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High stress twinning in a compositionally complex
steel of very high stacking fault energy
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Zhiming Li 1,3,4✉

Deformation twinning is rarely found in bulk face-centered cubic (FCC) alloys with very high

stacking fault energy (SFE) under standard loading conditions. Here, based on results from

bulk quasi-static tensile experiments, we report deformation twinning in a micrometer grain-

sized compositionally complex steel (CCS) with a very high SFE of ~79mJ/m2, far above the

SFE regime for twinning (<~50mJ/m2) reported for FCC steels. The dual-nanoprecipitation,

enabled by the compositional degrees of freedom, contributes to an ultrahigh true tensile

stress up to 1.9 GPa in our CCS. The strengthening effect enhances the flow stress to reach

the high critical value for the onset of mechanical twinning. The formation of nanotwins in

turn enables further strain hardening and toughening mechanisms that enhance the

mechanical performance. The high stress twinning effect introduces a so far untapped

strengthening and toughening mechanism, for enabling the design of high SFEs alloys with

improved mechanical properties.
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The plastic deformation mechanisms that govern the
mechanical performance of crystalline metallic materials
include dislocations, twinning, stacking faults, and dis-

placive phase transformations1. While the motion of the former
defects, i.e. of the dislocations, maintains lattice coherency, the
latter three mechanisms create symmetry breaks, manifested by
changes in the stacking sequence of the densely packed atomic
planes. This crystalline defect is called stacking fault and its
associated energetic penalty is referred to as the stacking fault
energy (SFE)2. Kinematically, twins, stacking faults, and dis-
placive phase transformations are carried by partial dislocations3.
These have a smaller self-energy than complete lattice disloca-
tions, but when activated, partial dislocations shift the lattice
locally into the wrong configuration, thereby creating the stacking
fault. For this reason, twins, stacking faults and displacive phase
transformations, which can endow metals with excellent strain
hardening features, are typically absent in bulk materials with
relatively high SFEs, such as pure Al (166 mJ/m2) and Ni (125 mJ/
m2)2,4,5, in which the competing dislocation slip is energetically
less costly4,6. Thus, except for some extreme cases7–12, such as
deformation of nanocrystalline Al films under microindentation7

or bulk Al exposed to large strain rates11, the deformation
behavior of high SFE materials is governed by dislocations. As a
result, bulk alloys with high SFE have till today not unleashed the
excellent strain hardening reserves provided by mechanical twins
and stacking faults.

According to previous studies conducted over the past decades,
deformation twinning has also not been found in tensile loaded Fe-
Mn-Al-C steels with high SFE (the upper limit for twinning is
~50 mJ/m2), a promising material class for highly demanding
engineering applications due to their low mass density, excellent
mechanical properties, and low costs13. The deformation of
Fe–Mn–Al–C lightweight steels is initially dominated by planar slip
of dislocations, which further evolves into slip bands consisting of
high densities of dislocations as deformation proceeds14. Higher
strength-ductility regimes remain inaccessible though for these
alloys as the available strain-hardening mechanisms remain con-
fined to dislocations and their interactions with grain boundaries
and precipitates15–17. The twinning-induced plasticity (TWIP)
effect, as a highly effective strain hardening and toughening
mechanism enabling attractive mechanical properties18,19, has
remained inaccessible for these materials, due to their high SFEs.

Here, we report deformation twinning and the associated high
strengthening effect in a lightweight compositionally complex
steel (CCS) with a SFE of ~79 mJ/m2. As noted above, defor-
mation twinning would be usually expected to be impossible to
occur in bulk materials with such high SFE under quasi-static
tensile loading conditions. The CCSs are a class of materials
developed by applying the concept of high-entropy alloys (HEAs)
to the redesign of conventional lightweight Fe–Mn–Al–C steels20.
The compositional degrees of freedom introduced by the high
entropy concept allow to shift the material’s overall composition
into regimes where the formation of a unique blend of dual-
nanoprecipitation of κ-carbides (ordered face-centered cubic,
FCC) and B2 (ordered body-centered cubic, BCC) phases
becomes possible, producing the high strength required to acti-
vate mechanical twins.

Results
Microstructures of the CCS. The CCS studied in this work has a
nominal composition Fe-26Mn-16Al-5Ni-5C (at. %). After
homogenization at 1200 °C, the cast steels were hot-rolled to 75 %
total thickness reduction, followed by cold-rolling to 60%
reduction in thickness and subsequent annealing at 900 °C for
3 min (see “Methods”).

Figure 1 shows the microstructures of the material across
several length scales. The alloy exhibits a partially recrystallized
structure with B2 phase in an austenitic γ (FCC) matrix, revealed
by the inverse pole figure (IPF) (Fig. 1a) and phase map (Fig. 1b)
obtained from electron backscatter diffraction (EBSD). According
to multiple EBSD maps, the recrystallized regions in the
microstructure occupy a fraction of 57% with an average grain
size of ~1.5 μm, while the rest (43%) are non-recrystallized
regions with a larger average size of ~10 μm. The bright-field (BF)
scanning transmission electron microscopy (STEM) image in
Fig. 1c shows a nearly homogeneous distribution of precipitates
both in the grain interiors and at grain boundaries, with sizes of
several hundred nanometers. The BF STEM analysis (Fig. 1c) also
shows the formation of the second type of precipitates (identified
as κ-carbides) together with the B2 phase, either by covering the
interfacial region between B2 phase and γ matrix (white arrows)
or with close contact to B2 precipitates of similar size (black
arrows).

To further characterize the nanoprecipitates at atomic scales,
we performed high-resolution annular bright-field (ABF) STEM
and atom probe tomography (APT) analysis. Figure 1d shows a
representative B2 particle surrounded by the κ-carbide phase. The
magnified images in Fig. 1e and f show the atomic structure of
both phases. The ordered structure of B2 is further confirmed by
the superlattice reflections along the <001> zone axis in the inset
of Fig. 1e, and the ordered structure of κ-carbide is revealed by
superlattice reflections along the <110> zone axis from FFT (fast
Fourier transform) patterns, as shown in the inset of Fig. 1f. The
three-dimensional morphology and chemical compositions of the
precipitates are revealed by APT analysis (Fig. 1g). The atomic
maps for each element (Fig. 1g) and one-dimensional composi-
tional profiles (Fig. 1h) show that Ni and Al are enriched in the
B2 particle and C partitions into the adjacent κ-carbide,
confirming the precipitation of B2 and κ-carbide in terms of
their respective chemical compositions. Energy dispersive X-ray
spectroscopy (EDS) maps in Fig. 1i reveal the co-existence of both
(Ni, Al)-rich B2 and C-rich κ-carbide precipitates with similar
sizes, confirming the other type of topology observed in this dual-
nanoprecipitation system.

Based on the compositional analysis obtained from APT, we
estimated the SFE of the austenitic γ matrix by thermodynamic
calculations21–23, suggesting a SFE value of ~79 mJ/m2

(see “Methods”) for the γ matrix of our CCS, which falls into
the SFE range for typical austenite-based Fe–Mn–Al–C light-
weight steels13. Such a SFE range is usually far too high to activate
mechanical twinning in austenitic materials under tensile loading,
as shown by multiple studies13,18.

Deformation twining under bulk quasi-static tension. We
conducted tensile tests on the material using bulk samples at a
relatively low strain rate of 1 × 10−3 s−1 at room temperature
(see “Methods”). A typical true stress–strain curve is shown in
Fig. 2a (corresponding engineering stress–strain curve is shown in
Supplementary Fig. 1), which exhibits an ultrahigh true tensile
strength close to 1.9 GPa. Such high strength of our CCS sig-
nificantly outperforms those of previously designed lightweight
steels with similar SFEs (see Fig. 2a). Characterization of the
deformation substructures reveals planar slip of the dislocations
in the austenitic matrix at a low local strain of ~2% (see Sup-
plementary Fig. 2), which originates from the high lattice friction
stress and the planar dislocation cores14,24. As the plastic strain
increases to ~11%, a remarkably higher density of dislocations is
seen, which cut through the κ-carbides and are subsequently
pinned by B2 particles (see Supplementary Fig. 2). In addition to
the combination of the cutting and bypassing mechanisms,
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Fig. 1 Microstructures of the CCS. a EBSD IPF map. b EBSD phase map. c BF STEM image. The IPF map shows the existence of both, recrystallized (RX)
and non-recrystallized (NRX) regions. The phase map indicates the formation of B2 precipitates in the austenite matrix, while the BF STEM image shows
the formation of the other precipitate (κ-carbide) together with B2 phase. Black lines in b indicate high angle grain boundaries. Black arrows and white
arrows in c indicate two types of dual-nanoprecipitation. d ABF image and e, f corresponding Zoom-in images. The inserted FFT patterns confirm structures
of B2, κ-carbide and γ matrix. g Atomic maps for individual elements and the one highlighted by iso-composition surfaces of 20 at. % Ni and 12 at. % C.
h One-dimensional compositional profiles along the black arrow in g showing the chemical compositions of each phase. i HAADF STEM image and EDS
maps showing the close contact of κ-carbide and B2 precipitates with similar sizes. IPF, BF, ABF, FFT, HAADF, and EDS refer to “inverse pole figure”,
“bright-field”, “annular bright-field”, “fast Fourier transform”, “high-angle annular dark-field”, and “energy dispersive X-ray spectroscopy”, respectively.
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dislocations are also observed inside the B2 particles, suggesting
the co-deformation of B2 and matrix at medium strain levels.
Overall, the plastic deformation proceeds via dislocations at low
and medium strains (see Supplementary Fig. 2), similar as in
other lightweight steels13.

At higher strain levels, we detect mechanical twinning in our
alloy. We lifted out a specimen in a region with a local strain of
~70% (near the fracture surface; see Supplementary Fig. 3) for STEM
analysis. In addition to a high density of dislocations, the high-angle
annular dark-field (HAADF) STEM image in Fig. 2b shows that
multiple parallel thin plates have formed at this strain stage. The
high-resolution HAADF STEM observation clearly reveals the
twinning of atomic planes (Fig. 2c), and the corresponding FFT
pattern further shows a <110>matrix//<011>twin system which is
the common twin system in FCC alloys (Fig. 2d).

Formation of twinning via in situ TEM analysis. To better
understand the formation mechanism of these mechanical twins,
we performed in situ TEM tensile tests (Fig. 3a–h and Supple-
mentary Video). The starting microstructure of the CCS specimen
is shown by both BF (Fig. 3a) and low angle annular dark field
(LAADF) (Fig. 3e) images. Apart from the precipitates, both, the
recrystallized region with fine grains and the non-recrystallized

region with dislocations are revealed, consistent with the micro-
structures mapped for the bulk material (Fig. 1c). During the in situ
tensile test, dislocation formation and motion dominate the plastic
deformation from the early to medium strain stages. LAADF STEM
images in Fig. 3b and BF TEM images in Fig. 3f clearly display the
dislocation motion at the early stage of deformation, and the density
of the dislocations increases with increasing strain.

At the later stage of the in situ deformation experiment in the
TEM, a plate with relative dark contrast appears in a region where
a crack begins to occur (Fig. 3g), identified as the twinning event
by selected area electron diffraction (SAED) analysis (inset in
Fig. 3g). It is worth noting that such twinning simultaneously
occurs also in other grains that are far away from the crack (Fig. 3
and Supplementary Fig. 5). The deformation twins observed
during the in situ TEM tensile test are several hundred
nanometers thick, i.e., significantly larger than the twins with
thicknesses of only several nanometers, which were found in the
bulk sample (Fig. 2). This is because the flow stress is substantially
higher in the in situ specimen than that in the bulk tensile testing
due to the thin film effect25,26. Another interesting feature is that
the crack did not initiate at the incoherent interfaces between
matrix and B2 particles, and the following growth of the crack
went through different grains (Fig. 3d, h), showing an
intragranular fracture mode, as further confirmed by EDS maps

Fig. 2 Mechanical performance of the CCS and deformation microstructure. a True tensile stress–strain curve for the CCS under tension at a strain rate of
10−3 s−1. The inset schematically shows the geometry of the bulk tensile sample. The true stress–strain curves of four typical lightweight steels with similar
SFEs to our CCS (Fe-27Mn-12Al-0.9C40, Fe-30Mn-11Al-4Mo-1.1C41, Fe-30Mn-8Al-1.1C42, and Fe-29Mn-9Al-1.6Si-1.2C16, in wt. %) are shown for
comparison. b Deformation substructures of the CCS at a local strain of 70%. Red arrows indicate the nano-twins. c High-resolution HAADF image
showing the atomic structure of deformation nano-twinning. TB indicates the twin boundary. d FFT pattern confirming the twinning structure.
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shown in Supplementary Fig. 6. This feature is distinctly different
from the crack growth behavior in conventional alloys where
tearing and delamination of interfaces between FCC and B2 is
observed27.

We further investigated the sample regions near the crack after
the in situ TEM tensile test by subsequent high-resolution TEM
analysis. Multiple twins are seen in Fig. 4a, and the high-
resolution TEM images reveal twinning structures (Fig. 4b).
Multiple stacking faults are also detected after the in situ tensile
tests (Fig. 4a). A faulted stacking sequence of atoms in the FCC
matrix is revealed by the TEM images in Fig. 4c.

The nucleation of 1/6 <112> Shockley partial dislocations is
essential for the formation of deformation twinning (Supple-
mentary Fig. 7). For materials with very high SFEs, dislocation
motion proceeds via perfect dislocations 1/2 <110>, since
partial dislocations come at the costs of stacking faults and thus
require high stresses to form. We estimate that the critical
twinning stress in our steel is 1.5–1.7 GPa (see “Methods”). This
stress value is much higher than the tensile flow stresses of
previously studied lightweight steels with similar SFEs, yet with
maximum tensile stress levels below 1.5 GPa (Fig. 2a). The
ultrahigh true tensile stress of our steel (up to 1.9 GPa, see

Fig. 3 In situ BF TEM (a–d) and corresponding LAADF STEM (e–h) observations under tensile test for the CCS. a, e Starting microstructure of the CCS
prior to tensile loading. b, f Dislocation slip dominates the early stage of deformation. c, g Formation of mechanical twins at various regions when a crack
nucleates. d, h Cracks propagate into different grains, while fracture at the interfaces among B2 and the austenite matrix is suppressed. The inserted SAED
patterns in g and h reveal twinning structures, and the correspondingly indexed pattern is shown in Supplementary Fig. 4. LD indicates the loading
direction.

Fig. 4 TEM images showing the deformation microstructures of the CCS after the in situ tensile test. a Twins and stacking faults near the cracked
regions. b Zoom-in image showing the twinning. c Zoom-in image showing the stacking faults. “TB” and “SFs” indicate the twin boundary and stacking
faults, respectively.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-31315-2 ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:3598 | https://doi.org/10.1038/s41467-022-31315-2 | www.nature.com/naturecommunications 5

www.nature.com/naturecommunications
www.nature.com/naturecommunications


Fig. 2a) reaches the required high critical twinning stresses, thus
leading to deformation twinning in this material, irrespective of
its high SFE.

Discussion
The resulting excellent mechanical properties of the present CCS
originate from the specific alloy design strategy that is guided by
two main ideas. (1) We adopt the HEA concept to redesign
lightweight steels by enhancing their compositional complexity,
achieving the previously unattainable dual-nanoprecipitation
system in our CCS. These nanoprecipitates substantially
strengthen the alloy through dislocation bypassing and cutting20,
leading to high strain hardening28,29. (2) At higher deformations,
the high stress level, which arises from the increasing dislocation
densities and the associated complex interactions between dis-
locations and nanoprecipitates (Supplementary Fig. 2), allows
activating the previously inaccessible deformation-induced
nanotwinning mechanism in the austenite matrix. The forma-
tion of nanotwins in turn enables further strain hardening and
toughening reserves during the later stages of deformation, which
counteract softening and strain localization, as seen in some
HEAs19,30,31 and lightweight steels32,33. The fact that this alloy
design strategy is successful, conveys an important and general
lesson: materials with high SFEs can be re-modelled for the
activation of mechanical twinning and its exploitation for
strengthening, provided the required high strength levels can be
achieved by other strain hardening mechanisms. Our work thus
revises the common understanding that mechanical twinning is
inaccessible in high SFE materials under quasi-static loading
conditions, by showing that mechanical twinning was triggered as
a regular bulk deformation mechanism when the activation
stresses for competing deformation mechanisms (usually dis-
location motion) are high enough without reaching the fracture
strength.

In the current CCS the enhanced strength and strain hardening
of the austenite matrix, resulting from deformation twinning,
together with the co-deformation of the B2 precipitates (Sup-
plementary Fig. 2), helps to avoid stress localization at the
incoherent interfaces among austenite/κ-carbides and B2 phases.
In addition, the formation of nanotwins can impede the propa-
gation of cracks, thus contributing a significant toughening
effect31,34. All of these mechanisms delay the nucleation and
propagation of cracks which are commonly seen in
B2 strengthened FCC-based alloys and significantly detrimental
to an alloy’s ductility27. Therefore, excellent tensile elongation
(~30%) is achieved in our CCS, even at such a high stress level
(~1.9 GPa), where alloys are otherwise more brittle.

In summary, we demonstrate the activation of deformation
nanotwinning during quasi-static tensile testing of a bulk FCC-
based lightweight CCS (at the mm scale) with very high SFE
(~79 mJ/m2), an interesting mechanism combination of funda-
mental relevance in the field of plastic deformation of metallic
materials. Owing to the dual-nanoprecipitation of κ-carbide and
B2 phases, enabled by our specific alloy design strategy, the CCS
shows very high tensile stress, thus reaching the critical twinning
stress, which had been so far inaccessible for conventional
lightweight steels. The high stress twinning phenomenon pro-
vides remarkable strain hardening during the later stages of
deformation, which suppresses the nucleation of cracks at the
incoherent interfaces between matrix and B2 phases and thus,
leads to excellent ductility of the material. Our study thus shows
a promising design strategy, by triggering previously unattain-
able deformation mechanisms in high-performance structural
materials with high SFE, for enhancing their mechanical
properties.

Methods
Materials. The actual chemical composition of the CCS is Fe-26.4Mn-15.9Al-
4.5Ni-4.9C in at. %, corresponding to Fe-29.6Mn-8.8Al-5.2Ni-1.2C in wt. %,
obtained from wet-chemical analysis. An induction furnace was used to cast the
CCS under Ar atmosphere. The homogenization was performed at 1200 °C for 1 h
protected by Ar, followed by the water quench. Subsequently, hot-rolling at
1100 °C and cold-rolling at room temperature were applied to reduce the thickness
from 10 to 1 mm. Final annealing was conducted at 900 °C for 3 min under vacuum
using a DIL805A/D dilatometer, at a heating rate of 50 °C/s and a cooling rate of
220 °C/s.

Characterization. Samples for scanning electron microscopy (SEM) measurements
were mechanically polished, with subsequent fine polishing using silica oxide
suspension. EBSD mapping was conducted on a Zeiss Sigma 300 SEM instrument.

Twin-jet electropolishing and focused ion beam (FIB) were employed to
prepare the TEM samples. A Struers TenuPol-5 was applied to polish specimens
using 30% nitric acid in methanol using at a voltage of ∼10 V and a temperature of
−30 °C. The SAED, transmission electron microscopy (TEM), scanning
transmission electron microscopy (STEM), and EDS analysis were carried out by
using both image aberration-corrected and probe aberration-corrected TEM (FEI
Titan Themis) at 300 kV. For HAADF STEM imaging, a probe semi-convergence
angle of 17 mrad and inner and outer semi-collection angles ranging from 73
to 200 mrad were used. For LAADF imaging, a probe semi-convergence angle of
17 mrad and inner and outer semi-collection angles from 14 to 63 mrad were used.

The in situ deformation was realized using a custom-designed Cu tensile dog-
bone holder, which facilitates the simultaneous acquisition of the deformation and
real-time TEM/STEM images. With the TEM tensile dog-bone holder, containing
the TEM lamella, loaded into a Gatan holder, the in situ tensile deformation was
performed at room temperature and at constant strain rate.

Needle-shaped samples for APT were produced by a dual FIB-SEM system (FEI
Helios NanoLab 600i). APT measurements were performed on a CAMECA LEAP
5000 XR local electrode instrument in voltage-pulsing mode using a repetition rate
of 200 kHz, a pulse fraction of 15%, and a specimen temperature of −203 °C. The
APT data were analyzed using the commercial IVAS 3.8.4 software. It should be
noted that Fe2þ54 and Al1þ27 overlap at 27 Da. Thus, we did the decomposition
analysis35, which distributed 35 % of the composition to Al and 65% of the
composition to Fe.

Tensile tests were conducted at room temperature at an initial strain rate of
10−3 s−1 by a Kammrath & Weiss tensile stage, using dog-bone shaped specimens
with a gauge length of 4 mm, a width of 2 mm, and a thickness of 1 mm. We track
the local strain evolution during tensile testing based on a digital image correlation
(DIC) method by using an Aramis system (GOM GmbH).

Calculation of the stacking fault energy. The SFE (Γ) of the austenite matrix in
our CCS was evaluated based on the well-established thermodynamic
approach21,22:

Γ ¼ 2ρ4Gγ!ε þ 2σ ð1Þ
where ρ is the molar surface density along {111} planes, 4Gγ!ε is the molar Gibbs
energy of the phase transformation from austenite to martensite, and σ is the
interfacial energy per unit area of the phase boundary. The change of the molar
Gibbs energy during phase transformation can be expressed as21,36:

4Gγ!ε ¼ χFE4Gγ!ε
FE þ χMn4Gγ!ε

Mn þ χAl4Gγ!ε
Al þ χNi4Gγ!ε

Ni þ χC4Gγ!ε
C

þ χFEχMnΩ
γ!ε
FEMn þ χFeχAlΩ

γ!ε
FEAl þ χFEχNiΩ

γ!ε
FENi þ χFEχCΩ

γ!ε
FEC

þ χMnχCΩ
γ!ε
MnC þ4Gγ!ε

mg

ð2Þ

where χ is the atomic molar fraction and Ω is the excessive mixing energy. In
Fe–Mn–Al–C lightweight steel, the possible interactions among rest elements, such
as Mn–Al and Al–C, are assumed to be negligible36. 4Gγ!ε

mg is the Gibbs energy for
the magnetic state of the phase, which is given by

4Gγ!ε
mg ¼ Gε

mg � Gγ
mg ð3Þ

The Gibbs energy from the magnetic contribution for each phase (γ or ε) can be
calculated by the equation21

Gðγ or εÞ
mg ¼ RTInðβ γ or εð Þ þ 1Þf ðτðγ or εÞÞ ð4Þ

where R is the gas constant, T is the temperature (T= 298 K), β is the magnetic
moment of phase divided by the Bohr magneton, and f (τ) is a polynomial function
of the scaled Nèel temperature (τ= T/TNèel)21

f τð Þ ¼ � τ�5

10
þ τ�15

315
þ τ�25

1500

� �
=D; if τ>1; ð5Þ

f τð Þ ¼ 1� 79τ�1

140p
þ 474

497
1
p
� 1

� �
τ3

6
þ τ9

135
þ τ15

600

� �� �
=D; if τ ≤ 1; ð6Þ

where p= 0.28 and D= 2.34 for FCC23. Thermodynamic parameters for Fe, Mn,
Al, and C were taken from ref. 23 for the Fe–Mn–Al–C alloy system, and those for
Ni were obtained from the Fe–Cr–Ni alloy system21. It should be noted that the
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value of the interfacial energy is not sensitive to compositional variations of
Fe–Mn–Al–C steels36. The possible influence of chemical ordering can be neglected
here, since APT analysis (Supplementary Fig. 8) and FFT pattern analysis (inset in
Fig. 1f) showed no sign of ordering in the FCC matrix.

By using all values and functions listed in Supplementary Table 1, the SFE is
calculated as 79 mJ/m2. This calculated high value of the SFE is also supported by
the zoom-in LAADF-STEM observations which were conducted at a strain of 2%,
as shown in Supplementary Fig. 2, where no dissociation of dislocations was
detected. Moreover, the thermodynamic model used here has been validated by
SFEs measured by various other methods, as reported before in the literature,
including X-ray diffraction (XRD), TEM and neutron diffraction, for several
Fe–Mn–Al–C steels (see Supplementary Table 2). As summarized in a review about
TWIP steels18, deformation twins form at the SFE range of ~10–50 mJ/m2. By
comparison, the SFE of our steel is with 79 mJ/m2 far higher than that of
representative TWIP steels.

Calculation of the critical stress for twinning. The critical stress for twinning
(σt) can be estimated by a mean-field model6,37,38

σt ¼ M
Γ

b
þ Gb

D

� �
ð7Þ

where M is the Taylor factor for a randomly textured polycrystal (M= 3.06 based
on the Taylor model and M= 2.7 based on the crystal plasticity finite element
model39), Γ is the SFE (79 mJ/m2), G is the polycrystal shear modulus (68 GPa
ref. 20), b is the magnitude of the Burgers vector of the partial dislocation (0.147 nm
ref. 18), and D is the grain size. The value of grain size (D) is determined to be
~5 µm, by averaging sizes between the recrystallized (RX) and non-recrystallized
(NRX) regions. After the calculation, the critical twinning stress for our CCS is
around 1.5–1.7 GPa. The high strain hardening from interactions among the dis-
locations and the dual-nanoprecipitation system plays a significant role in reaching
the critical twinning stress in our CCS.

The actual grain size may change as the twinning occurs at a relatively large strain.
Since the SFE plays a dominant role in the twinning stress, particularly for the current
steel with very high SFE (79 mJ/m2) and high twinning stress (1.5–1.7 GPa), the
possible influence from the variation of grain size during deformation is negligible.
The dislocation density reached ~3.12 × 1014m−2 at an intermediate bulk sample
strain of 11%, at which the originally RX and NRX grains can be hardly distinguished
anymore. Given that the twinning occurs at very large strain, the NRX and RX grains
show little differences in their respective twinning capability.

Data availability
All data needed to evaluate the conclusions in the paper are present in the paper and/or
the Supplementary Materials. Additional data related to this paper may be requested
from the corresponding authors.

Received: 13 September 2021; Accepted: 7 June 2022;

References
1. Dieter, G. E. & Bacon, D. J. Mechanical Metallurgy (McGraw-Hill, 1986).
2. Hirth, J. P. & Lothe, L. Theory of Dislocations (Krieger Publishing Company,

1982).
3. Christian, J. W. & Mahajan, S. Deformation twinning. Prog. Mater. Sci. 39,

1–157 (1995).
4. Warner, D. H., Curtin, W. A. & Qu, S. Rate dependence of crack-tip processes

predicts twinning trends in f.c.c. metals. Nat. Mater. 6, 876–881 (2007).
5. Zhu, Y. T., Liao, X. Z. & Wu, X. L. Deformation twinning in nanocrystalline

materials. Prog. Mater. Sci. 57, 1–62 (2012).
6. Han, W. Z., Cheng, G. M., Li, S. X., Wu, S. D. & Zhang, Z. F. Deformation

induced microtwins and stacking faults in aluminum single crystal. Phys. Rev.
Lett. 101, 115505 (2008).

7. Chen, M. et al. Deformation twinning in nanocrystalline aluminum. Science
300, 1275–1277 (2003).

8. Liao, X. Z., Zhou, F., Lavernia, E. J., He, D. W. & Zhu, Y. T. Deformation twins
in nanocrystalline Al. Appl. Phys. Lett. 83, 5062–5064 (2003).

9. Wu, X. L. et al. New deformation twinning mechanism generates zero
macroscopic strain in nanocrystalline metals. Phys. Rev. Lett. 100, 095701 (2008).

10. Li, B. Q., Sui, M. L., Li, B., Ma, E. & Mao, S. X. Reversible twinning in pure
aluminum. Phys. Rev. Lett. 102, 205504 (2009).

11. Zhao, F. et al. Macrodeformation twins in single-crystal aluminum. Phys. Rev.
Lett. 116, 075501 (2016).

12. Xue, S. et al. High-velocity projectile impact induced 9R phase in ultrafine-
grained aluminium. Nat. Commun. 8, 1653 (2017).

13. Chen, S., Rana, R., Haldar, A. & Ray, R. K. Current state of Fe–Mn–Al–C low
density steels. Prog. Mater. Sci. 89, 345–391 (2017).

14. Welsch, E. et al. Strain hardening by dynamic slip band refinement in a high-
Mn lightweight steel. Acta Mater. 116, 188–199 (2016).

15. Zhang, J., Raabe, D. & Tasan, C. C. Designing duplex, ultrafine-grained
Fe–Mn–Al–C steels by tuning phase transformation and recrystallization
kinetics. Acta Mater. 141, 374–387 (2017).

16. Wang, Z. et al. Formation mechanism of κ-carbides and deformation behavior
in Si-alloyed FeMnAlC lightweight steels. Acta Mater. 198, 258–270 (2020).

17. Kim, S. H., Kim, H. & Kim, N. J. Brittle intermetallic compound makes
ultrastrong low-density steel with large ductility. Nature 518, 77–79 (2015).

18. De Cooman, B. C., Estrin, Y. & Kim, S. K. Twinning-induced plasticity
(TWIP) steels. Acta Mater. 142, 283–362 (2018).

19. Gludovatz, B. et al. A fracture-resistant high-entropy alloy for cryogenic
applications. Science 345, 1153–1158 (2014).

20. Wang, Z. et al. Ultrastrong lightweight compositionally complex steels via
dual-nanoprecipitation. Sci. Adv. 6, eaba9543 (2020).

21. Curtze, S., Kuokkala, V. T., Oikari, A., Talonen, J. & Hänninen, H.
Thermodynamic modeling of the stacking fault energy of austenitic steels.
Acta Mater. 59, 1068–1076 (2011).

22. Curtze, S. & Kuokkala, V. T. Dependence of tensile deformation behavior of
TWIP steels on stacking fault energy, temperature and strain rate. Acta Mater.
58, 5129–5141 (2010).

23. Yoo, J. D. & Park, K.-T. Microband-induced plasticity in a high Mn–Al–C
light steel. Mater. Sci. Eng. A 496, 417–424 (2008).

24. Wang, Z. et al. The effect of interstitial carbon on the mechanical properties
and dislocation substructure evolution in Fe40.4Ni11.3Mn34.8Al7.5Cr6 high
entropy alloys. Acta Mater. 120, 228–239 (2016).

25. Nix, W. D. Elastic and plastic properties of thin films on substrates:
Nanoindentation techniques. Mater. Sci. Eng. A 234-236, 37–44 (1997).

26. Legros, M., Cabie, M. & Gianola, D. S. In situ deformation of thin films on
substrates. Microsc. Res. Tech. 72, 270–283 (2009).

27. Liao, Y. & Baker, I. On the room-temperature deformation mechanisms of
lamellar-structured Fe30Ni20Mn35Al15.Mater. Sci. Eng. A 528, 3998–4008 (2011).

28. Zhu, Y. et al. Heterostructured materials: Superior properties from hetero-
zone interaction. Mater. Res. Lett. 9, 1–31 (2020).

29. Yang, M. X. et al. Strain hardening in Fe–16Mn–10Al–0.86C–5Ni high
specific strength steel. Acta Mater. 109, 213–222 (2016).

30. Jo, Y. H. et al. Cryogenic strength improvement by utilizing room-
temperature deformation twinning in a partially recrystallized VCrMnFeCoNi
high-entropy alloy. Nat. Commun. 8, 15719 (2017).

31. Zhang, Z. et al. Nanoscale origins of the damage tolerance of the high-entropy
alloy CrMnFeCoNi. Nat. Commun. 6, 10143 (2015).

32. Lai, Z.-H., Sun, Y.-H., Lin, Y.-T., Tu, J.-F. & Yen, H.-W. Mechanism of
twinning induced plasticity in austenitic lightweight steel driven by
compositional complexity. Acta Mater. 210, 116814 (2021).

33. Shun, T., Wan, C. M. & Byrne, J. G. A study of work hardening in austenitic
Fe–Mn–C and Fe–Mn–Al–C alloys. Acta Metall. Mater. 40, 3407–3412
(1992).

34. Shin, Y. A. et al. Nanotwin-governed toughening mechanism in hierarchically
structured biological materials. Nat. Commun. 7, 10772 (2016).

35. Yao, M. κ-Carbide in a High-Mn Light-Weight Steel: Precipitation, Off-
Stoichiometry and Deformation (RWTH Aachen University, 2017).

36. Saeed-Akbari, A., Imlau, J., Prahl, U. & Bleck, W. Derivation and variation in
composition-dependent stacking fault energy maps based on subregular
solution model in high-manganese steels. Metall. Mater. Trans. A 40,
3076–3090 (2009).

37. Gutierrez-Urrutia, I., Zaefferer, S. & Raabe, D. The effect of grain size and
grain orientation on deformation twinning in a Fe–22wt.% Mn–0.6wt.% C
TWIP steel. Mater. Sci. Eng. A 527, 3552–3560 (2010).

38. Venables, J. A. Deformation twinning in face-centred cubic metals. Philos.
Mag. 6, 379–396 (1961).

39. Tadano, Y., Kuroda, M. & Noguchi, H. Quantitative re-examination of Taylor
model for FCC polycrystals. Comput. Mater. Sci. 51, 290–302 (2012).

40. Frommeyer, G. & Brüx, U. Microstructures and mechanical properties of
high-strength Fe–Mn–Al–C Light-Weight TRIPLEX Steels. Steel Res. Int. 77,
627–633 (2006).

41. Moon, J. et al. Investigations of the microstructure evolution and tensile
deformation behavior of austenitic Fe–Mn–Al–C lightweight steels and the
effect of Mo addition. Acta Mater. 147, 226–235 (2018).

42. Haase, C. et al. On the deformation behavior of κ-carbide-free and κ-carbide-
containing high-Mn light-weight steel. Acta Mater. 122, 332–343 (2017).

Acknowledgements
Z.W. would like to acknowledge the support from State Key Laboratory of Powder
Metallurgy, Central South University, Changsha, China, and Changsha Municipal Nat-
ural Science Foundation (kq2202091). Z.L. would like to acknowledge the support from
the National Natural Science Foundation of China (Grant No. 51971248) and the Natural

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-31315-2 ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:3598 | https://doi.org/10.1038/s41467-022-31315-2 | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


Science Foundation of Hunan province in China (Grant No. 2021JJ10056). Financial
support of the German Research Foundation within the Priority Programme 2006
(Compositionally Complex Alloys – High Entropy Alloys) is acknowledged. M.S. would
like to acknowledge the support from the National Natural Science Foundation of China
(Grant No. 51971247). W.L. is grateful for the financial support from the Shenzhen
Science and Technology Program (JCYJ20210324104404012) and the open research fund
of Songshan Lake Materials Laboratory (2021SLABFK05).

Author contributions
Z.W., W.L., and Z.L. conceived the project. Z.W. prepared the materials, performed the
tensile tests, and conducted the SEM/EBSD and APT characterization. W.L. and F.A.
conducted the TEM/STEM and in situ characterization. M.S., D.P., and D.R. contributed
to the data analysis. Z.W., W.L., D.R., and Z.L. wrote the manuscript. All authors con-
tributed to the discussion of the results and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-31315-2.

Correspondence and requests for materials should be addressed to Zhangwei Wang,
Wenjun Lu or Zhiming Li.

Peer review information Nature Communications thanks Yuri Estrin and the other,
anonymous, reviewers for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-31315-2

8 NATURE COMMUNICATIONS |         (2022) 13:3598 | https://doi.org/10.1038/s41467-022-31315-2 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-022-31315-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	High stress twinning in a compositionally complex steel of very high stacking fault energy
	Results
	Microstructures of the CCS
	Deformation twining under bulk quasi-static tension
	Formation of twinning via in�situ TEM analysis

	Discussion
	Methods
	Materials
	Characterization
	Calculation of the stacking fault energy
	Calculation of the critical stress for twinning

	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




