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Abstract

The manufacturing of Dual-Phase steels includes as a crucial step the annealing of a cold-rolled ferrite-pearlite
(F/P) microstructure, which involves numerous and interacting metallurgical mechanisms, namely
recovery/recrystallization of ferrite, globularization, manganese enrichment, coarsening of cementite and finally
austenite transformation. Present study focuses on the austenite transformation considering its interaction with
the ferrite recrystallization and the influence of the chemical composition of the cementite. The behavior of a
cold-rolled F/P microstructure is studied at three heating rates to induce weak and strong interactions between
the mechanisms, in particular using post mortem microstructure observations but also in situ High Energy X-Ray
Diffraction experiments on a synchrotron beamline.

Slow heating leads to a necklace austenite distribution whereas fast heating conducts to a banded topology. This
particular microstructure morphogenesis is explained by the presence of numerous intergranular (or isolated)
carbides inside the ferrite matrix, inherited from the hot-rolling. Thermokinetic analysis accounting for the
cementite composition shows that the pearlite islands transformation necessarily involves the partition of
substitutional elements. Conversely, the dissolving isolated carbides undergo a partition/partitionless transition
on heating. After the dissolution of the cementite, a final ferrite/austenite transformation takes place. The phase
transformation kinetics increases with increasing heating rates, despite the thermal-activated nature of the
austenite growth process. This is interpreted thanks to kinetic simulations with DICTRA software, which allow
to analyze the austenite growth regimes involving or not the partition of the alloying elements.
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1 Introduction

Dual-Phase (DP) steels are largely employed in the automotive industry for their excellent
strength / ductility trade-off and their weight reduction potential [1-7]. DP steels have a
composite microstructure composed of carbon-rich martensite islands embedded in a matrix
of softer ferrite [1] and occasionally containing bainite [8]. The tensile properties (yield
strength, ultimate tensile strength, uniform elongation) depend strongly on the volume
fraction of the martensite [9—11]. Its three-dimensional features, i.e. the spatial and
morphological distribution of the phases, also influence the fracture properties and the
resistance to damage. For example, banded structures of elongated martensite islands aligned
in the rolling direction have a negative impact on the damage properties and on the local
ductility [12-15]. Conversely, the tensile properties depend weakly on the spatial organization

of the phases [12].

Precise control of the properties requires thus to understand how the microstructures are
formed during the thermomechanical processing of DP steels. The sequence of treatments
starts with a hot-rolling operation in the full-austenite domain. After a cooling sequence
during the coiling operation, a cold-rolling step at room temperature is applied in addition to
obtain thinner products of interest for automotive construction. The crucial step is the final
intercritical annealing [16—18]: a partial austenite transformation takes place in the biphasic
ferrite+austenite domain of stability; during the final cooling, the austenite transforms
progressively again to ferrite at high temperature, then in bainite and finally into martensite.
Hence, the final martensite microstructure (previously austenite) is largely inherited from the
intercritical annealing. Many investigations considered the austenite transformation occurring
during this step, focusing on two main features: the austenite morphogenesis and the phase

transformation kinetics.
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Important parameter of the intercritical annealing is the heating rate up to the soaking
temperature. Slow heating leads to a necklace morphology of the austenite, whereas fast
heating leads to a banded morphology, with strong impact on the mechanical behavior [19—
21]. This morphological transition is mostly specific to cold-rolled ferrite-pearlite initial
microstructures [2,22-27]. Except in [16,27,28], it does not occur for other initial
microstructures such as hot-rolled ferrite-pearlite [23,25] or mixtures including bainite and/or
martensite [2]. Faster heating leads to faster austenite transformation kinetics [2,22-25,28],
despite the thermal-activated nature of the nucleation-growth process and whatever the initial
microstructure. After fast heating, the final fraction of austenite can overcome the value
expected from thermodynamics [24,29]. The local chemical compositions in the final
microstructure may remain out of equilibrium. The transformation kinetics can follow

different stages involving or not the partition of the alloying elements [1,30,31].

These complex evolutions come from the interactions of the austenite transformation with
other metallurgical processes. In the case of an initial cold-rolled ferrite-pearlite
microstructure, the cementite and the ferrite matrix undergo several phenomena during the
heating and before the start of the austenite transformation [32,33]. The cementite carbides
undergo fragmentation, spheroidization and coarsening; these processes are accelerated by the
defects introduced by the cold-rolling [34—40]. This modifies the size and the spatial
distribution of the carbides and thus of the initial nucleation sites and the carbon sources for
the austenite. The chemical composition of the carbides also evolves during heating;
enrichment in Mn and Cr stabilizes the carbides, slows-down their dissolution and hence the
austenite transformation [41—48]. Actually, the initial composition of the carbides before the
annealing treatment already depends on the metallurgical history of the hot band (so-called

inheritance effects) [49].
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As for the ferrite matrix, it becomes highly defected after the cold-rolling. It undergoes on
heating recovery and then recrystallization processes [50—52]. During slow heating, the ferrite
recrystallization is complete before the start of the austenite transformation, which takes
place, except for the pearlitic ferrite, inside a fully recrystallized microstructure. (“Weak”
interaction between austenite transformation and ferrite recrystallization as the mechanisms
occur sequentially). In the case of slow heating, there is a general agreement in literature
regarding the austenite morphogenesis. The necklace morphology comes from the nucleation
and growth of the austenite at the boundaries of the large and equiaxed ferrite grains. Point of
disagreement concerns the nature of the nucleation sites: either intergranular carbide, or
“empty” ferrite grain boundaries. During fast heating, the austenite transformation and the
ferrite recrystallization take place simultaneously (strong interaction). The heating rate has to
be sufficiently fast to shift the ferrite recrystallization above the Acl temperature. The critical
heating rate depends on the steel composition, the amount of cold-rolling reduction and the
initial microstructure, as shown e.g. by processing maps produced by some authors [2,53]. In
this latter case, there is no general agreement regarding how the austenite transformation and

the ferrite recrystallization interact.

There are several interpretations to explain the faster transformation kinetics during faster
heating. Some studies report that the presence of non-recrystallized and recovered ferrite
would accelerate the austenite transformation [2,24,27,29]. The defects in the deformed ferrite
grains would provide nucleation sites, fast diffusion paths and increased driving force. On the
contrary, other studies do not report that the deformed ferrite would transform particularly fast
[26]. According to [25], the austenite nucleation would even be difficult at the moving
boundaries of the recrystallizing ferrite. According to other studies, the faster austenite

transformation on faster heating would come from an increased driving force, which would
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increase the density of austenite nuclei [23,25]. In return several studies report that newly
formed austenite slows down the ferrite recrystallization [22,24,29,51,54], for instance by

consuming potential nucleation sites [22].

The origin of the transition from the necklace to the banded morphology is also discussed.
According to [27], the austenite would inherit the initial elongated shape of the deformed
ferrite grains. The recrystallizing ferrite grains would also adopt this shape according to [27].
Other studies [24,29] mention the influence of Mn microsegregation bands stimulating the
austenite transformation and slowing-down the ferrite recrystallization. Li et al. [26] mention
the influence of the distribution of the carbides in the initial microstructure. This distribution
would be modified when recrystallization processes occur. According to [23,25], faster
heating shifts the austenite nucleation to the pearlite islands to the detriment of the slower-
transforming ferrite matrix. The pearlite islands would thereby confer their initial elongated

and banded shape (due to the cold-rolling) to the forming austenite.

Hence, despite a number of studies, the transition from the necklace to the banded
morphology remains to be understood, as well as the faster transformation kinetics during
faster heating. The present study aims to investigate further these issues by several means. A
steel with composition Fe-0.1C-1.9Mn-0.2Cr-0.2S1 wt.% with cold-rolled ferrite-pearlite
initial microstructure is considered. A new experimental approach [55] is utilized to establish
in situ by synchrotron high energy XRD the austenite transformation and the ferrite
recovery/recrystallization global kinetics, in one single experiment. Three heating rates before
isothermal annealing at 800°C are applied, fast (30 and 100°C.s™!) and slow (3°C.s™!) to
induce strong or weak interactions. Only three annealing treatments are thus considered, but
the microstructure evolutions are observed in detail by systematic SEM characterizations,
focusing on the interactions of the austenite transformation with the ferrite recrystallization

and the carbides ripening. Particular emphasis is also put on the influence of the isolated



100  cementite carbides on the austenite transformation and morphogenesis. Their spatial and size
101  distribution evolutions are established thanks to quantitative metallography, before and after
102 ferrite recrystallization. Enrichments of the cementite carbides in Mn during annealing were

103 already established in this steel by TEM-EDS in [49]. On this basis and from quantifications
104  of the initial microstructure, DICTRA simulations are setup in order to understand the

105  influence of the heating rate on the austenite transformation kinetics.

106 2 Studied material, experimental techniques, thermodynamic calculations
107 2.1 Studied material

108  The composition of the studied steel is given in Table 1. It is a low-carbon steel without

109  microalloying elements (Ti, Nb, V, B). The material has been provided by ArcelorMittal

110  either in hot-rolled or in cold-rolled state, as flat sheets of respectively 3 mm and 1.2 mm

111  thickness. The industrial hot-rolling process consists of a reheating of the slabs at ca. 1200°C,
112 a finish rolling at 900°C and a coiling at about 550°C after fast cooling on a run-out table.

113 After coiling, cooling rate of the hot-rolled coils is about 20°C/h, from 550°C down to room
114  temperature. In hot bands, the resulting microstructure is a mixture of ferrite and pearlite. The
115  reduction ratio of the cold-rolling is 60%; this corresponds to a mean deformation of 106% in
116  bulk. As the pearlite shows a higher flow stress than the ferrite, the deformation is even higher
117  in the ferritic matrix. According to micromechanical models [56,57], the deformation in

118  pearlite and ferrite is respectively equal to 67% and 119% accounting for their respective

119  volume fractions (values are presented in Section 3.1.1).

120 The steel presents micro-segregations bands resulting from the processing. According to
121 ~ WDS measurements (spatial resolution ca. 1 pm) in the cold-rolled state, the Mn
122 concentration along the whole thickness of the sheet ranges between 1.84 and 2.02 wt.% The

123 chromium concentration ranges between 0.17 and 0.22 wt.% and the concentration of the
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silicon ranges between 0.20 and 0.24 wt.%. The average spacing between the

microsegregation bands is of the order 4.5 um.

C Mn Cr Si
weight fraction (%) 0.1 1.91 0.195 0.205
u-fraction (%) 1.94 0.209 0.407

Table 1. Chemical composition of the investigated steel. u-fractions correspond to the chemical compositions
with respect to the sole substitutional elements.

2.2 Annealing schedules

The model heat treatment, which is applied to the cold-rolled material, comprises two steps:
the cold-rolled samples are heated from room temperature to the annealing temperature of
800°C, followed by 10 min holding before helium quenching. Three constant heating rates are
considered: 3°C.s!, 30°C.s™! and 100°C.s!. Both lowest heating rates are representative of

present-day annealing capabilities by most steelmakers.

Interrupted treatments between Acl and 800°C and spaced out by 10°C are done to follow in
detail the development of the austenite microstructure and the ferrite recrystallization. Except
for the XRD in situ experiments (Section 2.7), the heat treatments have been performed with

an in-house Rapid-Cycle Dilatometer. Heating is achieved by four light bulbs of 1500 W and

cooling is achieved by helium blowing.
2.3 Metallographic preparation

Samples prepared for SEM observations were coated with epoxy resin (sagittal cut), polished
with silicate grid paper down to 1 um and finished with a colloidal silica suspension solution.
Before etching, an ultra-sonic cleaning bath in warm methanol (~30 min.) permits to remove
the fine colloidal silica particles and to avoid pollution of the samples. Two types of etching
have been applied. A Picral solution at 2% was used to characterize the carbides sizes and
distributions (initial hot-rolled or cold-rolled state or heating below Ac1). A Dino etchant (40

mL of distilled water, 100 mL of hydrogen peroxide (30%), 4 g of oxalic acid, 2 mL of
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sulfuric acid and 1.5 mL of hydrofluoric acid) was used to reveal the carbides and the
martensite (previously austenite) after heating above Acl and quench. The Dino etchant also

permits to reveal the grain and sub-grain boundaries in the ferrite.
2.4 SEM microstructural observations

Two SEMs have been used in this study. The carbides microstructures were characterized
(heating below Acl, Picral etching) with a Philips XL-30 FEG-SEM. The austenite
microstructure evolutions (heating above Acl, Dino etching) were followed with a JEOL
JSM-IT300 Tungsten SEM. All observations were made in secondary electron mode. The
micrographs were acquired at quarter thickness of the sheets to avoid skin effects and possible
macro-segregation in the center. The microstructures have been observed only in the samples

heated at 3°C.s! and 30°C.s™.
2.5 Image analysis

Mean pearlite island and ferrite grain sizes were measured using the intercept method defined
by the ASTM standard E112-96 procedure [58]. The fractions of austenite or pearlite islands
were quantified following the ASTM E65 standard [59]. Fractions of austenite were measured
after Dino etching on SEM micrographs by applying a threshold in grey levels. Fractions of
recrystallized ferrite were estimated following the point counting method for the 30°C.s!
heating rate and by EBSD analysis based Grain Orientation Spread (GOS) parameter at 3°C.s

1160].

Imagel software was used to characterize the carbides morphologies, sizes and densities. First
operation is a binarization of the SEM micrograph obtained after Picral etching. Despite the
good initial contrast, the definition of a simple threshold was not sufficient. Classical routines
such as opening, eroding or closing led to biases. Specific routines were developed in

particular to deal with the presence of grain boundaries. The reader is referred to [61] for a
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detailed presentation. The true cementite particles sizes distribution was determined by
applying the Johnson-Saltikov stereological correction [62], as detailed in [63], which also

reviews and compares other existing correction methods.
2.6 Transmission electron microscopy

The chemical composition of the carbides was measured by EDXS in TEM. The specimens
were ground parallel to the initial faces of the flat products down to a thickness of 60 um with
grinding papers, to avoid both the decarburized layer close to the surface, and
macrosegregations near the center. 3 mm diameter foils were punched out and then drilled by
electropolishing using a perchloric-acetic acid solution at 18°C with a tension of 30V. A
JEOL TEM microscope was operated at 200 kV (ARM FEG). Composition measurements
were performed with a BRUKER XFlash EDXS Silicon Drift Detector with a resolution of
127 €V and a collector plate of 30 mm?. The probe size for these measurements is about 1 nm.
As the detection of light chemical species like carbon is not possible by EDXS because of the
energy resolution and pollution issues, only the major substitutional species were considered:
Fe, Mn, Cr and Si. By using standard statistical techniques, the relative error in the measured

concentrations does not exceed 5%.

For each investigated condition, about 5 cementite particles have been observed in detail by
measuring composition profiles with a probe size of ca. 1 nm. Average compositions were
also measured in about 20 other carbides. All particles were located in pearlite islands (not at
ferrite grain boundaries). It was not possible to determine with certainty whether or not the
particles were located in microsegregation bands. More details on the TEM sample
preparation and observations can be found in reference [49], which is focused on the

evolutions of the carbides compositions.
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2.7 High Energy X-Ray Diffraction

The HEXRD experiments were carried out at the Deutsches Electronen-Synchrotron on the
PETRA III P07 beamline (DESY, Hamburg, Germany). It was operated with a powder
diffraction setup in transmission, similar to the one used in reference [64]. The samples were
lamellar with dimensions 10 x 5 x 1.2 mm?. Like for other analyses, these were cut down
from the industrial steel sheet. The long direction (10 mm) corresponds to the rolling
direction. The thickness (1.2 mm) direction is normal to the plane of the sheet. The X-Ray
beam crosses the sample along its thickness. The size of the high energy monochromatic
beam (energy 100 keV, wavelength 0.012398 nm) was 400 x 400 um? broad, which means
that approximatively 50,000 grains were scanned through the thickness (1.2 mm) of the
sample (but the number of diffracting grains in Bragg reflection condition is lower).
Calibration was performed using Fit2D software (v18, ESRF, Grenoble, France) [65,66] to
adjust the sample to detector distance and correct the detector tilts using LaB6 powder. The
distance was set to 1.251 m to observe fully the 6 first diffraction rings of ferrite. The
diffraction patterns can be recorded at a high rate (10 Hz) on a PerkinElmer 2-D plate detector
thanks to the brilliance of the line and the energy used. The thermal cycle was performed in a
modified Béhr 805 A/D (TAinstruments) dilatometer. The sample could not be rotated during
the experiments, but it will be seen that powder diffraction conditions could be achieved,

despite the strong texture introduced by the cold rolling.

The continuous heating step was recorded in fast acquisition mode (10 Hz). Slow mode was
re-activated after 60 s holding at 800°C until the end of the treatment. In slow mode, patterns
are acquired every 3 s (~0,33 Hz). The temperature was measured in real time with a K-type
thermocouple spot welded at the surface of the sample, just above the volume crossed by the
beam. During heating in fast mode, the uncertainty in the temperature is estimated as AT =
+0.1 x HR, where HR is the heating rate and 0.1 s is the duration of an acquisition in fast

10



220  mode. For instance, uncertainty due to the acquisition method in temperature during heating

221  at30°C.s!is+3°C.

222 A Rietveld analysis [67] was conducted to determine the phase transformation kinetics.

223 Pictures of Debye-Scherrer (DS) rings were integrated using the Fit2D software. The 1D

224  diffraction pattern was then refined with Fullprof software (V2.05, ILL, Grenoble, France) in
225  a20range from 2.70° to 8.70° using Pseudo-Voigt functions [68]. Only two phases have been
226  considered (ferrite and austenite); peaks due to cementite could be detected, but these peaks
227  were too small to allow a proper quantification. The minimum detectable austenite mass

228  fraction is about 2% with such a procedure. This value corresponds to the accuracy of the

229  phase fraction measurement [64].

230 A new method has been introduced recently to track in situ by HEXRD the recrystallization
231  kinetics, together with the phase transformation kinetics [55]. This method is related to the
232 presence of individual spots of intensity inside the Debye-Scherrer diffraction rings, which
233 are ascribed to the new recrystallizing ferrite grains. By counting the number of diffraction
234 spots, it is possible to estimate the recrystallization kinetics. The accuracy of the method has
235  to be improved, but first comparisons with recrystallized fractions determined by EBSD are

236  satisfactory.

237 2.8 Thermodynamic and kinetic simulations

238  The thermodynamic calculations were performed with Thermocalc software and the TCFE7
239  database. The kinetics simulations were performed with DICTRA software with TCFE7 and

240 MOBFE?2 databases.

11
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3 Results

3.1 Microstructure evolutions before the austenite transformation

3.1.1 Hot-rolled microstructure

Figure 1 shows SEM micrographs of the as received industrial hot-rolled (HR) and cold-
rolled (CR) microstructures. The micrographs were binarized with the procedure described in
Section 2.5. After HR and subsequent cooling, the microstructure consists of polygonal ferrite
and pearlite islands containing lamellar cementite carbides. The cementite is often not
perfectly lamellar and presents a more rounded shape near the pearlite island boundaries. The
proeutectoid ferrite grains are equiaxed and their mean radius is estimated to 5 um. The
pearlite islands have a volume fraction estimated to 16%. Observations at a larger scale (not
shown here) show that the pearlite islands are often organized in bands parallel to the rolling
direction. This topology is due in part to the Mn microsegregations; it is known that
proeutectoid ferrite forms preferentially in Mn-depleted zones during the coiling. But in many

other observations, the pearlite islands are more randomly distributed.

Important feature of the HR microstructure is the presence of a large number of isolated
cementite carbides located mainly at the boundaries of the proeutectoid ferrite grains and
outside the pearlite islands. Most of these carbides have an elongated shape along the ferrite
grain boundaries (GBs), but some are more equiaxed. Despite their low volume fraction, the
isolated carbides contain about one third of the carbon of the steel (64%). This proportion is
deduced from the volume fraction of the pearlite islands (16%), which is lower than a value of
25%, expected from a thermodynamic analysis of pearlite transformation detailed in [49]. It
will be seen in the following that these isolated carbides will play a major role during the
austenite transformation even if presence of intergranular carbides has rarely been reported

[33,40,69-72]. According to [69-71], these are formed during slow cooling before the pearlite

12
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transformation. During the proeutectoid ferrite transformation, some carbon-rich regions of
austenite would be trapped between growing ferrite grains and would then decompose to one
or several cementite carbides and ferrite. Another mechanism assuming the super-saturation

in carbon of the ferrite was proposed more recently in [72].

Figure 1. SEM micrographs treated by image analysis representative of the hot-rolled (a) and cold-rolled (b)
microstructures. The ferrite is represented in black, the pearlitic cementite in white and the isolated carbides in

red.
3.1.2 Effects of the cold-rolling

After the cold rolling (Figure 1b), the ferrite grains and the pearlite islands are flattened and
elongated in the rolling direction; both are ca. 3 um thick, while the lengths are more
scattered. Inside the pearlite islands, some of the cementite lamellae remain unmodified, but
most of these are now fragmented. As for the isolated carbides, those which were elongated
before the CR were fragmented during the deformation, generating clusters of carbides
aligned parallel to the rolling direction and distributed at the boundaries of the deformed
ferrite grains (see also [26]). There are also some intra-granular carbides inside the ferrite

grains, but their number is very small.
3.1.3 Microstructure evolutions during heating to Acl

For both heating rates, 3 and 30°C.s™!, the microstructure was observed (Figure 2) after
heating up to 700°C and 720°C respectively. Close to the Acl temperature (respectively
710°C and 720°C according to microstructure observations, Section 3.4), these temperatures
are representative of the initial microstructure at the start of the austenite transformation.

Before this stage, different microstructural evolutions occur during the heating up to Acl: the

13
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recovery and recrystallization of the ferrite; the fragmentation of the cementite carbides. The
latter also undergo enrichment in Cr and Mn during the slow heating at 3°C.s™! [49,61].
Regarding the recrystallization, the evolutions are different for both heating rates. As shown
in Figure 2a, the ferrite matrix is almost fully recrystallized after the slow heating. The
recrystallized ferrite grains are nearly equiaxed and have an average size of 6 um. Very few
ferrite grains remain unrecrystallized, whereas former pearlite islands are never recrystallized.
Conversely, after the fast heating, the ferrite recrystallization has almost not started (Figure
2b) at 720°C. Most ferrite grains kept their initial elongated shape resulting from the cold
rolling. They contain a large number of subgrains with a typical size of 0.5 pm, which result
from recovery processes starting at 380°C [55]. Hence, a transition from full recrystallization
before austenite transformation to no recrystallization occurs between heating rates 3°C.s!
and 30°C.s’!. The order of magnitude of the critical heating rate for this transition between
two modes of interaction (the so-called “weak” and “strong” interactions) is in accordance
with previous studies on similar systems [2,28,73]. Detailed experimental and modelling
study of recrystallization is presented in [55,74]. Regarding the pearlitic ferrite, no significant

recrystallization occurs during both slow and fast heating, as confirmed by EBSD analyses.

As for the cementite carbides, different effects of the heating rate are observed for the
pearlitic cementite and for the isolated carbides. The cementite carbides inside the pearlite
islands undergo the same evolutions for both heating rates: they become more fragmented,
leading to a more spheroidal shape and to a large increase of the particles density. They
probably also undergo coarsening. Both fragmentation and coarsening phenomena are
accelerated by the prior severe deformation [34,35], especially, for the fragmentation, by the
defects introduced inside the cementite [36—39]. The pearlitic cementite carbides reach the
same average equivalent radius, 75 nm, for both heating rates (Table 2). It should be

mentioned that the lamellar carbides (i.e. not yet fragmented) were excluded from the size
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measurements, which makes difficult to interpret in detail the size and densities evolutions.

More measurements can be found in reference [61].

In contrast with the pearlitic cementite, the evolution of the isolated carbides (outside the
pearlite islands) shows a dependence on the heating rate. During slow heating, the ferrite
recrystallization, which has time to occur, modifies the size and the spatial distribution of the
isolated cementite carbides with respect to the ferrite grain boundaries. Some carbides get
trapped inside the recrystallized ferrite grains, while other carbides are localized at the
boundaries of the ferrite grains. The latter tend to be bigger than the intragranular carbides
(this could not be quantified), probably because of the faster diffusion at the grain boundaries.
The mechanisms by which the recrystallization can modify the carbides distribution are
discussed in Section 4.1.3. After the fast heating, the isolated carbides keep their initial
distribution in the CR microstructure, mostly in the form of elongated clusters, parallel to the
rolling direction and located at the boundaries of the deformed ferrite grains. There are almost
no carbides inside the deformed ferrite grains (Figure 2d). The isolated carbides are larger in
average after slow heating than after fast heating (Table 2), because of the larger size of the
carbides located at the boundaries of the recrystallized ferrite grains. More measurements can

also be found in reference [74].

Figure 2. SEM micrographs representative of the microstructure after heating to a,c,e) 700°C at 3°C.s™!; b,d,f)
720°C at 30°C.s™. Figures ¢ and d correspond to views at higher magnification of a and b. Figures e and f have

been threshold to reveal carbide microstructures in both cases (carbides in bright contrast).
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3.2 Ferrite recrystallization Kinetics

As presented in [55], the in situ HEXRD experiments also allow to estimate the kinetics of the
ferrite recrystallization. Figure 3 shows the recrystallized fraction as a function of the
temperature during the heating stage, as determined both from HEXRD and from SEM.
Above Acl, relative fractions are plotted, that is, the ratio of the recrystallized fraction over
the fraction of remaining ferrite. It can be seen that the method based on HEXRD tends to
overestimate the recrystallization kinetics, compared to the image analysis of SEM
micrographs. The latter are actually accurate only for the heating rate 3°C.s™!, for which
EBSD was employed to draw Grain Orientation Spread maps. Conversely at 30°C.s™!, the
estimates of recrystallized fractions are based on observation of SEM micrographs after
chemical etching. Nevertheless, SEM and HEXRD observations are in agreement regarding
the temperature range at which the ferrite recrystallization occurs, as a function of the heating
rate.

Figure 3. Fraction of recrystallized ferrite as a function of the temperature during heating at 3, 30 or 100°C.s™..

Dots: HEXRD, squares: SEM at 30°C.s™! or EBSD at 3°C.s™. (In the SEM analyses, the pearlitic ferrite was

excluded).

Focusing on the kinetics obtained from HEXRD, at 3°C.s!, the ferrite recrystallization starts
at ca. 670°C and is almost complete at 710°C, the Acl temperature, as will be seen in next
sections. At 30°C.s’!, the ferrite recrystallization starts near 730°C and finishes at ca. 780°C.
This is in good agreement with the microstructure observations near the Acl temperature
(Figure 2). At 100°C.s™!, the recrystallization kinetics is shifted to higher temperatures. It
finishes in less than 6 s during the isothermal hold at 800°C. Thus, as aimed when designing
the treatments, the slow heating at 3°C.s™! permits (almost) full decoupling of the respective
kinetics of ferrite recrystallization and austenite transformation, while faster heating at 30°C.s

P'and 100°C.s™! will give rise to strong interactions, as will be seen in the next sections.
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3.3 Austenite transformation: Kinetics

The austenite transformation kinetics was measured in situ by HEXRD with the method
presented in Section 2.7. Figure 4 shows the Debye-Scherrer (DS) rings recorded at 650°C
and 800°C during the heating at 3°C.s’!, along with the integrated intensity-26 profiles.
Additional profile at 760°C is added to illustrate the start of the austenite transformation.
Continuous DS rings and the expected relative intensities of the diffraction peaks are obtained
thanks to the large number of diffracting grains, leading to powder diffraction conditions. At
650°C, only visible DS rings are those of the ferrite. At 800°C, these become weaker because
of the lower ferrite mass fraction, while austenite rings are clearly visible. The cementite
peaks are visible only at high magnification of the I-20 profiles. The cementite mass fraction

could not be quantified by our Rietveld method.

Figure 5a shows the austenite fraction as a function of the temperature during the heating
stage. According to the HEXRD, the Acl temperature is equal to 710°C, 740°C and 746°C
respectively at 3°C.s!, 30°C.s! and 100°C.s™!. (The first detection of austenite by HEXRD
corresponds to the beginning of the curve). At 3°C.s™! and 30°C.s™!, the austenite fraction
follows a similar evolution as a function of the temperature, with an upward shift of about
10°C at 30°C.s!. Hence, the phase transformation kinetics is about ten times faster at 30°C.s’!
than at 3°C.s™!. Both kinetics show two stages: a first sluggish stage up to about 740°C and
750°C at 3°C.s™! and 30°C.s™! respectively, followed by a fast kinetics. During the first stage,
the fraction of austenite remains below a few percent, but the austenite is clearly detected by
the HEXRD. The kinetics at 100°C.s™! exhibits one single stage; the fraction of austenite at
any given temperature is almost always higher than at 3°C.s™! and 30°C.s!. This shows that
the kinetics is the fastest for this heating rate. One has though to mention that at 100°C.s™!, the
experimental uncertainty on the temperature is equal to +15°C. For all heating rates, the

austenite fraction remains far below the orthoequilibrium (OE) value, up to 800°C.
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386  The austenite fraction evolution during the isothermal annealing at 800°C is plotted in Figure
387  5b. For all heating rates, the transformation kinetics firstly slows down quickly; the austenite
388  fraction then progressively stabilizes to reach some plateau. The higher the heating rate, the
389 faster the kinetics and the higher the final fraction of austenite. At 30°C.s™! and 100°C.s"!, this
390 final fraction exceeds the value expected from overall thermodynamic equilibrium. Similar

391  overshoot above the equilibrium at higher heating rates was also reported in [2,24,26,27,29].

392

393 Figure 4. 2D Debye-Scherrer rings recorded at 650 and 800°C during heating at 3°C.s™. Intensity-20 profiles
394 from circular integration of the DS rings at 650, 760 and 800°C.

395

396 Figure 5. Austenite mass fraction as a function of a) temperature during heating; b) time during isothermal
397 annealing at 800°C (zoom on first stages in the insert). Time scale starts at the beginning of the isothermal
398 annealing in b). The dots indicate the austenite fraction at the start of the isothermal annealing.

399

400

401 3.4 Austenite transformation: microstructure evolutions above Acl

402  The nucleation sites of the austenite and the different stages of its morphogenesis are
403  identified here with SEM observations of the microstructure after interrupted treatments
404  (Section 2.2). The most relevant observations are summarized here, but additional

405  observations are reported in the discussion on the austenite morphogenesis (Section 4.1).
406  3.4.1 Slow heating, 3°C.s’!

407  Figure 6 shows SEM micrographs of the microstructure at the main stages of the austenite
408  transformation during the slow heating. The ferrite matrix is almost fully recrystallized when

409 the austenite transformation starts as already discussed and shown in Figure 4a. Outside the
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pearlite islands, the microstructure mostly consists of large and equiaxed ferrite grains. The
nucleation of the austenite starts between 700°C and 710°C, at isolated carbides located at the
boundaries of these ferrite grains (Figure 6a). Second main nucleation sites are the boundaries
of the pearlite islands. Nevertheless, nucleation starts later on these sites, between 710 and
720°C. This first detection of austenite is in good agreement with the Acl determined by

HEXRD (710°C).

Up to 730°C, the growth of the austenite grains remains sluggish and limited to the
boundaries of the ferrite grains or the pearlite islands (Figure 6b). Austenite fraction remains
below 1.5%m (XRD). The austenite morphology is either spheroidal (especially when it
nucleated at triple junctions involving or not a pearlite island) or elongated, as a result of the
preferential austenite growth along the grain boundaries. At ca. 740°C, the pearlite islands
start to transform quickly to austenite; their transformation is almost complete at 750°C
(Figure 6¢). Newly formed austenite grains inherit the width of the pearlite islands, typically 3
um, and their high carbon concentration, 1.78 at.%. Hereafter, the austenite grains stemming
from the pearlite islands will be referred to as carbon-rich austenite (CRA) grains. On further
heating, the CRA grains grow towards the surrounding ferrite. The pearlite islands
transformation corresponds to a marked increase of the rate of austenite formation (Figure
5a). The austenite grains which nucleated on the isolated carbides grow more slowly along the
proeutectoid ferrite grain boundaries. Nucleation on the isolated carbides is progressive and
the sizes of the austenite grains nucleated on these sites are thus scattered. The austenite

eventually decorates the ferrite grain boundaries, giving rise to the necklace morphology.

At 800°C, the necklace morphology is clearly observable; most of the ferrite grain boundaries
are decorated by the austenite. The austenite films actually percolated before, at ca. 780°C
(corresponding micrograph is not shown here). The austenite films observable at 800°C grew
into the interior of the ferrite grains and reached a thickness of ca. 500 nm. Besides, the
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austenite grains stemming from the pearlite islands achieve a banded morphology, because of

the initial distribution of the pearlite islands.

Figure 6. SEM observations (Dino etching) of the microstructure after heating at 3°C.s! followed by quench up

to a) 710°C; b) 730°C; ¢) 750°C; d) 800°C. In a), the arrows show the first grains of austenite.

3.4.2 Fast heating, 30°C.s™!

During the fast heating, the austenite transformation starts in a microstructure which is almost
non-recrystallized, contrary to the case of the slow heating. As shown in Figure 7a at 740°C,
most of the ferrite grains are still deformed and filled with subgrains; only few recrystallized
ferrite grains can be observed. Despite the different initial microstructure, the nucleation sites
of the austenite remain the same as during slow heating. The austenite nucleates first on
isolated carbides between 710 and 720°C (high-magnification micrographs are not shown
here) and then at the boundaries of the pearlite islands (between 720 and 730°C). The Acl
temperature determined by HEXRD is higher (740°C), but for a heating rate of 30°C.s™!, this
corresponds to 1 s during the experiment. What differs compared to the slow heating is the
distribution of the austenite nucleation sites outside the pearlite islands. The isolated carbides
are located at the boundaries of the deformed and elongated ferrite grains. The austenite
grains nucleating on these sites grow equiaxially exclusively; in contrast with the slow
heating, preferential growth along the grain boundaries is rarely observed, as shown for

instance at 740°C in Figure 7a.

Like in the case of the slow heating, the pearlite islands start to transform at a sluggish rate
before an acceleration at about 750°C, whereas the austenite grains nucleating on the isolated

carbides nucleate more progressively and grow more slowly. The pearlite islands transform in
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most part in a narrow temperature range, between 750 and 760°C (Figure 7b). This
temperature range is slightly shifted to higher temperatures (ca. 10°C), compared to the slow
heating. When the pearlite islands are fully transformed, significant recrystallization has still
to take place (fraction of ferrite remaining to recrystallize depends on the experimental
method, HEXRD or SEM, see Figure 3). This further recrystallization of the ferrite will

contribute to the morphogenesis of the microstructure.

Figure 7. SEM observations (Dino etching) of the microstructure after heating at 30°C.s! followed by quench up
to a) 740°C; b) 760°C; ¢) 770°C; d) 800°C. The arrows indicate: first austenite grains in (a); alignments of

austenite grains at the boundaries of elongated recrystallized ferrite grains in (c).

Upon further heating up to 800°C, the microstructure undergoes simultaneous evolutions: the
growth of the newly formed carbon-rich austenite (CRA) grains stemming from the pearlite
islands, the nucleation and growth of the austenite grains from the isolated carbides and the
recrystallization of the ferrite. All of the three processes contribute to form the banded
morphology. The CRA grains grow into the surrounding ferrite matrix. Like for the slow
heating, they reach at 800°C a banded morphology, which is inherited from the initial
distribution of the pearlite islands. The austenite grains nucleated on the isolated carbides
grow first equiaxially and then tend to impinge and to form alignments parallel to the rolling
direction. Examples of such alignments are shown in Figure 7b. This distribution in bands
comes from the layout of the isolated carbides in the initial microstructure, which is caused by

the cold rolling.
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The recrystallizing ferrite grains reach a more elongated shape than during slow heating; their
length can reach 10 um. This is the consequence of the concomitant austenite transformation,
because the ferrite recrystallization is confined inside the forming bands of austenite
(stemming from pearlite islands or from the isolated carbides). Thus, the new recrystallized
ferrite grains inherit the initial elongated shape of the deformed ferrite grains. Figure 7¢
(770°C) shows several examples of elongated recrystallized ferrite grains. These are
surrounded by austenite grains emanating either from perlite islands or from isolated carbides.
Once the recrystallized ferrite grains have acquired an elongated shape, the austenite
continues to nucleate and grow at their boundaries, thereby reinforcing further the banded
topology of the microstructure. These combined phenomena lead to the banded morphology

of the austenite, which is clearly observable at 800°C (Figure 7d).
3.4.3 Isothermal annealing at 800°C

During isothermal annealing at 800°C for 10 min., the austenite transformation progresses
further. As shown in Figure 5c, the austenite mass fraction increases from 47% to 81% after
heating at 3°C.s™!, from 49% to 85% after heating at 30°C.s™! and from 56% to 89% at
100°C.s™L. This further growth of the austenite into the ferrite (originating from pearlite
islands or isolated carbides) is associated with a disappearance of the austenite topology
(Figure 8), which was initially either necklace or banded. The austenite distribution becomes
more homogeneous. This vanishing of the initial morphology is already observable after 60 s
of isothermal hold (corresponding micrographs are not shown). After the isothermal annealing
for 600 s, there is no clear difference between the microstructures corresponding respectively
to the slow and to the fast heating. In both cases, the smaller ferrite grains are fully consumed,
while the largest ones remain in the final microstructure. As for the kinetics characterizations,
which showed a marked slowdown of the kinetics after 60 s annealing (cf. Figure 5b), this
was confirmed by SEM micrographs.
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Figure 8. SEM observations (Dino etching) of the microstructure after heating up to 800°C and isothermal

annealing for 600 s. a) 3°C.s™!; b) 30°C.s\.

4 Discussion
4.1 Austenite morphogenesis, banded or necklace
4.1.1 Proposed mechanism

As usually reported in literature, slow and fast heating lead respectively to necklace and
banded microstructures, which are established by different sequences schematized in Figure
9. During slow heating (3°C.s™), the ferrite recrystallization is almost complete before the
start of the austenite transformation. At the Acl temperature, 700-710°C, only few ferrite
remains unrecrystallized. The recrystallized ferrite grains have a size of ca. 6 pm and an
equiaxed shape; many coarsened carbides are located at their boundaries because of the
recrystallization process. The austenite nucleates on these carbides and then grows
preferentially along the boundaries of the recrystallized ferrite grains, thereby forming the
necklace morphology. Meanwhile, the pearlite islands transform to carbon-rich austenite
(CRA) grains, which then grow towards the surrounding ferrite. The CRA grains have a
banded morphology because of the elongated shape of the initial pearlite islands (Figure 1b,
Figure 2a). The final topology of the microstructure is nevertheless dominated by the network
of Austenite Nucleated on isolated Carbides (ANC) covering the ferrite grains boundaries
(even if the respective fractions of ANC and CRA appears similar in the micrographs).
Indeed, the initial pearlite islands occupy only 16% of the volume fraction in the initial

microstructure.
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During fast heating (30°C.s™!), the recrystallization has almost not started at the Acl
temperature (710-720°C). On heating, the isolated carbides thus kept their initial distribution
resulting from the cold rolling. It consists of clusters aligned in the rolling direction and
located at the boundaries of the deformed ferrite grains. Alignments of austenite grains
nucleate on these carbides (ANC) and grow equiaxially. By impinging, these grains start to
form the banded morphology. Meanwhile, the transforming pearlite islands (CRA grains) also
contribute to form the banded topology. The concomitant ferrite recrystallization is now
confined between the forming bands of austenite, originating either from the isolated carbides
or from the pearlite islands. Hence during fast heating, the new recrystallized ferrite grains
acquire an elongated shape, thereby reinforcing the banded topology of the microstructure.
Finally, the last austenite grains nucleate at the boundaries of the elongated recrystallized

ferrite grains, thereby reinforcing further the morphology in bands.

The mechanism proposed above for the genesis of the necklace morphology during slow
heating is in agreement with the literature related to initial cold-rolled ferrite-pearlite
microstructures [2,24-27]. The nucleation of austenite at carbides located at recrystallized
ferrite grain boundaries is also clearly mentioned [24,26,27], except in [25]. Nevertheless, in
the latter study, these carbides are observable in the presented micrographs. Conversely, the
origin of the banded morphology has been interpreted differently [23—25,27]. As it is obtained
during fast heating, the austenite transformation takes place in the presence of non-
recrystallized ferrite grains. The point of disagreement concerns whether or not the latter
transform to austenite faster than the remaining of the ferrite matrix. The role of Mn
microsegregation bands has also been considered. This is discussed in Sections 4.1.3 and

4.1.4.

Figure 9. Schematic of the austenite morphogenesis depending on the heating rate.
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4.1.2 Influence of the isolated and intergranular carbides

It comes out the preceding analysis that the “isolated carbides” distribution determines the
formation of either a necklace or a banded austenite microstructure. The isolated carbides are
those localized outside the pearlite islands, in the ferrite matrix (as presented in Section 3.1.1).
Among these carbides, only those located at ferrite grain boundaries or triple junctions
(intergranular carbides) play a significant role. As the austenite starts to nucleate and grow
from these sites, this determines the initial spatial distribution of the austenite and its further
morphogenesis. The same conclusion was reached, as far as we know, in only one previous
study, by Li et al. [26]. Minor differences concern what are the firstly activated nucleation
sites (the pearlite islands in [26]). In [26], intermediate heating rates were also investigated,

leading to an austenite microstructure intermediate between necklace and banded.

The role played by these carbides may seem unexpected at first sight, because of their low
volume fraction in the initial microstructure (see Figure 1). This is why these carbides are
frequently not considered in literature [33,40,69—72]. Despite their low volume fraction, the
isolated carbides contain (in the studied steel) about one third of the carbon. Hence, a similar
proportion of the austenite is expected to form from these carbides. Contrary to the case of the
pearlite islands, their spatial distribution with respect to the ferrite grain boundaries may
evolve during heating, depending on the heating rate, because of some interaction with the
ferrite recrystallization (see next section). Conversely, the pearlite islands and the austenite
resulting from their transformation keep a banded morphology whatever the heating rate.
However, the pearlite islands have an initial volume fraction equal to 16%, which limits their

impact on the final microstructure.
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In order to confirm the role played by the isolated carbides, SEM observations were
conducted. Figure 10 shows some examples for a heating up to 740°C at 3°C.s™!. In most
cases, a carbide (white contrast) was observed as expected inside austenite grains forming
along planar ferrite grain boundaries. However, the presence of such carbide is not systematic.
Despite the absence of fully conclusive observations, the preferential nucleation of austenite
on isolated carbides is highly probable: combined with a ferrite grain boundary, the
intergranular cementite particles represent high-energy defects, which are favorable
heterogeneous nucleation sites for the austenite. The austenite grains then grow preferentially
in their vicinity, because the dissolving carbides provide a source of carbon. Several studies
also report that in presence of intergranular carbides, the austenite nucleates preferentially on
these sites [26,27,30,32,33]. When the austenite is reported to nucleate at “empty”
ferrite/ferrite grain boundaries [75—77], the considered microstructures do not include any

intergranular carbide.

The only other significant nucleation sites for the austenite are the intragranular carbides,
which are trapped inside recrystallized ferrite grains, mostly in the case of the slow heating.
Some examples can be seen in Figure 2. However, few austenite grains nucleated on these
sites; these grains grew slowly and always stabilized to a limited size (Figure 10a). Their slow
growth comes most likely from the bulk diffusion which is involved; their small size comes
from the absence of other neighboring carbon sources. Therefore, these intragranular austenite
grains contribute weakly to the austenite morphogenesis. In the case of the fast heating,

intragranular carbides were almost never observed.

Figure 10. SEM micrographs (Dino etchant) showing austenite grains nucleated on ferrite grain boundaries after

heating to 730°C at 3°C.s"'. Cementite carbides appear in light contrast.
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4.1.3 Influence of the ferrite recrystallization

From our experimental observations, we have established in the studied steel that the main
influence of the ferrite recrystallization on the austenite morphogenesis is indirect, but
determining. During the slow heating, it modifies the spatial distribution of the isolated
carbides which are then located in large part at the boundaries of the recrystallized ferrite
grains. This is thought to be the origin of the necklace microstructure. These carbides are also
larger than in the initial microstructure. The detailed interactions between the recrystallizing
ferrite and the carbides are not clear from the literature. Straightforward reason for the larger
intergranular carbides sizes is that the presence of the grain boundary would accelerate the
diffusion and the coarsening processes. The large number of isolated carbides at the
boundaries of the recrystallized ferrite grains can be explained if the carbides impeded the
moving boundaries of the recrystallizing ferrite grains. According to [2,30], the boundaries of
the recrystallizing ferrite grains can in some cases overcome the pinning force of the carbides
and leave behind intragranular carbides, inside the new recrystallized ferrite grains. These

carbides would tend to dissolve to the benefit of those localized at the grain boundaries.

During the fast heating, the ferrite recrystallization has a different effect, which comes from
its interaction with the concomitant austenite transformation. As described previously, the
bands of transforming austenite tend to “channel” the ferrite recrystallization, which
reinforces the banded morphology. Same observation was reported in [24]. In return, the
ferrite recrystallization has an impact on the austenite morphogenesis. Alignments of austenite
grains form at the boundaries of elongated recrystallized ferrite grains (Figure 7c). Similar

observation was reported in [27].

Point of disagreement with some previous studies [24,27] is related to the rate of
transformation to austenite of the deformed and non-recrystallized ferrite grains. During fast

heating, this would explain the morphogenesis in bands according to these works. The
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austenite grains would acquire a banded morphology by inheriting the elongated shape of the
deformed ferrite grains [27]. The fast transformation of the deformed ferrite grains is
explained in [24,27] by the energy stored inside and by the defects, which provide nucleation
sites and fast diffusion paths. However, in present study, any faster transformation of the
deformed ferrite could not be seen clearly from the microstructural observations. Further
quantitative analysis of the microstructure would be necessary, as done for instance in [24].
Let us mention that in the latter study, the non-recrystallized ferrite grains contained a large
number of intragranular cementite carbides. This may explain in part their fast transformation
to austenite. Conversely in present study, the deformed ferrite grains were almost empty of

any carbide (Section 3.1.3).

Let us mention that the development of the banded morphology was interpreted in [25,27]
without considering any influence of the deformed ferrite grains on the austenite
transformation. For very fast heating rates, 100°C.s™! in [25] and 140-693°C.s™! in [27], the
austenite transformation takes place exclusively from the pearlite islands, which confer their
elongated shape to the austenite. In the ferrite matrix, the more sluggish austenite
transformation has not enough time to occur. Hence, in these cases, the morphology in bands
comes from the selection of the nucleation sites for kinetic reasons. This selection of austenite
nucleation sites (pearlite vs. ferrite grain boundaries) was also been put into evidence in [23].
Such transition did not occur in present study because of the too slow heating rates

considered.
4.1.4 Influence of the Mn microsegregation bands

The investigated steel contains manganese microsegregation bands (Mn bands) aligned with
the rolling direction (Section 3.1.1). Although the range of Mn concentrations is low (1.8-2.0
wt.% at quarter thickness, according to WDS) possible impact on the morphogenesis in bands

during fast heating cannot be ruled out. No clear correlation could though be found between
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the spacing of the Mn bands (4.5 um according to WDS) and of the austenite bands after fast
heating at 30°C.s!, for instance up to 800°C (Figure 7d). The austenite bands are actually
scattered, which makes difficult to measure their spacing. In contrast, in [24] where a steel
with higher magnitude of Mn concentrations was considered, the bands of austenite were

better defined and more continuous.

More indirect impact of the Mn bands, could be to influence the distribution of the cementite
in the initial microstructure. In [24], it is reported that the Mn bands are spatially correlated
with a higher density of intragranular carbides, inside the deformed ferrite grains. In [2], it is
also mentioned that the pearlite in the initial microstructure tends to occupy the Mn-rich
regions. Weaker impact of the Mn bands on the initial pearlite distribution was found in
present study (Section 2.1). This may come again from the weak degree of Mn segregation in

the investigated steel.

4.2 Austenite transformation kinetics
4.2.1 Kinetics stages; identification of two sub-systems

For both heating rates 3°C.s™! and 30°C.s™!, the austenite transformation starts at a sluggish
rate (Figure 5b), before a strong acceleration at about 740 and 750°C respectively. (The first
stage is less visible at 100°C.s™!, but this may come from the precision of the measurements).
This first stage corresponds to the slow growth of the first austenite grains, which nucleated
both at isolated carbides and at the boundaries of pearlite islands. The acceleration
corresponds clearly to the transformation of the pearlite islands, according to the SEM
micrographs (Section 3.4). The impact on the global kinetics is visible because the pearlite

islands transform simultaneously in a narrow temperature range of about 10°C. In contrast,
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the austenite grains stemming from the carbides isolated in the ferrite matrix nucleate and
grow more progressively and more slowly. Their impact on the global kinetics is thus less
visible. Hence, two sub-systems behaving differently in terms of kinetics are identified: the
austenite stemming from the pearlite islands (carbon-rich austenite ‘CRA’), or the isolated

carbides (austenite nucleated on carbides, ‘ANC”).

Conversely to previous studies which also considered an initial ferrite-pearlite microstructure
(e.g. [1,76]), there is no sharp transition from a fast regime of pearlite transformation followed
by a slower ferrite / austenite transformation. This is due to the isolated carbides, which
dissolve progressively, both before and after the pearlite islands transformation. Moreover, as
the pearlite islands occupy initially 16% of the volume fraction, their transformation does not
make increase drastically the austenite fraction (Figure 5b). Once the pearlite islands have
fully transformed at 750 or 760°C, the austenite transformation goes on in both sub-systems,

without further identifiable kinetics stages.

4.2.2 Influence of the heating rate

The faster the heating rate, the faster the austenite transformation kinetics, during both the
heating stage and the subsequent isothermal hold. During heating, the austenite
transformation is about ten times faster at 30°C.s™! than at 3°C.s’!; it is even faster at 100°C.s™!
(Section 3.3). These results from XRD are further confirmed by austenite fractions
determined by image analysis at 800°C: 49% at 3°C.s™!, 49% at 30°C.s! and 47% at 100°C.s"
!, Similar observation was done in previous studies regarding the isothermal annealing stage
[2,23-27,29]. As for the heating stage, there is no clear agreement in the literature, but some
studies do also report faster transformation during faster heating (e.g. [2,24]). Three possible

origins of the faster kinetics are discussed in the following: the presence of non-recrystallized
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ferrite, the higher driving force linked with the faster heating and the faster growth of the
austenite stemming from the pearlite islands. (The influence of kinetics regimes of austenite
growth involving or not the partition of the alloying elements is treated separately in the next

Section).

According to some studies [2,24,29], one possible origin of the faster austenite transformation
during faster heating and/or subsequent holding is the presence of non-recrystallized ferrite
grains, which would transform faster to austenite. In present study, this would explain the
faster kinetics at 30°C.s™! than at 3°C.s™!, because for the latter heating rate, the ferrite almost
fully recrystallizes before reaching the Acl temperature. As mentioned in Section 4.1.3, faster
transformation of the non-recrystallized ferrite is possible in the investigated steel, but further
quantitative microstructural characterization would be necessary to confirm this. Let us
mention that for both heating rates 30°C.s! and 100°C.s’!, the ferrite recrystallization is
concomitant to the austenite transformation (Section 3.2). Hence, the faster austenite
transformation kinetics at 100°C.s™! than 30°C.s™! can be less clearly interpreted by the
presence of more non-recrystallized ferrite than when comparing heating rates 3°C.s™! and

30°C.s’!. At least, accelerated growth in non- recrystallized ferrite is not the sole mechanism.

Other possible origin of the faster austenite transformation kinetics is that during faster
heating, the nucleation would be shifted to higher temperatures, increasing thereby the driving
force and the density of the austenite nuclei. The transformation kinetics would be increased
by the higher density of growing fronts of austenite. Such refinement of the microstructure
was put into evidence in [23] (considering a hot-rolled initial state, with two heating rates 1
and 300°C.s!). However, in present study, the austenite transformation kinetics is not shifted
to much higher temperatures, according to the HEXRD experiments (Figure 5a). The

transformation rate of the pearlite islands depends weakly on the heating rate. As for the
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austenite grains forming in the ferrite matrix, their density is not evidently higher at higher

heating rate, according to SEM micrographs (compare Figure 6 and Figure 7).

The only effect of the heating rate on the austenite transformation kinetics which is
observable on the micrographs concerns the austenite stemming from the pearlite islands.
Although the transformation rate of the latter depends weakly on the heating rate (Section
3.4), these transform to coarse, carbon-rich austenite (CRA) grains, which then do show a
large difference in growth rate between both heating rates, 3 and 30°C.s™!. For example, the
CRA grains are clearly larger at 800°C after the fast heating (Figure 11). At 760, 770 and
800°C (0s) the CRA grains are 3, 5 and 10 um thick during slow heating and respectively 10,
12 and 14 pum thick during fast heating. This faster growth could be ascribed in part to the
presence of non-recrystallized ferrite, but as mentioned above, this has to be examined with
further quantitative microstructural analyses. As the growth of the CRA grains is thermal-
activated, there is thus no straightforward interpretation for their faster growth on faster
heating. But it explains in part the faster overall kinetics measured by HEXRD (Figure 5).

The growth of the CRA grains is further discussed in the modeling part, Section 4.2.3.

Figure 11. Optical micrographs of the microstructure after heating up to 800°C at a) 3°C.s’!; b) 30°C.s’..

To conclude, the qualitative analysis of the microstructure evolutions is not sufficient to
understand why the austenite transformation is faster during faster heating. The higher final

fraction of austenite with faster heating also remains to be interpreted, as well as how this
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fraction can exceed the orthoequilibrium (Section 3.3). In the following sections possible

outcomes of thermokinetic analyzes are examined.

4.2.3 Thermokinetic analysis

4.2.3.1 Simulation approach; representation of the microstructure

The austenite transformation is simulated with the DICTRA software [78], which resolves the
diffusion equation in a multi-component system. The simulations predict the velocity of the
interfaces and the evolutions of the composition profiles. The alloy is simplified here to the
ternary Fe-0.1C-1.91Mn (wt.%) system. As in recent works using DICTRA [30,31,43,44,53],
it is assumed that the only rate-limiting process is the diffusion of the alloying elements Mn
and C and that the local equilibrium holds at the interfaces. (Let us mention that
paraequilibrium [1,79] or other deviations to local equilibrium [79-81] have been considered

in other studies).

A geometrical representation is defined for both main origins of the austenite: the isolated
carbides and the pearlite islands. 1D simulation cells with spherical symmetry, afforded by
DICTRA, are utilized (Figure 12). The formation of the austenite stemming from the pearlite
islands is simulated in two stages: first, the transformation of the pearlite island to a carbon-
rich austenite (CRA) grain, then the growth of the latter towards the surrounding ferrite
matrix. The simulation cell representing the first stage (Figure 12a) contains a pearlitic
spheroidized carbide inside a ferrite matrix; the austenite grows from the exterior. (Hence, it
does not describe the transformation of the full pearlite island to a CRA grain, but only one
pearlitic carbide). Although this representation is not perfect, it includes an essential feature
of the process: the fast diffusion of the alloying elements from the carbide to the austenite,
through the ferrite. Next stage is the growth of the CRA grain towards the surrounding ferritic

matrix: the geometrical representation by a spherical simulation cell is straightforward (Figure
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12b), although the “true” CRA grains have an elongated shape. The formation of the austenite
stemming from the isolated carbides (ANC) is also well represented by a spherical simulation
cell (Figure 12¢). The austenite is assumed to form rapidly a shell around the carbide. The
respective sub-systems or simulation cells will be denoted hereafter P, A and I. (A and P cells
serve to describe the formation and then the growth of the of CRA grains; I cell describes the

evolution of the ANC).

Figure 12. Spherical simulation cells employed in the DICTRA simulations. a) dissolution of a pearlitic
cementite carbide (P sub-system); b) Growth of carbon-rich austenite (CRA) grain into ferrite (A sub-system); c)

dissolution of an isolated carbide leading to formation of ANC (I sub-system).

Figure 13 schematizes the representation of the overall microstructure. The starting
microstructure consists of pearlite islands and isolated carbides distributed in the ferrite
matrix (a). Upon annealing, the austenite will consume the pearlite islands, until the formation
of carbon-supersaturated austenite grains (the CRA grains) which will inherit the former
pearlite grain size and carbon composition (b). This part of the simulation concerns the cell P.
In a second stage, the resulting CRA grains grow into the surrounding ferrite matrix (c), as
calculated in the cell A. Meanwhile, austenite transformation from isolated carbides (ANC) is
described by the sub-system 1. This representation has drastic simplifications: the absence of
isolated carbides in the vicinity of the pearlite islands and the fact that there is no transfer of
carbon between A and I sub-systems, which are considered as closed systems. Also, the
isolated carbides have the same sizes and compositions, contrary to the experimental
observations. Consequences of these simplifications will be discussed when comparing the

simulations to the experiments.
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Figure 13. Geometrical representation of the microstructure; two stages of austenite transformation. a) Initial

microstructure; b) first stage of austenite transformation; c) second stage.

The dimensions inside the simulation cells (Table 2) are based on the measurements by
quantitative metallography of the average sizes of the spheroidized pearlitic carbides and the
isolated carbides [49,61]; the pearlite islands have an average radius of 2.5 pm, which gives
the size of the CRA grain in cell A. The sizes of the carbides are assumed to be the same for
both heating rates 30 and 100°C.s™!, as no measurements were done for the latter experiment.
The total size of cell P is set by knowing from the experiment the overall carbon
concentration in the pearlite islands, 1.78 at.% and then by applying a molar balance on the
carbon. (Carbon concentration in ferrite is close to zero). Setting the total size of cells A and I
(i.e. the size of the ferrite “shells”) is less straightforward. Indeed, the number density of the
isolated carbides and of the CRA grains could not be determined accurately, due to the

complexity of the microstructures.

One possible approach could be to set the size of the ferrite shells in cells A and I such that
the overall carbon concentration in each cell is the one of the steel, 0.46 at.%. But it was
realized that a respectively higher and lower concentration should be ascribed to cells A and I,
to avoid large discrepancies between the simulation and the experiments. Indeed, the carbon
distribution is actually heterogeneous. In the initial microstructure, the pearlite islands contain
about two thirds of the carbon, but they occupy 16% of the volume fraction; these high
heterogeneities subsist during the intercritical annealing. Different criteria, such as the
approximate number density of the isolated carbides, guided the selection of the A and I cell
sizes; these criteria are detailed in [61]. As a result, the overall carbon content in cells A and I
was set to 0.65 at.% and 0.30 at.% respectively. The cell sizes were calculated accordingly by

applying carbon molar balances.
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The cementite Mn compositions in cells P and I (Table 2) are taken from the EDS
measurements detailed in references [49,61]. For the heating rate at 100°C.s™!, no
measurements were done, but it can be expected that the compositions are the same as for the
heating at 30°C.s™!, because the latter heating rate is already too fast to permit Mn enrichment
in the cementite [61]. In cell A, it is assumed that the CRA grain has the average Mn
concentration of the steel (u’mn=1.94%), even though the initial partition of the Mn inside the
cementite platelets could involve local subsisting heterogeneities (so-called ghost cementite).
It can be assumed that these heterogeneities are too far from the austenite/ferrite interface to
influence its velocity, because of the large dimensions of the cell A. In the ferrite, the Mn
content is calculated such that the overall Mn content has the bulk steel composition

(u'Mn=1.94 %) in all cells P, A and 1.

Heatings at 3, 30 and 100°C.s™! are simulated. The temperature at which the austenite starts to
form is taken from the experiments; values are reported in Table 2. DICTRA gives the
possibility to trigger the austenite transformation once some critical driving force is overcome
(usually 107 RT [30,82]). However, in view of the limited knowledge regarding the austenite
nucleation kinetics, both from present study and literature [76,77,83], setting this critical
driving force almost amounts to impose directly the temperature at which the austenite starts
to form. For each simulation cell, the same start temperature is used for all heating rates,
despite small differences (less than 10°C) according to the experiment. The purpose is to

compare more easily the three simulations.

Heating rate (°C.s") | 0 radius (nm) Total cell radius (nm) | ulw (%) Start T (°C)
3 75 203 8.8 720
30 and 100 75 203 7.2 720

Heating rate (°C.s™) | y grain radius (nm) | Total cell radius (nm) | u’vn and u®win (%) | Start T (°C)

36



844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

3,30 and 100 2500 3530 1.94 755

Heating rate (°C.s) | 0 radius Total cell radius (nm) | u®win (%) Start T (°C)
3 110 565 8.8 720
30 and 100 75 373 7.2 720

Table 2. Main parameters defining the DICTRA simulation cells.

4.2.3.2 Results: Kkinetics related to each sub-system

In the following, the simulation results are presented by focusing on the austenite
transformation kinetics. Composition profiles or operative tie-lines are not presented in order

to shorten the presentation; these are detailed in [61].

Dissolution of pearlite islands (system P)

Figure 14a shows the austenite volume fraction as a function of the temperature during the
heating inside the cell P, representing the pearlitic carbide dissolution (Figure 12a, Figure
13b). (The cementite fraction is not plotted for clarity). For all heating rates, the
transformation kinetics accelerates with increasing temperature because of the faster
diffusion. The operative tie-lines and the composition profiles (not presented here) show that
the Mn partitions during the transformation. Austenite transformation with partition of Mn is
possible here because of the fast diffusion through the ferrite and the short diffusion distances.
The simulation reproduces well the main kinetics features of the pearlite islands
transformation, which were established experimentally: the fast kinetics and the weak
dependence on the heating rate. Indeed, the curves are shifted only by 10°C between 3°C.s’!
and 100°C.s™! heating rates. The temperature range for the transformation of the pearlite

islands is also in agreement with the microstructure observations (at 3 and 30°C.s™).
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Figure 14. Austenite volume fraction as a function of temperature according to DICTRA simulations inside the
simulation cells represented in Figure 12a-b. a) transformation of the pearlite island (sub-system P); b) growth of
the CRA grain (sub-system A). OF and NPLE curves represent the austenite volume fraction at equilibrium and

after a ferrite to austenite transformation without partition of the Mn; c) carbon concentration profiles at 780°C

in simulation cell A, as a function of the distance from the center of the simulation cell.

Growth of the CRA grains (system A)

Next stage is the growth of the CRA grain towards the surrounding ferritic matrix. The
evolution of the austenite fraction inside the A simulation cell (Figure 12b, Figure 13c¢) is
plotted in Figure 14b for all heating rates. This time, the austenite transformation occurs
without partition of the Mn in all cases. (Tie-lines and Mn concentration profiles are again not
presented). All simulation curves tend to follow one single curve denoted NPLE (calculated
with Thermocalc), which corresponds to the maximum fraction of austenite which can be
formed without Mn partition. There is an apparent discrepancy for both highest heating rates
(30 and 100°C.s™), but it corresponds to a time discrepancy of less than 1 s. In fact, for
heating rates 30°C.s™! and 100°C.s™!, the carbon has not enough time to diffuse and to reach a
homogeneous concentration inside the austenite. This is illustrated in Figure 14c which shows
the carbon concentration profiles calculated for instance at 780°C. However, the operative tie-
line at the y/a interface is the same one for the three heating rates; it corresponds to the NPLE
regime. This is illustrated by the carbon concentration in the austenite at the y/a interface,
which is the same for the three heating rates. Due to the high carbon concentration ascribed to
the cell A (see previous Section), full austenite transformation is achieved at 800°C at 3°C.s™!,

and in less than 2 s at 800°C after both heatings at 30 and 100°C.s™!.

Dissolution of isolated carbide and growth of ANC (system I)
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Figure 15a shows the result of the simulation for the austenite stemming from the isolated
carbides during the heating up to 800°C. For all heating rates, three stages can be identified.
The first slow stage corresponds to the carbide dissolution involving the partition of the Mn.
The sharp acceleration at the second stage corresponds to the shift to a regime of dissolution
without partition (PLE->NPLE). It occurs at the partition-no partition transition temperature
(PNTT [45]), which can be calculated from thermodynamic data, as presented in
[42,43,45,46]. The PNTT increases with increasing Mn concentration in cementite. The
PNTTs calculated with Thermocalc are equal to 730°C at 3°C.s™! and 725°C at 30 and
100°C.s™!. These values are in agreement with the DICTRA simulations. The last stage
corresponds to the final ferrite/austenite transformation. Like for the CRA grains growth, it
occurs without Mn partition and the austenite fraction follows again the maximum predicted
for this regime (NPLE curve). The discrepancy at 3°C.s™! comes from the fact that significant

partition of Mn occurred during the first stage.

Figure 15. Austenite volume fraction evolution according to DICTRA simulations representative of the isolated
carbides dissolution (sub-system I). a) during heating, as a function of temperature; b) during isothermal hold at
800°C. OE and NPLE curves have the same meaning as in Figure 14. (Values are different because of the

different overall carbon concentration in cells A and I, see Table 2).

The ferrite to austenite transformation goes on during the isothermal hold at 800°C after all
heating rates (Figure 15b). In this stage, the Mn partitions from the ferrite to the austenite and
the kinetics is controlled by the diffusion of the Mn inside the ferrite [61]. After the heating at
3°C.s’!, the austenite fraction slightly overcomes the equilibrium value in less than 10 s, in
accordance with the experiment, if taking account of the experimental uncertainties. Actually,
the system is not fully equilibrated, as heterogeneities in Mn concentration subsist in the

austenite [61]. After the heating at 30°C.s™!, the austenite fraction also reaches a plateau in
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less than 10 s, but the final fraction exceeds the OE value by ca. 10%. The discrepancy is
even higher at 100°C.s™!. This “overshoot” of the austenite OE fraction comes from the
absence of Mn partition up to 800°C. As a result, there is more Mn remaining available to
partition from the ferrite to the austenite, and more austenite will thus be formed. Similar
conclusion was reached in [30]. A final stage towards the equilibration is observable for both
faster heatings: after ca. 100 s, the austenite fraction decreases slowly; the kinetics is then
controlled by the Mn diffusion in the austenite, which is about 100 times slower than in the

ferrite.

The previous kinetics simulations allow to understand why the austenite transformation
kinetics is faster during faster heating. One common result comes out: after the dissolution of
the cementite carbides (either isolated in the matrix or inside pearlite islands), the further
ferrite/austenite transformation always occurs without partition of Mn during the heating up to
800°C (for the investigated range of heating rates). As a result, the transformation kinetics
depends only on the temperature, because the austenite fraction follows in each sub-system
some maximum fraction (denoted NPLE in the curves), which is predictable from
thermodynamics. Consequently, faster heating leads to faster austenite transformation
kinetics. Accordingly, the experimental curves in Figure 5 do show kinetics which depend
only on the temperature, with small differences between heating rates 3°C.s!, 30°C.s™! and
100°C.s"!. Some microstructural observations are in good agreement with these simulations.
As presented in Section 4.2.2, the CRA grains grow faster during faster heating, according to
the measurements. Direct experimental confirmation is nevertheless more difficult for the
austenite stemming from the isolated carbides, as the kinetics specific to each carbide are
more scattered. Finally, the “overshoot” of the equilibrium austenite fraction during
isothermal hold after the fast heating comes from the absence of Mn redistribution during

heating after the carbides dissolution, as presented above.
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4.2.3.3 Results: overall kinetics during the heating stage

The overall fraction of austenite according to the simulation, f; is calculated in two stages, as
represented in Figure 13. First stage corresponds to the simultaneous transformation of the

pearlite islands and the isolated carbides.

fr=ffe+fif (1)

where f; and f; are the volume fractions of austenite calculated in the sub-systems P and 1
(the results are plotted in Figure 14a and Figure 15). fp is the volume fraction of the pearlite
islands, which is known experimentally: f/=16% (Section 3.1.1). f; is the volume fraction

ascribed to the isolated carbide sub-system,; it is calculated hereafter.

Second stage corresponds to the growth of the CRA grains into the surrounding ferrite matrix,

while the austenite transformation from the isolated carbides continues.

fr=fifa+ )

where fAy is the volume fraction of austenite calculated in the sub-system A (results are

plotted in Figure 14b) and f4 the volume fraction occupied by the sub-system A.

Assuming for simplicity that the volume and the molar fractions are equal, the carbon is

distributed in A and I sub-systems according to the following molar balances:

rxg = fax¢ (3a)
and
(1 —m)x = fixt (3b)

where x2 is the molar carbon content of the steel, 0.453 at.%, x£ and x/ are the carbon molar
concentrations in sub-systems A and I. 7 is the proportion of the carbon of the steel inside the

A sub-system. It is equal to the proportion of carbon inside the pearlite islands in the initial
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microstructure, because the CRA grains inherit the carbon of their parent pearlite island. 7 is
known from the experiments (Section 3.1.1): r=64%. The proportion of carbon inside the
isolated carbides is equal to (1-7). Both previous equations let one degree of freedom to
calculate f4, fi, x2 and x. (knowing that f4+fi=1). As mentioned above, x£ and x% were set to
x£=0.65 at.% and x.=0.30 at.% by following an approach detailed in [61]. From previous

equations, f4=44% and f=56%.

Figure 16 shows the calculated overall austenite fraction during the heating as a function of
the temperature for the three heating rates 3, 30 and 100°C.s™!. Four stages are visible: (i)
sluggish cementite dissolution in I sub-system (isolated carbides); (ii) sharp acceleration when
the PNTT is reached in I sub-system; (iii) pearlite islands transformation (P sub-system); (iv)
ferrite to austenite transformation without Mn partition (NPLE regime) in both A! and I sub-
systems. The curve denoted NPLE represents the sum of the NPLE austenite fractions inside I

and A subsystems (fNVPLE = fNPLEf 4 FNPLE £

Figure 16. Overall austenite fraction as a function of temperature during heating at 3, 30 and 100°C.s! according

the simulation (lines) and the experiments (dots). Main stages are indicated by the arrows.

The simulations reproduce the main experimental tendency: the austenite fraction follows a

similar evolution as a function of the temperature for the three heating rates. This is

! The simulations in cell A are started at 749, 755 and 766°C at 3, 30 and 100°C.s™! respectively, unlike the
simulations presented previously (Section 4.2.2), which were started at 755°C. The three temperatures

correspond to the end of the austenite transformation in cell P for the three heating rates.
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particularly true above ca. 760°C, during the final ferrite to austenite transformation under
NPLE regime: the three simulations are close to the “NPLE curve”. Hence, despite the
discrepancies with the experiments, these simulations show that the similar kinetics for the
three heating rates can reasonably be explained by the partitionless growth of the austenite
during the heating, once the cementite has fully dissolved. Other possible origins of the faster
kinetics, such as the more intense nucleation or the presence of non-recrystallized ferrite (see
Section 4.2.2) should still be investigated with more quantitative microstructural
characterizations. However, the kinetic analysis presented here is likely to remain valid
whatever these further improvements. It already explains in large part the kinetic trends

during the heating.

Although the simulation framework introduced here allowed to interpret the influence of the
heating rate on the austenite transformation kinetics, it is not yet sufficiently precise for
quantitative predictions. As can be seen in Figure 16, the overall kinetics is largely

overestimated (except at 100°C.s!). There are several origins:

e The simplification to the ternary Fe-C-Mn system (instead of Fe-C-Mn-Cr-Si) which
makes overestimate the austenite fraction by about 5%. The Cr also strongly stabilizes the
cementite by increasing the PNTT [42], even when it is a minor element of the steel,
according to kinetic simulations [48].

e Considering for the isolated carbides distributions of size and Mn/Cr composition would
spread their dissolution in a larger temperature range and thus slow down the calculated
overall kinetics. Progressive nucleation of the austenite should also be considered, as
shown by the microstructural observations. This is thought to be the main origin of the too
sharp and early start of the simulations at 30 and 100°C.s™!, compared to the experiment.

e The geometry of the I cell is actually no more representative once the austenite has

decorated the ferrite grain boundaries to form the necklace network (see e.g. Figure 7).
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The austenite then grows to the ferrite from the exterior, instead of the center of the
simulation cell, as assumed currently. This low representativeness of the I simulation cell
at late stages is the reason why the simulations are not compared to the experiment during
the isothermal hold step. Nevertheless, the current geometrical representation already
allows to predict the “overshoot” of austenite fraction above the OE value after faster

heating.

Final possible improvement concerns the distribution of the carbon between the austenite
stemming respectively from the isolated carbides and from the pearlite islands. A carbon
concentration of 0.65 at.% and 0.30 at.% was ascribed respectively to the A and I simulation
cells (Section 4.2.3.1), in order to reflect the carbon concentration heterogeneity coming from
the initial microstructure. However, there is probably a transfer of the carbon from the A sub-
system to the I sub-system during the heating. As seen in Figure 6 and Figure 7, the austenite
grains stemming from the pearlite islands and the isolated carbides end up to percolate and to
form one single network of austenite, inside which the carbon concentration will tend to

homogenize. The hypothesis of closed A and I subsystems is probably too strict.

This may explain another discrepancy that we have not yet pointed out, concerning the size of
the CRA grains. According to the current simulations in A cell, the CRA grains should reach
for the three heating rates nearly the same size at 800°C. Indeed, the austenite fraction is
nearly the same (with time shifts less than 2 s), as shown in Figure 14a. However, the
observation (Figure 11) shows that the CRA grains are clearly larger after the heating at
30°C.s! than at 3°C.s’!. It is thought that during the slow heating, the carbon has more time to
leave the CRA grains towards the austenite necklace network. The CRA grains would thus
reach a smaller size, because the carbon concentration in austenite remains fixed by the
equilibrium tie-line corresponding to the NPLE growth regime. Actually, this transfer of
carbon from the pearlite bands to the austenite network at grain boundaries may be another
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origin of the transition from the banded to the necklace microstructure when decreasing the

heating rate.

Final comment regards the influence of the non-recrystallized ferrite on the austenite
transformation kinetics. The defects present in the ferrite would accelerate the diffusion
according to previous works [2,24,29]. According to our simulations, this is not thought to
have significant consequences during the heating stage. Indeed, the austenite grows under the
NPLE regime and therefore, the rate-limiting process is the diffusion of carbon inside the
austenite. (As was already pointed out in reference [1], see the Figure 10). This is illustrated
by the examples of carbon concentration profiles plotted in Figure 14c inside the simulation
cell A. The carbon concentration in austenite has not enough time to homogenize, while it
remains close to zero and homogeneous inside the ferrite. Hence, accelerating or not the
diffusion inside the ferrite would not change the simulation results. During the subsequent
isothermal step at 800°C, the rate-limiting process is then the Mn diffusion inside the ferrite,
according to the simulations in cell I. But at this temperature, the ferrite is fully or almost

fully recrystallized, according to our experiments (Section 3.2).
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5 Conclusion

The austenite transformation occurring during the intercritical annealing of a dual-phase Fe-
0.1C-1.9Mn-0.2Cr-0.2S1 wt.% (DP-600) steel has been investigated. The initial
microstructure is ferrite-pearlite cold-rolled to 60% amount of reduction. Three heating rates
have been applied, slow (3°C.s™!) and fast (30 or 100°C.s™!) before an isothermal holding at
800°C, to induce weak or strong interactions between the austenite transformation, the ferrite

recrystallization and the cementite carbides ripening. Main conclusions are the following:

¢ The initial microstructure contains a large number of intergranular and isolated cementite
carbides inherited form the hot-rolling stage and distributed outside the pearlite islands.
These carbides contain about one third of the carbon of the steel. The pearlitic cementite
contains the remainder of the carbon.

e These isolated carbides play a predominant role in the austenite morphogenesis. A
necklace or a banded austenite microstructure is generated respectively on slow and fast
heating, depending on whether or not the ferrite recrystallization has enough time to
modify their spatial distribution with respect to the ferrite grain boundaries, and thus the
nucleation sites and the carbon sources for the austenite. Our experimental results sustain
the analysis proposed by Li et al. [26].

e The austenite transformation starts with a slow kinetic regime corresponding to the
cementite dissolution involving the partition of the substitutional elements.

e Two sub-systems with different kinetic behavior are then identified. The pearlite islands
transform simultaneously to austenite in a narrow temperature range which depends
weakly on the heating rate. The process still involves the partition of the substitutional
elements, but is accelerated because of the low diffusion distances inside the pearlitic
ferrite. In contrast, the austenite nucleates and grows more progressively from the isolated

carbides. The latter dissolve quickly, without partition, once some critical partition-non
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partition transition temperature (PNTT) has been reached. The PNTT is predictable from
thermodynamic data; it increases with increasing Mn concentration in cementite carbides.

e During heating up to 800°C, the final stage corresponds to a ferrite to austenite
transformation, without partition of the substitutional elements. During the isothermal
holding at 800°C, the austenite transformation continues with partition. The rate-limiting
process is the diffusion of substitutional elements in the ferrite and finally in the austenite.

e The faster transformation during faster heating is largely explained by the partitionless
austenite transformation during this last stage, as shown by DICTRA simulations. The
austenite fraction stays close to a maximum value which only depends on the temperature
and which is predictable from thermodynamics (NPLE fraction). However, other possible
origins such as the presence of non-recrystallized ferrite or faster nucleation should still be
considered.

e DICTRA simulations of austenite transformation achieve to predict kinetics orders of
magnitude during the heating stage and the influence of the heating rate. However, the
geometrical representation of the microstructure has to be improved for accurate

predictions and to encompass both the heating and the holding stages in the simulations.
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Figure 17. SEM micrographs treated by image analysis representative of the hot-rolled (a) and
cold-rolled (b) microstructures. The ferrite is represented in black, the pearlitic cementite in

white and the isolated carbides in red.
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3,30 or 100°C.s’!. Dots: HEXRD, squares: SEM at 30°C.s"! or EBSD at 3°C.s"!. (In the SEM
analyses, the pearlitic ferrite was excluded).
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first grains of austenite.
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followed by quench up to a) 740°C; b) 760°C; ¢) 770°C; d) 800°C. The arrows indicate: first
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Figure 24. SEM observations (Dino etching) of the microstructure after heating up to 800°C
and isothermal annealing for 600 s. a) 3°C.s!; b) 30°C.s™.
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1416 Figure 25. Schematic of the austenite morphogenesis depending on the heating rate.

1417

1418
1419 Figure 26. SEM micrographs (Dino etchant) showing austenite grains nucleated on ferrite
1420 grain boundaries after heating to 730°C at 3°C.s"!. Cementite carbides appear in light contrast.

1421
—800°C
1422
1423 Figure 27. Optical micrographs of the microstructure after heating up to 800°C at a) 3°C.s™!;
1424 b) 30°C.s..
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Figure 28. Spherical simulation cells employed in the DICTRA simulations. a) dissolution of

a pearlitic cementite carbide (P sub-system); b) Growth of carbon-rich austenite (CRA) grain

into ferrite (A sub-system); c) dissolution of an isolated carbide leading to formation of ANC
(I sub-system).

T < Ac1 Ac1 <T< Tend pearlite T> Tend pearlite ) X
* Initial microstructure 1st stage of austenite transformation, from: 2" stage of austenite transformation, from:
» Pearlite islands (sub-system P) » CRA grain growth (sub-system A)

+ Isolated carbides (sub-system I) + Isolated carbides (sub-system I)

Figure 29. Geometrical representation of the microstructure; two stages of austenite
transformation. a) Initial microstructure; b) first stage of austenite transformation; c) second
stage.
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Figure 30. Austenite volume fraction as a function of temperature according to DICTRA
simulations inside the simulation cells represented in Figure 12a-b. a) transformation of the
pearlite island (sub-system P); b) growth of the CRA grain (sub-system A). OE and NPLE
curves represent the austenite volume fraction at equilibrium and after a ferrite to austenite

transformation without partition of the Mn; ¢) carbon concentration profiles at 780°C in
simulation cell A, as a function of the distance from the center of the simulation cell.
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Figure 31. Austenite volume fraction evolution according to DICTRA simulations
representative of the isolated carbides dissolution (sub-system I). a) during heating, as a

function of temperature; b) during isothermal hold at 800°C. OE and NPLE curves have the
same meaning as in Figure 14. (Values are different because of the different overall carbon

concentration in cells A and I, see Table 2).
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