All the other
trends of the results shown in Figure 13 are consistent with
expectations, i.e., the volume fraction of austenite increases
with annealing temperature. The largest observed austenite
fractions appear to coincide with orthoequilibrium predictions.
However, this should not be mistaken as proof that redistrib-
ution of substitutional alloying elements has taken place. At
lower temperatures (i.e., <775 °C), ortho- and paraequilib-
rium yield similar austenite fractions. On the other hand, at
higher temperatures, the austenite fraction in paraequilibrium
is significantly larger than that in orthoequilibrium. Further,
using the diffusion data reported for Mn,P* typical diffusion
distances for a holding time of | minute in the temperature
range 750 °C to 800 °C are estimated to be 0.2 um in ferrite
and less than 0.01 wm in austenite. This estimate replicates
the detailed austenite growth analysis by Wycliffe et al!'?!
Their analysis predicts some Mn partitioning such that a nonuni-
form Mn distribution is established in relatively short times.
However, much longer holding times on the order ol hours
would be required to obtain complete redistribution. A previous
study on a 0.2 wt pct carbon steel has shown that this process
can take more than 14 hours to complete.'*!

B. Proposed Mechanisms

To appreciate the role of heating rate, it is worthwhile to
recall the basic phenomena of the austenite formation, which
is a diffusional transformation occurring by nucleation and
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growth. The transformation starts from the pearlite colonies
by nucleation at the cementite-ferrite interface followed by
quick growth consuming the dissolving pearlite. Subsequently,
austenite may nucleate at ferrite grain boundaries in competi-
tion with austenite growth from the prior pearlite areas. It
appears that the competition between austenite formed at these
different sites is responsible for the marked heating rate effect
on the transformation kinetics. Slower heating rates will favor
substantial growth of austenite nucleated at pearlite sites,
whereas faster heating rates will promote additional nucleation
at ferrite grain boundaries. Re-examination of the microstruc-
tures shown in Figure 9 appears to support this general trend
for the hot-rotled material but not for the cold-rolled steel.
Figure 14 is a schematic diagram that can be used to ratio-
nalize the formation of the microstructural features observed
in Figure 9. Starting with the hot-rolled material at a heating

rate of 1 °C/s, relatively large austenite islands are observed
and there appears to be a substantial amount of ferrite bound-
aries free of austenite. The distribution of these islands follows
the distribution of pearlite in the as-hot-rolled material and
shows that essentially the entire initial pearlite colony is trans-
formed to austenite. For this heating rate, grain boundary— and
pearlite-nucleated austenite remain distinct and compete dur-
ing growth. In particular, C has to diffuse from the areas of
growing pearlite-nucleated austenite over relatively large dis-
tances to facilitate growth of grain boundary austenite. This
competition contributes to the comparatively slow transformation
rates during holding. For the hot-rolled material at a heating
rate of 100 °C/s, the extent of austenite nucleation at ferrite
grain boundaries is such that an almost complete network of
austenite along the boundaries connecting to the pearlite-
nucleated austenite emerges. Thus, there is no growth com-
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As-recelved

4:-*;/;/11;1111;1;;; AL LS LSS T LS
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@ Pearlite

O Austenite

Fig. 14—Schematic illustration for the microstructure evolution of cold-rolled Fe-C-Mn-Mo steel annealed with different heating rates to holding temperature.
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petition between pearlite- and grain boundary—nucleated austen-
ite, thereby promoting larger transformation rates at holding
temperature. The higher transformation rates for this condition
are also consistent with the larger ferrite-austenite interfacial
area associated with the observed austenite morphology.

In the case of the cold-rolled sample, the situation is dif-
ferent for a number of reasons. First, the distribution and
shape of the pearlite colonies (where the majority of the
carbon is located) have been geometrically modified by cold
rolling. Second, at the higher heating rates, recrystallization
occurs concurrent with austenite nucleation. At the lowest
heating rate (1 °C/s), it has been shown that recrystallization
of ferrite is essentially complete before austenite nucleation
occurs (Figure 12). This situation can then be expected to
resemble that of the hot-rolled sample. Indeed the kinetics
of austenite formation is quite similar, as shown in Figure 8.
However, the morphology of the austenite is different due to
the fact that the shape of the initial pearlite colonies has been
substantially modified by the cold rolling process.

The most complex situation is the one where the cold-
rolled material experiences the highest heating rate (i.e.,
100 °C/s). In this case, much larger elongated austenite islands
are observed. The shape and geometric arrangement of these
islands corresponds to the as-rolled pearlite distribution; how-
ever, the austenite islands are considerably larger. Moreover,
there is a striking absence of austenite formed at ferrite grain
boundaries. The absence of austenite on ferrite grain bound-
aries can be understood as follows. The sequence of micro-
graphs shown in Figure 15 clearly illustrates that ferrite is
still recrystallizing when austenite has nucleated in the pearlite
colonies and starts to grow from there. Subsequently, these
moving ferrite grain boundaries do not provide suitable nucle-
ation sites for austenite. Thus, there are only a very few
austenite particles located at the ferrite grain boundaries. The
pearlite-nucleated austenite can then grow without significant
competition from grain boundary austenite. This growth is
apparently fast enough to eliminate the driving pressure
required for austenite nucleation at ferrite grain boundaries
before the completion of ferrite recrystallization. Under these
conditions, austenite growth occurs rapidly by thickening and
lengthening of the former pearlite colonies since only com-
paratively short-range carbon redistribution over the thickness
of the pearlite-nucleated austenite is necessary for growth.
Indeed, the fastest austenization formation rates are observed
for this condition. As a result, a blocklike austenite distribution
forms parallel to the rolling direction with the largest trans-
formation rate of the four considered cases.

This interpretation appears to be in contrast to that of
Yang et al.,*®" who also found austenite bands parallel to
the rolling direction but attributed them to austenite nucle-
ation primarily occurring on ferrite grain boundaries before
completion of recrystallization. Closer inspection of their
results suggests that these locations coincide with the pres-
ence of spheroidized cementite colonies along the bound-
aries of the elongated ferrite grains; i.e., as proposed here,
preferred nucleation at the pearlite-ferrite and cementite-fer-
rite interfaces appears to occur.

The same principles explain the unusual austenite formation
behavior under continuous heating conditions (Figure 7). In the
hot-rolled material, increasing the heating rate leads to an
enhanced austenite nucleation at ferrite boundaries. Associated
with this is a gradual decrease of growth competition between
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pearlite- and grain boundary—nucleated austenite until a net-
work connecting the different types of austenite is formed,
i.e., the growth geometry changes for intermediate heating
rates. As a result, the temperature dependence of the fraction
transformed is similar for heating rates of 1 °C/s and 10 °CJs,
and only for even higher heating rates is the transformation
delayed to higher temperatures, as expected from a diffusional
transformation with a given growth geometry. The interaction
of recrystallization and austenite formation in the cold-rolled
Fe-C-Mn-Mo steel for higher heating rates (>10 °C/s) extends

Fig. I5—Microstructure evolution for the cold-rolled Fe-C-Mn-Mo steel
annealed at 750 °C with an initial heating rate of 100 °C/s.
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the apparent heating rate independence of the transformed
austenitc fraction to even higher heating rates, i.e., 100 °C/s.

The latter is not observed for the cold-rolled Fe-C-Mn-
Si steel. As indicated in Figure 12, ferrite recrystallization
is sufficiently fast that no overlap with austenite formation
occurs at the highest investigated heating rate of 100 °C/s.
Conscquently, the Fe-C-Mn-Si steel displays, in the inves-
tigated heating rate range, trends in terms of austenite for-
mation similar to those of the hot-rolled Fe-C-Mn-Mo steel.

The discussion so far has focused on the ferrite-to-austenite
transformation. However, there are also important implications
of the heat-trcatment path on the pearlite-to-austenite formation
transformation, which precedes the ferrite-to-austenite transfor-
mation. This can be seen for the case of the Fe-C-Mn-Si steel
intercritically annealed at 750 °C, where even when initially
the austenite fraction remains below the pearlite fraction of
25 pet, a clear heating rate dependence is found. It can be
expected that slower heating rates promote spheroidization of
pearlite. The carly work of Roberts and Mehl"*! found that
spheroidized pearlite transforms to austenite more slowly than
unspheroidized pearlite, which is consistent with the observa-
tions made in the current work (Figure 11).

V. SUMMARY AND CONCILUSIONS

The present work represents an experimental study to exam-
ine the effect of heating rate on austenite formation for steels
with chemistries typically used for dual-phase and TRIP steels.
Very significant effects of heating rate on both the fraction of
austenite and its spatial distribution and morphology have been
observed. These observations are of importance since inter-
critical annealing represents the first processing step during
anncaling of dual-phase or TRIP steels. The microstructure
produced in this step is inherited through the remainder of
the process and is thus reflected in the final microstructure.
The work raises a number of issues that are of interest both
from a fundamental point of view and from the perspective
of opportunities in alloy design and industrial processing.

Fundamentally, heating rate clearly affects the nucleation and
growth of austenite both for hot-rolled and cold-rolled materi-
als, although the effect is greater for cold-rolled materials.
The interaction between the microstructure of the ferrite/
pearlite mixture and austenite formation is complex and req-
uires further understanding. The basic trends can be ratio-
nalized by the competing mechanisms for nucleation and
growth of austenite and how these depend on the starting
microstructure (i.e., spatial distribution of pearlite and the
degree of ferrite recrystallization). The interaction between
ferrite recrystallization and austenite formation is strong, and
it affects not only the kinetics of austenite formation but also
the spatial distribution and morphology of austenite. The effects
of various nucleation scenarios and growth geometries can,
for example, be examined using the phase field approach.*!
Thus, phase field modeling is currently being applied to ratio-
nalize the observed austenite formation kinetics in more detail.

From an industrial point of view, the range of heating rates
examined, (1 °C/s to 100 °C/s), are typical of continuous
annealing lines used for galvanizing such that these effects
are expected to be of industrial relevance. The morphology
of the final microstructure is of particular interest since the
highly anisotropic martensite distribution that is produced
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under high heating rates from cold-rolled starting matcrials is
expected to have significant effects on the final mechanical
properties. Further, it appears that it is possible to tailor
microstructures by control of processing conditions and alloy
design. The level of cold rolling is expected to be important
since it determines the initial spatial distribution of carbon,
which is predominately found in the pearlite islands and will
also effect the rate of ferrite recrystallization. The interaction
between ferrite recrystallization and austenite formation can
be controlled by changing heating rates but also by alloy
design. For example, the addition of clements such as Mo,
Nb, or B, which are known to retard ferrite recrystallization,
would promote the overlap between these phenomena.
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