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Abstract: The effects of heating rate on the formation of acicular and globular austenite during
reversion from martensite in Fe–2Mn–1.5Si–0.3C alloy have been investigated. It was found that a
low heating rate enhanced the formation of acicular austenite, while a high heating rate favored the
formation of globular austenite. The growth of acicular γ was accompanied by the partitioning of
Mn and Si, while the growth of globular γ was partitionless. DICTRA simulation revealed that there
was a transition in growth mode from partitioning to partitionless for the globular austenite with an
increase in temperature at high heating rate. High heating rates promoted a reversion that occurred
at high temperatures, which made the partitionless growth of globular austenite occur more easily.
On the other hand, the severer Mn enrichment into austenite at low heating rate caused Mn depletion
in the martensite matrix, which decelerated the reversion kinetics in the later stage and suppressed
the formation of globular austenite.
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1. Introduction

Coarse polygonal ferrite and retained austenite (γ) in conventional transformation-induced
plasticity (TRIP)-assisted steels were replaced by fine lath-type morphologies of the annealed
martensite matrix and retained γ to improve the stretch-flangeability [1]. These fine lath-type
morphologies can be generated by starting with martensite as the initial structure for the reversion
treatment and subsequent austempering process [1]. The mechanical properties of TRIP steel depend
largely on the phase fraction and stability of the retained γ, which are strongly influenced by the
transformation kinetics and elements’ partitioning behavior during the γ reversion.

In γ reversion from lath martensite, two types of reverted γ (acicular and globular γ) can
be formed [2–16]. These two types of γ have different crystallographic characters and growth
kinetics [15,16]. The acicular γ grains hold near-Kurdjumov–Sachs (K–S) orientation relationships (OR)
with all the surrounding tempered martensite (TM) [4,10–12,15] and grow by migration of the α/γ
interface with the near-K–S OR. The growth of acicular γ is accompanied by Mn and Si partitioning
during isothermal holding, regardless of reversion temperatures [16]. On the other hand, the globular
γ holds a near-K–S OR with a part of its surrounding TM variant, and growth is accompanied by Mn
and Si partitioning at low temperatures and becomes partitionless at high temperatures [15,16].

The reversion of γ during isothermal holding has been well studied in previous works [10,16,17].
However, in the industry, steels are usually continuously heated. The continuous heating process is
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more complex than that of the isothermal holding process due to the change in annealing temperature
with time. Heating rate is an important parameter in the continuous heating process, which has a
strong influence on the microstructure of the reverted γ in low-alloy steels. Matsuda et al. [4] and
Kimmins et al. [7] reported that raising the heating rate increased the degree of grain refinement by
forming a higher proportion of globular γ in low-carbon low-alloy steels. Meanwhile, Sadovskii [3]
found that it was possible to reconstitute the exact original prior γ grains through the coalescence
of the acicular γ at rapid or slow heating rates, but not at intermediate heating rates. However,
the mechanisms for the effects of heating rate on the formation of the acicular and globular γ remain
unclear. The present study has been undertaken to systematically study the microstructure evolution
and element partitioning behavior during continuous heating at various heating rates and aims to
clarify the effects of heating rate on the reversion mechanisms.

The current results clearly showed that a change from acicular to globular morphology was
observed, experimentally, from low to high heating rates, accompanied by a change from a partitioning
to partitionless mechanism of the substitutional elements. This important finding can help in the
design of heat treatments of new-generation TRIP steels, for example, to control the morphologies and
element partitioning behavior during reversion through controlling the heating rate.

2. Materials and Methods

The chemical composition of the alloy used in this study is shown in Table 1.
The ortho-equilibrium Ae1 and Ae3 temperatures calculated by ThermoCalc 4.0 using the TCFE7
database are 965 and 1074 K, respectively. The samples cut from a hot-rolled plate were homogenized
at 1423 K in an Ar-filled silica tube for 24 h. After the homogenizing treatments, no obvious
segregation of the alloying element was detected by electron probe microanalysis. The homogenized
samples were austenitized at 1323 K for 1.8 ks, and then quenched into ice brine to obtain full
martensitic microstructures with prior γ grain sizes of approximately 200 µm. Cylindrical specimens
(3 mm diameter, 10 mm long) were subsequently machined for reversion treatment by using a
dilatometer, where specimens were induction-heated at various heating rates in the range of 0.1–20 K/s
and quenched by He gas immediately after reaching various specified temperatures. After the heat
treatments, the specimens were cut and mechanically polished with emery paper, diamond spray
buff, and colloidal silica. Microstructures were characterized using optical microscopy (OM, Nikon
Instech Co., Ltd., Tokyo, Japan) and field emission scanning electron microscopy (FE-SEM; JEOL,
JSM-7001F, JEOL Ltd., Tokyo, Japan) after etching in a 2% Nital solution. Volume fractions of the
overall, globular, and acicular γ were quantified by point counting, and the details are described
elsewhere [16]. The true thickness or true interspacing of acicular γ were estimated to be a half of the
apparent average thickness or interspacing measured by random line intersections on SEM images, to
take a stereographic effect into account [18]. In addition, the local distributions of alloying elements
were analyzed with field emission electron probe microanalyzer (FE-EPMA), operated at 15 kV with
the step size of 50 nm.

Table 1. Chemical composition of the alloy used in this study (mass %).

C Si Mn P S Fe

0.30 1.49 2.02 0.006 0.002 Bal.

3. Results and Discussion

3.1. Reversion Kinetics and Element Partitioning Behavior during Continuous Heating

The measured Ac1 and Ac3 temperatures (α→γ starting and finishing temperatures) against the
heating rate is shown in Figure 1a, in which the equilibrium Ae1 and Ae3 temperatures were plotted for
comparison. The Ac1 temperature increased with an increase in heating rate, and the Ac3 temperature
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decreased at first, and then it almost had no change regardless of the heating rate. Both the Ac1 and
Ac3 temperatures were slightly above the equilibrium Ae1 and Ae3 temperatures.

The transformation kinetics obtained from the dilatometric analysis under different heating rates
are displayed in Figure 1b. At low temperatures, the reverted γ fraction was larger at a heating rate
of 0.1 K/s than that of the other two heating rates. This was due to the longer reversion time it
experienced. However, at high temperatures, the γ fraction decreased lower than that of the high
heating rates. This dramatic change in reversion kinetics may strongly relate to the microstructures of
the reverted γ formed at different heating rates.
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Figure 1. (a) The measured Ac1 and Ac3 temperatures as a function of heating rate, (b) γ reversion
kinetics at different heating rates.

Figure 2a–h shows the OM and SEM images of the specimens quenched from 1073 K that were
heated at different heating rates. At a heating rate of 0.1 K/s, a small amount of globular γ grains (the
white contrast, it is martensite at room temperature) were formed along the prior γ grain boundaries,
as shown in the OM image in Figure 2a. Meanwhile, the SEM image (Figure 2b) reveals that a large
amount of acicular γ (martensite at room temperature) grains was dominantly formed within the prior
γ grain, which was fine in appearance and hardly visible in the OM image in Figure 2a. By comparing
the OM images of Figure 2a,d,g, it can be seen that the density of globular γ grain clearly increased
with the increase in heating rate. On the other hand, the amount of acicular γ decreased and became
thinner, as shown in the SEM images in Figure 2b,e,h.

Figure 2c,f,i quantitatively summarizes the volume fractions of the overall and the two
morphologies of γ against the temperature at these three heating rates. The solid circles and red
diamonds respectively indicate the overall and globular γ fractions, measured by point counting.
For comparison, the γ fractions that were evaluated from the dilatometric measurement and predicted
by the ortho- and para-equilibrium (PE) models are also plotted. The overall γ fractions measured by
point counting were close to that of the dilatometric analysis, and they were lower than the ortho- and
para-equilibrium predictions. From the kinetics curves, it is obvious that the fraction of globular γ
increased significantly with the increase in heating rate, while the inverse change occurred for that of
the acicular γ. The larger size of the globular γ compared with that of the acicular γ suggests that the
globular γ grows faster than the acicular γ.

To understand the growth kinetics of the two morphologies of γ, the element partitioning behavior
during reversion was examined by FE-EPMA analysis on the specimen that was quenched from 1073 K
and heated at 1 K/s. The region for mapping is shown in Figure 3a, in which both the acicular and
globular γ coexist. The measured Mn and Si maps are shown in Figure 3b,c, respectively. It can be
observed that Mn was enriched into acicular γ, while Si was enriched into tempered martensite (TM).
This strongly indicates that the growth of acicular γ was accompanied by the partitioning of Mn and Si.
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Meanwhile, from Figure 3b,c it seems that globular γ had intermediate Mn and Si contents
between the TM and acicular γ. The quantitatively measured Mn and Si contents along the line ab in
Figure 3a are shown in Figure 3d. It shows that the Mn and Si contents in the globular γ, located at
the right-hand side of the graph, were closer to the bulk composition. This indicates that the growth
of globular γ and substitutional elements is partitionless, in contrast with the partitioning growth
of acicular γ. This is consistent with the partitioning behavior of the elements during isothermal
annealing at 1073 K [16].

3.2. DICTRA Simulation of the Growth of Austenite

To deeply understand the growth mode of the two types of γ during continuous heating, the α/γ
interface migration was simulated by DICTRA 4.0, which was used to simulate γ growth kinetics
during the isothermal holding process [10,16,17,19].

It is known that the presence of cementite (θ), which decreased the carbon supersaturation of
the matrix, plays an important role in the reversion kinetics [16]. The distributions of θ just before
reversion were examined by SEM observations at various heating rates, as shown in Figure 4. It was
found that a large amount of θ particles precipitated in all the cases, and a high heating rate led to fine
and high number density θ particles.
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(a) 0.1 K/s, (b) 1 K/s, and (c) 20 K/s.

The reversion at 1 K/s from 983 (Ac1) to 1093 K was simulated, at first, by DICTRA linked to the
TCFE7 and MobFe2 databases. The simulation on acicular γ was mainly focused due to its regular
spatial distribution. One-dimensional growth of γ into α with the system size of 0.5 µm (approximately
half of block width) was assumed, as shown in case A in Figure 5a, because it has been observed that
acicular γ is mainly nucleated at martensite block boundaries [15]. The initial thickness of γ was set
to 1 nm. To take the presence of θ into account, two cases of B and C as shown in Figure 5a, which
correspond to the reversion with θ dissolution in γ and α, respectively, were considered.

In this simulation, the initial size and composition of θ were determined by the volume fraction
and composition of θ under ortho-equilibrium with α just below Ac1 temperature (Xθ

Mn = 9.0 atom %).
Accordingly, the ortho-equilibrium α composition was used as the initial composition for both α and
γ phases.

The calculated and measured acicular γ thicknesses as a function of the temperature are shown in
Figure 5b. The thickness simulated by case A (infinite interface mobility) had an abrupt increase at
the beginning, resulting in a much larger value than the measurement. Considering the presence of θ
(cases B and C), the γ growth was greatly retarded at low temperatures and close to the measurement.
This retardation effect was due to the reduction of the carbon supersaturation in the matrix which
was caused by the presence of θ. However, the γ growth increased dramatically at high temperatures
and exceeded the measurement for both cases. Such a dramatic increase in γ thickness was caused
by the transition from partitioning to partitionless growth mode of γ at a higher temperature and,
thus, at a larger driving force. This can be observed in the Mn profiles taken from case C, as shown in
Figure 5d. At 1033 K, the Mn composition in γ was higher than that in α at the interface, indicating
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that macroscopic partitioning of Mn occurred at the interface, namely, that the γ growth was in the
partitioning growth mode. Meanwhile, at 1043 K, the Mn profile had no significant change after
passing the interface, except for a thin spike at the interface where the partitionless growth mode takes
place. The similar result was obtained for case B, which will be not shown here. Therefore, the slower
growth of acicular γ accompanied by Mn partitioning at high temperatures cannot be predicted in
those conditions.Metals 2019, 9, x FOR PEER REVIEW  6 of 9 
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Figure 5. (a) Three different geometries for the simulation of γ reversion. Comparisons between
measured and simulated thickening kinetics of acicular γ in cases (b) A, B, C with infinite interface
mobility, and (c) case A with different interface mobilities. (d) Concentration profiles of Mn at different
temperatures in case (c). (e) Concentration profiles of Mn and Si in the early stage of reversion at 1073 K
at interface mobility of 0.001M0.

In a previous study [15], it was found that the acicular γ holds near-K–S ORs with all the
surrounding TM matrix, while the globular γ holds non-K–S ORs with most of its surrounding TM
matrix. The interface with a K–S OR has better coherency than that without a K–S OR. It is generally
considered that an interface with good coherency has a lower intrinsic interface mobility. In the authors’
previous work, it was found that [16] finite interface mobility plays an important role in the growth
kinetics of acicular γ during the isothermal holding process. Finite interface mobility can cause an
additional energy dissipation (∆G) during the interface migration, which can be expressed by [16,20]

∆G = v/M·Vm (1)

where ∆G is the free energy dissipation at the interface for 1 mol of the substitutional atoms transferred
across the interface, v is the velocity of the interface, M is the interface mobility, and Vm is the
molar volume.
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To take the finite interface mobility into account, the value of acicular γ/TM interface mobility
is needed for the DICTRA calculation. Several α/γ interface mobilities were reported for fcc→ bcc
massive transformations [21–23]. The massive transformation occurs by migration of incoherent
interface; therefore, the mobility of the acicular γ/TM interface with better coherency should be
smaller than the reported mobilities. Hence, in this study, in order to reduce the interface mobility, the
reported interface mobility [21] (M0 = −4 × 10−7exp(−140,000/RT) m4/Js) was multiplied by various
small constants (1~0.001) to evaluate the growth of acicular γ, as simulated in the isothermal holding
process [16].

The calculated result is shown in Figure 5c. Consideration of the interface mobility of M0 resulted
in a negligibly small difference in reversion kinetics. When the interface mobility was decreased lower
than 0.01M0, the growth of γ was gradually retarded both at low and high temperatures, and the
prediction almost coincided with the measurement at 0.001M0. The predicted γ growth kinetics had no
dramatic change with temperature because there was no transition in growth mode when temperature
increased. This can be seen from the Mn and Si profiles assuming 0.001M0 as shown in Figure 5e, where
solid and dotted lines represent profiles at the temperatures of 1033 and 1073 K (temperature of EPMA
measurement), respectively. Mn and Si were clearly partitioned at both high and low temperatures,
which was in good agreement with the observations. Therefore, interface mobility is an important
factor for the growth of acicular γ, in addition to θ. This is consistent with the case of the isothermal
holding process [16], where multiplication of 0.001 to M0 also showed good agreement with variations
of acicular γ thickness during isothermal annealing at 1023 K.

From the above calculation, it can be seen that at low temperatures, the effect of interface mobility
was weak because both the presence of θ and low interface mobility led to partitioning growth mode.
However, at high temperatures, the finite interface mobility became the rate-controlling factor in the
growth of acicular γ. On the other hand, the rapid growth rate at high temperatures for the cases of B
and C in Figure 5b may correspond to the growth of globular γ, whose interface mobility should be
larger than that of acicular γ.

According to the above discussion, it is possible that regardless of whether it was acicular or
globular γ, the growth mode was partitioning at low temperatures and then they may have a similar
growth rate and appearance. However, at high temperatures, the driving force for reversion was
larger and the growth of globular γ became partitionless due to the poor interface coherency with
the surrounding TM, which grew much faster than that of the acicular γ that is under partitioning
mode. According to Figure 1b, a high heating rate promoted the γ reversion that occurred at high
temperatures. This made the partitionless growth of globular γ more easily formed. Therefore,
more globular γ can be formed at a high heating rate.

In order to understand the low fraction of globular γ formed at a low heating rate, the γ growth
kinetics at a low heating rate of 0.1 K/s in the case C (infinite interface mobility) were calculated and
the corresponding result is shown in Figure 6a, in which the growth of γ at 1 K/s is also plotted for
comparison. At low temperatures, the calculated γ thickness was larger at a heating rate of 0.1 K/s
than that at the heating rate of 1 K/s. However, at high temperatures, the inverse result was obtained.
This is similar to the experimental observations shown in Figure 1b. The element profiles shown in
Figure 6b reveal that the growth of γ at the heating rate of 0.1 K/s was always under partitioning
growth mode, regardless of the temperature. At low temperatures, Mn was severely enriched into
γ, due to the longer partitioning time at the low heating rate, and the martensite matrix became
Mn-depleted. It can be seen from the Mn content profiles that the Mn content in the martensite
matrix at 1043 K at the heating rate of 0.1 K/s was much lower than that at the heating rate of 1 K/s.
Mn depletion in the martensite matrix greatly decreased the driving force for reversion, which caused
the growth of γ under partitioning mode, even at high temperatures. The partitioning growth mode of
γ suppressed the reversion at high temperatures at the low heating rate, and may have caused the low
fraction of globular γ.
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Figure 6. (a) Comparisons between simulated thickening kinetics of γ in case C with infinite interface
mobility at the heating rates of 1 K/s and 0.1 K/s. (b) Concentration profiles of Mn at different
temperatures in case C at different heating rates.

It needs to be pointed out that in the above calculation, the same Mn content in θ is assumed
for different heating rates. Indeed, the degrees of pre-tempering before reversion were different and
depend on the heating rates, as shown in Figure 4. With a decrease in heating rate, the martensite was
more severely tempered. It was reported that heavy pre-tempering leads to severer Mn enrichment
into θ and, thus, suppresses the formation of globular γ [14]. Therefore, the longer tempering time
before reversion at low heating rates may also contribute to the low fraction of globular γ formed at
low heating rates. On the other hand, a high number and density of fine θ particles was formed at a
high heating rate, and θ was proposed to be the nucleation site for globular austenite [15]. Therefore,
the higher density of θ may be partly responsible for more globular γ being formed at the faster
heating rate.

Moreover, the possibility of the temperature dependence of the nucleation kinetics of acicular and
globular γ cannot be denied, which may also contribute to the formation of low or high densities of
globular γ at low or high heating rates, respectively.

4. Summary

In summary, the effects of heating rate on reverted γ morphology in reversion from martensitic
Fe–2.02Mn–1.49Si–0.3C alloy during a continuous heating process have been studied. It was found that
a low heating rate enhanced the formation of acicular austenite, the growth of which was accompanied
by Mn partitioning, while a high heating rate favored the formation of globular austenite, the growth
of which was partitionless. DICTRA simulation revealed that there was a transition in growth mode
from partitioning to partitionless for the globular austenite with an increase in temperature. At the
low heating rate, the severer Mn enrichment into austenite caused Mn depletion in the tempered
martensite matrix, which decreased the driving force for reversion and caused the austenite to grow
under partitioning mode, regardless of the temperature. Meanwhile, high heating rates decreased the
degrees of Mn partitioning into the austenite and thus led to a larger driving force for reversion which
allowed the austenite to grow through a partitionless mode during heating. This led to an increase in
the fraction of globular austenite.
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