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Abstract: Allotoriomorphic ferrite, which is the first to appear in the cooling of austenite, is required to
precisely predict the growth behavior of the ferrite grains in order to control the fraction of the consituent.
In the growth of the ferrite grains of Fe-C-X ternary alloy, the equilibrium state of the ferrite / austenite
interface is different. Depending on whether the diffusion of X can follow the interfacial movement, the
interface is in local-equilibrium or paraequilibrium, respectively. The growth rate of the ferrite grains is
fast in the early stage and then decreases in velocity. Therefore, the equilibrium states of the interface
transits. Solute drag by the interfacial segregation of alloying elements also affects the growth rate of
ferrite grains. Experimental verification on balance of local equilibrium state and interfacial segregation
during ferrite growth process is not sufficient. In this study, the growth behavior of the ferrite grains of
ternary model alloys Fe-C-Mn in the isothermal holding was investigated using an optical microscope.
Furthermore, the concentration profiles of Mn near the ferrite / martensite interfaces were measured by
aberration corrected scanning transmission electron microscopy with electron energy loss spectroscopy,
STEM-EELS. Using the solute drag theory, the growth rate of the ferrite grains was estimated. As a
result, the growth behavior of the ferrite grains estimated by the STEM-EELS and solute drag theory
was similar to the growth behavior estimated by the optical microscope observation.

1. INTRODUCTION

The mechanical properties of the multi-phase steel containing allotoriomorphic ferrite are related
to the microstructure, which is formed by the phase transformation. Controlling the volume fraction of
allotoriomorphic ferrite grains, which are the first to appear in the cooling of austenite, is important to
control the other microstructures. The concentration of alloying elements of austenite during ferrite grain
growth varies depending on the ferrite fraction, which affects the structure generated at a lower
temperature. Therefore, properly understanding the ferrite transformation mechanism is important from
the viewpoint of microstructural control.

In the growth of the ferrite grains of Fe-C-X ternary alloy, the equilibrium state of the ferrite /
austenite interface is different. Where X represents a substitutional alloying element. Depending on
whether the diffusion of X can follow the interfacial movement or not, the interface is in local-
equilibrium [1], LE, or paraequilibrium [2], PE, respectively. The case of LE is further divided into two
modes according to whether or not there is partitioning of X, partitioning local equilibrium (PLE) or
negligible partitioning local equilibrium (NPLE) [1]. These interface conditions for ferrite
transformation have been investigated by numerous studies [3]. Additionally, the transition of the
equilibrium state from PE to NPLE was suggested in some studies [4-6].

Hillert [6] describes the transition behavior in detail. Firstly, the ferrite grain grows in PE. In this
condition, neither local equilibrium of X nor partitioning of X occurs. Secondly, the transition from PE
to NPLE occurs. The concentration of X at the contact point between the interface and austenite reaches
LE. However, partitioning doesn’t occur. Thirdly, the concentration of X at the contact point of the
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austenite side achieves NPLE. The concentration of X at the contact point with the austenite side has
maximum concentration in the transition behavior. In this condition, partitioning has not started yet.
Finally, the condition changes to PLE. In this condition, both partition and local equilibrium of X occur.
The concentration of X at the contact point with the austenite side has decreased from NPLE.

It is expected that the velocity of the moving interface gradually decreases as the transition
progresses. Thus, many investigations of ferrite transformation kinetics have been conducted based on
the comparison between the ferrite growth rates obtained by calculations and observations [4-14]. As a
result, fast growth of ferrite without partitioning and slow growth with partitioning of X have been
established [7-9].

However, the behavior of ferrite growth cannot be explained only by the transition process
described above. The transition behavior does not deal with the condition of the interface. The solute
drag force caused by segregation of X to the interface should be estimated precisely in order to interprit
experimental results of the ferrite growth rate [3,15-17]. The relationship between the transition behavior
and solute drag effect on ferrite growth has not been made apparent.

One of the best solutions to this subject is to investigate the time variation of the concentration of
X at the interface and the concentration profile near the interface with high accuracy and spatial
resolution. Some attempts to measure the concentration of X at the interface have been reported [5, 17-
19]. Guo et al. [19] measured the distribution of Mn at the interface in an Fe-C-Mn alloy using STEM-
EDS and found the kinetic transition. They reported, in the first stage neither partitioning nor interface
accumulation was detected, in the second stage no partitioning, but interfacial accumulation of Mn was
recognized and in the third stage partitioning became apparent. Capdevila et al. [5] also found similar
results using STEM-EELS. From the quantitative point of view, however, it is difficult from their results
to identify whether the interfacial accumulation is the interfacial segregation or the spike of NPLE due
to the insufficiency of spatial resolution. The spatial resolution of the previous studies seems to be
several nm, whereas the width of the interface is considered to be less than 1 nm. Therefore, it is difficult
to know the true concentration at the interface and estimate the solute drag effect quantitatively.

In order to measure the concentration of solute elements at the interface with an atomic resolution
and estimate the true concentration profile, several factors affecting the resolution and accuracy, (i.e. the
probe size, electron scattering in a specimen, the angle between the beam direction and the interface
plane, etc.) should be considered carefully. One of the authors has developed a method to measure the
concentration profile of boron segregated to austenite grain boundaries with high spatial resolution,
using aberration corrected STEM-EELS [20].

In this study, the behavior of allotriomorphic ferrite formation during isothermal annealing at 973
K in Fe-0.12C-2.0Mn (mass %) is investigated. The kinetic transition is shown by measuring the ferrite
thickening rate. Additionally, the time evolution of the Mn concentration profile at the interface is
revealed by means of the measurement of the Mn concentration profile in the vicinity of the interface
using aberration corrected STEM-EELS. The transition of kinetics and the interfacial condition of the
isothermal transformation in the alloy are discussed. Furthermore, the solute drag effect on the ferrite
growth is estimated by inserting the concentration of Mn segregated to the interface into the solute drag
equation to describe a phase boundary [21, 22].

2. EXPERIMENTAL PROCEDURE

An ingot of Fe-0.12C-2.0Mn (mass %) was hot-rolled to 30 mm. The homogenization heat
treatment was conducted at 1473 K for 48 hours in an Ar gas flow. The specimens of 10 mm x 80 mm
x 1 mm were made by cutting from the center of the ingot. The specimens were austenitized at 1373 K
for 60 s in an Ar atmosphere, cooled to 973 K using N gas at 50 K/s, annealed at 973 K for 30, 300,
600, 3000, 10000, and 100000 s, and then quenched to room temperature using He gas. The
microstructure etched with 3 % nital was observed by an optical microscope. The mean thickness of
ferrite was measured from the optical microscope images. The thickness of ferrite was the average of
the ten largest ferrite grains.

To compare with the result of the optical microscope observation, an isothermal section of Fe-C-
Mn ternary phase diagram at 973 K with NPLE, PLE and PE region was calculated by Thermo Calc,
version S with TCFES database. The width of ferrite grains assuming PE and LE were calculated by
DICTRA, version 26 with TCFE5 and MOB?2 databases. The initial ferrite thickness and austenite
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thickness were 1x10° m and 6Xx10° m, respectively. The austenite grain was divided into 64 by
geometric progression of 1.05. The ferrite/austenite interface was assumed to be linear.

The region containing an interface between ferrite and a variety of martensite and retained austenite
(MA) in each material, which was ferrite/austenite interface at 973 K, was extracted and thinned by
Focused lon Beam (FIB) and Ar ion milling. The thinning process by FIB was performed by Hitachi
FB2100. The acceleration voltage was 40 kV at the beginning and then decreased to 20 kV for the fine
fabrication. Low voltage Ar ion milling was conducted to remove the surface damage that was caused
during the FIB process. The acceleration voltage was 1 kV at the beginning and gradually decreased to
300 V.

The ferrite/MA interfaces were observed by aberration corrected STEM. Additionally, Mn
concentration profiles near the ferrite/MA interfaces were measured by STEM-EELS. The STEM
observation was performed by FEI Titan® 80-300 at the acceleration voltage of 300 kV. To minimize the
influence of the interface inclination on the measurement results of the Mn profile near the interfaces,
the tilt series measurement technique was adopted [20]. The Mn concentration profiles were measured
from two interfaces on respective specimens. The profiles which have higher concentration at the
interface were chosen to be nearest to the true profiles.

3. RESULTS

Figure 1 shows an isothermal section of Fe-C-Mn ternary phase diagram with PLE, NPLE and PE
region at 973 K. The open circle shows the matrix constitution of this specimen. It is below the NPLE
limit. As a result, ferrite growth could follow NPLE or PE kinetics. The interfacial tie line in the figure
shows that the equilibrium Mn concentrations in ferrite and austenite of NPLE mode is 2.0 and 6.2
mass %, respectively.
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Fig. 1 Isothermal section of Fe-C-Mn ternary phase diagram at 973 K. Open circles, solid lines, alternating
long and short dashed line, dashed line, and dotted line shows initial content, equilibrium boundary,
PE boundaries, NPLE/PLE boundary, and tie-line of NPLE, respectively.

Figure 2 shows time dependence of the thickness of ferrite grains. In the optical microscope
observation, the ferrite grains were primarily spherical in shape, which suggested that they were
allotoriomorphic ferrite grains. The mean diameter of austenite grains was about 170 um. The thickness
of ferrite grains increased with the holding time and saturated after 3,000 s. It should be noted that the
ferrite grains grew at a rate faster than that calculated under LE and slower than the one calculated under
PE conditions.
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Fig. 2-Time dependence of the thickness of ferrite grain at 973 K. Open circles with error bars show thickness of
ferrite obtained by optical microscope observation. Error bars show standard deviations. Alternate long and
short dash line and dashed line show width of ferrite from austenite grain boundaries obtained by DICTRA
calculation on PE and LE modes, respectively.
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Fig. 3 Mn concentration profiles across the ferrite/MA interface of alloy Fe-0.12 mass % -2.0 mass % Mn after
isothermal transformation at 973K measured by EELS. The incident electron beam diameter was about 0.2 nm.
The maximum distance of specimen drift during the measurements per point was 0.3 nm perpendicular to the
ferrite/MA interface. The specimen thicknesses in the analysis regions were 30, 25, 40 and 30 nm for holding times
of 30, 300, 3,000, and 10,000 s, respectively.

Figure 3 shows the Mn concentration profiles for each of the holding times as measured by EELS.

No specific feature of Mn distribution was recognized for the specimen after a holding time of 30 s. The
Mn concentrations in ferrite and MA were equivalent. Enrichment of Mn at the interface was not
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recognized (Fig.3 (a)). For a holding time of 300 s, the Mn concentration at the interface was higher
than that of the matrix although there was still no difference between the concentrations within the ferrite
and MA, respectively (Fig.3 (b)). When the holding time was increased, the concentration at the
interface increased. The measured values of concentrations were 5, 8 and 14 at% for 300, 3,000, and
10,000 s, respectively. In the meantime, the Mn concentration in MA closed to the interface increased
with a holding time exceeding 3,000 s (Fig.3 (c),(d)). The concentration decreased with the distance
from the interface. The concentration measured at points far enough from the interface was about 2 at%
for all conditions, which was consistent with the Mn content of the alloy. The width of the Mn enriched
region in MA phase was about 5 nm at 3,000 s and 40 nm at 10,000 s.

4. DISCUSSION
4. 1. Measurement accuracy of the Mn concentration

In this study, Mn concentration was obtained by the following procedures. First the integral
intensities of the Mn-L edge and Fe-L edge were extracted by subtracting the background components
from an EELS spectrum. After that Mn concentration was estimated by the ratio of the intensities and
the cross sections of the edges. The cross sections were estimated by the Hartree-Fock approximation
in the current study. The measurement error of the concentration mainly comes from the statistical error
of the spectrum, background model and the cross sections.

Since the intensities of Mn-L edges were about 70,000 counts, the statistical error was considered
to be small, which was estimated to be about 0.004 by a simple estimation, 1/N%°, where N is the signal
count. For 2.0 at%, which is the Mn content of the material, it is equivalent to 0.01 at%.

In general, determination of the background components for EELS spectra is difficult [23]. This
problem is remarkably the case for light elements, of which signals appear in a relatively low energy
region, the result of analysis is very sensitive to the background subtraction process because the
spectrum shape is very steep in a low energy region. For Mn-L edge and Fe-L edge, the background
subtraction process is not so sensitive because the background shape is almost flat in the relevant energy
region (Mn-L edge: 640 eV, Fe-L edge: 708 eV). However, when the signals of Mn-L edge were small,
i.e. several at%, the background subtraction process can be a main cause of the error for the elemental
quantification.

Although it is difficult to discriminate between those factors, the measurement errors in the current
experiments are estimated below. The Mn concentrations of the matrices, that is, the concentrations at
the points far enough from the interfaces, should be around the Mn content of the alloy, 2.0 at%. Mean
concentrations measured in the matrix regions and the standard deviations in each specimen are
summarized in Table 1. The difference of the concentration between specimens is considered to be due
to the non-uniformity of the Mn distribution in the materials. The Mn concentration fluctuates over a
range of tens of micrometers, which is called micro segregation. The average value of the matrix
concentrations for 4 specimens was 1.98 at%, which was almost identical to the alloy content, 2.0 at%.
Therefore, the accuracy of the quantification was considered to be very high. Moreover, the deviation
of the matrix concentration in each specimen was less than 0.3 at%. Thus, the precision of the current
analysis was estimated under 0.3 at %.

Table 1 Mn concentrations measured in the matrix regions and the standard deviations in the specimens held for
30, 300, 3,000, and 10,000 s at 973K.

30s 300 s 3000 s 10000 s average
Mean concentration (at %) 2.1 1.9 1.7 2.2 1.98
Standard deviation (at %) 0.2 0.2 0.3 0.2 -

4. 2. Estimation of the true concentration profile

Although the incident beam diameter was quite small due to the advantage of aberration corrected
STEM, which was as small as the lattice spacing of Fe, the spatial resolution of STEM-EELS analysis
should be degraded by several factors (such as; the beam scattering in the specimen, the specimen drift
during the measurement [20 24-26], convergence angle of the beam, and tilt angle of the interface from
the direction of the beam). As a result, concentration profiles obtained by the measurement can be largely
different from the true profiles. Thus, it is necessary to estimate the true profile from the obtained profiles
for the detailed discussion of the phase transformation mechanism of allotriomorphic ferrite.
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In order to estimate the true profiles, cw’, cmn®” and W were parameters for making the model
profiles. In Figure 4, these parameters are described. First, model profiles were prepared using the
parameters. Second, the expected profile, used to compare with the profile of the experimental result,
was made by convolution between the model profile which has an inclination angle between the
interface and the direction of the incident electron beam, and the electron beam intensity distribution,
which is considered the broadening factors mentioned above. Third, the expected profile was compared
with the profile of the experimental result. If the expected profile was consistent with the profile of the
experimental result, it could be considered that the model profile was the true profile.

" ferrite Cinterface austenite
_— - —
GMH"‘

Gy Y

Concentration of Mn

-0 0 & X
Distance from center of the interface

Fig. 4 Schematic profile of the Mn concentration near the interface. cmno shows initial average concentration of
Mn. In Fig. 4, the Mn concentration of ferrite region is close to cmno. cvmn® shows the Mn concentration at the center
of the interface. cun®” shows the Mn concentration at the point of contact between the interface and the austenite.
The width of the enrichment region in austenite is higher than cvno as shown by W.

The calculated profiles obtained by the convolution are shown in Fig.5. In this simulation, the
inclination of the interface plane to the electron beam was also considered. The inclination angles were
determined to fit the calculated profiles with the measured ones. Each inclination angle suitable for a
measured profile was determined among angles of 0.5 degrees intervals. For the specimen of 30 s, the
measured profile was able to be explained by the profile with neither partitioning nor segregation (Fig.
5 (a)). The concentration was uniform for the entire area, which was 2.1 at %. For the specimen at 300
s, the experimental profile can be reproduced by considering the profile with the interfacial segregation,
of which the concentration at the interface was 8.6 at%, and a 2-degree inclination of the interface plane
(Fig. 5 (b)). For the specimens at 3,000 and 10,000 s, the experimental profiles can be assumed by the
profiles with both partitioning and segregation under the condition of a 1.5-degree inclination and a
zero-degree of the interface plane, respectively. The concentrations cma? were estimated to be 13 at%
and 20 at%, cvn?” were 5.5 at% and 6.3 at%, the partitioning widths # were 4 nm and 40 nm for 3,000s
and 10,000 s, respectively (Fig. 5 (c), (d)). cmno of each holding time was used each mean concentration
measured in the matrix region shown in Table 1.

4. 3. Mechanism of allotriomorphic ferrite formation at the first and second stage

Based on the above results, the behavior of Mn in the phase transformation will be discussed. In
the specimen held at 973 K for 30 s, neither partitioning nor segregation occurred. Therefore, it is
considered that allotriomorphic ferrite was formed by PE mode at the first stage.

At the second stage, allotriomorphic ferrite is considered to be formed by PE mode with interfacial
segregation. The reasons are listed as follows. First, it is considered that partitioning of Mn from ferrite
to austenite hardly occurred at 300 s. As shown in Fig. 5 (b), the measured profile can be interpreted
with only segregation and no partitioning. The concentration at the interface was considered to be 8.6
at%, which was about 4.3 times higher than in the matrix. The meaning of the value will be discussed
in the next section. Second, the growth rate of ferrite was faster than that expected for NPLE mode as
shown in Fig. 2. If ferrite was formed by NPLE, the time dependence of the mean size of the ferrite
grains in Fig. 2 would be expected to be on or below the LE line. Therefore, it is considered that the
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mechanism of ferrite formation at 300 s is neither PLE nor NPLE. Meanwhile, the growth rate of the
ferrite grain was slower than that expected under PE. Based on those facts, it is suggested that the
mechanism of the ferrite formation at the second stage is PE with interfacial segregation. The growth
rate was slower than that for PE because of the solute drag effect of Mn.
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Fig. 5 Assumed and convoluted profiles with experimental results of Mn concentration using electron beam
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the interface from the direction of the incident electron beam. Assumed Mn concentration profiles and profiles
were obtained by convolution of the assumed profiles and the beam intensity distribution. The convolution profiles
are close to experimental results. Assumed profiles corresponding with each convolution profile are estimated to
be true profiles.
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4. 4. Mechanism of allotriomorphic ferrite formation at the third and fourth stage

At the third stage, Mn partitioning occurred. The Mn concentration profiles in the specimens held
at 973K for 3,000 s showed an apparent Mn enriched region on the MA side. The Mn concentration was
higher than in the matrix within about 4 nm from the interface in the specimen of the holding time at
3,000 s. The concentration at the contact point between the interface and austenite at 3,000 s was smaller
than 10,000 s. The concentration at the contact point at 10,000 s was estimated close to 6.3 at % which
was the concentration of austenite in NPLE given by a Thermo Calc calculation. That means that Mn
partitioning occurred on the phase transformation in the third stage but the stage had not achieved NPLE.
In other words, the third stage is in the transition condition from PE to NPLE. However, in this stage,
partitioning had already started. In the transition theory [6], partitioning should not occur before NPLE.
Therefore, it is considered that partitioning occurred due to the moving rate of interface becoming slower
than that of NPLE due to the solute drag effect.

The concentration in austenite adjacent to the interface, cun®”, was 6.3 at% at 10,000 s. According
to the calculation by Thermo Calc, cvn®” is 6.3 at% for NPLE. However, the profile at 10,000 s shows
the partitioning has already occurred. Therefore, this condition should not be in NPLE but PLE. In the
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third stage, partitioning had already occurred. Therefore, it is considered that the transition from third
to fourth stage proceeds without going through NPLE.

4. 5. Segregation to the ferrite/austenite interface

As shown in the previous sections, Mn segregation to ferrite/austenite interface was observed in all
profiles after the second stage. As a result of that the ferrite growth rate was smaller than that of PE
mode in the second stage, which was the so-called solute drag effect. In this section, the concentration
profile of the solute drag is considered.

Quantitative treatment of the solute drag was first proposed by Cahn [27]. Purdy and Brechet [21]
extended Cahn's theory to phase boundaries. After the Purdy-Brechet model, an asymmetrical wedge-
shaped potential well for the interaction of solute i with the interface is considered. In Fig. 6, 2AFE is the
chemical potential difference of i in austenite and ferrite, £y is the binding energy of i to the interface
and 2Jis the width of the interface.

al
Fiyin 3

Potential Energy

ferrite interface |  austenite

% | 0 5 X
Distance from center of the interface

Fig. 6 Schematic showing the chemical potential profile near the interface. ™ and ' show chemical
potential of the ferrite and austenite phase, respectively. Eo shows binding energy between Mn and the
ferrite/austenite interface. o shows the point halfway from the center of the interface.

The concentration profile (ci(x)) of i at a moving interface with a quasi-steady-state velocity (v) is
calculated by the flux equation [21].
a—C+£6—E—V(C—1)=o 3)
0X RToX
where C, X, and V" are dimensionless parameters defined by C=ci/ci,, X=x/0, V=v&/Ds, cio is the bulk
composition of i and Dy is the diffusivity across the interface. The concentration profile at the interface
can be obtained by solving this equation.

The model profiles in Fig. 5 were able to fit to the profiles assumed by solute drag well. The parameter
sets for simulating the four assumed profiles were found by using the solute drag calculation with fitting
parameters, Dy= 2.8x10"'® m?/s, Ey =13 kJ/mol, and v(30 s)=2x10"7 m/s, »(300 s)=8x10* m/s, v(3000
$)=1x10" m/s, v(10000 s)=2x10"1" m/s. Each cwmo for the specimens held for 30, 300, 3,000, and 10,000
s were given the the mean concentration in Table 1. The calculated cell size was given 1x10° nm.

Figure 7 shows the time variation of the interfacial velocity comparison between the velocity
estimated from optical microscope observation and that of the solute drag calculation. The velocity from
the solute drag calculation was close to that of optical microscope observation.
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Fig. 7 Time variation of the interfacial velocity.

5. CONCLUSIONS

The present study investigated the formation behavior of allotriomorphic ferrite during isothermal
annealing at 973 K in Fe-0.12C-2.0Mn (mass %) ternary alloy. The Mn concentration profiles near the
transformation interfaces were investigated quantitatively using the aberration corrected STEM-EELS
technique.

In the first and second stages, the size of the ferrite grains increased faster than the calculated result
for the local-equilibrium condition and slower than that for the PE condition. In the third stage, the
concentration profile couldn’t be explained using the conventional transition theory. It is considered that
that partitioning occurred due to the fact that the moving rate of interface became slower than that of
NPLE caused by the solute drag effect. In the fourth stage, Mn concentration at the contact point at the
austenite side was close to the concentration of NPLE calculated by Thermo Calc. However, partitioning
had already occurred. Therefore, the fourth stage should be PLE. It is considered that the transition from
third to fourth stage proceeds without going through NPLE.

The ferrite growth behavior estimated by optical microscope observation is close to the growth rate
estimated by combining the STEM-EELS measurement and the SD theory.
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