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ABSTRACT

The evolution of austenite fraction and the associated solute partitioning during the
intercritical annealing of medium-Mn steels is of great importance for austenite stabilization
and the mechanical performance of this class of steels. In the present work, a Fe-0.2C-4.5Mn-
0.158i-0.1Cr-0.25A1 (mass%) steel is subjected to a cyclic treatment in the intercritical range
(ot+y) and the evolution of the austenite fraction is measured with dilatometry. A partial phase
a—y transformation during intercritical annealing was performed in Fe-0.2C-4.5Mn steel in
order to investigate the effect of Mn. Additional partial phase transformations a—y and y—«a
during intercritical annealing, have been simulated in Fe-0.2C-5Mn, Fe-0.2C-0.2Mn and Fe-
0.2C (mass%) steels for comparison. For the case of 4.5Mn steel, the evolution of austenite
fraction and solute partitioning are simulated when the starting time of the cyclic treatment is
well before the equilibrium fractions have been established in the respective isothermal
intercritical treatment. The evolution of austenite during thermal cycling in the intercritical
range comprises of forward, inverse and stagnant stages. During inverse transformation the a/y
interface proceeds in a direction opposite to the temperature change. During the stagnant stage
the transformation is very sluggish, and proceeds at infinitesimal rate. The fraction of austenite
formed decreases in each successive cycle while the kinetics of the evolution of austenite is
controlled by the Mn diffusion in ferrite.

The cyclic behavior depends on the starting time of the cyclic thermal treatment relative to
the isothermal curve. For a starting time after the final phase equilibrium, the cyclic behavior
1s characterized by hysteresis loop formation. No loop formation was observed for the plain
carbon steel. The forward, inverse and stagnant stages were investigated. The duration of the
inverse stage is larger at the minimum temperatures of the cycle, while the phase fraction
formed during the inverse stage is larger at the maximum temperature of the cycle. For a
starting time before the final phase equilibrium the transformation is characterized as inverse
during the whole cooling part and as forward during the heating part of the cycle. The
partitioning of Mn and C was examined for the 4. 5Mn steel for a case before the equilibrium
volume fractions have been established in the isothermal curves. Partitioning of Mn and C take
place from ferrite to austenite during the cyclic transformation. Due to the low diffusivity in
austenite, wells form in the composition profiles in austenite of both Mn and C. These wells
are the locus of the interfacial compositions of austenite, corresponding to the variation of the
local equilibrium conditions during the thermal cycle.
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1. INTRODUCTION

Medium-Mn steels constitute the core of the 3™ generation advanced high-strength steels.
These steels contain 3-12 mass % manganese and the microstructure consists of an ultrafine
ferrite-austenite mixture. Transformation-induced plasticity (TRIP) of the retained austenite is
responsible for the enhanced formability in these steels and the excellent combination of
strength and ductility I'"*. The role of retained austenite and especially its fraction and stability
have long been identified as of paramount importance in exhibiting beneficial TRIP effects 1>
¢l Several processing routes have been developed in order to stabilize the austenite such as
quench and partitioning (Q&P) I"-*! process and intercritical annealing [*-1°!
annealing, the partitioning of manganese and carbon to austenite stabilizes the austenitic phase.
Thus understanding the kinetics of phase transformations and solute partitioning during
intercritical annealing is a prerequisite to the design of medium-Mn steels.

Cyclic partial phase transformation in the intercritical range has been employed recently to
study the growth kinetics and phase transformations in low-Mn and low-C Fe-C-Mn alloys !1®-
171 In this work the procedure of thermal cycling in the intercritical range was also applied to
investigate austenite growth kinetics in medium-Mn steels. The strategy behind the modeling
of cyclic intercritical annealing is that it allows to investigate the growth kinetics without the
modeling uncertainties of nucleation being part of the transformation !'”l. With this type of
modeling, it is possible to accurately describe the interfacial conditions and more importantly
the solute partitioning during the a—y and y—a transformations. In addition the fact that the
a—y and y—a transformations proceeds at different rates isothermally, makes the cyclic phase
transformations model adequate for the study of growth kinetics. In the above works %], an
“inverse” transformation stage as well as a “stagnant” stage were identified, in addition to the
forward transformation of the a—y and y—a transformations. The inverse transformation, is
defined as the transformation where the o/y interface proceeds in a direction opposite to the
temperature change. During the stagnant stage the transformation is very sluggish, and
proceeds at infinitesimal rate. The starting time of the cyclic thermal treatment relative to the
respective isothermal transformation curve, has an important effect on cyclic behavior.
Therefore, in this work the cyclic phase transformation will be simulated for a starting time
before and after thermodynamic equilibrium has been established.

The aim of the present study is to describe the growth during the a—y and y—ao
transformations and to investigate in more detail the inverse transformation stage and more
specifically the solute partitioning which takes place during such cyclic transformations. The
study is performed by simulating the cyclic transformations in the intercritical range and by
monitoring the position and the velocity of the a/y interface with temperature and time. An
experimental validation of austenite growth kinetics, during the o—y transformation and
before the final phase equilibrium, was performed with dilatometric techniques.

. During intercritical

12



2. METHODOLOGY

The material investigated was a medium-Mn steel with composition Fe-0.2C-5Mn (mass%).
A lean-Mn Fe-0.2C-0.2Mn and a plain carbon Fe-0.2C steel were also considered as reference
materials. The experimental validation provided by IKYDA project and performed on LHD-7
steel with chemical composition Fe-0.2C-4.5Mn-0.15Si-0.1Cr-0.028Al (mass%). Due to the
necessary comparison of the experimental and computational results, a Fe-0.2C-4.5Mn steel
was employed for the simulations. In order to define the maximum and minimum temperatures
of the thermal cycle, the respective isopleth sections at constant Mn compositions were
constructed with the Thermo-Calc ['"*l software using the TCFEG6 database, shown in Figure 1.
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Figure 1: Isopleth sections of (a) Fe-0.2C-5Mn (b) Fe-0.2C-4.5Mn and (c) Fe-0.2C-0.2Mn

steels.
The cyclic thermal treatment for the study, is depicted in Figure 2 and the various

characteristics of the cycle for each material, are given in Table 1. The cyclic thermal treatment
consists of an isothermal holding at Tisand three cycles with temperature range between Tmax
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and Tmin. For the case of 4.5-Mn steel the cycle starts with heating at Tis, isothermal holding at
this temperature for 2412 sec followed by temperature cycling between Tmax and Twmin. The
cycling ends with an isothermal holding for 1800 sec and cooling to ambient temperature. The
values Tis, Tmax and Tmin Were specifically chosen to span the entire range of the a+y region of
the phase diagram. The temperature range AT= Tmax - Tmin , the heating and cooling rates (HR
and CR) were kept constant for the three periods (t) of the cycle. The equilibrium volume
fractions of austenite (fy) and ferrite (fu) at Tisare shown in the Table 1, as well.
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Figures 2: The thermal cycle considered for the simulations and the

experiments. Tis denotes the isothermal holding temperature, while 7jnax

and 7iu» are the maximum and minimum temperatures of the cycle,

respectively. The period of the cycle is 7. Time #s corresponds to the start

and time 7 to the end of the cyclic transformation.

Steels PCl rCl PCl PCl ICl PCl PCmin'] [seq] ¢ P

Fe-0.2C-5Mn 634 716 675 640 710 70 10 840 0.394 0.605
Fe-0.2C-4.5Mn 644 728 686 651 721 70 10 840 0.394 0.605
Fe-0.2C-0.2Mn 722 828 775 740 810 70 10 840 0.534 0.446
Fe-0.2C 725 835 780 745 815 70 10 840 0.561 0.438

Table 1: The characteristics of the thermal cycle for the steels considered. Tisis the isothermal
holding temperature, Tmin and Tmax are the minimum and maximum temperatures respectively,
HR and CR are the heating and cooling rates respectively, t is the period of the cycle. The
volume fractions of ferrite and austenite at Tis are fu and f, respectively.

Two cases were considered. The first case is concerned with the a—y transformation,
corresponding to the intercritical annealing of supersaturated ferrite (martensite) to form
austenite. The second case is concerned with the y—a transformation, corresponding to ferrite
formation from an initially austenitic phase. The 4.5-Mn steel was subjected to cyclic treatment
only for the first case, where the evolution of austenite fraction was measured with dilatometry.
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The austenite and ferrite growth during the cyclic transformations as well as the associated
solute partitioning during intercritical annealing were simulated with the DICTRA software [}
using the MOBFE2 mobility database for ferrous alloys. A single cell planar geometry was
employed, shown in Figure 3a and 3b for the a—y and y—a. cases respectively. For the steels
investigated a small region size was considered, equal to 1.55 um corresponding to one-half
the measured ferrite to austenite mean distance (center-to-center) [*°!. Regarding the 4.5-Mn
steel, the total region size depicted in Figure 3¢, was taken equal to 1.085 pm, since it was
anticipated that the interface movements during the cyclic transformation were going to be
small. In addition the solute partitioning is taking place at a small distance from the o/y interface
during the cyclic transformation. A thin austenite slice, 5 nm and 3.5 nm, was attached to the
left of the ferrite region in Figure 3a and 3¢ respectively for the a—y case. Correspondingly a
thin ferrite slice, 5 nm, was attached to the left of the austenite region in Figure 3b for the y—a
case. The regions were discretized with a linear grid consisting of 100 grid points and of 150
for the case of 4.5-Mn steel. The initial compositions of austenite slice and ferrite region in
Figure 3a and 3¢ were taken equal to the nominal compositions of the alloy. The same holds
for the ferrite slice and austenite region in Figure 3b. Although the compositions in the two
phases are identical, the respective activities are not. Diffusional fluxes are generated between
the two phases in response to the different activities. Zero flux boundary conditions (closed
system) for all elements were imposed at the lower and upper boundaries of the system.
Throughout the simulations local equilibrium (LE) conditions were imposed. The parameters
monitored were the position of the o/y interface, which when normalized to the total region
size, corresponds to the volume fractions fy and f, of ferrite and austenite for the y—o and a—y
cases respectively, and the velocity of the a/y interface (VOI). In addition to monitoring the o/y
interface position and velocity, the solute partitioning between the two phases was monitored.

Interface Interface
Y a a Y
H—s pol S POI I
L=1.55um } L=1.55um |
(a) (b)
Interface
Y o
0—> POI
L=1.085 um :
()

Figure 3: The representative cells employed in the DICTRA simulations of the cyclic
transformations (a) for the a—y, (b) the y—a cases accordingly and (¢) the a—y case for the
4.5-Mn steel. POI denotes the position of the o/y interface.
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For the dilatometric measurements the IKYDA LHD-7 steel was prepared as an 80 kg ingot
with a cross-section of 140x140 mm?in a vacuum induction melting furnace (2 kHz). The
ingots homogenized for 3 hours at 1200 °C and open die forged to a cross-section of
60x60 mm?2. After the forging process, the bars were air cooled to ambient temperature. Before
the cyclic thermal treatment, samples with size of 25x40x40 mm?, were austenitized in a salt
bath at 950°C for 1800 sec and quenched in oil. Thermal cycling was performed in the
dilatometer according to the schedule of Figure 2. The dilatometer used was a BAHR DIL805A
dilatometer. The specimen used for dilatometry was a solid plate with dimensions 7x4x1.3 mm?.
The volume fraction of austenite was determined by the relative length change by subtracting
the linear length change, which is attributed to thermal expansion and contraction.

3. RESULTS

3.1.  Cyclic Transformations
3.1.1. Austenite evolution of Fe-0.2C-4.5Mn steel and Experimental Validation.

The isothermal a—y and y—a transformations in the Fe-0.2C-4.5Mn steel are depicted in
Figure 4 for three temperatures 651, 686, 721°C corresponding to the Tmin, Tis and Timax of the
respective cyclic treatment. The evolution of austenite volume fraction during intercritical
annealing takes place in three stages [> 2" 22l In stage I, non-partitioning local equilibrium
(NPLE) growth of austenite takes place at short times and is controlled by carbon diffusion in
ferrite. In stage II, partitioning local equilibrium (PLE) growth of austenite is controlled by
manganese diffusion in ferrite, while in stage I1I, the PLE shrinkage of austenite is controlled
by manganese diffusion in austenite. Compared to the y—a, the a—y transformation is
considerably faster.

1.0
0.9 -
0.8 !
0‘?-:
0,6—-

0.5 1

Volume Fraction

0.4 1

0.0
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Figure 4: Evolution of the volume fraction of austenite and ferrite for
the isothermal a—y and y—a transformations respectively, in the Fe-
0.2C-4.5Mn steel for temperatures 651, 686 and 721°C. The dotted line
denotes the starting time ts =2412 sec of the cyclic transformation.
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The dotted line in Figure 4 indicates the starting time (ts) of the cyclic transformation after
the isothermal holding. Following the applied thermal cycle in the dilatometric experiments, a
starting time t;=2412 sec is selected and the o—y transformations take place at stage I1. It can
be deduced from Figure 4 that at this time the o—y transformation is still evolving, while the
y—a transformation is very sluggish.

The evolution of the austenite volume fraction f, vs temperature during thermal cycling is
depicted in Figure 5. Points S and E on the volume fraction curve, correspond to the start and
the end of the cyclic transformation, respectively. Points A, B and C correspond to Tmin (651°C),
whereas points 1, 2 and 3 correspond to Timax (721°C). It is observed that the interface does not
change direction and the volume fraction is continuously increasing. The parts S-1, A-2, B-3
and C-E on the volume fraction curve, correspond to the “forward” transformation where the
fy 1s evolving with the temperature rise. Accordingly, the parts 1-A, 2-B and 3-C” correspond
to the “inverse” transformation, where the interface proceeds in a direction opposite to the
temperature change, 1.e. austenite is forming during the cooling part of the cycle. Only part C'-
C corresponds to a forward transformation, since a small decrease of the f, is detected with a
decrease in temperature. It is interesting to see that the fraction of austenite formed decreases
in each successive cycle. The fractions of austenite formed are 0.07, 0.05 and 0.03 in the 1st,
2nd and 3rd cycles respectively.
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Figure 5: Evolution of austenite volume fraction during thermal cycling

in the intercritical range.

In order to explain this behavior, the volume fraction of austenite f;, the temperature and
the velocity of the interface (VOI) vs. time are depicted in Figure 6. The maxima in the VOI
curve correspond to Tmax While the minima correspond to Tmin. The VOI decreases in each
cycle and this leads to a lower amount of austenite forming in each cycle. The austenite volume
fraction curve (fy) indicates that each cycle comprises of a forward transformation during
heating, an inverse transformation during cooling and a stagnant transformation stage. During
the forward transformation, austenite grows as the temperature increases from the minimum to
the maximum value of the cycle. At the same time the velocity of the interface increases.
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During the inverse transformation, austenite continues to form during the cooling part of the
cycle, while at the same time the velocity of the interface decreases. The transition between the
forward and inverse transformations takes place at Tmax where VOI is maximized. At the
minimum temperature of the cycle where practically VOI=0, the transformation is sluggish,
corresponding to the stagnant transformation stage.

Because at the selected time for the start of the cyclic transformation (ts=2412 s) the rate of
the y—a transformation is negligible compared to the rate of the a—y transformation, austenite
formation during the cooling part of the cycle proceeds entirely by the inverse transformation.
However the VOI values in Figure 6 indicate that both transformations, forward and inverse,
take place at comparable rates.
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Figure 6: Evolution of austenite volume fraction (fy) and velocity of the

o/y interface (VOI) vs. time during thermal cycling in the intercritical

range. The forward, inverse and stagnant transformation stages are

indicated.

The dilatometric curve obtained from thermal cycling in the dilatometer is shown in Figure 7a.
The relative length change is plotted versus temperature. From this curve, the volume fraction
austenite is obtained by subtracting the linear thermal expansion and contraction during heating
and cooling respectively. This is depicted by the arrows from the dotted lines to the dilatometric
curve. The result is shown in Figure 7b, together with the simulation result of Figure 6. The
agreement between simulation and experiment is considered good. It appears that the
simulation can describe the evolution of the austenite volume fraction during cyclic
transformations in the intercritical range.
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austenite vs. T (comparison between dilatometry and simulation).

3.1.2. Computational Analysis
3.1.2.1. Fe-0.2C-5Mn steel

The isothermal a—y and y—a transformations in the Fe-0.2C-5Mn steel are depicted in
Figure 8 for three temperatures 640, 675 and 710°C corresponding to the Tumin, Tis and Tmax of
the respective cyclic treatment. Compared to the a—y, the y—a transformation is much slower.
Two specific times, ts, were identified as the start of the cyclic transformations. In the first case
t=1x10% sec after equilibrium volume fractions for both austenite and ferrite have been
established in the isothermal transformation. At this specific time the PLE shrinkage of
austenite is controlled by manganese diffusion in austenite (stage III) 1> ?! ?2I_ In the second
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case, t=2x10° sec, where the a— transformation is evolving while the y—a transformation is
very sluggish. At this case, the partitioning local equilibrium (PLE) growth is controlled by
manganese diffusion in ferrite (stage II). These times are depicted by dotted lines in Figure 8.
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Figure 8: Isothermal a—y and y—a transformations in the Fe-0.2C-5Mn

steel for 640, 675 and 710°C. The dotted lines indicate the starting time

of the cyclic transformation.

The cyclic transformations for ts=1x10® sec are depicted in Figure 9. The volume fractions
fy and fy are plotted as a function of temperature for the a—v and y—a cases in Figure 9a and
9b respectively. The volume fraction forms hysteresis loops. Point A marks the beginning and
point B the end of the cyclic transformation. Regarding Figure 9a, the loops move upwards
indicating that more austenite forms at every cycle. In contrast, in Figure 9b the loops move
downwards, indicating that more ferrite dissolves, in favor of austenite, at every cycle. An
additional feature of the cyclic behavior is the “inverse” transformation, where the
transformation proceeds to a direction opposite to the temperature change. This behavior is
depicted by CD for Tmax and EF for Tmin in Figure 9a and 9b. The temperature range of the
inverse transformation ATin=Tr-TE at Tmin is larger than the corresponding ATinv=Tc-Tp at
Tmax. The volume fraction is plotted as a function of time during cycling for the a—y and y—a
cases in Figure 9¢ and 9d respectively. In the same Figures the variation of temperature (T) and
the velocity of the o/y interface (VOI) are also plotted.
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The details of the inverse transformation are depicted in a magnified region in the second
cycle of Figures 9¢ and 9d in Figures 10a and 10b respectively for the a—y and the y—a. cases.
Point C on the volume fraction curve corresponds to the point of temperature change at Tmax
while point D corresponds to the change of interface direction at VOI=0. Accordingly point E
on the volume fraction curve corresponds to the point of temperature change at Tmin while point
F corresponds to the change of interface direction at VOI=0. The duration of the inverse
transformation is larger at Tmin, than the respective duration at Tmax. The phase fraction formed
during the inverse transformation is larger at the maximum temperature of the cycle. A question
which arises, is whether there is a stagnant stage after the inverse transformation stage, where
the transformation is sluggish with the temperature change. According to Figure 10 there is no
absolute stagnant stage, 1.e. a period where VOI=0. The interface is migrating continuously at
low velocities even when it changes direction at VOI=0. So a “stagnant stage” characterized
by very low interface velocity, is also observed in 5Mn steel.
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The cyclic transformation for t-=2x10° sec is depicted for the a—y and y—o. cases in Figure
11. The volume fractions f, and f, are plotted as a function of temperature for the a—y and
y—o transformations in Figure 11a and 11b respectively. In addition, the volume fractions f;
and fy, T and VOI vs time for the o—y and y—« transformations, are shown in Figure 11¢ and
11d accordingly. Since in this case at t=2x10° sec, the y—a transformation during the
isothermal treatment (Figure 8) is sluggish, the f, during cyclic transformation does not form
hysteresis loops. On the contrary the f, increases in each cycle, both in the heating and cooling
part. In this case austenite forms by inverse transformation during the cooling part of the cycle.
On the other hand the fy during cyclic forms hysteresis loops. The loops move upwards,
indicating that more ferrite forms at every cycle. The cyclic behavior resembles of the y—a
transformation at t=1x10® sec. The duration of the inverse transformation is larger at Tmin.
However, the phase fraction formed during the inverse transformation at Tmax of the cycle is
approximately equal to that formed at Tmin of the cycle.
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Figure 11: Cyclic transformations in Fe-0.2C-5Mn steel for ts=2x10° sec (a) f; vs T for the a—, (b)
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3.1.2.2. Fe-0.2C and Fe-0.2C-0.2Mn steels

The isothermal transformations for the two steels are shown in Figure 12a and 12b. The
kinetics of ferrite formation is much faster than in the Fe-0.2C-5Mn steel. The times ts
indicating the start of the cyclic transformations are indicated by dotted lines.
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Figure 12: Isothermal transformation kinetics for (a) Fe-0.2C and (b) Fe-
0.2C-0.2Mn steels.

The cyclic transformations (volume fraction vs temperature) for the two cases a—y and
y—uo. for the Fe-0.2C and Fe-0.2C-0.2Mn steels are shown in Figure 13a and 13b for t=100 sec
and t=1x107 sec respectively, corresponding to times where equilibrium fractions have been
established in the respective isothermal curves. In the case of Fe-0.2C steel containing no
manganese, the transformation is reversible and no hysteresis loops are formed. This is due to

24



the fast diffusion of carbon, establishing global equilibrium conditions quickly. In the case of
the steel containing 0.2Mn, a hysteresis loop forms during cycling transformation. The width
of the loop, in the temperature axis, is smaller than the loops in the 5Mn steel. Obviously the
partitioning of manganese during the cyclic transformations is the controlling factor for loop
formation and inverse transformation stages. This issue will be discussed in the next section.
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Figure 13: Cyclic transformations, volume fractions fy and f; vs T for (a)
Fe-02C and (b) Fe-0.2C-0.2Mn steels for both a—y and y—a

transformations.
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3.2. Solute Partitioning

The experimental validation of the simulation regarding the evolution of the austenite
volume fraction, allows to apply the method in order to simulate the evolution of solute
partitioning during the cyclic transformation. For the case of 4.5Mn steel during the a—y
transformation, the solute partitioning of Mn and C is described when the starting time of the
thermal treatment is before the final phase equilibrium. The evolution of the Mn profile during
the first cycle is depicted in Figure 14a-d, where Figure 14a corresponds to the start of the cycle
at Tis (686°C), Figure 14b corresponds to Tmax (721°C), Figure 14c¢ corresponds to Tis (686°C)
and Figure 14d corresponds to Tmin (651°C).

—— 2412 sec/686 °C
= (0.698,6.272)

54 . {0.039,4.758)

Profile of Mn (wt pct)

(0.698,1.775)—=

8 SO o s W ST o S O, S, T WO VO S
000 012 024 036 048 060 072 084 096 1.08

Distance (um)

(a)
7
—— 2622 5ec/721°C
(0.683,6.228)
6+ Point 1
=
a
o 5 ,(00394738)
2 Point 2
g =~ (0.739,4.374)
= 4
o}
i
=
2 -
Point 3
(0.739,1.443) =
1 I I I I I 1 X I b 1

000 012 024 036 048 060 072 084 086 108

Distance (um)

(b)

26



Profile of Mn (wt pct)

Profile of Mn (wt pct)

¥ (0.039,4.723)

1

—— 2832 sec/686 °C

(0.677,6.219) ~=—(0.772,6.428)

Manganese "well" =
P
(0.738,4.498)

(0.772,1.843)—»

—————
000 012 024

) L ) ® 1 * ) " ) b ) o 1
036 048 060 072 084 096 1.08

Distance (pum)

(c)

10

J —— 3042 sec/651°C
g 4

| - (0.773,8.677)
8+ Point 4
7+ Y o

1 677,6.214
6 - {0.677,6.214)
5-1 »10.039,4.718)

1

07732162) __/

— T
000 0.12 0.24

T Voo F ol Toadin i ol o e |
036 048 060 072 084 096 108
Distance (um)

(d)

Figure 14: Evolution of the manganese profile during the first cycle of
the a—y transformation: (a) and (b) during heating, (c¢) and (d) during
cooling, for the times/temperatures indicated. The austenite and ferrite
regions are on the left and right of the interface, respectively. The
manganese ‘well’ is depicted in (c).

During heating, between Tjs and Tiax, austenite forms by forward transformation, The Mn
concentration of austenite at the a/y interface decreases leaving a peak at point 1, as shown in
Figure 14b. Points 2 and 3 in Figure 14b correspond to the Mn compositions of austenite and
ferrite at the interface at Tmax according to the local equilibrium conditions. Thus the built-up
of the Mn profile in austenite during heating from Tis to Tmax corresponds to the line between
point 1 and point 2 in Figure 14b. During cooling from Tmax to the intermediate temperature Tis
and then to Tmin, shown in Figures 14c and 14d, the inverse transformation takes place and the
interface continues to proceed forward. The Mn concentration in austenite at the o/y interface
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increases and the Mn profile in austenite forms a “well”. The “well” corresponds to the locus
of the equilibrium Mn composition in austenite at the o/y interface, as the interfacial
compositions change during thermal cycling. During heating, the Mn composition at the
interface decreases while during cooling it increases, forming the “well”. At Tmin, a “stagnant”
stage is observed where the shift of the interface negligible. Point 4 in Figure 14d corresponds
to the Mn composition in austenite at the a/y interface according to local equilibrium. The same
behavior is repeated in the second and third cycle. It is important to note that Mn partitioning
follows a similar behavior both during the forward and inverse transformations, i.e. Mn diffuses
from ferrite to austenite and the transformation rate is controlled by the Mn diffusion in ferrite.

Carbon exhibits a similar behavior to Mn, although the composition fluctuations are smaller.
The evolution of the carbon profiles in the first cycle, are depicted in Figure 15. A carbon “well”
forms in austenite. The compositions of the well correspond to the local equilibrium
compositions of carbon in austenite at the o/y interface, which change during the thermal cycle.
In contrast to Mn, the concentration of C in ferrite becomes homogeneous due to the faster
diffusion of C in ferrite.
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Figure 15: Evolution of the carbon profile during the first cycle of the
o—y transformation: (a) and (b) during heating, (¢) and (d) during
cooling, for the times/temperatures indicated. The austenite and ferrite
regions are on the left and right of the interface, respectively. The carbon
‘well’ 1s depicted in (c).

The Mn and C profiles at the end of the third cycle are depicted in Figure 16. Three wells
have formed corresponding to the three cycles. The Mn “wells” are not homogenized due to
the low diffusivity of Mn in austenite. This leads to the formation of a Mn layered segregation
profile, exhibiting maxima and minima in composition, as a result of thermal cycling. The same
holds for carbon, although some homogenization is apparent in the time period of the three
cycles.

29



8
—— 4932 sec/686 °C
7 4
| r {0.859,6.651)
= {0.664,6.153)
o 6+
o
E 4 —(0.828,5.607)
= x (0.847,5.113)
S 57 0064671 (0.737,4.858)—=
= {0.804,5.076)"
o 4-
=
= |
a 3 / =
2 {0.860,1.913)—= //r’.
1 4 r 4 £ J 3T +r0 5L T 0. T 1
0.00 012 024 036 048 060 072 084 096 1.08
Distance (pm)
(a)
0.40
] —— 4932 sec/686°C
0.35
0.30 - (0.773,0.256). ,(0.828,0.257)
g 1 066502681\ N/ _ (0859,0.270)
a (0.036,0.246) = By Foa=,0
= 0.25 -_L—_ﬂff““iﬁ._?'i.s_,azrzs}l?}\{
o T {0.804,0.250) '(0.847,0.251)
5 0.20
2 4
o 0154 v o
0' -
0.10
0.05
1 (0.860,0.0031).
0.00 g

! N N L ML N S N T
000 012 024 036 048 060 072 084 096 1.08

Distance (um)

(b)
Figure 16: Profiles of (a) manganese and (b) carbon after the three cycles
of the cyclic transformation. The formation of three ‘wells’ is indicated.

The Mn and C spikes appearing at the start of the isothermal holding, at the location
0.039um in Figures 14 and 15 are compositional spikes, which form due to the NPLE
conditions prevailing at the beginning of the isothermal transformation. The evolution of these

compositional spikes has been described in detail 224,

For the case of SMn steel during the y—a transformation and a starting time t=2x10° sec,
the profiles of Mn and C magnified near the o/y interface during the first cycle, are depicted in
Figures 17 and 18 respectively. Figures 17a and 18a correspond to the start of the cycle at Tis
(675°C), Figures 17b and 18b correspond to Tmax (710°C) while Figures 17d and 18d
correspond to Tmin (640 °C). In Figures 17c, 18c and 17e, 18e the end of the inverse

transformation is depicted at T (708.3 °C) and T (646. 6 °C) respectively. The Mn and C profiles
at the end of the third cycle are depicted in Figures 17f and 18f.
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Figure 17: Evolution of the manganese profile during the first cycle of the y—a
transformation: (a), (b) and (e) during heating, (c¢) and (d) during cooling, for the
times/temperatures indicated. Profile of manganese after the three cycles of the cyclic
transformation (f). The ferrite and austenite regions are on the left and right of the interface,
respectively.
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During heating, between Tis and Tmay, the a/y interface proceeds backward and austenite
forms in expense of ferrite. The Mn concentration at a/y interface in austenite decreases and
obtains its lowest value at Tmax, as shown in Figure 18a and 18b. During cooling between, Tmax
and T (708.3 °C) the inverse transformation takes place and the a/y interface continuous to
proceed slightly backward, whereas the concentration of Mn at the o/y interface in austenite
increases as depicted in Figure 18c. After the inverse stage, ferrite forms with forward
transformation until Tmin. The Mn profile at Tmin obtains the maximum concentration at the o/y
interface in austenite as shown in Figure 18d. During heating between Twmin and T (646.6 °C),
the inverse transformation takes place and ferrite continuous to form (Figure 18e). The Mn
profile at the end of the third cycle is depicted in Figure 18f. It is interesting to see that there is
no formation of Mn “wells”, in contrast to the a—y case (Figure 16). This behavior can be
explained by the isothermal volume fractions of the a—y and y—u« transformations shown in
Figure 8, where the y—a transformation is much slower compared to the a—y transformation.
Furthermore, Mn and C diffusion is faster in ferrite than in austenite. Therefore the driving
force of ferrite formation is smaller and there is no formation of Mn layered segregation profile.
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Figure 18: Evolution of the carbon profile during the first cycle of the y—a transformation:
(a), (b) and (e) during heating, (c¢) and (d) during cooling, for the times/temperatures indicated.
Profile of carbon after the three cycles of the cyclic transformation (f). The ferrite and austenite
regions are on the left and right of the interface, respectively.

Carbon exhibits a similar behavior to Mn. Although the compositions fluctuations of C are
smaller due to its higher diffusivity in austenite and ferrite. In addition, the concentration of C
in ferrite becomes homogeneous compared to Mn concentration. The partitioning of Mn and C
follows a similar behavior both during the forward and inverse transformations, i.e. Mn diffuses
from ferrite to austenite and the transformation rate is controlled by the Mn diffusion in ferrite.

The solute partitioning of Mn and C for a starting time after thermodynamic equilibrium
has been established in the isothermal curves, was considered for the SMn steel during the a—y
and y—a transformations. For the case of a—y transformation and a starting time t=1x10® sec,
the profiles of Mn and C during the first cycle, are depicted in Figure 19 and 20 respectively.
During the heating, between Tis and Tumax the o/y interface proceeds forward and austenite forms
(Figure 19a-b and 20a-b). During cooling between Tmax and T (700.56 °C), the inverse
transformation takes place and austenite continuous to form, while the concentration of Mn
and C at the o/y interface in austenite increases (Figure 19¢ and 20c). With the progress of
cooling until Tmin the volume fraction of austenite decreases according to the forward
transformation. The Mn and C profiles at Tmin obtain the maximum concentration at the o/y
interface in austenite, as shown in Figure 19d and 20d respectively. During heating between
Tmin and T (659.61 °C), the inverse transformation takes place and austenite continuous to
dissolve (Figure 19¢ and 20e). The Mn and C at the end of the third cycle are depicted in
Figures 19f and 20f respectively. The profiles of Mn and C are homogenized and there is no
formation of Mn and C “wells”. The transformation rate is controlled by Mn diffusion in
austenite (PLE stage III).
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Figure 19: Evolution of the manganese profile during the first cycle of the a—y
transformation: (a), (b) and (e) during heating, (c) and (d) during cooling, for the
times/temperatures indicated. Profile of manganese after the three cycles of the cyclic
transformation (f). The austenite and ferrite regions are on the left and right of the interface,

respectively.
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Figure 20: Evolution of the carbon profile during the first cycle of the a—y transformation:
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indicated. Profile of carbon after the three cycles of the cyclic transformation (f). The
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For the case of o—y transformation and a starting time t=1x10® sec, the profiles of Mn
and C during the first cycle, are depicted in Figure 21a-e and 22a-e respectively. Figures 21a
and 22a correspond to the start of the cycle at Tis (675°C), Figures 21b and 22b correspond to
Tmax (710°C) while Figures 21d and 22d correspond to Tmin (640 °C). In Figures 21c¢, 22¢ and
21e, 22e the end of the inverse transformation is depicted at T (700.72°C) and T (659.95 °C)
respectively. The profiles of Mn and C at the end of the third cycle are shown in Figure 21f and
22f accordingly. During thermal cycling, the phase fractions form by forward and inverse
transformations. At the end of the third cycle the o/y interface has shifted backward, indicating
that the volume fraction of ferrite has been decreased. The profiles both of Mn and C are
homogenized and there is no formation of Mn and C “wells”. The transformation rate is
controlled by Mn diffusion in austenite (PLE stage I1I).
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Figure 21: Evolution of the manganese profile during the first cycle of the y—a
transformation: (a), (b) and (e) during heating, (c¢) and (d) during cooling, for the
times/temperatures indicated. Profile of manganese after the three cycles of the cyclic
transformation (f). The ferrite and austenite regions are on the left and right of the interface,

respectively.
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Figure 22: Evolution of the carbon profile during the first cycle of the y—a. transformation:
(a), (b) and (e) during heating, (c) and (d) during cooling, for the times/temperatures indicated.
Profile of carbon after the three cycles of the cyclic transformation (f). The ferrite and austenite
regions are on the left and right of the interface, respectively.

4. CONCLUSIONS

Cyclic phase transformations were simulated in Fe-0.2C-4.5Mn and Fe-0.2C-5Mn steels as
well as in Fe-0.2C and Fe-0.2C-0.2Mn (mass%) steels for comparison, during thermal cycling
in the intercritical range. Solute partitioning of Mn an C have been studied for the Fe-0.2C-
4.5Mn (mass%) steel for a case where the starting time of the cyclic treatment is well before
the equilibrium fractions have been established in the respective isothermal intercritical
treatment. From the results of the simulations and experiments, the following conclusions can
be drawn.

1. The evolution of austenite during thermal cycling in the intercritical range comprises
of forward, inverse and stagnant stages. The simulation results have been
experimentally validated by dilatometry for the case of Fe-0.2C-4.5Mn steel.

2. The cyclic behavior for a specific steel composition depends on the starting time of the
cyclic treatment relative to the isothermal transformation curve.

3. When the cyclic treatment is performed after the equilibrium phase fractions during
isothermal treatment have been established, hysteresis loops form in the Fe-0.2C-5Mn
and Fe-0.2C-0.2Mn steels. The cyclic behavior is fully reversible for the Fe-0.2C steel.

4. The inverse transformation stage has been investigated for the Fe-0.2C-5Mn steel. For
a starting time after the equilibrium phase fractions have been established, the duration
of the inverse transformation stage is larger at the minimum temperature of the cycle.
The phase fraction formed during the inverse transformation is larger at the maximum
temperature of the cycle. For a starting time before thermodynamic equilibrium, the
duration of the inverse transformation stage is larger at the minimum temperature of the
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cycle, whereas the phase fraction formed is approximately equal both at the maximum
and minimum temperatures of the cycle.

In Fe-0.2C-5Mn and Fe-0.2C-4.5Mn steels for the a—y case, when thermal cycling
takes place at a time before the final phase equilibrium in the isothermal curve, austenite
formation proceeds with the forward transformation during the heating part and with
the inverse transformation during the whole cooling part of the cycle. Both
transformations take place at comparable rates. The fraction of austenite formed
decreases in each successive cycle due to a corresponding decrease of the
transformation rate.

A stagnant stage, where the transformation is very sluggish was observed during the
cyclic transformations for the steels investigated.

For a starting time before the final phase equilibrium, the kinetics of austenite and
ferrite evolution during the cyclic transformation is controlled by the Mn diffusion in
ferrite, both for the forward and the inverse transformations. For a starting time after
the final phase equilibrium, the transformation rate is controlled by Mn diffusion in
austenite.

For the a—y case and a starting time before final phase equilibrium, partitioning of Mn
and C take place from ferrite to austenite during the cyclic transformation. Due to the
low diffusivity in austenite, wells form in the composition profiles in austenite of both
Mn and C. These wells are the locus of the interfacial compositions of austenite
corresponding to the variation of the local equilibrium conditions during the thermal
cycle.

The wells in the composition profiles correspond to the formation of a layered
segregation in austenite, exhibiting maxima and minima, as the result of the cyclic
thermal treatment in the intercritical range.

For a starting time after thermodynamic equilibrium there is no formation of Mn and C
wells. The same holds for the y—a case for a starting time before the final phase
equilibrium, due to the sluggish transformation rate of ferrite.

SUGGESTIONS FOR FUTURE RESEARCH

The influence of other elements (Al, Si, Ni) during the cyclic transformation and solute
partitioning in the intercritical range.

The quantification of Mn effect during the inverse and the stagnant stages, as well as the
proportion of Mn and C needed for the appearance of inverse behavior.

Further experimental validation. For example an EDS analysis or an atom probe
tomography for the measurement of Mn and C profiles during the solute partitioning in
the intercritical range.

Development of steel microstructures from layered segregated profiles.
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