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A medium-Mn steel (Fe-12Mn-3Al-0.05C wt%) was designed using Thermo-Calc® simulations to balance
the fraction and stacking fault energy of reverted austenite. Intercritical annealing for 0.5, 8 and 48 h was
carried out at 585 �C to investigate the microstructural evolution. X-ray diffraction (XRD), electron
backscatter diffraction (EBSD), 3-dimensional EBSD, energy-dispersive spectroscopy via scanning-
transmission electron microscopy (STEM-EDS) and atom probe tomography (APT) enable characteriza-
tion of phase fraction, grain area, grain morphology and alloy partitioning. An increase in annealing time
from 0.5 h to 48 h increases the amount of ultrafine-grained (UFG) reverted austenite from 3 to 40 vol %.
EBSD and TEM reveal multiple morphologies of UFG austenite (equiaxed, rod-like and plate-like). In
addition, most of the remaining microstructure consists of recovered a0-martensite that resembles the
cold-rolled state, as well as a relatively small fraction of UFG ferrite (i.e., only a small amount of
martensite recrystallization occurs). Multi-scale characterization results show that the location within
the cold-rolled microstructure has a strong influence on boundary mobility and grain morphology during
austenite reversion. Results from APT reveal Mn-decoration of dislocation networks and low-angle lath
boundaries in the recovered a0-martensite, but an absence of Mn-decoration of defects in the vicinity of
austenite grains, thereby promoting recovery. STEM-EDS and APT reveal Mn depletion zones in the
ferrite/recovered a0-martensite near austenite boundaries, whereas gradients of C and Mn co-
partitioning are visible within some of the austenite grains after annealing for 0.5 h. Relatively flat C-
enriched austenite boundaries are present even after 8 h of annealing and indicate certain boundaries
possess low mobility. At later stages the growth of austenite followed the local equilibrium (LE) model
such that the driving force between two equilibrium phases moves the mobile interface, as confirmed by
DICTRA simulations (a Thermo-Calc® diffusion module). The sequence of austenite reversion is: (i) for-
mation of Mn- and C-enriched face-centered-cubic nuclei from decorated dislocations and/or particles;
(ii) co-partitioning of Mn and C and (iii) growth of austenite controlled by the LE mode.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Medium-Mn steels are considered third-generation advanced
high-strength steels (AHSS) and aim to balance the low cost of first-
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generation AHSS with the outstanding mechanical properties of
second-generation AHSS, especially for automotive applications
[1e5]. An optimally balanced third-generation AHSS possesses a
total alloying content below 17wt% and a multi-phase micro-
structure consisting of a0-martensite, ferrite and austenite.
Medium-Mn steels with Mn contents between 3 and 15wt%
generally exhibit a deformed a0-martensitic microstructure after
cold rolling [6,7]. Intercritical annealing produces ultrafine-grained
(UFG) austenite and ferrite at temperatures in the aþg phase field
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that also coincide with a temperature regime for a0-martensite
recrystallization [8]. This annealing stage is a critical processing
step in medium-Mn steel production as the annealing temperature
and time strongly affect the fractions and sizes of the reverted
austenite and recrystallized ferrite [9]. After nucleation, the parti-
tioning of Mn and C during intercritical annealing controls the
amount, size, composition and stacking fault energy (SFE) of the
reverted austenite. In most cases for medium-Mn steel production,
an increase in intercritical annealing temperature decreases theMn
content in austenite and decreases the SFE of the austenite [10,11].
The SFE controls transformation- and twinning-induced plasticity
(TRIP and TWIP) effects in the austenite during deformation which
increase the strain-hardening rate of the material [9,12e16].

Given the same intercritical annealing time and temperature,
both bulk composition and the amount of cold rolling allow for
tuning of fractions and morphologies of the constituent phases,
which in turn greatly influence mechanical properties [6]. Other
researchers of medium-Mn steels, TRIP steels and TWIP steels have
observed static and dynamic strain-aging effects, respectively
termed Lüders bands and Portevin-Le Chatelier (PLC) bands, which
can lead to plastic instabilities during deformation [17e19]. Recent
work on bulk compositions similar to the current work [20,21]
indicates no evidence of Lüders and PLC bands. The presence of
discontinuous yielding is usually attributed to the complete
recrystallization and equiaxed morphology of the microstructure,
the grain size of the UFG ferrite and the relatively low yield
strength of ferrite (compared to austenite) [8,11,22e26]. Non-
equiaxed microstructures can be advantageous in fatigue-critical
applications. In fact, a recent study [27] on a medium-Mn steel
with a bulk composition and microstructure similar to those in the
current work showed superior low-cycle fatigue-life limits due to a
nano-laminate multi-phase meta-stable microstructure that pro-
vided tortuous paths to limit crack propagation [28]. In terms of
tensile properties, the UFG austenite and ferrite are likely to pro-
duce high yield strengths from the Hall-Petch relationship [22].
Further, recent techniques also utilize additions of V and C in
medium-Mn steels to produce extremely hard carbides and thus
higher strength materials [29,30]. Characterizing partitioning and
final compositions in this work will be important in understanding
the mechanical behavior of the constituent phases in this multi-
phase steel [31,32] to better inform constitutive models [33] for
predicting mechanical properties in future work. By providing a
more complete understanding of the microstructural evolution,
future work in alloy design can then exploit competing mecha-
nisms to manipulate the microstructure and thus mechanical
properties.

In terms of compositional evolution of the microstructure, Chen
et al. [34] measuredMn and C concentrations in austenite that were
greater at lower annealing temperatures in an Fe-5.1Mn-1.4Ni-
0.2Si-0.035C wt% steel (10.4Mn-0.12C wt% in austenite at 600 �C
vs 7.7Mn-0.07C wt% in austenite at 650 �C). Work by Lee et al. [9] on
an Fe-6Mn-0.3C wt% steel demonstrated that an increase in inter-
critical annealing temperature increased the equilibrium austenite
volume fraction, up until a specific temperature (Tg-max), above
which the austenite volume fraction measured at room tempera-
ture (RT) decreased. The decrease in RT austenite fraction after
intercritical annealing and quenching with temperatures above Tg-
max is due to the formation of fresh athermal a0-martensite during
cooling. Tg-max varies strongly with carbon content and moderately
with parent grain size [9,35]. In addition, the volume fraction and
grain size of reverted austenite, which inherently influences me-
chanical properties, depends on annealing time and temperature
[6,36]. For an Fe-6Mn-0.3C wt% steel, Lee et al. [9] observed an
increase in austenite fraction from 10 to 25% upon increasing
annealing from 1 h to 24 h at 600 �C. Specific to nucleation, recent
work on an Fe-7Mn-0.1C-0.5Si (wt%) steel by Kwiatkowski da Silva
et al. showed that both austenite and carbide nucleation at 450 �C
depends on the co-segregation of C and Mn to dislocations and
grain boundaries [37]. Consequently, when the carbon content is
high enough, the nucleation of austenite may be delayed due to the
competition with the formation of carbides.

In this work, changes in annealing time allow for the investi-
gation of the compositional and morphological evolution of the
multi-phase microstructure. One focus of the present work was to
design a low-carbon medium-Mn steel (informed by Thermo-Calc®

and DICTRA simulations) with a multi-phase microstructure con-
taining UFG austenite with an austenite composition that corre-
sponds to a predicted RT SFE of approximately 20mJ/m2. This RT
SFE is desirable since recent studies [3,38e41] on coarse-grained
high-Mn steels with a similar SFE show evidence of both me-
chanical twinning and ε-martensite formation in the same grain.
The characterization of a multi-phase medium-Mn steel is partic-
ularly challenging as the austenite is ultrafine in size (<500 nm),
plus most of the microstructure is recovered or recrystallized a0-
martensite regions, which are ferromagnetic and thus increase the
difficulty of transmission electron microscopy (TEM) analysis.
Energy-dispersive spectroscopy via scanning-transmission electron
microscopy (STEM-EDS) and atom probe tomography (APT) quan-
tify the compositions of the ultrafine-grained (UFG) austenite after
intercritical annealing and provide an indicator of RT SFE of the
austenite. The multi-scale characterization approach in this work
identifies key compositional features of austenite reversion,
martensite recovery and martensite recrystallization, such as
nucleation sites, co-partitioning, Mn-decorated defects, Mn
depletion zones, and C enrichment on flat interfaces and/or near
triple-junctions. Electron backscatter diffraction (EBSD) re-
constructions in both 2 and 3 dimensions highlight the multiple
morphologies of austenite (equiaxed, rod-like and plate-like) and
their origin. EBSD, TEM and APT reveal the influence of location
(near equiaxed UFG ferrite, prior austenite boundaries and lath
martensite boundaries) on reverted austenite morphology and
boundary mobility.
2. Experimental methods

2.1. Material

To create the bulk material, an ingot of Fe-12Mn-3Al-0.05C (wt
%) was hot-rolled between 1100 �C and 900 �C to 3.4mm thickness,
homogenized in an Ar atmosphere at 1100 �C for 2 h and water-
quenched to RT, which is below the Ms temperature. After
quenching, the sheet was cold-rolled to 1.7mm (a 50% reduction in
thickness) to produce a deformed martensitic microstructure.
Micro-hardness (Vickers scale) was measured using a 2 kg load and
an average of 7 indents. Dilatometer measurements were carried
out under vacuum (specimen dimensions of 9mm� 4mm x
1.7mm) using a B€ahr Dil805 model, equipped with induction
heating at 32 kHz. A supply of He was used for the cooling medium.
To determine Ac1 and Ac3 temperatures, dilatometer specimens
were heated to 950 �C at 10 �C/s, held for 60 s and cooled at 10 �C/s.
To study the effect of intercritical annealing time on the micro-
structure, the cold-rolled sheets of medium-Mn steel were
annealed at 585 �C for 0.5 h, 8 h and 48 h, using a heating rate of
100 �C/s and a cooling rate of 100 �C/s. Since the local microstruc-
ture may be strongly influenced by Mn segregation, EDS mapping
was performed at low magnification in the SEM on a bulk cold-
rolled specimen annealed for 8 h at 585 �C, but no Mn-banding or
other large-scale segregation was observed. Such phenomena have
been observed in hot-rolled medium-Mn steels [30].



Fig. 1. Thermo-Calc® simulations of room temperature stacking fault energy and room
temperature volume fraction of austenite as a function of intercritical annealing
temperature for a Fe-12Mn-3Al-0.05C (wt%) steel (585 �C marked by a vertical line).
*Corrections to Thermo-Calc® predictions were introduced to compensate for the
formation of athermal martensite during cooling as described in Ref. [9].
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2.2. Sample preparation and microstructural characterization

2.2.1. EBSD and XRD
To prepare samples for characterization with electron back-

scatter diffraction (EBSD), sections of the intercritically annealed
material were mounted in conductive Bakelite, noting the rolling
direction, ground with SiC paper and auto-polished with diamond
paste and a final step using 50 nm silica. EBSD measurements were
acquired using a JEOL JSM-6500F FESEM with the following SEM
and scan parameters: 15 keV accelerating voltage, 12 nA probe
current, 18mm working distance and a 30 nm step size. Data
cleanup involved a grain confidence-index standardization. 3-
dimensional (3D) EBSD measurements were completed using a
Thermo Scientific Helios G4 plasma focused ion beam (PFIB)
operated at 20 keV and equipped with EBS3™ software. A fiducial
mark was placed on the Cu post near the section of material to
locate the same region of interest between EBSD scans. The 30 keV
FIB was operated at 6.7 nA and sliced away material every 10 nm at
a 4mm working distance (including alternating slices with 5� of
rocking side-to-side). EBSDmaps were recorded using a 50 nm step
size after every 5 slices (after 50 nm of material was removed). Data
cleanup was completed with TSL OIM software as described above.
Images from EBSD maps were aligned using Avizo for EM™
software.

X-ray diffraction (XRD) measurements on sections of the inter-
critically annealed material were completed by polishing un-
mounted samples as stated above for EBSD, but also including a
final electro-polishing step to remove all mechanical deformation
(15 V for 45 s in a solution of 90% acetic acid and 10% perchloric
acid). XRD patterns were collected with Co Ka radiation
(lKa ¼ 0.178897 nm) using a Meteor0D X-ray diffractometer
operated at 40 kV and 30 mA in point focus mode and with a Huber
4-circle þ xyz goniometer. The 2q scanning range, 2q step size,
count time and rate of sample rotation for each measurement were
20e130�, 0.03�, 20 s/step, and 1 turn/s, respectively. Bruker TOPAS
v5.0 was used for Rietveld analysis and included calibration of
instrumental broadening with a Si sample, a 4th order polynomial
background subtraction and a 6th order preferred orientation
correction.

2.2.2. BF-TEM and STEM-EDS
Further characterization of the UFG structure utilized bright-

field transmission electron microscopy (BF-TEM) and energy-
dispersive X-ray spectroscopy performed in the scanning TEM
mode (STEM-EDS). TEM-based experiments were performed using
an FEI Tecnai Osiris TEM operated at 200 keV and equipped with a
quad Super-X detector. Many 3mm discs were electro-discharge-
machined from all material conditions. The 3-mm discs were suc-
cessively ground to 100 mm thickness and electropolished to elec-
tron transparency in a Struers twin-jet systemwith a solution of 5%
HClO4, 35% [CH3(CH2)3]-O-C2H4OH, 60% CH3OH (by volume)
at �30 �C and 15 V. Sections of the intercritically annealed material
analyzed by EBSDwere used to extract FIB lift-outs for TEM analysis
[viewed in the rolling direction] using a FEI Helios NanoLab G3 CX
FIB-SEM. With the use of Ga ions, a protective Pt layer was
deposited and a trench was bulk milled at 21 nA/30 keV, interme-
diately milled at 2.5 nA/30 keV, the coupon lifted out and attached
to a grid, thinned at 0.79 nA/30 keV and cleaned at 0.07 nA/5 keV.
FIB lift-outs mitigate the limitations imposed by preferential elec-
tropolishing and reduce the ferromagnetic mass, as compared to
self-supporting electropolished 3mm discs. Bruker Esprit software
was used to record 200 keV STEM-EDS hypermaps (spectrum im-
ages) of the FIB lift-out specimens with typically 40 ms dwell per
pixel, 1 nm pixel spacing, 2� 2 mm scanned area and 20 frames for
approximately 600 s acquisition. Data processing for each
hypermap data set included background subtraction, peak decon-
volution and extraction of normalized wt% elemental maps. Error
bars in STEM-EDS measurements are based on 3s values reported
in the Esprit software for a given spectrum deconvolution.

2.2.3. APT
For the samples annealed for 0.5 h where the austenite fraction

is small, other site-specific FIB lift-outs (5 mm� 20 mmx 5 mm)were
used to create atom probe tomography (APT) needles based on
preceding EBSD scans to identify and capture the ultrafine-grained
austenite. The FIB lift-outs were sectioned onto posts and concen-
trically milled at 2.5 nA/30 keV and then 0.79 nA/30 keV to create a
needle geometry, taking care to mill away the protective Pt layer so
that the top of the needle is closest to the surface viewed in the
EBSD scan. Final cleaning with the FIB at 5 keV and 0.07 nA was
used to produce tips of approximately 26 nm radius and 4� shank
half angle. These needles were subsequently analyzed in a LEAP
5000 XS APT system and ran until fracture using laser-pulse mode
(0.03e0.04 nJ laser energy, 500 kHz pulse frequency, 60 K mea-
surement temperature) and a target detection rate of 1.5% (1.5 ions
detected on average for every 100 pulses). Error bars in APTcylinder
profiles and proximity histograms are calculated by IVAS software
and correspond to the counting error (2s).

3. Results

3.1. Measurements of phase fractions, grain-area and grain
morphologies

After cold-rolling, the average Vickers micro-hardness was 390
HV. Measured by dilatometry, the lower and upper temperature
bounds of the austenite þ ferrite phase field, Ac1 and Ac3, are
respectively 514 �C and 853 �C, whereas Thermo-Calc® simulations
predict equilibrium values of Ae1¼507 �C and Ae3¼ 816 �C.
Following intercritical annealing of the deformed martensitic
microstructure at 585 �C, Thermo-Calc® simulations predict an
equilibrium austenite volume fraction of 0.44 and an austenitic RT
SFE of 21mJ/m2 (see Fig. 1) with an equilibrium austenite compo-
sition of Fe-20.8Mn-2.1Al-0.11C (wt%) and an equilibrium ferrite
composition of Fe-4.9Mn-3.7Al-0.001C (wt%), as shown in Fig. 2.
Methods for thermodynamic SFE calculations are found in
Refs. [42e45].



Fig. 2. Thermo-Calc® simulations of a-c) austenite room temperature composition as a function of annealing temperature and d-f) ferrite room temperature composition as a
function of annealing temperature, based on a bulk composition of Fe-12Mn-3Al-0.05C (wt%), where 585 �C is marked by a vertical line.
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A deformed and purely martensitic microstructure exists after
cold-rolling as indicated by the severe orientation gradients within
themartensite (predominantly <001> and <111>) indicating a high
dislocation density and the absence of any austenite (see Fig. 3a and
Fig. 3d). However, some grains experience less deformation and
rotation as compared to others. After intercritical annealing the
cold-rolled material for 0.5 h at 585 �C, there is a heterogeneous
distribution of ultrafine-grained reverted austenite (see Fig. 3b),
which indicates that not all nucleation sites have completely
developed after annealing for 0.5 h at 585 �C. After increasing
annealing time to 8 h, a significant amount of austenite is present
throughout the microstructure (see Fig. 3c) and is still ultrafine in
size. Prior austenite grains transform tomartensite packets (regions
within a prior austenite grain formed on different habit planes)
during cooling, which are subsequently classified into blocks of
multiple variants that are created from the same habit plane
[46e49]. During cold rolling, the packets elongate and rotate to-
ward preferred orientations, creating boundaries that are
extremely high angle in nature. Boundaries of interest are pictori-
ally represented in Fig. 3f to highlight the presence of a recovered
martensitic microstructure after 8 h of annealing. The regions that
resemble prior austenite boundaries and block boundaries are
likely areas that did not experience as much deformation during
cold-rolling.

The XRD profile of the cold-rolled material (see Fig. 4a) indicates
a strongly textured martensitic microstructure, as expected for a
cold-rolled material prior to annealing steps. In powder-XRD
measurements, the {200} planes have a peak intensity of 11%
(compared to {110} planes deemed as 100%) when measured for
pure ferrite [50]. However, in the cold-rolled martensitic micro-
structure, the {211} and {200} peak intensities are approximately
15% greater than the {110} peak intensities (consistent with EBSD
results), therefore indicating a strong texture in the microstructure.
After intercritical annealing for 48 h at 585 �C, austenite peaks
appear with strong intensity as expected, but the {211} and {200}
peak intensities of the ferrite/recovered a0-martensite are still
greater than the {110} peak intensities (see Fig. 4b). Based on a
comparison between XRD texture measurements and EBSD IPF
maps, most of the relatively coarse-grained microstructure
observed after 8 h annealing (see Fig. 3c/f) strongly resembles the
cold-rolled microstructure of deformed a0-martensite. XRD mea-
surements for all annealing times (0.5, 8 and 48 h) show no evi-
dence of ε-martensite peaks.

Increased annealing from 0.5 h to 48 h increases the austenite
volume fraction from 3 to 40% (see XRD results in Table 1) and
average grain area of reverted austenite from 0.07 mm2 to 0.68 mm2

(see Table 1). Grain-area (rather than grain diameter) measure-
ments provide a better choice for elongated or rod-like grains
whereas diameter is best for equiaxed grains. Grain tolerance angle
for grain-area calculations used a standard 5� value, which in some
cases might not capture some of the low-angle lath boundaries in
martensite. Nevertheless, the combined grain area of ferrite and
recovered a0-martensite decreases with increasing annealing time
from 0.5 h to 8 h, indicating more austenite reversion and the for-
mation of UFG ferrite (which consumes some of the parent a0-
martensite). However, the average grain area of ferrite and a0-
martensite increases slightly from 79 to 95 mm2 when increasing
annealing time from 8 to 48 h. This is likely an indication that after
annealing for 8 h, formation of UFG ferrite is near completion and
traditional growth processes dominate. However, just the average
grain area of ferrite and a0-martensite does not reveal the full pic-
ture. Rather, the distributions of each grain area for each phase at a
given annealing time give more insight into the reversion process.

The cold-rolled material, composed entirely of deformed a0-
martensite, exhibits a monomodal distribution in grain area, (see
Fig. 5a), with a sharp peak at 578 mm2 and an average of 635 mm2.
After intercritical annealing for 8 h at 585 �C, the same sharp peak
in grain area shifts from 578 to 79 mm2 (see the triangle in Fig. 5b for
all phases present and Fig. 5d for only a-Fe phases). Other peaks in
grain area are observed in Fig. 5b. Specifically, for the distribution of
only a-Fe phases observed after 8 h of annealing (see Fig. 5d), a
smaller peak at 3.6 mm2 indicates the formation of fine-grained
ferrite. As seen in Fig. 5c, the austenite grain area distribution af-
ter 8 h of annealing has an average grain area of 0.46 mm2, which is
significantly smaller than the mode indicated for FG ferrite.

Fig. 6 highlights the early stages (after annealing for 0.5 h) of



Fig. 3. EBSD maps of a-c) image quality and phase, plus d-f) image quality and orientation for the Fe-12Mn-3Al-0.05C (wt%) steel subjected to the following conditions: a/d) cold-
rolled, b/e) cold-rolled then annealed for 0.5 h at 585 �C and c/f) cold-rolled then annealed for 8 h at 585 �C. Square boxes indicate regions of interest. f) Annotations help emphasize
the appearance of a prior-austenite triple-point (three intersecting lines), packet boundaries (obtuse angle formed by two lines) and block boundaries (two parallel lines).

Fig. 4. XRD measurements [with a Cobalt X-ray source] of a) the cold-rolled material and b) a sample intercritically annealed for 48 h at 585 �C. c) Dilatometer measurements of the
Fe-12Mn-3Al-0.05C (wt%) steel intercritically annealed at 585 �C for 48 h.
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Table 1
Austenite volume fraction measured with XRD and EBSD, plus grain areas measured with EBSD for separate annealing times at 585 �C.

Annealing
time (h)

Austenite content measured
by XRD (%)

Austenite content measured
by EBSD (%)

Average austenite grain area measured
by EBSD (mm2)

Average ferrite/a0-martensite grain area
measured by EBSD (mm2)

0 0 1 0.005 635
0.5 3 2 0.073 492
8 29 35 0.458 79
48 40 37 0.678 95

Fig. 5. Corresponding grain area distributions, (x-axis plotted in log scale), of a) the cold-rolled martensitic microstructure produced by cold-rolling, b) all phases present after
intercritical annealing for 8 h at 585 �C and the differentiated grain areas for given phase fractions of c) ultrafine-grained (UFG) austenite, plus d) coarse-grained recovered a0-
martensite and fine-grained (FG) ferrite. For reference, the square, circle and triangle in b) correspond to the differentiated modal distributions in c) and d).
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indirect competition between martensite recovery, martensite
recrystallization to create UFG ferrite and the reversion process that
creates UFG austenite. For a larger perspective, Fig. 3dee compares
the inverse pole figure (IPF) orientation maps of the microstructure
before and after annealing for 0.5 h and indicates that the textured
parent martensitic microstructure remains. A characteristic feature
of a0-martensite recovery is a decreased dislocation density, re-
flected by a decrease in kernel average misorientation (KAM). A
majority of the annealed microstructure has a similar grain area to
the parent cold-rolled microstructure, but the grains have a lower
dislocation density. Average values of between 0� and 0.875 � KAM
measured by EBSD for a-Fe phases indicates a high value of 0.44� in
the cold-rolled condition, but a decrease to 0.38� after 0.5 h of
annealing and 0.37� after 8 h of annealing. The full width at half
maximum of the KAM distribution is greatest in the cold-rolled
distribution (not shown here) and generally decreases with an in-
crease in annealing time. Fig. 6b and e reveal the presence of ultra-
fine ferrite grains, which provides evidence that in some cases the
a0-martensite not only recovers, but also forms UFG ferrite. Finally,
in the same outlined regions, Fig. 6c and f reveal ultrafine grains of
austenite, notably in locations neighboring the ultrafine ferrite
grains. This confirms that the reversion process of UFG austenite
has begun after annealing for only 0.5 h. An overall observation in
Fig. 6 is that nucleation of equiaxed austenite can occur at high-
angle boundaries within a parent a0-martensite packet (see
Fig. 6i) and potentially also at newly formed UFG ferrite grain
boundaries (see Fig. 6bec), while rod-like/plate-like austenite
grains form at block and lath boundaries (see Fig. 6f).

As seen in Fig. 3c/f, all parent grains (what were the cold-rolled
a0-martensite grains) show evidence of austenite reversion after 8 h
of annealing. The outlined area in Fig. 7aec is likely a triple-point of
prior austenite grains (see Fig. 3f for a better perspective) created
during the early homogenization step of the thermo-mechanical
processing when austenite is the only stable phase. Importantly,
this area shows that austenite grains reverted near a triple-point of
the prior austenite are randomly oriented, as seen in the IPF map in
Fig. 7c. Also, Fig. 7c shows that most of the UFG austenite near what
is presumed to be the prior austenite grain boundary (a triple-point
as shown in Fig. 3f) is relatively equiaxed in shape and more
notably, Fig. 7aeb provides evidence that UFG ferrite is present
near the relatively equiaxed and randomly oriented UFG austenite.
Fig. 7f shows austenite reverted in the middle of a parent a0-
martensite block, specifically at a lath/sub-block boundary. The
austenite morphology appears less equiaxed in shape and less
randomly oriented than that shown in Fig. 7c. Fig. 7f displays some
rod-shaped austenite grains, whereas other austenite grains are
elongated grains strung together, both of which can be distin-
guished by the location of grain boundaries in Fig. 7d. Fig. 7def
provides no evidence of UFG ferrite (recrystallization of the parent
a0-martensite) within this specific martensite block. Further,
Fig. 7gei highlights an area of two different martensite packets (see
lower magnification perspective in Fig. 3f) with differing geomet-
rical lath alignment (vertical and inclined), which reveals agglom-
erated austenite orientations as evidenced by similar orientation
(near <110>). There are many lamellar austenite grains oriented in
the same direction, but also a group of relatively equiaxed austenite
grains with the same orientation and low-angle austenite-austenite
grain boundaries. An overall observation noted in Fig. 7 is that all



Fig. 6. Outlined regions in Fig. 3b/e (Fe-12Mn-3Al-0.05C (wt%) steel annealed for 0.5 h at 585 �C) are shown in greater detail using separate maps for a/d/g) image quality, phase and
grain boundaries, b/e/h) image quality and ferrite/a'-martensite orientation and c/f/i) image quality and austenite orientation. g-i) The location of a site-specific FIB lift-out. The
yellow boxes labeled with stars 1e3 denote the approximate location of atom probe needles. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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dissimilar phase boundaries (austenite-ferrite or austenite-
martensite) are high angle in nature (15� misorientation or
greater). Further, boundaries between agglomerated austenite
grains (Fig. 7gei) range from low-angle (x< 15�) to high-angle
(x> 15�). Finally, most boundaries between ultrafine-grained
ferrite and the parent a0-martensite are low angle.

Fig. 8a shows a 3D reconstruction from EBSD orientation maps
(based on an acquisitions parallel to the rolling direction) for all
phases present in the microstructure annealed at 585 �C for 8 h.
These measurements allow for a better understanding of the
morphology of all phases present at this near-equilibrium state. The
entire 3D FIB-EBSD data set includes 109 slices, but the first 95
slices, corresponding to 4.7 mm of material along the rolling direc-
tion, are shown in Fig. 8aeb. Fig. 8b displays only the a-Fe phases
from nearly the same reconstructed volume (UFG ferrite and
recovered a0-martensite) for a slightly clearer perspective. Fig. 8aeb
also confirms the presence of recovered parent a0-martensite as
well as some parent a0-martensite laths/sub-blocks, which are low-
angle as compared to packet boundaries [51]. In many cases, the
UFG ferrite neighbors both parent-a0-martensite boundaries and
UFG austenite grains (black pixels in Fig. 8b). Fig. 8ced clearly
demonstrates the existence of multiple UFG austenite
morphologies including rod-like, plate-like, equiaxed grains and
equiaxed grains of similar orientation strung together (like a
necklace). Fig. 8c shows a smaller volume of only austenite
extracted from within the first 95 slices. These equiaxed austenite
grains originate from a volume near the packet boundary as indi-
catedwith solid lines in Fig. 8a. Fig. 8d shows a small volume of only
austenite extracted from slices 86e109, which originates within the
<101> oriented packet closest to the reader's field of view. Spe-
cifically, the arrow in Fig. 8d corresponds to a similar location as
denoted by an arrow in Figure S 1b, which shows that the elongated
austenite grain forms along a low-angle lath/sub-block boundary.
Further inspection of the 3D morphology of this austenite grain
pointed to in Fig. 8d/Figure S 1b reveals a plate-like morphology
(see supplementary video).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.actamat.2019.01.003.

3.2. Measurements of chemical compositions in samples annealed
for 0.5 h

In the case of samples annealed for 0.5 h (only ~ 3% volume
fraction of austenite present), a site-specific FIB lift-out based on an

https://doi.org/10.1016/j.actamat.2019.01.003


Fig. 7. Outlined regions in Fig. 3c/f (Fe-12Mn-3Al-0.05C (wt%) steel annealed for 8 h at 585 �C) are shown in greater detail using separate maps for a/d/g) image quality, phase and
grain boundaries, b/e/h) image quality and ferrite/a0-martensite orientation and c/f/i) image quality and austenite orientation.
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EBSD scanwas necessary during APT sample preparation to capture
the early stages of austenite reversion. Fig. 6gei identifies a row of
locations containing UFG austenite, which is ideal for a FIB lift-out.
In many of these locations, but not all, equiaxed UFG ferrite
neighbors the equiaxed UFG austenite.

The APT results in Fig. 9aed correspond to the location denoted
by star-1 in Fig. 6gei. Fig. 9a shows an atommap of Mnwith 14 at.%
Mn iso-concentration surfaces that in the top part correspond to
linear defects such as Mn-decorated dislocations along a cell
boundary as well as a Mn-rich particle. The volume with decorated
linear defects refers to the recovered martensitic microstructure, as
is consistent with the needle location denoted in Fig. 6gei (star-1).
Near the austenite interfaces, there is a Mn-depleted zone in the
martensitic grain (Fig. 9c) and no Mn-decorated dislocations are
present (Fig. 9a). The length of the Mn depletion zone (2D distance
measured away from the austenite interface) varies with boundary
curvature in that it is notably thin (approximately 10 nm) near the
curved boundary and thicker (approximately 40 nm) near the
triple-junction. Analysis of detector hit maps and spatial distribu-
tion profiles show differing crystallographic poles in the upper
martensitic grain and lower ferritic grain (Fig. 9aeb). Detector hit
maps show the locations of ions that are measured with a position-
sensitive detector after the ions have passed through the local
electrode (following a laser pulse in this case). The detector hit
maps shown in this work are based on the recorded positions of
approximately 5 million ions. Spatial distribution profiles shown in
this work are amplitude vs. distance plots of local regions in a de-
tector hit map that correspond to a pole such that the spacing be-
tween peaks and valleys correspond to a given crystallographic
plane. A more detailed description is provided in Ref. [52].

A field factor of 2.65 and image compression factor of 1.3 is used
in the atom probe reconstruction algorithm to match the {110}
ferrite plane spacing as shown in the spatial distribution map in
Fig. 9b. Note that the {110} pole in ferrite gives the best resolution in
lattice planes owing to the largest d-spacing in the body-centered
cubic (BCC) crystal structure. This consideration gives certainty
about the {110} pole identification in the detector map of slice 3
(see Fig. 9a). Also, the appearance of a {110} pole in the detector
map as a round low intensity spot is consistent with the following
data shown in Fig. 13 and with literature [53]. Further details of the
crystallographic analysis procedure are detailed in Ref. [54]. These
crystallographic poles (unknown high-index and known {110}
poles) indicate that the lower ferritic grain differs significantly in
crystallographic orientation as compared with the upper
martensitic grain. Given the curvature of the only visible interface
of the lower ferrite grain and the proximity to two triple junctions
(white arrows in Fig. 9c), it likely corresponds to UFG ferrite.

In the bottom part of the reconstruction, the Mn iso-



Fig. 8. 3D EBSD measurements for Fe-12Mn-3Al-0.05C (wt%) steel annealed for 8 h at 585 �C a) shows the 3D reconstruction for all phases present (orientations are based on
inverse pole figure maps - viewed in the rolling direction) and solid white lines indicate an approximate location of a packet boundary. b) Austenite removed from nearly the same
reconstruction to highlight the locations and 3D nature of UFG ferrite and recovered parent a0-martensite. The reconstructed EBSD maps in a-b) are based on 95 FIB slices (a
dimension of 4.7 mm for the rolling direction). c-d) Smaller volumes of only austenite aid in visualization of the multiple morphologies. The black arrow in d) indicates an austenite
grain that is plate-like (see supplementary video for morphology and Figure S 1b for approximate location in volume).
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concentration surfaces envelop two Mn-enriched austenite grains.
Fig. 9ced reveals that in the bottom austenite grain the locations of
Mn and C enrichment are mostly the same which indicates co-
partitioning from a0-martensite to austenite. In addition, only one
boundary of three at the upper triple-junction is carbon-enriched
to approximately 2 at.% (black arrow in Fig. 9d). The C-enriched
portion of this interface is extremely flat whereas the curved
portion of the interface does not show any C enrichment, which is
important to note since boundary curvature usually indicates
higher mobility. The lower triple junction also shows evidence of C
enrichment, but the lower boundary of three is not completely
visible as this volume was not captured in the APT measurements
(the curvature at the bottom of the APT needle only indicates the
end of the reconstruction). Further, Fig. 9ced indicates that the
austenite reversion process in this ultrafine Mn-enriched grain is
not equilibrated as evidenced by the concentration variations seen
in the normalized at.% maps within the austenite grains. Analysis of
a FIB lift-out (see Fig. 9eef) using STEM-EDS provides comple-
mentary results with quantitative composition maps. The results in
Fig. 9f indicate some variability in Mn concentrations (23e34wt%
Mn) for observed austenite nuclei, but the larger austenite grains
are consistent with the size and morphology of austenite grains
observed in EBSD scans of a different region in the same bulk
sample (see Fig. 6c/f). Some of the Mn-enriched regions in Fig. 9f
are so small that they may be embedded in the sample and so their
apparent Mn content may be an underestimate due to overlap with
the surrounding microstructure. Nevertheless, Fig. 9f indicates
instances of austenite grains with near-equilibrium concentrations
of Mn. In the context of Thermo-Calc® predictions (Fe-12Mn-3Al-
0.05C wt% bulk composition and annealed at 585 �C using the
TCFE7 database), equilibrated Mn concentrations in austenite
should be approximately 22wt% Mn. Finally, most of the austenite
grains are surrounded by zones in the martensite depleted in Mn to
concentrations as low as approximately 6wt%Mn, whereas the rest
of the martensite possesses a higher concentration (10.5wt% Mn),
which is close to the bulk Mn composition (12wt%). Note that this
observation is in excellent agreement with the Mn depleted zone
revealed by APT measurements.

Fig. 10a is a BF-TEM image of an electropolished specimen of
material annealed for 0.5 h at 585 �C and shows elongated regions
(indicated with white arrows) that show evidence of preferential
attack during the electropolishing process. Previous work on these
materials has unequivocally demonstrated that, for the electro-
polishing conditions employed here, austenite is strongly prefer-
entially removed [55]. Therefore, although only circumstantial, it is
highly likely that the elongated regions marked with white arrows
were regions of austenite. Other areas in Fig. 10a, however, reveal
similarly elongated particles that were not preferentially electro-
polished and exhibit dark contrast as indicated by the black arrows.
Fig.10b shows them in greater detail (but with reversed contrast) in
the high-angle annular dark-field STEM image. Fig. 10c shows
spectra extracted from the STEM-EDS hypermap for two areas, spot
1 on the particle and spot 2 in the nearby matrix. The spot-1
spectrum shows a clear C peak, intense Mn peaks and no



Fig. 9. a) Mn atoms and 14 at.% Mn iso-concentration surfaces displayed from an APT run of 1.5� 108 ions from a sample annealed for 0.5 h at 585 �C. The APT needle location is
from the star-1 position in Fig. 6gei. Slices 1e3 correspond to detector hit maps (field of view is 60 nm in diameter) and provide a guide for interpreting unknown high-index
(dashed circle) and indexed (bolded solid circle) crystallographic features in volumes of approximately 5 million ions. b) A spatial distribution map identifies a {110} pole in the
lower a grain. The quantitative c) Mn and d) C maps of two austenite grains with triple-junctions (white arrows) highlight co-partitioning, concentration gradients, Mn depletion
zones and a C-enriched interface. e) A BF-TEM image of a FIB lift-out viewed in the rolling direction denotes the location of STEM-EDS mapping. f) The quantitative Mn elemental
map (in wt%) indicates a dispersion of Mn-enriched particles and Mn depletion zones near austenite grains.
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detectable intensity for the Al peak. In the spot-2 spectrum the Fe
peaks are much larger than the Mn peaks, there is a small but clear
Al peak and no detectable C peak. The absence of C for the matrix
spectrum adds confidence that the C signal from the particle is real
and not due to an artifact, especially specimen contamination.

Depictions of the EDS results in the form of quantitative
composition maps (Fig. 10deg) indicate that the particles are
mixed-metal carbides containing Fe as well as Mn and are not just
binary Mn-C particles. Their elongated nature suggests that the
carbides have formed along a boundary in the parent microstruc-
ture. Other smaller particles near the elongated carbides, as clearly
revealed in the Fe and Mn maps (Fig. 10dee), have much lower
apparent carbon contents and contain Mn concentrations much
closer to those predicted for equilibrium austenite. However, the
particles are much more likely to be embedded within the matrix
and to not extend all the way through the TEM specimen, which
would of course result in lower Mn and C signals. Fig. 10h is a BF-
STEM image of an electropolished sample and clearly shows the
sub-grain structure of the recovered a0-martensite in that there are
cell-like boundaries with a high density of dislocations that sur-
round regions of smaller grains with a much lower dislocation
density. Fig. 10h also shows the presence of preferential
electropolishing (removed austenite) and particles that were not
preferentially electropolished. Fig. 10i is a BF-TEM image of a
different region in the electropolished sample that highlights the
proximity of elongated particles near a boundary.

Fig. 11 depicts an austenite grain near the top of an APT needle
and the overall Mn content (Fig. 11b) is close to the equilibrium
concentration predicted for austenite by Thermo-Calc® simulations
for this annealing temperature (22.5 at.% Mn is approximately
22wt% Mn). No Mn-decorated dislocations are observed within
130 nm of the austenite boundary. Fig. 11b also identifies the
location of two triple-junctions between UFG austenite, UFG ferrite
and recovered a0-martensite (marked with solid lines slightly offset
from the boundary). Fig. 11c shows a flat interface in between the
two triple-junctions that is enriched with C up to approximately
3 at.%. The grain boundaries separating the UFG ferrite grains are
also slightly enriched in Mn. The Mn level in the ferritic region is
consistent with Thermo-Calc® simulations of RT equilibrium ferrite
composition (approximately 5 at% Mn) for this annealing temper-
ature (585 �C). Further, those grain boundaries in the ferritic area of
Fig. 11b show rather homogeneousMn distributionwhich contrasts
with the boundaries in the lower part of this APT reconstruction
where Mn enrichments are periodically aligned within the



Fig. 10. a) BF-TEM image of an electropolished specimen of material annealed for 0.5 h at 585 �C viewed in the normal direction indicating regions of preferential electropolishing
(presumably austenite e white arrows) and elongated particles that remain (black arrows in the square). b) High-angle annular dark-field STEM image shows the area mapped by
EDS and indicates the locations used to extract from the hypermap c) spectra from the particle (spot 1) and the parent a0-martensite (spot 2). Quantitative composition maps
extracted from the EDS hypermap (spectrum image) are shown for d) 0e95wt% Fe, e) 0e60wt% Mn, f) 0e5.2wt% Al and g) 0e2.4wt% C. h) BF-STEM and i) BF-TEM images highlight
the sub-grain and dislocation structure of the recovered a0-martensite and particle presence near boundaries.
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boundary plane along rods that resemble individual dislocation
cores. The first case relates to a high angle grain boundary (evi-
denced with analysis of detector hit maps and spatial distribution
profiles analogous to those in Fig. 9a), while the latter case corre-
sponds to a low-angle dislocation cell boundary (see Fig. 11f) where
the misorientation directly relates to the periodicity of Mn
enrichment, i.e. dislocations. Fig. 11d reveals two spherical regions
approximately 15 nm in diameter that are in the a0-martensite near
Mn-enriched linear defects. The two regions have C and Mn con-
centrations far above the values predicted by thermodynamic cal-
culations for the local equilibrium (LE) between ferrite and
austenite. Quantitative proximity analysis from the iso-
concentration surface shown in Fig. 11e yields a Mn concentration
of 60 at.% and a C concentration of 11 at.%.

Another APT reconstruction from the sample annealed for 0.5 h
at 585 �C is shown in Fig. 12a in terms of a Mn atom map with
14 at.% Mn iso-concentration surfaces. The top part of the APT
reconstruction contains an austenite grain (see Fig. 12b) with a
composition close to the equilibrium predicted by Thermo-Calc®

and less variation in Mn content throughout the grain interior. The
bottom boundary of the austenite grain is enriched with carbon up
to 1.5 at.%, as indicated in the concentration profile of Fig. 12d. The
position of the austenite grain (top of the needle) is consistent with
the location from which the milled FIB post originated (UFG
austenite grains near the center of the box denoted star-3 in
Fig. 6gei). Given the parallel and planar orientation of the lath
boundaries farther down the APT needle (see Fig.12a and c) and the
linear defects (dislocations) decorated with Mn-enrichment, the
base of the needle likely contains four neighboring laths of the
recovered parent a0-martensite. Further analysis of detector hit
maps and spatial distribution profiles not shown here also confirms
that all four laths possess about the same orientation with only a
few degrees misorientation. Note that also the austenite-
martensite boundary is approximately parallel to those lath
boundaries which might indicate the martensite-martensite
interface as a possible austenite nucleation site. From top to bot-
tom, the APT needle in Fig. 12a appears to contain UFG austenite
that has a composition of about 20 at.% Mn (reverted austenite) and
recovered parent a0-martensite laths filled with dislocations that
are decorated with Mnwhen they are sufficiently far away from the
growing austenite. In the lath closest to the austenite, no Mn-
decorated features are observed. The first two martensite-
martensite lath boundaries are denoted as “i” and “ii”. The
composition profile in Fig. 12d shows that the first two a0-



Fig. 11. a) Mn atommap and 14 at.% Mn iso-concentration surfaces displayed from an APT run of 3.6� 108 ions from a sample annealed for 0.5 h at 585 �C. The APT needle location is
from the star-2 position in Fig. 6gei b) The quantitative Mn map highlights two triple-junctions between an austenite grain, ferrite grains and recovered a0-martensite laths. c) The
quantitative C map shows C enrichments between the two triple junctions. d) The region marked by a dashed box in a) displays only iso-concentration surfaces of 14 at.% Mn and
8 at.% C and reveals the presence of two Mn- and C-enriched features as seen in e) the composition profile calculated in the form of a proximity histogram (0 nm is the interface
defined by the 8 at.% C iso-concentration surface [56]). f) The region marked by a dotted box in a) is rotated to show the low-angle lath boundary composed of Mn-decorated
dislocations. All error bars in APT cylinder profiles and proximity histograms are calculated by IVAS software and correspond to the counting error (2s).
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martensite laths exhibit small enrichments in Mn on an otherwise
pronounced gradient in Mn content within 100e150 nm of the
austenite. Fig. 12d also shows that the concentration of Mn piles-up
at the austenite-martensite interface, after which it decreases by
~2 at.% in the first 40 nm away from the interface towards the core
region of the austenite grain.

Additionally, simulations were performed using DICTRA (a time-
and space-dependent Thermo-Calc® diffusion module) to better
understand the compositional evolution of austenite. The DICTRA
simulations assume a planar cell boundary condition with a width
of 300 nm. The simulations were initialized with austenite as an
inactive phase, which would be created during the simulation with
a critical nucleus composition obtained by the parallel tangent
construction [57e59]. The results of the DICTRA simulations in
Fig. 12eef are based on a moving interface of a local equilibrium
between austenite and ferrite. The experimentally measured Mn
depletion profile in the martensite (Fig. 12d) and that simulated
with ferrite DICTRA (Fig. 12e) agree in a general way, although the
simulated profile is narrower. Similarly, the simulated C levels in
the austenite (Fig. 12f) agree in a general way with those measured
experimentally (Fig. 12d). DICTRA simulations also show that the
initial austenite composition during early stages of nucleation has a
much higher Mn content as compared to equilibrium simulations
with Thermo-Calc® (see Fig. 12e). Further, the simulations show
that as annealing time increases, which moves the austenite-ferrite
interface, the C content becomes diluted in the austenite and the
Mn content also spatially equilibrates.
3.3. Measurements of chemical compositions in samples annealed
for 8 h

On a meso-scale, the distribution of austenite grains is wide-
spread throughout samples annealed for 8 h at 585 �C (see Fig. 3c),
so the location of a FIB lift-out for APT needles was chosen at
random. A consistent feature observed in APT needles from mate-
rial heat treated for 8 h (see Fig. 13) is an equilibrated Mn content in
the austenite without interface pile-up. However, the experimen-
tally measured Al concentrations in each phase are consistently
lower than Thermo-Calc® predictions, but the relative comparison
between the austenite and ferrite/a0-martensite in all APT mea-
surements is consistent in that the reverted austenite contains
lower concentrations of Al as compared to the ferrite/a0-martensite.
The systematically lower Al content measured with APT might be
due to a peak overlap between Fe54þ2 and Alþ1 and is a known issue
that has been dealt with for the past few decades [60e62]. Further,
a recent study by Dmitrieva et al. [63] mentioned ions that are field
evaporated between voltage/laser pulses may lead to error in
composition measurement due to preferential field evaporation of
elements with lower evaporation fields and is specifically depen-
dent on laser energy.

As depicted in Fig. 13aec, an APT reconstruction from a sample
annealed for 8 h reveals the presence of carbon-enriched interfaces,
in this case at one boundary segment from a triple-junction. De-
tector hit maps in Fig. 13a show that the two parent grains are
misoriented by less than a few degrees, which is characteristic of a
low-angle lath boundary between two a0-martensite laths. In each
detector map the same four poles ({002}, {110}, {112} and another
{110}) are identified which match the expected pole locations for a
{112}-oriented BCC-Fe grain. Note that due to the limited detector
field-of-view in the atom probe only a ~30� segment around the
center axis (in this case close to {112}) is captured. The austenite-
martensite interface evolves at a larger angle from the neigh-
boring low-angle lath boundary.

In Fig. 13deg, another APT reconstruction reveals an ultrafine
austenite grain with an equilibrated Mn concentration of Fe-
22.5Mn-0.83Al-0.49C at.%/Fe-22.0Mn-0.4Al-0.11C wt.% that again
matches Thermo-Calc® simulations. A slight Mn gradient is noted
in the first 40 nm of a0-martensite closest to the austenite boundary
(see Fig. 13f). Furthermore, a C-enriched segment is observed at the
austenite-a0-martensite boundary (Fig. 13g), especially on the flat
segment (the curved portion of the boundary is not as enriched
with C). Finally, spatial distributions of the Fe and Mn atoms along



Fig. 12. a) Mn atom map and 14 at.% Mn iso-concentration surfaces displayed from an APT run of 3.7� 108 ions from a sample annealed for 0.5 h at 585 �C. The APT needle location
is from the star-3 position in Fig. 6gei b) The quantitative Mn map (with a 14 at.% iso-concentration surface) reveals an austenite grain with a Mn content consistent with
equilibrated values as predicted by Thermo-Calc® simulations. c) The oval region marked in a) highlights the low-angle martensitic lath boundaries with Mn decoration. d) The line
profile through the upper half of the APT needle indicates a region (free of decorated dislocations) that is increasingly depleted in Mn when approaching the austenite grain and
spikes in Mn concentrations (indicated by i and ii) at a0-martensite lath boundaries. All error bars in APT cylinder profiles and proximity histograms are calculated by IVAS software
and correspond to the counting error (2s). e-f) DICTRA simulations at 585 �C using an Fe-12Mn-3Al-0.01C (wt%) bulk composition show increased Mn and C concentrations in
austenite at early annealing times, co-partitioning of Mn and C and the distance the austenite-ferrite interface has travelled during annealing.
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the {110} a0-Fe and {111} g-Fe pole (Fig. 13dee) show that the C-
enriched interface segment is parallel to the gf111g=a

0
f110g planes

and also indicates a probable Kurdjumov-Sachs (KS) orientation
relationship. By following the same routine for the APT recon-
struction as described in Fig. 9, the field factor was tailored such
that the {110} a0-Fe plane spacing matches the expected value of
2.03 Å. At the same time, the resulting plane spacing along the same
direction in the austenite comes remarkably close to the expected
value of 2.08 Å for {111} g-Fe planes. Slight deviations arise from the
difference in field evaporation in austenite and a0-martensite,
which changes the field factor across the interface.

In previous work [55], convergent beam electron diffraction
(CBED) analysis was successfully applied to electropolished sam-
ples annealed for 8 h at 585 �C and confirmed the presence of UFG
ferrite in close proximity to UFG austenite. Results of EDS spectrum
lines across ferrite and austenite grains in that study [55] yielded
Mn contents nearly identical to Thermo-Calc® simulations for
austenite and ferrite. In the present work, 2D and 3D EBSD mea-
surements (viewed in the normal and rolling directions) and BF-
TEM images (viewed in the rolling direction) reveal various mor-
phologies of austenite (equiaxed and rod-shaped) and such results
are consistent with previous work completed using electropolished
TEM samples viewed in the normal direction [55]. In both the
previous and current work, the Al content for both the austenite
and ferrite/a0-martensite grains are lower than predicted, but the
relative comparison between the two ultrafine grains is consistent
with the equilibrium predictions, where reverted austenite con-
tains less Al than ferrite or a0-martensite. An independent analysis
of the bulk composition was completed using acid digestion and
indicated the bulk alloy does indeed contain 3wt% Al. Accurate
quantification by EDS of Al in transition metal alloys such as steels
is notoriously difficult, primarily because of absorption of the
relatively soft Al K X-rays in the sample along the path from the
generation point to the detector [64e66]. Schemes for absorption
correction have been devised dating from the earliest years of EDS
on a (S)TEM [64], but the exact specimen geometry and its orien-
tation to the EDS detector(s) must be known. In practice, a great
deal of extra effort is involved and many times is unjustifiable for
the problem on hand.

To understand the morphology and composition of UFG
austenite viewed in the rolling direction, a FIB lift-out specimen
was prepared and analyzed (Fig. 14) and the results complement
the observations from EBSD measurements in that various
austenite grain morphologies appear, namely equiaxed, equiaxed
and strung together, rod-like and plate-like. Also, Mn concentration
maps yielded area fractions of 35% austenite (from Fig. 14b), which



Fig. 13. a) Mn atom map and 14 at.% Mn iso-concentration surfaces displayed from an APT run of 2.7� 108 ions from a sample annealed for 8 h at 585 �C. Slices 1 & 2 correspond to
detector hit maps (field of view is 60 nm in diameter) each with four identified poles that indicate a low misorientation between the two recovered a0-martensite laths. The
quantitative maps of b) Mn and c) C show evidence of a grain boundary triple-junction and a C-enriched boundary segment. d) Mn atom map and 14 at.% Mn iso-concentration
surfaces displayed from an APT run of 1.5� 108 ions from a sample annealed for 8 h at 585 �C. Slices 1 & 2 correspond to detector hit maps (field of view is 60 nm in diameter) with
indexed poles. e) A display of Fe and Mn atoms identifies a plane match of {110} a0-martensite and {111} g. f) the cylinder profile marked with a dotted arrow in d) provides
quantitative compositional analysis across the same boundary. g) A quantitative C map identifies a C-enriched flat segment at the boundary. All error bars in APT cylinder profiles
and proximity histograms are calculated by IVAS software and correspond to the counting error (2s).
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is consistent with the phase fraction measured by EBSD (see
Table 1). STEM-EDS scans of a near edge-on austenite-a0-martensite
boundary (Fig. 14f) are similar to the equivalent APT results (see
Fig. 13e) and show that equilibrated Mn concentrations are
observed at a distance of 6 nm ormore from the austenite interface.
Whereas STEM-EDS offers high-resolution mapping for tens of ul-
trafine grains at a time in a FIB lift-out specimen, 3-dimensional
APT offers improved spatial resolution for measurements of
composition profiles across UFG austenite-ferrite boundaries with
better detectability and higher accuracy for light elements such as
carbon, especially at low concentrations. Finally, most of the
microstructure excluding austenite has aMn composition similar to
that of Thermo-Calc® simulations for equilibrated ferrite (approx-
imately 5.5 wt.% Mn) even though many grain morphologies are
characteristic of a recovered microstructure.

4. Discussion

4.1. Compositional evolution during austenite reversion

Samples of the Fe-12Mn-3Al-0.05C (wt%) steel annealed for
0.5 h provide great insight into the compositional evolution of the
microstructure during intercritical annealing at the given holding
temperature in the two-phase region (585 �C). Both APT
measurements and STEM-EDSmeasurements of local compositions
in samples annealed for 0.5 h reveal zones of Mn depletion in the
recovered a0-martensite in the vicinity of reverted ultrafine
austenite grains. Based on measurements in Fig. 9c, f, Figs. 11b and
12d, the width of the Mn depletion zone (distance away from the
austenite boundary) ranges from 15 to 150 nm. The scatter might
arise from local variations in the shape and curvature of the
boundary and proximity to triple-junctions. Overall, the DICTRA
simulations shown in Fig. 12e are consistent with the experimental
observations. Also, APT results from samples annealed for 0.5 h
reveal Mn-decorated defects (dislocations networks and low-angle
lath boundaries) throughout the recovered a0-martensite grains
(see Figs. 9a, 11a and 11f, Fig. 12a and c), which agrees well with
other works on intercritically annealed medium-Mn steels
[36,67,68]. Further, recent work by Kwiatkowski da Silva et al. [68]
shows that both linear and planar defects can adsorbMn atoms and
form confined spinodal fluctuations which eventually act as
nucleation sites for UFG austenite. This phenomenon is consistent
with APT results of samples annealed for 0.5 h in this study as
austenite nuclei are observed near networks of Mn-decorated
dislocations (see Figs. 9a and 11dee). However, Mn-decoration at
defects is absent in the zones of Mn depletion near the austenite
boundaries (see Figs. 9a, 11a and 12a). The lack of decoration pro-
motes dislocation annihilation and recovery. The depletion of Mn



Fig. 14. FIB lift-out of a sample annealed for 8 h at 585 �C viewed in the rolling direction, as indicated in a) the BF-TEM image. b) The quantitative Mn elemental map (0e40wt%)
extracted from a STEM-EDS hypermap indicates Mn-enriched UFG phases (austenite) with multiple morphologies of rod-like grains and more equiaxed grains strung together. c)
BF-TEM image [location marked in a)] shows a near edge-on boundary between austenite and recovered a0-martensite, as revealed by the d) 0e5.2wt% Al and e) 0e40wt% Mn
maps. The arrow in e) denotes the location of f) the Mn (wt %) profile across the boundary. Error bars in STEM-EDS measurements are based on 3s values reported in the Esprit
software for a given spectrum deconvolution.
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near the austenite interface may also increase the grain boundary
mobility in the a0-martensite and favor the recrystallization of cold-
rolled a0-martensite to form UFG ferrite. Recrystallization requires
only short-range diffusion of Fe atoms to form new ferrite grains,
but the Mn atoms provide a solute drag effect on grain boundaries
and potentially hinder ferrite recrystallization away from austenite
grains where the Mn concentration is still elevated in martensite.
Overall, the Mn content of UFG austenite is 22.5 wt% and thereby
near to equilibrium after 8 h of annealing.

Particles and/or austenite nuclei were identified with STEM-EDS
and APT near networks of Mn-decorated defects (dislocation net-
works and low-angle lath boundaries) in samples annealed for
0.5 h at 585 �C (see Fig. 9a, f and 11dee). Such nuclei possess Mn
and C concentrations (60/64 at.%/wt% Mn and 10/2.4 at.%/wt% C) far
above the values predicted by thermodynamic calculations for the
local equilibrium between ferrite and austenite. However, these
Mn-rich and C-enriched particles are not present after 8 h of
annealing, indicating low thermodynamic stability at equilibrium.
Specifically, Thermo-Calc® simulations indicate that there is a low
chemical driving force for the formation of stable carbides in this
alloy due to the low C content (<0.06 wt%). For example, Thermo-
Calc® predicts a cementite mole fraction of 0.001 with an equilib-
rium phase composition of Fe-70Mn-6C (wt%) for an intercritical
annealing temperature of 500 �C, but no cementite stability above
500 �C. However, the experimental results from TEM convincingly
support the presence of carbide particles in the electropolished
samples annealed at 585 �C for 0.5 h (Fig. 10aeg). Although it is
difficult to arrive at a confident quantitative composition from EDS
data because of the strong absorption of the soft C X-rays in the
specimen (to a much greater extent than for the Al X-rays discussed
above in section 3.3), the absence of preferential etching attack
(Fig. 10aeb) and substantial C contents (Fig. 10c,g) indicate a sound
identification of carbides. Further, the elongated nature of those
carbide-like particles indicates nucleation at an interface in the
parent microstructure, such as a lath boundary or cell boundary,
which is characteristic of M23C6 carbide formation [69,70]. Since
the metal (M) in M23C6, M6C and M3C carbides can be either Mn or
Fe, it is likely that the Mn- and C-enriched particles are mixed-
metal carbides and this is supported by the composition mea-
surements. Further yet, STEM-EDS results from a FIB lift-out
extracted from a sample annealed for 0.5 h at 585 �C (see Fig. 9f)
reveal an inhomogeneous spatial distribution of UF austenite grains
and Mn-enriched particles, providing further indication that the
these Mn-enriched particles eventually trigger austenite forma-
tion; not one of these particles is observed after 8 h of annealing.
The small Mn-enriched particles are undoubtedly nuclei for the a0-
martensite/ferrite-to-austenite phase transformation whereas the
compositions of some of the larger particles match Thermo-Calc®

predictions of austenite composition (22wt% Mn). These results
indicate that during annealing, the excess Mn from the supersat-
urated parent a0-martensite (Mn is an austenite stabilizer) pro-
duces Mn-enriched austenite nuclei during the early stages of
intercritical annealing and could be the cause of sluggish and het-
erogeneous austenite nucleation [36,71,72].

The local equilibrium between austenite and a0-martensite/
ferrite predominantly governs the mechanism of austenite rever-
sion and thus growth of UFG austenite [73,74]. Time- and space-
dependent DICTRA simulations of a moving austenite interface
that use a LE model are largely consistent with compositional
profiles near phase boundaries measured with STEM-EDS and APT.
In Fig. 12eef, the shape of the Mn and C profiles within the
austenite are similar for a given time step and indicate co-
partitioning (consistent with APT results such as those in
Fig. 9ced). Austenite nucleation becomes more complex when the
decomposition of a face-centered cubic (FCC) Mn23C6 carbide is
involved, as was shown by thermodynamic-kinetic simulations by
Kwiatkowski da Silva et al. [37]. Following nucleation, later stages
of austenite reversion and growth occurring between 0.5 h and 8 h
follow the LE model for the moving interface between ferrite/
recovered a0-martensite and austenite. The compositions of UFG
austenite and recovered a0-martensite observed in the STEM-EDS
linescan of Fig. 14f near the edge-on boundary reach almost con-
stant equilibrium levels approximately 6 nm away from the
boundary. APT results in Fig. 13f show a similar equilibration profile
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in the austenite, but still a slight gradient of Mn concentration, from
8 to 6 at.% Mn, is observed in the recovered a0-martensite within
40 nm of the austenite boundary. These concentration profiles are
also consistent with recent DICTRA results [37] and confirm that
austenite growth after 8 h of annealing is controlled by local
equilibrium. In summary, the sequence of reversion in a Fe-12Mn-
3Al-0.05C (wt%) steel is the following: (i) formation of Mn- and C-
enriched FCC nuclei from Mn-decorated dislocations and/or parti-
cles; (ii) co-partitioning of Mn and C and (iii) growth of austenite
controlled by the LE mode. Characteristic features measured by
STEM-EDS and APT reveal Mn-depleted zones extending approxi-
mately 15e150 nm from the austenite interface and the absence of
Mn-decorated defects within approximately 100 nm of the
austenite interface in the neighboring recovered a0-martensite.

4.2. Reverted austenite boundary composition and mobility

Another consistent observation from APT results is the identi-
fication of C-enriched segments along boundaries between
austenite and ferrite/recovered a0-martensite, even after 8 h of
annealing. Such results are consistent with other research focused
on austenite-martensite interfaces [36,67,75]. The diffusivity of C in
ferrite is more than two orders of magnitude greater than that in
austenite [76], plus C favors and stabilizes austenite during inter-
critical annealing [9]. Since C diffusion is also much faster than the
diffusion of substitutional elements (Fe, Mn, and Al), the observa-
tion of carbon enrichment and chemical gradients is surprising,
especially for longer annealing times. Although considered, it is
unlikely that room temperature aging plays a strong role in
chemical gradients near phase boundaries as the diffusion coeffi-
cient is approximately 8 orders of magnitude lower at RT than at
600 �C [77]. However, the possible development of thin C-enriched
regions at phase boundaries during the 100 �C/s quench from the
intercritical annealing temperature cannot be dismissed, especially
in the case where austenite borders a lath-like martensite bound-
ary (lath size and defect content influence local composition) [78].

In samples annealed for 0.5 h and 8 h, C-enriched interfaces are
observed at one of three boundaries in triple-junctions (Figs. 9d,11c
and 13c). Notably, the C-enriched boundary segments are usually
extremely flat as shown in Fig. 9a/d and Fig.13d/g, which provides a
stark contrast to the curved parts of the same boundaries that are
not C-enriched. Therefore, it is possible that the C enrichment is
associated with stationary (flat) interfaces, which may relate to a
local KS orientation relationship between austenite and recovered
a0-martensite (Fig. 13e) or a prior martensite-martensite straight
boundary (Fig. 13aec) [79]. The C-enriched interface of the triple-
junction in Fig. 13aec follows the low-angle lath boundary, but
with a small opening angle and is likely the stationary interface
during austenite reversion. The other austenite-martensite in-
terfaces of the triple-junction in Fig. 13aec (without C enrichment)
evolve at a much larger angle from the previous lath boundary and
are expected to bemobile and thereby control the austenite growth
process. Furthermore, the observations of C enrichment at only
some interfaces may truly be due to a combination of factors such
as interface mobility/local growth velocity (parts of a triple-
junction may be less mobile due to the shape/morphology of the
nucleus [80,81]) or local crystallography [49] since parent a0-
martensite lath interfaces provide excellent traps for carbon
[69,70,72,73,78,80,82]. On the other hand, C may form a separate
phase at the interface [80,81,83e85]. Future work could usefully
include more detailed analysis of APT needles using transmission
Kikuchi diffraction and STEM imaging (before the APT measure-
ments) in addition to correlative APT crystallography to provide
more insight into whether or not the local crystallography signifi-
cantly affects diffusion near interfaces [54,86].
4.3. Factors influencing the morphology and size of grains during
martensite recovery, austenite reversion and martensite
recrystallization

Although the annealed microstructure contains recovered a0-
martensite, the martensite is not fresh athermal a0-martensite
formed from cooling, but rather resembles a recovered form of the
cold-rolled microstructure (see Fig. 3a/d vs. Fig. 3b/e, Fig. 4a vs.
Figs. 4b and 5a vs. Fig. 5d). Also, the partitioning of Mn and C to
form austenite lowers the a0-martensite start temperature below
RTand inhibits the formation of fresh athermal a0-martensite [9,10].
In the Fe-12Mn-3Al-0.05wt% steel, Tg-max is 630 �C (see Fig. 1) and
thus greater than the chosen intercritical annealing temperature
(585 �C). Additionally, thermodynamic predictions tend to under-
estimate Tg-max, as compared to experimental measurements of
austenite fraction as a function of annealing temperature, due to
the effects of dislocation density and thus solute mobility [35]. The
recovered microstructure (cell structures seen in Fig. 10h) can also
be considered an incomplete recrystallization of the cold-rolled a0-
martensite [79], which is consistent with recent work by others
[30,87] even on the same nominal composition of steel [8,20].

The recovered a0-martensite contains a lower dislocation den-
sity than the cold-rolled a0-martensite and includes regions where
austenite reversion and formation of UFG ferrite have taken place.
Equiaxed UFG austenite typically neighbors equiaxed UFG ferrite at
locations in the microstructure where there is a high degree of
misorientation (prior austenite grain boundaries and along high-
angle martensite packet and block boundaries [88]). The equiaxed
UFG ferrite is characterized by a larger grain size than that of the
equiaxed UFG austenite (see Fig. 5), which is consistent with work
by others [19,89] and indicates the small amount of observed
martensite recrystallization precedes or occurs faster than the
austenite growth in this material. Although Mn diffusion poses
solute drag effects [90], there is clearly interdependence during
intercritical annealing between the driving forces of a0-martensite
recrystallization and the reversion to UFG austenite. Arlazarov et al.
[91] proposed that variations in dislocation density andMn content
in the a0-martensite of a hot-rolled medium-Mn steel were coupled
to the presence of polygonal ferrite and can aid in a0-martensite
recrystallization.

A 50% cold-rolled sample was further cold-rolled to 65% and
subjected to a heat treatment of 8 h at 585 �C, which produced 32%
austenite as measured by XRD. The slightly greater thickness
reduction did not significantly increase the austenite fraction above
that of the 50% cold-rolled samples annealed for 8 h at 585 �C (29%
measured by XRD and 35% measured by EBSD, as seen in Table 1).
Further, such a small difference may be within the error of phase
fraction measurements from peak intensity summation as texture
inherently influences the accuracy [92]. Such results indicate that
the differences between 50% and 65% cold-rolled reductions are
insufficient to produce significant changes in the annealed micro-
structure regarding austenite fraction. Based on work by Tokizane
et al. [89], cold-rolled reductions would need to be on the order of
85% to significantly affect the size, fraction and morphology of the
UFG austenite and UFG ferrite, since cold-rolling leads to a more
inhomogeneous distribution of dislocations and cell structures in
the deformed martensite [89]. However, a high density of carbide
particles on grain boundaries can pin them and inhibit the
recrystallization of martensite when governed by the bulge
nucleation and growth mechanism [93]. It is also likely that cold-
rolled reductions on the order of 85% would increase the
austenite reversion kinetics by producing more equiaxed austenite
instead of lamellar austenite without affecting the equilibrium
fraction of austenite, even at lower annealing temperatures [89].
Thus, further manipulation of the recovered and elongated
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microstructure for the Fe-12Mn-3Al-0.05C wt% steel would also
require an increase in intercritical annealing time and temperature
[8,19].

TEM and 2D EBSD results reveal UF equiaxed and rod-like
austenite grains respectively near prior austenite grain bound-
aries and near parent a0-martensite packet boundaries (see Fig. 7).
Equiaxed UFG ferrite forms next to UFG equiaxed austenite, indi-
cating an interrelation between recrystallization of a0-martensite to
form ferrite and reversion to austenite. EBSD results show that
martensite-martensite (lath-lath) interfaces are low-angle, while
ferrite and recovered a0-martensite can be either low-angle or
high-angle in character. Nearly all dissimilar phase boundaries
(austenite-ferrite or austenite-recovered martensite) are high-
angle. These misorientation observations indicate that the forma-
tion of UFG ferrite may not always be a true recrystallization phe-
nomenon (nucleation and growth that produces mostly high-angle
boundaries), but rather a recovery-based recrystallization (also
referred to as recrystallization in situ). Moreover, the following
parameters are decisive in achieving martensite recrystallization
when in indirect competition with austenite reversion: dislocation
density, inhomogeneity of dislocation density, intercritical
annealing temperature, low carbon content (no Zener pinning of
boundaries by cementite) and Mn content in martensite (grain
boundary mobility) [49,89,93].

In addition to confirming the presence of recovered a0-
martensite, equiaxed UFG ferrite and equiaxed UFG austenite (see
Figs. 3, Figs. 6, 7) and 3D EBSD results reveal some plate-like
austenite grains (similar to those in a hot-rolled microstructure
[79,88]) as well as equiaxed grains of similar orientation that are
strung together like a necklace (see Fig. 8ced). Martensite-
martensite lath boundaries from the parent microstructure
contain austenite grains that are more elongated and/or plate-like.
Due to the absence of recrystallized UFG ferrite in these regions and
the known presence of carbides near low-angle boundaries, the
elongated austenite grains likely develop later in the reversion
process.

Ultimately, tuning the mechanisms that control a resulting
microstructure can have a pronounced effect on many categories of
mechanical properties. Quantitatively characterizingmultiple grain
sizes and morphologies, as well as the compositional evolution of
ultrafine-grained microstructural constituents requires a multi-
scale approach. The present work focused on designing a multi-
phase material with a suitable UFG austenite composition with a
RT SFE such that strain-induced TWIP and TRIP effects are active
during deformation, which was successful. Mechanical testing,
analysis of deformation mechanisms and implementation of a
realistic microstructure-based crystal-plasticity finite-element
model (informed by dark-field TEM identification of deformation
mechanisms and 3D EBSD measurements) are ongoing, but lie
outside the scope of this paper.

5. Summary and conclusions

� A medium-Mn steel (Fe-12Mn-3Al-0.05C wt%) was designed
using Thermo-Calc® simulations to balance the fraction and
stacking fault energy of reverted austenite. Intercritical
annealing for 0.5, 8 and 48 h was carried out at 585 �C to
investigate the microstructural evolution. An increase in
annealing time from 0.5 h to 48 h increases the amount of
ultrafine-grained reverted austenite from 3 to 40 vol %.

� Quantitative compositional measurements with STEM-EDS and
APT on samples of Fe-12Mn-3Al-0.05C (wt%) steel show some
variations in Mn and C composition throughout austenite grains
after 0.5 h of intercritical annealing at 585 �C. The mechanism of
austenite reversion begins with formation of Mn- and C-
enriched face-centered-cubic nuclei (aided by Mn-enriched
defects and/or particles), followed by Mn and C co-
partitioning, and ends with growth of austenite controlled by
the local equilibrium mode. In the early stages of austenite
growth, the neighboring recovered a0-martensite exhibits Mn-
depleted zones that extend for 15e150 nm from the austenite
interface and an absence of Mn-decorated defects within
approximately 100 nm of the austenite. After 8 h of annealing at
585 �C, the phases are rather homogenous and the experimen-
tally measured compositions are consistent with equilibrium
Thermo-Calc® simulations: Fe-20.8Mn-2.1Al-0.11C wt% for
austenite and Fe-4.9Mn-3.7Al-0.001C wt% for ferrite.

� Samples annealed for 0.5 h and 8 h contain flat segments of
austenite-ferrite/recovered a0-martensite boundaries that are C-
enriched (up to 3 at.%) and appear less mobile. In addition to Mn
depletion zones, triple-junctions and local orientation re-
lationships play decisive roles in phase boundary mobility dur-
ing austenite reversion.

� After intercritical annealing of the cold-rolled steel for 8 h at
585 �C, 3D EBSD and TEM reveal equiaxed UFG austenite, rod-
like UFG austenite, plate-like UFG austenite, equiaxed UFG
ferrite and recovered parent a0-martensite. The parent micro-
structure does not completely recrystallize and still contains
characteristics of the cold-rolled microstructure. Equiaxed UF
austenite grains almost always nucleate near equiaxed UF ferrite
grains. The equiaxed grains develop in regions of the micro-
structure with greater misorientation and/or dislocation den-
sities, such as high-angle packet and block boundaries of the
parent a0-martensite and/or prior austenite triple-point grain
boundaries. Rod-like and plate-like austenite grains form be-
tween low-angle laths/sub-blocks of the parent martensitic
microstructure and likely develop later in the reversion process.
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