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Chemical boundary engineering: A new route toward

lean, ultrastrong yet ductile steels

Ran Ding', Yingjie Yao', Binhan Sun?, Geng Liu', Jianguo He', Tong Li3, Xinhao Wan',
Zongbiao Dai', Dirk Ponge?, Dierk Raabe?, Chi Zhang', Andy Godfrey', Goro Miyamoto®,
Tadashi Furuhara®, Zhigang Yang’, Sybrand van der Zwaag'>, Hao Chen'#

For decades, grain boundary engineering has proven to be one of the most effective approaches for tailoring the
mechanical properties of metallic materials, although there are limits to the fineness and types of microstructures
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achievable, due to the rapid increase in grain size once being exposed to thermal loads (low thermal stability of
crystallographic boundaries). Here, we deploy a unique chemical boundary engineering (CBE) approach, augmenting
the variety in available alloy design strategies, which enables us to create a material with an ultrafine hierarchically
heterogeneous microstructure even after heating to high temperatures. When applied to plain steels with carbon
content of only up to 0.2 weight %, this approach yields ultimate strength levels beyond 2.0 GPa in combination
with good ductility (>20%). Although demonstrated here for plain carbon steels, the CBE design approach is, in

principle, applicable also to other alloys.

INTRODUCTION

Stronger steels with high ductility are crucial for solving key challenges
in lightweight transportation and safe infrastructures, as evidenced
by the incredible amount of 1.8 billion tons produced every year.
High-strength steels, especially those with an ultimate tensile strength
beyond 2.0 GPa, generally require a high level of carbon [>0.4 weight %
(wt %)] and/or expensive doping elements such as cobalt, nickel,
and chromium (I-4). Yet, using a high carbon and doping content
is not pertinent in construction steels due to weldability and cost
constraints. Microstructures with high lattice defect densities serve
instead as a better route toward lean, affordable, and strong steels
(4-7). Among these defect types, grain boundaries (GBs) and phase
boundaries (PBs), which are planar discontinuities in metallic crys-
tals, are particularly efficient in tuning the mechanical response of
polycrystalline materials (Fig. 1, A and B). Grain boundary engineering
(GBE), e.g., modulating the quantity or arrangement of GBs/PBs,
has been widely used to tailor the mechanical properties of advanced
engineering materials (5-7). Yet, further enhancement of GB-related
properties is limited by the instability (low thermal stability/high
mobility) of these crystallographic planar interfaces when alloys are
exposed to mechanical or thermal loads, causing, for instance, grain
coarsening (7).

To expand the dimensionality of materials design, a not-yet fully
explored type of planar defect, so-called chemical boundaries (CBs)
is used here to architect novel microstructures that can act on the
local phase transformation response of the material. CBs represent
a very sharp chemical discontinuity inside a continuous lattice region,
as shown in Fig. 1C. In our study, each CB is the residue of a former
PB with its element partitioning retained upon removing the local
change in crystal structure. Once formed, CBs act as strong barriers
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restricting subsequent phase transformations within ultrafine (sub-
micron) domains. This methodology can result in a novel hierarchically
heterogeneous microstructure consisting of martensite and austenite
with nanoscaled laths and nanotwins, respectively, which can make
it possible to achieve ultimate tensile strengths in excess of 2.0 GPa
in combination with high ductility (>20%) in steels without high carbon
content and/or doping expensive elements.

RESULTS

Initial microstructure with Mn heterogeneity

Among all metallic materials, steels are the most widely used ones,
and their phase transformation behavior is well explored (8). Thus,
they are well suited as model materials to demonstrate the CBE strategy.
We select a low carbon steel with a lean composition of 0.18C-8Mn
(wt %; details in table S1). The material was first subjected to cold
rolling and a standard austenite reversion treatment (ART) (9) at
the intercritical region (600°C for 2 hours; details in Materials and
Methods). Figure 2A shows an electron backscattered diffraction
(EBSD) image of the ART processed steel, revealing an ultrafine
duplex microstructure consisting of equiaxed ferrite and metastable
austenite, with mean grain diameters of 340 and 290 nm, respec-
tively. ASTM E8/E8M compatible mechanical testing shows a good
combination of strength and ductility, with an ultimate tensile strength
of 1060 MPa and a total elongation of 30.5%. Investigation of the Mn
distribution at the nanoscale to near-atomic level by transmission elec-
tron microscopy using energy-dispersive spectroscopy (TEM-EDS)
and by three-dimensional atom probe tomography (3D-APT) (Fig. 2,
F and G) reveals significant Mn partitioning from ferrite to austenite
(9, 10), which results in a significant amount of retained austenite.
This partitioning causes a nanoscale discontinuity in the Mn con-
centration at the planar austenite/ferrite PBs. One should note that
this is not yet a CB due to its coexistence with the crystallographic
lattice discontinuity.

Creating CBs by fast heating
To convert these sharp Mn discontinuities at austenite/ferrite PBs
into CBs, the ART-processed steels are rapidly heated (>100°C/s) to
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Fig. 1. Schematic illustration of a PB, a GB, and a CB. (A) PB, a boundary between
two grains of different lattice type. (B) GB, a boundary between two grains of the
same lattice type but with different crystallographic orientations. (C) CB, defined
by a sharp discontinuity of at least one elemental concentration inside a lattice-
continuous region, e.g., a very sharp chemical gradient. Note that our CBs do not
involve any change in crystal structure or lattice orientation. The different colors
represent atoms of different element type.

the single-phase austenite region (800°C), followed by immediate
quenching to ambient temperature. As shown in Fig. 2B, the fast
heating results in the rapid elimination of all austenite/ferrite PBs
and many GBs, i.e., there is a detachment between each PB and its
associated chemical discontinuity (fig. S1). As a result of its sluggish
diffusion, the spatial distribution of Mn is preserved, resulting in
the formation of a high density of nonequilibrium CBs, as sketched
in Fig. 2B,. These CBs divide the extensively coarsened austenite
grains into a large number of ultrafine domains alternately enriched
or depleted in Mn. Thus, in addition to GBs, the high density of CBs
existing inside the austenite grains can act as a new feature to realize
microstructural architecturing.

CBs acting as barriers to martensitic transformation

As a typical example of GBE, reducing the austenite grain size, e.g.,
by enhancing the density of austenite GBs, to block various trans-
formations upon cooling (e.g., martensite, bainite, etc.), has proven to
be an effective route to address the long-standing strength-ductility
trade-off dilemma in steels (8, 11). However, because of the limited
thermal stability of GBs at elevated temperatures, the austenite grain
size cannot be readily reduced below 2 to 3 um by conventional
thermomechanical processing (11). Using the CBE approach de-
scribed in this study, however, each austenite grain can be further
divided into submicron domains by CBs, which are found to act
during quenching in the same manner as GBs, providing strong
barriers to block the propagation of martensitic laths, as sketched
in Fig. 2B;. Yet, the underlying mechanism is different: GBs stop
martensite growth because of a crystallographic discontinuity (10, 11),
whereas CBs stop the martensitic growth by a local reduction in
driving force due to the chemical discontinuity. As a result, the
ferrite-austenite duplex microstructure in ART-processed steels is
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transformed into a dual-phase microstructure consisting of ultrafine
equiaxed metastable austenite, distributed in a strong, ultrafine 3D
martensitic network (Fig. 2C). The austenite fractions and Mn distri-
butions of the ART- and CBE-processed samples are nearly identical
(Fig. 2, D to K), indicating no pronounced Mn redistribution during
the ultrafast heating and quenching.

These CBs are not preserved at room temperature, but their exis-
tence can be demonstrated by its effect on the martensite formation
during cooling. To illustrate the effect of CBs on martensitic formation,
correlative nano-Auger and high-resolution EBSD have been used to
map the local crystallographic orientations and the Mn distribution
in the same volume of the CBE-processed sample. Figure 3A shows
an EBSD image quality map superimposed on an inverse pole figure
map for the austenite. Several martensitic blocks are seen, separated
by high angle boundaries, together with regions of metastable aus-
tenite. By a parent-grain orientation reconstruction (see Materials
and Methods), it is found that martensite blocks are formed from
austenite with the same orientation as the surrounding metastable
austenite (Fig. 3B), i.e., they are formed from the same prior austenite
grain. The corresponding nano-Auger maps of the Mn concentration
(Fig. 3C) confirm the presence of a sharp CB between the martensite
and austenite regions, proving that the martensite growth is effec-
tively stopped by the CBs.

Figure 3 (D and E) shows TEM images of the CBE-processed steel,
with a corresponding selected area diffraction image. It is directly
revealed that the growth of the extremely fine martensite laths (thick-
ness of ~15 nm) is stopped at the CBs and that they show a Nishiyama-
Wassermann orientation relationship with the original austenite.
The typical length of the martensite laths in the CBE-processed steel
is around 130 nm, at least 10 times shorter than those in conven-
tionally GBE-processed steels (11). In addition, the planar defect
density (mainly twining) in the austenite is significantly enhanced
due to plastic deformation caused by the martensitic transformation
(Fig. 3D) (10).

Resulting mechanical properties

Using the CBE concept, we managed to create a unique micro-
structure in a low carbon, medium Mn steel. The engineering
stress-strain curves in Fig. 4A show that the yield and ultimate
tensile strength are substantially enhanced, with nearly no loss in
both uniform and total elongation as compared with the conven-
tional ART-processed steel. A reference sample not containing
CBs (i.e., cold rolling and without ART), processed similarly to
the CBE-processed sample, is very brittle and fails just after yielding
(fully martensitic microstructure).

The yield strength of the CBE-processed sample (containing
~45 volume % ) is comparable to that of the reference sample
with a fully martensitic structure (1170 MPa versus 1250 MPa).
The substantially refined martensite and the prevalence of nano-
twinning inside the austenite (Fig. 3D) are direct results from the
current CBE process. They constitute two important contributions
to the yield strength improvement. Furthermore, the ultrafine 3D
martensitic network isolates austenite in submicron domains, which
strongly restrict dislocation pileups at the austenite-martensite inter-
faces (Fig. 5, A to D). This hinders slip propagation from austenite
to martensite grains, thus a higher stress is required to initiate macro-
scopic yielding of the material. Therefore, we propose that the yielding
of the CBE-processed steel is similar to that of a network-structured
composite (12), governed more by the hard martensite frame rather
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Fig. 2. Microstructural evolution of the steel processed via the CBE strategy confirming the strong effect of CBs on martensitic transformation. (A) EBSD image
quality map with superposed phase color map of the face-centered cubic (FCC) phase (red region) of the ART-processed steel, showing the equiaxed microstructure of
austenite (y) with ferrite (o), and (C) the ultrafine dual phase microstructure of y and martensite (o) of the CBE-processed steel. (B) Sketch of the microstructural evolu-
tion of the steels during ultrafast heating and quenching via the CBE strategy to illustrate the role of GBs, PBs, and CBs. (D and E) TEM images with EDS analysis showing
the microstructure and Mn concentration profile between y and o of the ART-processed steel, while (F and G) is that between y and o' of the CBE-processed steel. Near-atomic
level Mn distribution is revealed by 3D-APT, (H and I) between y and o, and (J and K) between y and o".

than by the austenite. This micromechanical behavior serves as
another contribution to the yield strength increase. The martensite
will gradually start to yield at the initial stage of the percolative plastic
deformation, thereby providing the high initial work hardening rate
(Fig. 6A). The deformation behavior of such a submicron scaled
network-reinforcement microstructure has barely received any
attention in the steel community, primarily as until now, no routes
to create such a structure had been identified. Our new concept
provides a nearly ideal solution of maximizing the strength con-
tribution from martensite while still retaining suitable ductility.
The other notable phenomenon is the absence of a strength-
ductility trade-off (i.e., no loss of ductility). Martensite is expected
to have a lower ductility compared with ferrite with regard to storage
of forest dislocations during straining. However, the CBE-processed
sample shows a higher overall work hardening rate as compared
with ART-processed sample (Fig. 6A), which strongly suggests
that there are other work hardening sources. We demonstrate that
this additional work hardening derives from a higher extent of the
transformation-induced plasticity (TRIP) effect. In situ magnetic in-
duction measurements (Fig. 6B) show that the kinetics of deformation-
induced martensite transformation (DIMT) in the ART-processed

Ding et al., Sci. Adv. 2020; 6 : eaay1430 27 March 2020

steel is rather slow, due to the relatively low strain partitioning ratio
between ferrite and austenite (13). Hence, a significant amount of
metastable austenite remains untransformed even after fracture so
that the TRIP potential of the austenite is not fully used (Fig. 6B). In
contrast, for the CBE-processed steel, the large hardness difference
between austenite and martensite (fig. S2) enhances the strain par-
titioning and thus promotes DIMT. Moreover, extensive nano-
twinning intersections in the austenite of the CBE-processed steel
can act as preferential nucleation site for deformation-induced
martensite (14), which further enhances DIMT kinetics and pro-
motes work hardening via TRIP effects (Fig. 6, A and B).

Asin the case of GBE, we can also further manipulate the “strength
contribution” of the CBs in CBE. To demonstrate this, we imposed
a conventional cold reduction of 70% to the ART-processed steel
before the fast heating-quenching step, leading to a refined CBE steel.
Cold deformation increases the density of CBs by fragmentation of
the Mn-enriched/depleted domains, restricting martensite formation
to even smaller domain sizes. As indicated in Fig. 4A, the ultimate
tensile strength of the refined CBE steel is significantly increased to
2004 MPa, e.g., around 940 MPa higher than the reference ART-
processed material. Despite an exceptional increase in strength, the
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Fig. 3. Nano-Auger-EBSD and TEM analysis of the CBE-processed steel. (A) Inverse pole figure map of austenite combined with image quality map of martensite.
(B) Prior austenite reconstruction of (A) showing that the martensite blocks in the center share the same parent austenite orientation with the surrounding austenite. Blue
and green lines in the EBSD maps correspond to high- and low-angle GBs, respectively (misorientation of >15° and between 5°and 15°, respectively). (C) Mn concentration
profile obtained by nano-Auger line scan along the white line in (A), further confirming that the CB hinders martensitic transformation. (D) TEM bright field micrograph
showing nanocrystalline martensitic laths stop at the CB. Prior austenite grain boundary (PAGB) represents prior austenite GB. (E) Corresponding selected area diffraction
pattern in the marked area in (D) showing the near Nishiyama-Wassermann relationship between o’ and y on both sides of the CBs due to having the same parent austenite.
(F) Mn concentration profile obtained by TEM-EDS line scan along the white line in (D).

refined CBE steel is still very ductile with a total elongation of 15%.
In addition, it is interesting to observe that there is no apparent
Portevin-Le Chatelier (PLC; serrations in the tensile curve) effect
during the deformation of the refined CBE steel as compared with
the CBE-processed steel. The actual formation mechanism of PLC
bands in duplex medium Mn steels still remains an unsolved issue.
However, from a phenomenological point of view, the grain size of
retained austenite is reduced, and the overall dislocation density is
significantly increased in the refined CBE sample (fig. S3, A to C).
These factors can affect the strain-induced transformation of retained
austenite and TRIP-related deformation responses, which may lead
to the different PLC behavior of the refined CBE steel (14, 15).

To further explore the potential of CBE, we consider how the
CBE approach can be applied to microalloyed medium Mn steels,
where additional strengthening is provided by precipitation hard-
ening. For this, a new medium Mn steel with a composition of
0.2C-8Mn-0.05Nb-0.2Mo (wt %) was designed, allowing both pre-
cipitation hardening and exploitation of the CBE microstructure
design strategy. An excellent combination of an ultimate tensile
strength of 2041 MPa and a total elongation of 20% is achieved
after using the CBE approach (Fig. 4B). The micro-additions of
Nb and Mo lead to the formation of nanosized carbides (fig. S3D)

Ding et al., Sci. Adv. 2020; 6 : eaay1430 27 March 2020

during ART, which further enhances the strength of the CBE steel
by ~600 MPa.

The mechanical properties of medium Mn steels processed using
various parameters following the CBE strategy (see details in fig. S4)
are summarized in Fig. 4C. They are compared to those of existing
advanced high-strength steels with similar low carbon contents. To
allow a fair comparison, all reported data are from tensile tests with a
gauge geometry obeying the ASTM E8/E8M standard. It is seen that
the CBE-processed steels have exceptional mechanical properties and
occupy a separate area in the high-strength part of the mechanical
property map.

DISCUSSION

The fast detachment of chemical discontinuities from PBs creates
chemical heterogeneities inside each austenite grain with sharp
interfaces, i.e., CBs. Note that chemical heterogeneity has traditionally
been regarded as a detrimental manufacturing effect which should
be avoided or rectified, e.g., segregation during steel production
requiring homogenization at very high temperatures for prolonged
times to guarantee properties, which is expensive and time consum-
ing. Some attention has been paid previously to the use of chemical
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Fig. 4. Mechanical properties of the investigated steels. (A) Mechanical properties of the 0.18C-8Mn steel and (B) 0.2C-8Mn-0.2Mo-0.05Nb steel subjected to various
thermomechanical treatments. (C) Comparison of mechanical properties of the CBE-processed steels with other low carbon advanced high-strength steels (more details
in fig. S4) (13, 23-25). To allow a fair comparison, all data are from tensile tests with a gauge geometry obeying the ASTM E8/E8M standard. The stress jumps and serrations
in the tensile curves are due to the Portevin-Le Chatelier (PLC) effect, which is frequently observed in medium Mn steels (36).

heterogeneity as an effective route to improve the mechanical be-
havior of steels (17-19). However, in these previous studies, the
importance of the sharpness of the chemical gradients between
chemically heterogeneous domains was not realized and exploited.
In the CBE concept, we can not only create chemical heterogeneity
in the absence of a PB but can also precisely control the sharpness of
the chemical gradients (i.e., CBs) by fast heating and a well-designed
kinetic mismatch between the sluggish diffusion of Mn in austenite
on the one hand and the rapid interface migration of preexisting
austenite/ferrite PBs on the other hand. The width of the sharp
chemical transition region is only slightly increased from ~4 nm
(Fig. 2I), when it coexists with PBs, to ~7 nm (Fig. 2K) upon being
converted to CBs. As the diffusivity of the interstitial C is several
orders of magnitude faster than that of Mn, the distribution of C
becomes homogenized within a very short time period as compared
with Mn. Therefore, only CBs of Mn are formed in the current case.

The sharpness of the CBs plays a dominant role in determining the
mechanical properties: The thickness of the CBs is experimentally
found to increase to ~100 nm by use of a short isothermal holding
for 1 min after fast heating to 800°C, which is in good agreement
with DICTRA simulations of the spatial stability of CBs (fig. S4). As
a consequence, the mechanical properties are found to be significantly
deteriorated due to the tendency to form brittle e-martensite inside

Ding et al., Sci. Adv. 2020; 6 : eaay1430 27 March 2020

thick transition regions (fig. S5). Therefore, as shown in Fig. 4C, the
excellent mechanical properties of the CBE-processed steels indicate
that the extension of the uncontrolled chemical heterogeneity con-
cept to controlled CBE provides a significant advance in further
enhancing the performance of steels. We envisage that CBE could
allow further optimization of properties by additionally tuning both
composition and processing parameters. In addition, the CBE meth-
odology, in principle, can be applied to other alloy systems such
as duplex titanium alloys, in which significant alloy elemental parti-
tioning among the phases takes place. Also, the CBE approach seems
to be a suitable microstructural design routine for application as a
surface treatment method on thicker cross-sectional products, where
sufficiently rapid heating and cooling throughout the bulk cannot
be achieved. We believe that as technical development of fast heating
methods continues, the CBE concept can have a broad application
prospect.

CONCLUSION

In summary, the current study demonstrates that CBE opens up
alternative routes to achieve unique microstructures other than via
conventional GBE approaches, leading to ductile and strong steels
without high carbon content and expensive doping elements. The
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takes place inside the nanotwined austenite. The ultrafine martensitic network isolates austenite in submicron domains, which limits dislocation pileups at austenite-
martensite interfaces.

)
6}
o
o
o
w
o

a
w

o
s
g \ 30
§ 40001 s | e cBe

= B ART
= o 25 A
5 5
o 3000+ B 20
® >
= (0]
= o
s 3 15-
£ 2000 g

(o]
= 3 10
@ 1000 g
9] = 5
B
()
3
l_

0 T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.0 0.1 0.2 0.3
True strain Engineering strain

. .
0.4 0.5

Fig. 6. Strain-induced martensitic transformation of metastable austenite and work hardening behavior in ART and CBE steels. (A) Strain hardening behaviors of
ART and CBE steels. (B) Kinetics of strain-induced martensitic transformation in ART and CBE steels measured by in situ magnetic induction, along with the microstructure
as observed by EBSD near the fracture site, where austenite is marked in red in the EBSD maps. The step-like transformation is due to PLC bands passing through the
measured volume. The transient increase and decrease in the transformed austenite fraction at the beginning of each step are artifacts caused by the PLC bands entering
and leaving the finite magnetic probing area.
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CBs in this study are created at high temperatures by the mismatch
between the sluggish Mn diffusion in austenite and fast migration
of austenite/ferrite PBs. The extensive CBs can then restrain the
martensitic transformation to submicron regions during subsequent
quenching, resulting in an extremely fine martensite + austenite
microstructure. The hard martensite network delays yielding, and
the enhanced TRIP effect guaranties good ductility. The CBE method
can be extended to other metallic systems and possibly be used as a
surface treatment.

MATERIALS AND METHODS

Materials preparation

The chemical composition (table S1) of the two medium Mn steels
presented in this work was measured by high-frequency infrared
absorption spectrometer and wet-chemical analysis. The ingot was
cast in a vacuum induction melting furnace and forged into several
rectangular billets (length, 200 mm; width, 200 mm; thickness, 60 mm).
After homogenization treatment at 1200°C for 48 hours under Ar
atmosphere protection, the billet was hot-rolled above 1000°C and
then cold-rolled into sheets with a thickness of 1.6 mm.

Heat treatment

For the ART and microalloyed ART steel samples, the cold-rolled
sheets were intercritically annealed at 600°C for 2 hours, followed
by water-quenching. To fabricate the CBE and microalloyed CBE steel
samples, the ART and microalloyed ART samples were heated to 800°C
at a rate of ~100°C/s and immediately water-quenched, followed by
tempering at 400°C for 1 min. For the refined CBE steel sample, the
ART steel was additionally cold-rolled to a total reduction of 70%,
followed by the same fast heating, quenching, and tempering process
as that of the CBE and microalloyed CBE steel samples. Detailed heat
treatment parameters of other efforts to tweak the mechanical properties
of steels using the CBE methodology are shown in the caption of fig. S4.

Microstructure characterization

Multiple methods were used to analyze the microstructure charac-
teristics of the investigated steels. Nano-Auger-EBSD measurements
were performed using a PHI-710 scanning auger nanoprobe. The
detailed procedure for the nano-Auger-EBSD measurements can be
found elsewhere (20). The spatial resolution of nano-Auger scanning
under the operative voltage of 20 kV and a current of 10 nA is 18 nm.
The prior austenite reconstruction was carried out with help of the
APRGE software, using the theoretical crystallographic structure
formed by martensite variants (21, 22). TEM observations were per-
formed in a JEOL JEM-2100F instrument at 200 kV. The atom probe
experiments were carried out in a Cameca LEAP 5000 XR instrument.
Needle-shaped APT specimens were prepared by means of a site-
specific lift-out procedure using a FEI Helios G4 CX focused ion
beam (FIB)/scanning electron microscope (SEM). The atom probe
analyses were carried out in the voltage pulsing mode at a specimen
temperature of 75 K with a target evaporation rate of 5 ions per
1000 pulses, a pulse fraction of 20%, and a pulse rate of 200 kHz.
The APT data were reconstructed and analyzed using the commer-
cial IVAS 3.6.14 software.

Mechanical property tests
Flat dog-bone-shaped tensile specimens according to the ASTM
E8/E8M standard were machined along the rolling direction from

Ding et al., Sci. Adv. 2020; 6 : eaay1430 27 March 2020

the heat-treated sheets with a gauge length of 25 mm and a gauge
width of 6 mm. The samples were tested at an initial strain rate of
10~%/s in an Instron machine at ambient temperature. Three samples
for each material were tested to confirm reproducibility. The DIMT
during tensile testing was analyzed by an in situ magnetic induction
method implemented by a Feritscope (Fischer, FMP 30). It was
calibrated in advance using standard samples which have different
combinations of retained austenite (0 to 60%), ferrite, and deformation-
induced o’-martensite. A linear relationship with a Pearson correlation
coefficient of 0.994 exists between the magnetic induction results
and the standard values. The probe of the Feritscope was attached to
the center of each tensile sample during testing, covering a circular
surface area of 2 mm in diameter for the analysis. Nanoindentation
hardness values were measured on electropolished surfaces by the
Keysight Nano indenter G200 with a Berkovich indenter of a half
angle of 65.3°. A maximum load of 0.5 mN was applied, and the
load was maintained for 30 s before the final unloading to allow the
surface relaxation. An ex situ tensile testing combined with electron
channeling contrast imaging (ECCI) and EBSD (a JEOL JSM-6500F
SEM instrument for EBSD and a Zeiss-Merlin SEM instrument for
ECCI) was carried out to investigate the microstructural evolution
of the CBE sample during the yielding stage.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/13/eaay1430/DC1

Fig. S1. Dilatometry study and inverse pole figure maps of austenite.

Fig. S2. Nanohardness of each phase in ART and CBE steels.

Fig. S3. Microstructures of refined CBE steel and microalloyed CBE steel.

Fig. S4. DICTRA simulation of the spatial stability of a CB inside austenite at 800°C.

Fig. S5. Extended mechanical properties.

Table S1. Chemical composition of the studied alloys in weight %.
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