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• In ferrite-pearlite microstructures at
conventional heating rates, the austen-
ite formation is controlled by carbon
diffusion

• At ultrafast heating rates, there is a
transition in the mechanism of austen-
ite formation from diffusion control to
massive

• The transition temperature from carbon
diffusion controlled to massive is ther-
modynamically defined for the first
time

• Novel experimental evidence of austen-
ite nucleation and growth mechanisms
is provided
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The austenite formation in 0.2% C and 0.45% C steelswith the initialmicrostructure of ferrite andpearlite has been
studied. The effect of conventional (10 °C/s), fast (50 °C/s–100 °C/s) and ultrafast heating rates (N100 °C/s) on the
austenite nucleation and growthmechanisms is rationalized. Scanning ElectronMicroscopy (SEM), and Electron
BackScatter Diffraction (EBSD) analyses provide novel experimental evidence of the austenite nucleation and
growth mechanisms operating at ultrafast heating rates. Two mechanisms of austenite formation are identified:
diffusional andmassive. It is demonstrated that at conventional heating rates the austenite formation kinetics are
determined by carbon diffusion, whereas at ultrafast heating rates formation of austenite starts by carbon diffu-
sion control, which is later overtaken by a massive mechanism. Comprehensive thermodynamic and kinetic de-
scriptions of austenite nucleation and growth are developed based on experimental results.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The ferrite-pearlitemicrostructure is themost producedmicrostruc-
ture in low and medium carbon steels and hence it follows as the most
appropriate microstructure for the study of austenite formation. Some
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Table 1
Chemical composition (in wt.%) of studied steels.

Steel C Mn Si Cu Fe

0.2% C 0.17 1.08 0.22 0.27 Bal.
0.45% C 0.44 0.63 0.26 0.23 Bal.
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pioneering studies [1–3] have clarified many important aspects of the
isothermal formation of austenite from pearlite, whichwere further ex-
tended to the study of austenite formation in ferrite-pearlite aggregates
[4]. Nevertheless, it was also realized early on that the formation of aus-
tenite is a structure-sensitive process, and thus the initial microstruc-
ture plays an important role in the austenite formation process and
the morphology of formed austenite. On that matter, considerable
work on the formation of austenite was done on pure iron [2,5] and
on steels with initialmicrostructure of ferrite and spheroidized cement-
ite [6]. Other early studies have included martensite [7], bainite and
mixtures of these constituents as starting microstructures for the iso-
thermal formation of austenite. The main characteristics of austenite
formation starting from ferrite-pearlite aggregates were first summa-
rized in the metallographic work performed by Mehl in 1941 [1]. The
key findings reported therein can be summarized as: (i) the austenite
formation is a thermally activated process, (ii) nucleation of austenite
occurs at pearlite boundaries, (iii) formation of carbon gradients takes
place during austenite growth, (iv) the time for the complete formation
of austenite decreases as the pearlitic interlamellar spacing decreases
and it is only weakly dependent on the size of the colony, (v) cementite
dissolution has much slower dissolution kinetics than ferrite. Subse-
quent studies have confirmed the conclusions above [2,3], and have
served as a basis for the development of diffusional models describing
austenite formation. However, most of the available kinetic descriptions
of austenite formation are based upon isothermal conditions [4,8–16]
and not on heating experiments.

Some of the key theoretical aspects of ultrafast heating of carbon
steels were recently summarized by Meshkov and Pereloma [17].
Among themost important ones are: (i) there is an influence of the ini-
tial microstructure on the mechanism of formation of austenite (which
was reported earlier by Gridnev and Trefilov in 1954 [7]), (ii) the nucle-
ation stage can either be accomplished by diffusional or diffusionless
mechanisms and (iii) growth stage can be diffusion controlled or inter-
face controlled (massive). Regarding (ii), Kaluba et al. [18] have initiated
an interesting debate [19–21] by claiming a novel ‘bainitic transforma-
tion’ mechanism for the austenite formation when ultrafast heating
rates are applied. This mechanism assumes formation of austenite
sheaves at grain boundaries and their further growth into grain interior,
similar to the case of bainitic transformation. Aaronson and Nie [19]
questioned these interpretations and proposed alternative ones based
on existing mechanisms of bainitic transformation. Later, Hillert [20]
proposed another explanation of Kaluba's observations relating them
to the formation ofWidmanstätten ferrite. About (iii), experimental ev-
idence of massive transformation in medium carbon steels has been
provided in the literature [22,23], even for heating rates as low as
1 °C/s.

There have been many attempts to model the anisothermal austen-
ite formation starting from ferrite-pearlite microstructures [22,24–26].
The data collection in most of the studies stems from dilatometric ex-
periments, where heating rates are limited to the range of 0.01–20 °C/
s. In some other cases, the experiments consider heating rates up to
300 °C/s [25]. The highest heating rate employed in a 1D simulation of
austenite growth is 1000 °C/s [26], although the simulations only con-
sidered the growth of austenite controlled by carbon diffusion, and
were not compared to any experimental data. A complete treatment
of the austenite formation, including the transition from a diffusion-
controlled to an interface-controlled mechanism on heating, is de-
scribed in [24]. However, neither a clear thermodynamic definition of
the transition temperature (termed as Tmassive) or experimental evi-
dence supporting the change in the mechanism of austenite formation
during heating is provided. Schmidt et al. [22] performed in-situ obser-
vations of austenite formation on heating. They suggested T0 as the tem-
perature for the change in the mechanism of austenite formation from
diffusion controlled to interface controlled. Despite the lack of agree-
ment on the definition of the temperature for the transition of the aus-
tenite formation mechanism, the main features of austenite formation
reported in later studies are in strong agreementwith [1]. The formation
of austenite during heating consists of the simultaneous transforma-
tions of (a) pearlite → austenite and (b) ferrite → austenite. Some au-
thors considered the formation of austenite as a two-stage process, in
which transformation (b) occurs only after (a) [25,26]. The latter is a
simplification of the actual situation described for the formation of aus-
tenite, which probably stems from the remarkable difference between
the kinetics of pearlite and ferrite transformations [27]. A gradual
change in the kinetics of ferrite transformation (b) during heating is
also expected above a certain thermodynamic threshold, and experi-
mental data have also been reported in [22] supporting this claim. The
change in kinetics is in essence due to the change from carbon diffusion
control to interface mobility control. However, the shift in the phase
transformation mechanism is only noticeable above certain heating
rates. Ultrafast heating (UFH) experiments provide the ideal conditions
to study the kinetic transition from carbon diffusion control to interface
mobility control of the austenite formation, aswell as themicrostructur-
al features of austenite nucleation and growth at the very early stages of
its formation. Themain objective of the present work is to gain a funda-
mental understanding of the effect of heating rate and carbon content
on the mechanisms of austenite nucleation and growth by a combina-
tion of experimental and theoretical techniques. In-depth microstruc-
tural characterization and the quantification of the transition
temperature for diffusion controlled to massive formation of austenite
are developed in this study. The results are expected to be of signifi-
cance for the understanding of the effect of ultrafast heating on the for-
mation of austenite in low-carbon ferrite-pearlite aggregates.
2. Experimental

2.1. Material and experiments

Heating experiments were carried out on two different steel grades,
namely 0.2% C and 0.45% C in the hot rolled condition. The chemical
composition of both steels is shown in Table 1. Two kinds of heating
tests at different heating rates were performed: 1) heating to 100% aus-
tenite formation, 2) peak-annealing tests followed by quenching,
resulting in partial austenite formation. In the first type of testing, the
specimen was heated at a constant heating rate up to a certain temper-
ature in the fully austenitic range, whereas in the latter type of test, the
specimen was quenched after reaching a certain temperature between
the onset and finishing of austenite formation. Heating to complete
austenitization experiments were run in a DIL805bD Bähr Dilatometer
for heating rates up to 200 °C/s, and thepeak annealing tests in a Gleeble
3800 thermomechanical simulator for heating rates of 10 °C/s, 450 °C/s
and 1500 °C/s. Gleeble test specimenswere subjected to peak annealing
experiments at 750 °C, 800 °C, 850 °C, 900 °C and 1100 °C with holding
times b 0.1 s. Cooling (quenching) rates were ~−160 °C/s for dilatome-
try and ~−2000 °C/s for Gleeble experiments. Rectangular specimens of
10 × 5 × 1mm3 were used for dilatometry and cylindrical specimens of
6 mm diameter and 116 mm length, threaded at both ends, were ma-
chined for Gleeble tests. The axis of both types of samples was along
the rolling direction (RD). In both cases, a thin wire thermocouple (S-
type) was spot welded to the midsection of each specimen to control
the temperature during annealing. Another S-type thermocouple was
welded at the distance of 3 mm from the midsection to measure the
temperature gradient during the experiments.



Fig. 1. Scheme of the ferrite-pearlite initial microstructure used to simulate the diffusion-
controlled formation of austenite.

450 F.M. Castro Cerda et al. / Materials and Design 116 (2017) 448–460
2.2. Characterization and data analysis

The microstructure evolution was studied by Optical Microscopy
(OM), Scanning ElectronMicroscopy (SEM), and Electron Backscattered
Diffraction (EBSD). To avoid any effect of temperature gradients along
the sample length (i.e. along RD), metallographic specimens were cut
from the middle section of each test sample. The characterization was
thus performed on the rolling plane at the center of the heat-treated
sample, where the thermocouple was placed. The metallographic sam-
ples were prepared according to the standard procedure by grinding
and polishing to 1 μm diamond paste. The microstructure was revealed
by etching with a solution of 4% HNO3 in ethanol (Nital 4%) for ~10 s at
room temperature. Electron BackScatter Diffraction (EBSD) analysiswas
performed using a FEI Quanta™ 450-FEG-SEM operated at 20 kV, beam
current corresponding to FEI spot size 5 for aperture 30 μmandworking
distance of 16mm. The sampleswere 70° tilted towards the EBSDdetec-
tor, and the EBSD patterns were acquiredwith a Hikari detector operat-
ed with EDAX-TSL-OIM-Data Collection version 6 software in a
hexagonal scan grid. The orientation data were post-processed using
the following grain definition: grain boundary misorientation higher
than 5°, minimum 4 pixels per grain and a confidence index (CI) larger
than 0.1.

The phase fraction during the anisothermal dilatometric heat treat-
ment is commonly approximated using the lever rule. Such an ap-
proach, however, produces significant deviations, which can be some
tens of percents, fromactual values because of the density difference be-
tweenpearlite and ferrite [25,28,29]. In the present study, the correction
proposed in [28] is accepted and shall be used to calculate the austenite
phase fractions from dilatometric data. The phase fractions measured
fromOM (cf. Table 4) were estimated from the area fraction of eachmi-
crostructural constituent. The measurements of area fraction were per-
formed using the software ImageJ. The volume fraction of austenite
(martensite) estimated from EBSD measurements (cf. Fig. 3) was car-
ried out using the Grain Average Image Quality (GAIQ) criteria de-
scribed elsewhere [30].

Thermodynamic calculations were performed using the software
ThermoCalc, database TCFE7. The critical temperatures for both mate-
rials are shown in Table 2. AM has been defined as the temperature
above which the free energy of austenite is lower than the free energy
of ferrite when the carbon content approaches zero. Simulations of the
microstructure during heating at different heating rates were carried
out to study the movement of the γ/α interface in proeutectoid ferrite.
The simulations were performed using the Dictra software, which al-
lows the computation of diffusion-controlled transformation kinetics
in multicomponent metallic systems. The general description of the
software and the model can be found elsewhere [31–33]. The micro-
structure was simulated assuming an initial spherical representative
volume and phase distribution as indicated in Fig. 1. The dimensions
(R1 is the radius of the pearlite colony and R2 is the difference between
the total radius and the radius of the pearlitic colony) and relative frac-
tions (fP is the volume fraction of pearlite) of each phase and their
chemical composition were calculated keeping the mass balanced in
the initial material, and these parameters are provided in Table 3.
Three heating rates were simulated: 10 °C/s, 450 °C/s and 1500 °C/s. It
was assumed that all pearlite was quickly transformed into austenite
when the system reached the α + γ equilibrium range. As shown in
Section 3, this assumption is consistent with the results of dilatometric
and metallographic analysis. The initial chemical composition of each
Table 2
Critical temperatures of the studied steels. The superscript indicates the heating rate
in °C/s.

Steel A1, °C A1
10, °C A3, °C A3

10, °C AM, °C

0.2% C 690 713 817 860 870
0.45% C 711 722 770 804 893
phase was estimated with ThermoCalc at a temperature in the range
of ferrite and cementite metastable equilibrium. Calculated volumetric
phase fractions were estimated neglecting the effect of carbon on the
phase density.

3. Results

3.1. Austenite formation at a conventional heating rate

The initial microstructures of both steels are shown in Fig. 2a and e
and consist of a mixture of ferrite and pearlite with different volume
fractions (Table 4). The microstructural evolution in the samples
heated at 10 °C/s to different peak annealing temperatures is shown in
Fig. 2b–d and Fig. 2f–h.

Although austenite nucleation sites cannot be identified on the OM
images, it is seen that the formation of austenite is quickly consuming
the pearlite colonies at 750 °C (Fig. 2b and f).1 The growth of austenite
into pearlite being much faster than into proeutectoid ferrite is based
on the absence of pearlite in the heat treated specimens (Fig. 2c, d, g,
and h). The rate of the advance of γ/pearlite and γ/α interfaces is also
evidenced in the austenite fraction versus temperature curves obtained
by dilatometric experiments (Fig. 3). The slope of the experimental dila-
tometric curves is steep at temperatures below ~750 °C (B1 lines),
where austenite growsmainly into pearlitic grains. This slope decreases
with increasing temperature (B2 lines), when austenite grows into fer-
rite after pearlite has already been fully consumed.

3.2. Austenite formation under ultrafast heating at 1500 °C/s

The evolution of the microstructure after heating at 1500 °C/s is
shown in Fig. 4. Analogous features in the formation of austenite were
observed: a very fast transformation of pearlite and a somewhat lower
transformation rate at temperatures above 750 °C. Evidence of this pat-
tern is shown in Fig. 3 for heating rates of 450 °C/s and 1500 °C/s. Notice
that the austenite volume fractions observed during heating at 450 °C/s
and 1500 °C/s are lower compared to those at 10 °C/s at temperatures
above 750 °C. The effect of the heating rate on the volume fraction is
discussed further in Section 4.2.4.

3.2.1. Nucleation of austenite
The UFH experiments allow the observation of early stages of aus-

tenite formation. Nucleation of austenite is observed to take place at
α/pearlite and pearlite/pearlite boundaries. Fig. 5a and b illustrate the
formation of a nucleus of austenite, which is identified on the basis of
1 It should be noted that no austenite can be observed on the OM, SEM and TEM images
due to its transformation into martensite after quenching.

Image of Fig. 1


Table 3
Parameters introduced in the Dictra calculations. fP is the volume fraction of pearlite.

Steel R1, μm R2, μm fP

0.2% C 10 6.07 0.24
0.45% C 10 1.85 0.60

Table 4
Phase quantification in the initial microstructure (OM based).

Steel Ferrite fraction [%] Pearlite fraction [%] Standard deviation [%]

0.2% C 66.1 33.9 1.3
0.45% C 33.7 66.3 0.7
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its morphology, in front of a cementite plate (arrow). Notice that this
particular nucleus has formed on a junction between an α/pearlite
boundary and a pearlite/pearlite boundary which implies enhanced
local energy. Nucleation was also observed within pearlitic colonies, as
shown in Fig. 5c and d.
3.2.2. Growth of austenite
Once austenite has nucleated, it grows in all directions. The rate of

growth of austenite into pearlite is distinctly higher than the rate of
growth into proeutectoid ferrite. The preferential growth of austenite
into pearlite, clearly shown in Fig. 6a and b, is direct evidence of its faster
kinetics of austenite formation. Consistent with Fig. 3, the transforma-
tion of pearlite is the process that influences most the overall kinetics
of austenite formation at temperatures up to ~750 °C. At higher
Fig. 2.Microstructure of 0.2%C (a, b, c andd), and 0.45% C (e, f, g andh) heated at 10 °C/s to 750 °
and F correspond to martensite, pearlite and ferrite, respectively. Etched with Nital (4%).
temperatures, the kinetics of austenite growth into proeutectoid ferrite
is controlling the process.

A clear difference is noticed, however, between the microstructure
of samples UFH at 1500 °C/s to ~850 °C and ~900 °C. The ferrite at
850 °C looks similar to the proeutectoid ferrite as shown in Fig. 2a and
e, but at 900 °C amicrostructural change takes place. Themicrostructur-
al difference is readily observed for 0.2% C steel in Fig. 4c and d. The SEM
images in Fig. 6c and d show in detail the change in ferrite grain size and
morphology. Themodification in themorphology of ferrite is due to the
change in the mechanism of austenite formation.

EBSD maps (cf. Fig. 7) show that the changes in ferrite morphology
are taking place as well at a heating rate of 450 °C/s. As defined else-
where [30], low Image Quality (IQ) areas are associated with martens-
ite, whereas high IQ values represent ferrite. The IQ maps also display
similar features as shown in Fig. 2. The grain average IQ values clearly
C (b, f), 800 °C (c, g) and 850 °C (d, h). (a, b) are images from the initialmicrostructure.M, P

Image of Fig. 2


Fig. 3. Austenite fraction (measured as martensite volume fraction) versus temperature for 0.2% C (a) and 0.45% C (b) steels.
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show in red-orange the grains of proeutectoid ferrite and in blue-green
the grains of martensite. It is clear that the ferrite grains are smaller at
900 °C than at 850 °C. Using the described average IQ criteria, the
Fig. 4.Microstructure of 0.2% C steel (a, b, c and d), and 0.45% C steel (e, f, g and h) heated at 1
martensite, pearlite and ferrite, respectively. Etched with Nital (4%).
phase fraction of ferrite was calculated, and information about the
equivalent grain diameter was obtained. Table 5 displays the grain di-
ameter of the ferrite after UFH to different peak temperatures. The
500 °C/s to 750 °C (a, e), 800 °C (b, f), 850 °C (c, g) and 900 °C (d, h). M, P and F represent

Image of Fig. 3
Image of Fig. 4


Fig. 5. SEM images of the microstructure of 0.2% C steel heated at 1500 °C/s to 750 °C and quenched. (b) and (d) show the magnified area marked by a white square in (a) and (c),
respectively. The white arrow in 5b shows the nucleation of austenite at a junction between a ferrite/pearlite and a pearlite/pearlite boundary, whereas the white arrow in 5d shows
the nucleation of austenite inside the pearlitic colony. Etched with Nital (4%).
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marked change in the ferritic grain size from 850 °C to 900 °C, qualita-
tively shown in Fig. 6c, d, and Fig. 7, corresponds to a decrease of around
one-half of the original size. This change is not consistent with the de-
crease in ferritic grain diameter measured from 750 °C to 850 °C
(Table 5), and this is believed to be a consequence of a transition in
the transformation mechanism of austenite. The transition is further
discussed in Section 4.

4. Discussion

4.1. Thermodynamics of austenite formation during anisothermal heating

Microstructural observations indicate that nucleation of austenite is
associated with the α/θ interface. When the transformation starts at a
certain temperature T in the intercritical range in the Fe-C system, the
driving force for the nucleation of austenite is given by the maximum
difference between the common tangent between theGibbs free energy
of ferrite in equilibriumwith cementite (L2 in Fig. 8a) and the Gibbs free
energy of austenite. The tangent L2′ to the carbon concentration ofmax-
imum driving force XCγ,N on the austenite curve has the same slope as L2,
as demonstrated by Hillert [34].

The driving force ξN for the nucleation of austenite at the α/θ
interface, defined as ξN= −ΔG, can be written as

ξN ¼ μα=θ
Fe −μγ;N

Fe

� �
¼ μα=θ

C −μγ;N
C

� �
ð1Þ
where μik/m is the chemical potential of element i in phase k at the k/m
interface. The superscriptN refers to the nucleation process. This driving
force is valid only for nucleation adjacent to a cementite plate, as shown
in Fig. 5. Nucleation of austenite at the α/α interface would only take
place under the maximum driving force if a fluctuation in the composi-
tion of ferrite reaches the value of Xα,N (where Xik/m: mole fraction of the
element i in phase k at the k/m interface), shown in Fig. 8a. It would thus
require diffusion of carbon into ferrite of composition Xα/θ (for themax-
imum driving force), which is improbable because any compositional
change will spontaneously raise the Gibbs free energy of ferrite. Thus,
nucleation of austenite at the α/α interface should rarely occur from
the thermodynamic point of view.

At the heating rates of the present experiments, the nucleation of
austenite always takes place at a temperature in the intercritical
range. As the temperature is raised to a certain value T′, the austenite
becomes more stable, i.e., the free energy curve of austenite will de-
crease (cf. Gγ′, the dashed line in Fig. 8b). It follows that the driving
force for nucleation ξN will increase. There might be the case when the
heating rate is so high that ferrite can transform into austenite of the
same chemical composition, i.e., the transformation α → γ will occur
for compositions of ferrite for which Gγ,N b Gα/θ (where Gγ,N is the
Gibbs free energy of austenite nuclei and Gα/θ is the Gibbs free energy
of the ferrite in equilibriumwith cementite). Under these conditions, nu-
cleation can be accomplished in a massive manner, i.e. without long-
range diffusion. The dashed arrow in Fig. 8b represents the driving force
for massive formation of austenite from ferrite of composition Xα/θ.

Image of Fig. 5


Fig. 6. (a) and (b)Microstructure of the 0.45%C steel heated at 1500 °C/s to 750 °C andquenched, showing the fast advance of austenite into pearlite. (c) and (d) show themicrostructure of
the 0.2% C steel heated at 1500 °C/s to 850 °C and quenched (c), and 900 °C and quenched (d). A change in the morphology of ferrite is noticed. Arrows in (d) indicate the possible active
mechanism during phase transformation. M, F, and PF stand for martensite, ferrite and proeutectoid ferrite. Etched with Nital (4%).
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It should be noted, however, that for multicomponent alloys the compo-
sition of proeutectoid ferrite and pearlitic ferrite might be significantly
different due to the partitioning of substitutional alloying elements and
macrosegregation effects. Therefore, massive nucleation of austenite
will depend on local chemical conditions and will not be restricted to
the α/θ interface.

The growth of austenite takes place towards both pearlite and
proeutectoid ferrite. When the austenite nucleated at the α/θ interface
begins to grow, the newly formed γ/α interface moves towards both
pearlite and proeutectoid ferrite. The derivation for the general case of
precipitation from a supersaturated phase under local equilibrium con-
ditions has been developed elsewhere [35]. Austenite at the early stages
of its growth is in contact with cementite at one interface and with fer-
rite on another. This scenario is clearly illustrated in Fig. 5 and Fig. 6. The
driving force for austenite growth at the interfacewith cementite phase
is defined by

ξθ→γ ¼ Xγ=θ
Fe μα=θ

Fe −μγ=θ
Fe

� �
þ Xγ=θ

C μα=θ
C −μγ=θ

C

� �
ð2Þ

whereas the driving force for austenite growth at the γ/α interface is

ξα→γ ¼ Xγ=α
Fe μα=θ

Fe −μγ=α
Fe

� �
þ Xγ=α

C μα=θ
C −μγ=α

C

� �
ð3Þ

It follows from the local equilibrium conditions that the composition
of austenite at the γ/θ interface is different from the composition at the
γ/α interface. There will be, therefore, a driving force for carbon diffu-
sion through austenite, defined as ξD= μCγ/θ − μCγ/α. Once the cementite
is completely dissolved, diffusion will also smoothen the local fluctua-
tions of carbon in austenite. It should be noted that, similar to the driv-
ing force for nucleation, the driving force for carbon diffusion will also
increase as the temperature is raised, due to the decrease in the Gibbs
free energy of austenite Gγ (Fig. 8b), which consequently will decrease
μCγ/α and increase μCγ/θ.

The growth of austenite during heating at the intercritical range will
be controlled by carbon diffusion to theγ/α interface.When the heating
rates are low enough, the formation of austenite will be fully accom-
plished by carbon diffusion and negligible deviations from equilibrium
can be expected, as shown in Fig. 3 for 10 °C/s heating rate. When the
heating rate is increased, a noticeable deviation from equilibrium frac-
tions is measured. The kinetic nature of the deviation is further
discussed in the next section. However, it is important to point out
that at ultrafast heating rates (for example, above 450 °C/s for 0.2% C
steel as shown in Fig. 3) carbon diffusion does not fully determine the
formation rate of austenite. In such case, the systemwill reach a temper-
ature where austenite will be more stable than ferrite in equilibrium
with cementite (cf. arrow Fig. 8b). Schmidt et al. [22] suggested that
the temperature T0, defined as the temperature where Gγ = Gα/θ, is
the upper limit for the formation of austenite under carbon diffusion
(i.e., the onset of massive formation of austenite). However, such a
statement does not apply under local equilibrium conditions. During
heating, ferrite in equilibrium with austenite will have chemical

Image of Fig. 6


Fig. 7. EBSD images of 0.2% C steel heated to a peak temperature of 850 °C (a, b, c and d) and 900 °C (e, f, g and h). a, b, e and f correspond to a heating rate of 450 °C/s, whereas c, d, g and h to
a heating rate of 1500 °C/s. a, c, e and g are Image Quality (IQ) maps and b, d, f and h are grain average IQ (GAIQ) maps. The color bars in b, d, f and h illustrates the intensity of the GAIQ
values from the minimum (blue) to the maximum (red), of which the values are indicated in the legends. Arrows in (e) and (g) indicate the possible active mechanisms during phase
transformation. Step size 50 nm.
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compositions at either side of the interface given by the solvus lines. At a
temperature above T0, as shown by the α/γ tangent L3 in Fig. 8b, the
solvus lines can still be defined by the common tangent and thus carbon
diffusion controlled growth of austenite is still the active mechanism.
The actual transition to massive formation of austenite will take place
at Gγ b Gα when XC → 0. The transition temperature will be called Am,
and it has been calculated with ThermoCalc for both steels (Table 2).
Table 5
Average equivalent grain diameter of ferrite at different peak temperatures for heating
rates of 450 °C/s and 1500 °C/s. Data calculated from EBSDmeasurements on 0.2% C steel.

Heating rate, °C/s Average ferrite grain diameter, μm

750 °C 800 °C 850 °C 900 °C

10 18.3 14.9 7.7 –
450 16.2 16.7 13.9 7.56
1500 19.9 20.2 18.7 8.2
The change in the free energy of the system due to the diffusionless
transformation of austenite ξm is expressed as

ξm ¼ Gα−Gγ ð4Þ

Under continuous heating, the temperature Am, above which aus-
tenite is stable, depends on the local equilibrium conditions at the inter-
face. For pure iron, Am is given by the allotropic change from α into γ,
i.e., 912 °C. Arrows indicate evidence of massive formation of austenite,
and subsequent massive transformation of ferrite on cooling, in Fig. 6d
and Fig. 7. Proeutectoid ferrite (PF) in Fig. 6c and Fig. 7a, b, c and d
shows that the diffusion of carbon controls the advance of theγ/α inter-
face. Themorphology of PF grains is analogous to the initial microstruc-
ture (Fig. 2a). However, in Fig. 6d and Fig. 7e, f, g and h themorphology
and grain size of proeutectoid ferrite have been clearly modified, as de-
scribed in the previous section. Such changes indicate that a transition
of the mechanism of austenite formation from diffusion controlled to

Image of Fig. 7


Fig. 8. Gibbs free energy versus composition scheme of (a) themost favorable composition for austenite nucleation from supersaturated ferrite (represented by L1 and L1′ lines), and from
the α/θ interface (represented by L2 and L2′ lines) for a temperature T above the eutectoid. (b) γ/α and γ/θ equilibrium after nucleation (solid curves) represented by Gα, Gγ, and Gθ at a
temperature T above the eutectoid, and the γ/α equilibrium at a temperature T′ much above the eutectoid, represented by Gγ′ (dashed curve).

456 F.M. Castro Cerda et al. / Materials and Design 116 (2017) 448–460
interface controlled has taken place, and subsequently, the transforma-
tion of ferrite on cooling took place first as interface controlled and then
as a diffusion controlled process. The ferrite grain at the center in Fig. 6d
suggests that themassive formation of austenite was not complete. It is
shown that many different grains of ferrite are surrounding the
proeutectoid ferrite, which could be a consequence of several austenite
grains formed on heating.

4.2. Kinetics of austenite growth

4.2.1. The mixed-mode model
The mixed-mode model [36] is a sharp interface model which con-

siders that the growth of a new phase from a supersaturated matrix
consists of two processes, the diffusion of alloying elements across the
interface and the reconfiguration of the atomic structure due to the in-
terface movement. The austenite formation under UFH conditions can
be described in the framework of themixed-modemodel. The interface
velocity v during the growth of austenite can be defined as

v ¼ M∙ξ ¼ Mχ∙ Xγ
C−Xγ0

C

� � ð5:1Þ

where M is the mobility of the γ/α interface, χ a proportionality con-
stant, XC

γ is the composition of the carbon-rich austenite and XC
γ′ is the

composition of austenite at the γ/α interface. The mixed nature of the
transformation kinetics is estimated by the introduction of the parame-
ter S to the previous expression when relating to the maximum driving
force χ·(XCγ − XC

γ/α):

v ¼ Mχ∙S Xγ
C−Xγ=α

C

� �
ð5:2Þ

The parameter S in the kinetic model for the austenite formation can
be interpreted as the fraction of the available driving force consumed
solely by the movement of the interface. It also indicates the two ex-
tremecases.When S→ 0 carbon diffusion controls the advance of the in-
terface. This is a consequence of the mobility M being relatively high.
The formation of austenite at low temperatures in the intercritical
range (low S values) is very slow due to the diffusion of carbon [37].
When S→ 1 the phase transformation is controlled by the interfacemo-
bility, which becomes low. The intermediate case, represented by values
of S between 0 and 1, takes place when both diffusion and the interface
movement are dissipating the available driving force for the formation
of austenite. The diffusion of carbon becomes faster than the mobility
as the temperature is raised, thus it is reasonable to expect that the for-
mation of austenite will gradually approach an interface control mode,
as predicted by the values of the parameter S at high temperatures.
The mixed-mode model provides an overall picture of the kinetics of
austenite formation during heating. In the next sections, the formation
of austenite will be adapted to the specific initial microstructure and
the effect of the heating rate will be described.

4.2.2. Diffusion controlled growth of austenite
As stated in the previous section, the austenite nucleates preferen-

tially at the α/θ interfaces, and it subsequently grows into pearlite and
proeutectoid ferrite. However, the kinetics of austenite growth is differ-
ent depending onwhether it grows into pearlite or proeutectoid ferrite.
A mass balance proposed initially by Brandt [38] led Speich and
Richards [39] to derive a kinetic expression for the velocity of isothermal
growth of austenite into pearlite. Hillert [3] has obtained a similar rela-
tion which also takes into account the diffusion of carbon in ferrite. We
employ the equation by Hillert [3], rewritten as

vγ→P ¼
Dγ
C Xγ=θ

C −Xγ=α
C

� �
−Dα

C Xα=γ
C −Xα=θ

C

� �

SP Xγ=α
C −Xα

C

� � ð5:3Þ

where vγ→ P is the velocity of theγ/α interfacemoving towards pearlite,
Di
k is the diffusion coefficient for the element i in the phase k, and SP the

pearlitic interlamellar spacing. Notice that volume changes are
neglected. The advance of the austenite into the proeutectoid ferrite
can be approximated by a mass-balance construction similar to what
has been previously proposed by Zener [40] and is given by

vγ→α ¼
Dγ
C Xγ

C−Xγ=α
C

� �

L Xγ=α
C −Xα=γ

C

� � ð6Þ

where vγ → α is the velocity of the γ/α interface moving towards
proeutectoid ferrite, XCγ is the composition of the carbon-rich austenite
and L can be regarded as the effective diffusion distance in austenite. It
is clear from Eq. (6) that the growth will stop when the carbon in aus-
tenite is homogeneously distributed, i.e., XC

γ = XC
γ/α. The diffusion dis-

tance SP (interlamellar spacing) in Eq. (5.3) can be expected to be one
or two orders of magnitude smaller than L (on the order of one-half of
the size of the pearlite colony) in Eq. (6). One might thus reasonably
suggest that the growth of austenite towards pearlite will be faster
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than the growth of austenite into proeutectoid ferrite. It has been re-
ported elsewhere [27], for a heating rate of 20 °C/s, that experimental
interface velocities can be around two times higher for austenite grow-
ing into pearlite, compared to austenite growing into ferrite. Similar
results are found also in this work (see Section 3.1, Fig. 3).

4.2.3. Massive growth of austenite
As described in the previous section, the formation of austenite

could proceed in a diffusionless way in UFH experiments when
ΔG mb 0. A kinetic expression for the γ/α interface velocity is

vm ¼ M � ξm ¼ −M � ΔG

where vm is the velocity of theγ/α interface formed by amassivemech-
anism and M the mobility of the γ/α interface. Essentially there are no
differences in mobility of the γ/α interface at temperatures below and
above Am. The only difference is that above Am there is no driving
force to be dissipated by diffusion [41].

Evidence of massive formation of austenite is shown in Fig. 4d, Fig.
6d and Fig. 7e. Fig. 6d also illustrates several transformation products
formed on cooling. The mixture of microconstituents is a consequence
of the carbon gradients in austenite. Such transformation products
have been reported elsewhere [42] for UFH experiments. In the same
way, the points corresponding to heating rates of 450 °C/s and
1500 °C/s above Am in Fig. 3a represent the fraction of martensite
formed on cooling. The data mentioned above does not represent the
fraction of austenite because a significant fractionwas formedmassively
Fig. 9. Dictra calculations of the austenite fraction formed on heating at different heating rates
versus temperature (c, d). (a, c) were calculated for 0.20% C steel and (b, d) for 0.45% C steel.
(see Table 2).
during heating, and subsequently was transformed back into ferrite
under the same mechanism. The points above Am for heating rates of
450 °C/s and 1500 °C/s measured in Fig. 3a are therefore related to the
position of the carbon diffusion front in austenite (cf. dashed line in
Fig. 6d) and not to the actual fraction of austenite on heating.

4.2.4. Dictra calculations
Simulations of austenite growth into proeutectoid ferrite at different

heating rates were carried out using Dictra. The plots of the simulated
austenite fraction versus temperature and simulated interface velocity
versus temperature in Fig. 9 can be interpreted with reference to Eq.
(6). Fig. 9a and b show the phase fractions of austenite formed during
heating at 10 °C/s, 450 °C/s and 1500 °C/s. When the heating rate is in-
creased, the slope of the curve gradually decreases. These theoretical re-
sults are in very good agreement with experimental observations of
austenite formation from ferrite-pearlite aggregates at different heating
rates reported earlier in the literature [25] and alsowith our experimen-
tal observations (Section 3.1, Fig. 3).

The change in the slope of thephase volume fraction curve can be es-
timated by proposing the following variable

β ¼ dT
dt

ð7Þ

where β is the heating rate, T temperature and t time.
Further integration in Eq. (6) will produce an expression that relates

distance and temperature multiplied by a factor 1
�
β . For a spherical
versus temperature (a, b) and the velocity of the γ/α interface at different heating rates
Am (dashed-dotted line) represents the lowest temperature of the fully austenitic range
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Fig. 10.Microstructure of 0.2% C (a) and 0.45% C (b, c, and d) steels heated at 1500 °C/s to 750 °C and quenched, illustrating the growth of austenite with different interfacemorphologies.
M, F and C stand for martensite, cementite and ferrite. Etched with Nital (4%).
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geometry, as in the Dictra calculations, the volume fraction can be
computed as

vγ→α ¼ dr
dt

¼ β
dr
dT

¼ β � v Tð Þγ→α

v Tð Þγ→α ¼ 1
β
� dr
dt

¼ 1
β
�
Dγ
C Xγ

C−Xγ=α
C

� �

L Xγ=α
C −Xα=γ

C

� �
ð8Þ

f ¼ r3T
r30

ð9Þ

where vγ → α is the velocity of the interface as a function of temperature,
f is the phase fraction of austenite as a function of temperature, r0 the ra-
dius of the volume and rT the position of the γ/α interface at tempera-
ture T and heating rate β. As the heating rate is increased, one should
expect a smaller fraction of austenite for a given temperature, or a
displacement in the curve towards higher temperatures, as shown in
Fig. 9a and b.

Fig. 9c and d show that the velocity of the γ/α interface increases as
the heating rate is elevated. Such an increase can also be rationalized
based on Eq. (6). At low heating rates, the value of XCγ − XC

γ/α is smaller
compared to values for high heating rates because the differences in car-
bon concentration in austenite have more time to relax at low heating
rates. At high heating rates, the value of XC

γ − XC
γ/α will be larger, and

the carbon gradient in austenite will be steeper, thereby increasing
the γ/α interface velocity. In a previous study [42], the effect of heating
rate on the formation of carbon gradients in austenite has been devel-
oped, and consistent calculations have been introduced. It is also re-
markable that the velocities shown in Fig. 9c and d are virtually the
same for 0.2% C and 0.45% C steels in the temperature range from the
onset of austenite formation up to Am. Such results show that the rela-
tive volume fractions of the ferrite-pearlite aggregate do not influence
themobility of the advancing interface nor its driving force significantly.
Hence the simplifiedmodel described in Eq. (6), whichmainly accounts
for the interface conditions of themoving boundary, is a suitable repre-
sentation for the diffusion controlled growth of austenite.

In addition to the elevated value of DC
γ, the factor XC

γ/α − XC
α/γ be-

comes very small at temperatures close to Am for heating rates higher
than 450 °C/s, and thus the predicted interface velocity achieves very
high values, unrealistic for austenite formation processes. It should be
noted that Dictra only performs calculations under conditions of infinite
interfacemobility (S→ 0 for themixed-modemodel). Fig. 9c shows very
steep calculated interface velocities at temperatures above Am,which do
not correspond to the actual kinetics of γ/α interface formation. As stat-
ed in Sections 4.1 and 4.2.1, the formation of austenite above Am is inter-
face controlled, and its kinetics are governed by the mobility of the
interface and the available driving force. Dictra, therefore, significantly
overestimates the transformation rate because of the assumption of in-
finite interface mobility. The actual onset of the massive formation of
austenite, i.e. Am, is thus proposed as the temperature where the
Gibbs free energy of austenite Gγ becomes lower than the Gibbs free
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energy of ferrite Gα when XC → 0. However, a significant partitioning of
alloying elements in pearlite and proeutectoid ferrite is to be expected
in the initialmicrostructures. Thus, the variations in theGibbs free ener-
gy curves and hence in the interface equilibrium conditions within the
microstructure need to be considered for a reasonable thermodynamic
and kinetic description of austenite formation.
4.2.5. Morphologies of the γ/α interface
At the initial stages of austenite formation, the γ/α interface in most

cases is planar. However, in some cases, the shape of the interface is
acicular, irrespective of its advance towards pearlite or proeutectoid fer-
rite. Both cases are clearly shown in Fig. 10. Fig. 10a shows the case of
the planar γ/α interface growing towards proeutectoid ferrite and
Fig. 10b shows the lower side of the austenite grain growing into pearl-
ite. Meshkov and Pereloma [17] reported planar γ/α interfaces moving
into pearlite in fast heating experiments, yet the acicular austenite
growing into pearlite has not been observed. White arrows show
Widmanstätten austenite in Fig. 10b in a very early stage advancing
towards pearlite (upper side) and also in Fig. 10c moving into
proeutectoid ferrite. In some cases, a different kind of non-planar ad-
vance of the γ/α interface in pearlite was observed, as shown by the
red arrows in Fig. 10c and d. It is not clear whether this particular inter-
face morphology corresponds to a Widmanstätten plate or to another
possible feature, like nucleation of austenite (as shown in Fig. 5d) just
in front of the moving boundary.

The red arrow in Fig. 10d illustrates a zone similar to that which is
marked by the red arrow in Fig. 10c. In this case, the austenite has devel-
oped a flat interface with pearlite in almost all fronts, except in the area
previouslymentioned. Similar to Fig. 5d, themorphology ahead the γ/α
front, marked by the red arrow in Fig. 10d, suggests the nucleation of
austenite (martensite). Martensite lies in seemingly unconnected
areas, which suggests different nucleation sites for austenite. It was pre-
viously stated that the driving force for nucleation of austenite increases
as the heating rate is raised. Thus, one can expect that the nucleation
might be spontaneously activated within pearlite in a continuous
heating experiment at UFH rates and hence produces themorphologies
at the γ/α interface as shown in Fig. 10c and Fig. 10d. Such morphol-
ogies of the γ/α interface have not been reported previously in isother-
mal experiments, probably due to the very fast growth of austenite into
pearlite at the comparatively low heating rates resulting in a rapid full
consumption of pearlite by growing austenite. It is also reasonable to
suggest a continuous nucleation regime for the formation of austenite
towards pearlite for UFH heating experiments.
5. Conclusions

The effect of conventional (10 °C/s), fast (50 °C/s–100 °C/s) and ul-
trafast heating rates (higher than 100 °C/s) on the austenite nucleation
and growth is studied experimentally and theoretically in 0.2% C and
0.45% C steels with initial ferrite-pearlitemicrostructure. Themain find-
ings of this work include:

1. Austenite nucleation occurs preferably at theα/pearlite interfaces. As
discussed in Section 4.1, ultrafast heating might substantially in-
crease the driving force for austenite nucleation, and thereby its
chances of formation at the less favorable α/θ interfaces. The newly
formed austenite grows in all directions, though its growth rate
into pearlite is higher compared to the growth rate into proeutectoid
ferrite. It is experimentally demonstrated for the first time that pos-
sible nucleation of austenite ahead of the γ/α interface significantly
modifies the shape of the boundary moving through pearlite.

2. Carbon diffusion governs austenite formation and growth during
heatingwith conventional heating rates. In ultrafast heating regimes,
this mechanism is responsible for the growth at the early stages of
austenite formation and then a massive mechanism replaces it. This
transition occurs at the so-called Am temperature which is defined
thermodynamically.

3. A simplified kinetic description of the austenite formation is provid-
ed. The local chemical composition at the γ/α interface determines
the velocity of themoving boundaries below Am. The kinetic descrip-
tion shows that the heating rate has a considerable impact on the re-
laxation of carbon concentration gradients in austenite and thus on
the interface velocity. There is essentially no difference in the velocity
of γ/α interfacemoving towards proeutectoid ferrite between 0.2% C
and 0.45% C steels of ferrite-pearlite initial microstructure below Am.
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