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Abstract
Dislocation activities play an important role in mediating plastic deformation, even in metals that are
prone to deformation twinning. Combining multi-scale and in situ electron microscope characterizations,
here we report a discovery of a unique type of dislocation sources that are particularly fertile in low
stacking-fault energy materials, including CrCoNi-based high-entropy alloys and twinning-induced
plasticity steel. These sources reside on nano-sized ridges, which form strings along the borders between
different twin variants to accommodate the multiple twinning relationships. Upon plastic deformation,
such ridge-twin structures act as an effective dislocation generator, from which dislocations are emitted
into the coherent twin boundaries or cross slip into the interior of grains. At larger strain, the incoherent
boundaries of the nano-sized ridge-twins emit partial dislocations to mediate deformation twinning as
well. Molecular dynamic simulations indicate that the formation of nano-sized ridge-twin structures is
energetically favorable at the junctions between multiple twins, explaining why such structures are
ubiquitously populous in the twinned architectures that are commonplace in the several low stacking-
fault energy materials that we investigated. These results shed light on understanding the origin of
dislocation plasticity in low stacking-fault energy metals and alloys including those known for twinning-
induced plasticity.

Full Text
Dislocations are the primary structural defect that in�uences the mechanical behavior of metals. Even for
low stacking-fault energy (SFE) materials, including twinning-induced plasticity (TWIP) materials that can
acquire signi�cant plastic strain from twinning shear, dislocation slip is still a dominant contributor to
their mechanical properties1-4. The synergetic effect of dislocation glide and twinning deformation
enables low-SFE materials to exhibit a high strain-hardening rate and a good balance of strength and
ductility5-9. Dislocation slip is also important in facilitating the formation of deformation twins via the
pole mechanism10-12: the twinning dislocations continue to revolve around the pole dislocation and
hence generate layers of stacking faults. In this way, twin embryo nucleates and continuously
grows. Moreover, as a special mirror crystal structure that coherently connects with the matrix,
deformation twins in�uence dislocation behavior mainly from two aspects. First, deformation twinning
reorients crystal orientations that would be either bene�cial or detrimental to dislocation motion13, 14.
Second, twin boundaries (TBs) hinder dislocations in direct transmission, which contributes to
hardening15-17. 

For low-SFE materials, materials processing such as annealing usually creates twins but can annihilate
dislocations. During plastic deformation, dislocations are expected to be generated from boundaries or
junctions where the arrangement of atoms is disordered and the local stress concentration is high.
However, in materials that easily twin, TBs are usually coherent that rarely induce stress concentration.
Therefore, it has been questioned if twins can effectively supply dislocations. When there is a high
density of growth twins, such as in nano-twinned materials, grain boundary-twin boundary (GB-TB)
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intersections become populous to nucleate dislocations18-20. This form of dislocation sources, however,
is not prevalent in low-SFE materials in bulk form since their twin density is at least several orders of
magnitude lower than that in nano-twinned materials. 

Here, we perform multi-scale, three-dimensional and in situ electron microscope characterizations on a
TWIP high-entropy alloy (HEA), in conjunction with molecular dynamics (MD) simulations, to identify
potent dislocation sources in low-SFE materials. We �nd a category of proli�c dislocation sources,
namely unique microstructural features that originate from the twin architectures normally expected for
low-SFE materials. Speci�cally, the widespread presence of grains with a twinning relationship leads to
strings of nano-sized ridge twins at the twin-twin junctions. These ridges continuously and effectively
emit new dislocations. As such, the large number of twin-twin intersections and incoherent twin
boundaries (ITBs) act as effective dislocation generators. Molecular dynamics simulations reveal that the
formation of such ridge-twin structures are energetically favorable, con�rming that they represent a
natural consequence of the twin architecture evolution in low-SFE materials.  

The material examined in this work is a Cr20Mn14Fe26Co26Ni14 (in at. %) TWIP high-entropy alloy, which

was processed in the same way as that described in previous reports21. The as-prepared material
contains a three-dimensional (3D) twin architecture as a result of the multiple twinning systems, akin to
many other low-SFE alloys. In order to obtain a clear view of the twin architecture, we employed focused-
ion beam (FIB) - scanning electron beam (SEM) 3D analytical system to examine the microstructure
construct in real space. The 3D twin morphology was acquired using the “cut & see” method via
continuous cross-sectional observations (sliced in 20 nm increments by FIB and seen by SEM) in a
Hitachi NX9000 microscope, in which the FIB system is aligned perpendicular to SEM systems to improve
the imaging resolution and avoid any shifts in position. 

            Extensive annealing twins were observed to intersect with each other in three dimensions within
each individual grain. As shown in the SEM images in Fig. 1a, the thickness of the twins ranges from tens
of nanometers to micrometers. Each twin contains straight and parallel TBs. Note that at the locations
where the multiple twins form junctions, dense and small serrated structures exist along the straight TBs
(arrows in red, magni�ed view in Fig. 1aV). These are strings of triangular structures sandwiched between
two different twinned grains (twin variants via different twinning systems). To resolve the crystallography
of such triangular structures, we performed scanning transmission electron microscopy (STEM)
characterizations under different magni�cations. Figure 1b shows a typical low magni�cation STEM
image of this structure, in which we mark Twin1 as T1 and Twin2 as T2. The Matrix-T1 and Matrix-T2
boundaries are straight interfaces, whereas the boundary between T1 and T2 is more complex. The entire
T1-T2 boundary is approximately 2 μm long and contains one segment of a ~10 nm long boundary
followed by a string of triangular boundaries. The triangles in the string align very well and the size of the
triangles varies. The smallest triangle can be as small as only a few nanometers wide.

The microstructure of the boundaries was further investigated under high-resolution STEM mode in the
<110> zone axis. The atomic structure is shown in Fig. 1c-g, where all the grain boundaries have
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symmetry structures. Technically, Matrix-T1 and Matrix-T2 boundaries are typical Σ3{111} CTBs (the Σ
value represents the reciprocal density of coincidence sites based on the coincident site lattice model22).
As a Σ9 is created whenever two Σ3s meet, the T1-T2 boundary is a Σ9 boundary, which is the second
most common low-Σ boundary in twinning-related grain-boundary engineering23, 24. Here, the 10 nm long
Σ9 boundary is a large-angle grain boundary exhibiting incoherent and symmetry character. Combining
with an analysis of the corresponding fast Fourier transform (FFT) image shown in the upper right corner
of Fig. 1c, the T1-T2 boundary is characterized as Σ9{114} boundary. The structure of the Σ9 boundary as
Σ9{114} only exists in the short length and is soon replaced by the structure containing a string of ridge-
shaped nano-twins. From the atomic resolution images (Fig. 1d), it is found that the ridge twins have an
identical orientation with matrix in Fig. 1c and show mirror relationships with both T1 and T2, creating
special and more interfaces on the Σ9 boundaries including Σ3{111} CTBs, Σ3{112} ITBs, and twin-twin
junctions. Importantly, the ridge twin-T1 ITBs display various Σ3{112}-like structures (similar but more
complex), as shown in Fig. 1d-g, which are composed of different arrays of Shockley partial dislocations
with a sequence different from the exact Σ3{112} structure — b2: b1: b325-27. Some Σ3{112}-like ITBs are
dissociated by creating an intrinsic fault on every third {111} plane, with stacking sequence of …ABC BCA
CAB…, the same as a perfect 9R phase28, 29. The stacking faults within the Σ3{112}-like ITBs are
terminated by 1/6<112> Shockley partial dislocations. Different dislocation con�gurations result in
varying structures. A Σ3{112}-like ITB with obvious de�ection accommodated by dislocation structure (as
indicated by ‘^’) is shown in Fig. 1g. Due to the different dislocation structures at the Σ3{112}-like ITBs, the
shape of the triangular twins also slightly varies from one another. Here, the angles between Σ3{112}-like
boundary and Σ3{111} CTBs vary from 90o to 102o with an average of 98o, whereas the typical Σ3{112}
ITBs are normal to the Σ3{111} CTBs. Note that the ridged structure is not unique to the HEA under study,
but a commonplace feature in the twin architecture of all low-SFE metals and alloys. This is apparent by
surveying other low-SFE materials including the equiatomic CrCoNi medium-entropy alloy, TWIP steel,
pure Ag and pure Cu, where this type of ridge-twin structures are also common. Typical images of similar
ridge-twin structures in different low-SFE materials are shown in Fig. S1 in the Supplementary
Information.

To investigate the atomic-scale element distribution on the ridge twin, we performed energy-dispersive X-
ray spectroscopy (EDS) mapping in a Spectra Ultra transmission electron microscope (TEM) equipped
with UltraX detector. Figure 1h presents the atomic-resolution high-angle annular dark �eld (HAADF)
image and corresponding elemental EDS maps of a ridge twin in the Cr20Mn14Fe26Co26Ni14 alloy. The
brightness of spots for each EDS map represents the relative concentration of the element in the atomic
column along <110> zone axis. All the EDS maps show that the element distribution is not uniform,
especially on Σ3{112}-like ITBs on which Cr is enriched, Fe is depleted and Co, Ni, and Mn show local
ordering. Moreover, Co and Ni share a similar periodicity, which is complementary with Mn (Fig. 1i). The
ordered patterns repeat every three atomic planes, corresponding to the 9R stacking sequence. This
observation is supported by line pro�les of intensity taken from the EDS maps (Fig. S2). Combining the
analysis of the stacking sequence, we found that Mn atoms preferentially segregate to the absolute fcc
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stacking layer of the “…ABC BCA CAB…” 9R sequence (marked in bold), and Co and Ni atoms
preferentially reside in the other two layers. 

In addition, the atomic packing at the corners of the ridge-twin structure is more disordered, and so are the
distributions of the elements. Figure 2b and 2c show the atomic structure and the corresponding EDS
maps of the junctions marked by white boxes in Fig. 2a, respectively. The two areas both contain
dislocation structures. At the dislocation core, Cr is enriched, and Fe, Co, Mn, and Ni are depleted at the
side with tensile strain. Meanwhile, there seems to be a local ordering of certain elements along the
coherent twin boundaries as marked by red arrows. For instance, in Fig. 2b, Co atoms form a pattern
along the coherent boundary 1, and Co and Mn atoms form patterns along the coherent boundary 2 in
Fig. 2c. 

            We show next that the ridge twins, with their unique structure and elemental distributions, play a
distinctive role in promoting and tuning dislocation activity, thereby affecting the deformation behavior.
To reveal the dynamic role of the ridge twins in plastic deformation and to best present the bulk behavior,
we performed in situ TEM straining tests in the relatively thick samples (the thickness is above 600 nm)
using the method detailed in ref. 30 to study the real-time microstructural evolution associated with the
ridge-twin structure and to ensure that the results are comparable with the bulk counterpart. It was
observed that the material contains very few pre-existing dislocations in the grain interior. With the
application of load, dislocation activity is found at the junctions (for example, the triple junction in Fig.
1b) along Σ3{111} CTBs (Matrix/Ridge twin-T1 boundaries) at the very beginning of plastic deformation;
this is illustrated in Fig. 3a. Figure 3b and Supplementary Movie 1 show that the dislocation arrays are
�rstly emitted from the corner, and that these junctions act as dislocation sources that continuously emit
new dislocations. Many different samples with different angles between the loading direction and the
boundaries were tested to con�rm that this observation was representative. There seems to be strong
pinning points located at the triple junction, causing the dislocations to bow-out on the CTBs, as shown in
Fig. 1b. Dislocation glide on the CTBs is not always easy, which is different from what has been usually
seen in the ultra-thin TEM samples31. As shown in Fig. 3b, during dislocation motion, the pinning and de-
pinning, as marked by white arrows, frequently occur such that the dislocation lines become curly. The
pinning may be due to imperfections on the slip planes, which markedly slow down dislocation glide and
promote complex dislocation interactions on the CTB. In addition, the dislocations on the CTBs can easily
cross-slip into grains (Fig. S3), partly because the image force on these dislocations is zero as the
Burgers vector is parallel to the TB31, 32. In addition to the triple junctions, the Σ3{112} ITBs can also emit
partial dislocations into the grain interior. As shown in Fig. 3c, multiple types of partial dislocations can
be generated from Σ3{112} ITBs into the grains (white arrows). Combining these two scenarios, large
numbers of dislocations are continuously emitted from the ridge-twin structures and spread into the
interior of the twins and matrix, facilitating intense dislocation interactions and the formation of
dislocation networks (Fig. S4), including deformation twinning (Fig. S5) at relatively large strains. Note
that the ridge-twin structures, including the atomic structure of Σ3{112} ITBs, remain stable during the
entire deformation process. Figure 3d is a schematic illustration of the role of the ridge-twin structure in
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promoting dislocation activities, which would lead to a high density of dislocations due to the relatively
large number of twin-twin junctions in low-SFE HEAs. 

We also investigated the role of ridge-twin structures during plastic deformation in other low-SFE
materials. In the CrCoNi alloy, TWIP steel, pure Ag, and pure Cu, the ridge-twin structure is found to
facilitate dislocation activities the same way as that observed in Cr20Mn14Fe26Co26Ni14 TWIP HEA. For
instance, in the CrCoNi alloy, the generation of dislocations from the Σ3{112} ITBs also prevails,
generating dense partial dislocations and deformation twins, as seen in Fig. 3e. Even in pure Cu, in which
there is no chemical ordering, large numbers of dislocations are generated from the ridge twins (as shown
by the arrows in Fig. 3f). Therefore, our broad survey demonstrates that in general the ridge-twin structure
is a pro�cient dislocation source in all low-SFE materials.

Molecular dynamics simulations33 were employed to examine the atomistic details and the formation
mechanism of the ridge-twin structures. A series of metals and alloys, including Cr20Mn14Fe26Co26Ni14,

CrCoNi, Cu, Ag and Al, were investigated using empirical potentials34-36 (described in the Methods
section). A ridge twin was constructed with the angle α = 14° (see illustration in Fig. 4a), followed by
relaxation at 300 K and energy minimization. The obtained atomic con�guration of
Cr20Mn14Fe26Co26Ni14 is shown in Fig. 4a (for other materials, see Fig. S6). The atoms are colored
according to common neighbor analysis: blue, red and white atoms are for fcc, hcp and other structures,
respectively. The ridge-twin structure consists of two CTBs and one ITB. As shown in Fig. 4a, every two
hcp layers and one fcc layer alternate along Σ3{112} ITB, with stacking sequence of …ABC BCA CAB…; at
the inward end of hcp layers, an array of 1/6<112> Shockley partials are formed (denoted in yellow),
which are shown in the enlarged view in Fig. S7. This observation indicates the 9R-like structure of
Σ3{112} ITB is a preferable con�guration, which is consistent with the experimental characterization in
Fig. 1. The other materials that were studied, namely, CrCoNi, Cu and Ag (but not Al) also exhibited the 9R-
like ITB (see Fig. S6).

            An immediate question is why such ridge-twin structures form in low-SFE metals and alloys. To
answer this question, we �rstly constructed samples with alternatively regular grain boundaries (GBs),
including symmetry Σ9{114} GBs (Fig. 4b) and asymmetry Σ9{115}{111} GB (Fig. 4c). The latter GB, along
the same direction with that of ridge-twin structure, was heated to 900 K and annealed at that
temperature for 20 ns, during which a few ridge-twin structures (as long as ~7 nm) were seen to appear
(Fig. 4d). The same scenario was observed in CrCoNi, Cu and Ag (but not Al), as shown in Fig. S8). Thus,
even with for the very short simulation timescales, nano-sized ridge twins are readily formed in the metals
and alloys with low-SFEs. Figure 4e compares the interfacial energy, γRTWIN, of the ridge-twin structure
(2*Σ3{111} CTBs +Σ3{112} ITB) with the regular grain boundaries (Σ9{114} and Σ9{115}{111}) energy (as
detailed in Methods). Apparently, ridge-twin structures are more energetically favored, which is consistent
with the structural evolution observed in Fig. 4d and Fig. S8 for the Cr20Mn14Fe26Co26Ni14, CrCoNi, Cu
and Ag materials. Note that the ratios of Σ3{112} ITB to Σ9{114} GB energies and Σ9{114} GB to γRTWIN

energies scale linearly with the twin boundary energy (TBE) as well as SFE for all the studied materials



Page 8/19

(Fig. S9). This suggests that the TBE or SFE is the critical factor responsible for the energetic preference
of the ridge-twin structure. As a result, low-SFE materials are prone to the formation of ridge twins, and
vice versa. Moreover, the measured γRTWIN is plotted in Fig. 4f as a function of various angles α, where it
is evident that the minimum value of γRTWIN is located at α≈14° for Cr20Mn14Fe26Co26Ni14, Ag and Cu, as
shown in Fig. S10. Such characteristics angles (around 14°) of ridge twins are close to that seen in the
TEM observations in Fig. 1. As shown in Fig. 4g, the ridge-twin structure interfacial energy, γRTWIN, is also
dependent on the length of the twin: the longer the ridge twin, the smaller the γRTWIN. Ostwald-Ripening-
like behavior would therefore be expected, in that a larger ridge twin would be energetically favored to
grow at the expense of smaller ones. 

As discussed above, the atomic structure of the ridge twins is unique, consisting of 9R-like structure and
array of partial dislocations. Figure S11 presents the stress �eld of ridge twins in pure Ag, showing the
distributions of pronounced hydrostatic stress (σhydro) and shear stress (τxz). Along Σ3{112} ITB, the
hydrostatic stress oscillates with the repeating pattern, 5 GPa, 0 GPa and -5 GPa, while the corresponding
shear stress alternates with ~2 GPa, 0 GPa and ~-2 GPa. Such unique structures and properties should
in�uence the mechanical deformation. Accordingly, we implemented the MD simulation to investigate the
tensile deformation (in the x direction de�ned in Fig. 4) of Cr20Mn14Fe26Co26Ni14 alloy containing the
ridge twins, as shown in Fig. S12. At a tensile strain of 4%, a Shockley partial begin to emit from the
corner of a ridge twin and propagate to the surface. With increasing strain, more and more Shockley
partials are generated and emitted from Σ3{112} ITB, leaving defects to in�uence subsequent
deformation. These observations are well consistent with our TEM characterization in Fig. 3 and
demonstrate the critical role of ridge twins as pro�cient dislocation sources that would markedly
in�uence the ensuing plastic deformation.   

In summary, ridge twins that frequently form during materials preparation or processing to accommodate
the twin-twin architectures are found to be unique structural defects in low-SFE materials with energy
advantages over other types of grain and twin boundaries. The ridged structures act as an important
nucleation source of dislocations, promoting their activity and interactions to in�uence plasticity. As a
�nal note, in compositionally complex alloys with multiple principal elements and low SFEs, the
distribution of elements on these ridge-twin boundaries and at the twin-twin junctions may exhibit local
chemical ordering, which alters the local environment for dislocation nucleation and glide. Further study
is necessary to fully understand the effects associated with such chemical heterogeneity at these
locations and whether such local ordering could be utilized to tune dislocation behavior in alloys.
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Methods
Alloys processing. The Cr20Mn14Fe26Co26Ni14 TWIP HEA for this study were produced from pure metals
with a purity better than 99.8% which were arc-melted in a vacuum induction furnace. The as-produced
ingots were then processed to obtain a fully crystallized microstructure in the same way as that of Cantor
alloy reported in a recent paper21. The equiatomic CrCoNi medium-entropy alloy37 and TWIP steel4 was
synthesized as reported in the previous papers. The pure metals investigated used the commercial
annealed Cu and Ag with purity better than 99.5%.

TEM sample preparation and microstructural characterization. 

1) SEM sample preparation for three-dimensional observation

The sample were cut into 1.5 mm slices, and then were ground and mechanical polished to obtain �at
and clean surface. The three-dimension morphology of the twin architecture was acquired using a “cut
and see” method in a high-performance Hitachi NX9000 microscope, in which SEM column and FIB
column were orthogonally arranged to eliminate aspect deformation and any shift of the �eld of view.
The sample was sliced layer-by-layer using FIB with a step size of 20 nm and the images of the cross-
section in every slice were acquired using SEM. 

2) TEM sample preparation

Specimens for TEM characterization were �rst sectioned from the alloy plates to 500 μm using electric
discharge machining. The as-sectioned samples were milled and polished with SiC papers down to
thickness of 60 μm, and then punched into discs with diameter of 3 mm. The TWIP HEA and CrCoNi discs
were further thinned using twin-jet electrochemical polishing in a solution of 6% perchloric acid, 34%
butanol and 60% methanol at -30 °C and 12 V to obtain electron-transparent thin foils. The polished foils
were rinsed immediately in ethanol. TEM thin foils of pure Cu and Ag were prepared by Ar+-ion milling at
accelerating voltage of 5 kV, 3 kV and 1 kV. 

3) TEM characterization and EDS analysis
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Characterization of morphology of ridge twins was performed by bright �eld TEM imaging in a FEI Tecnai
G2 F20 microscope operating at 200 kV. The atomic structure was acquired by using high-angle annular
dark �led (HAADF) scanning transmission electron microscopy (STEM) in spherical aberration corrected
microscopes (FEI, Titan G2 80-200 ChemiSTEM and STEM, Titan Cubed Themis G2 300). The atomic-
resolution EDS mapping was acquired using Thermo Fisher Scienti�c Ultra-X EDS in the Spectra Ultra
with CEOS DCOR probe aberration corrector microscope operating at 200 kV with a 50 mm C2 aperture.
The beam current was set to roughly 100 pA, with the dwell time of 20 ms. A complete process of EDS
mapping took about half an hour to obtain a high signal-to-noise ratio without incurring damage to the
sample.

4) In situ TEM straining tests

The TEM specimens with a diameter of 3 mm were used for in situ TEM straining tests. The TEM
samples were attached to 11.5 mm × 2.5 mm × 0.5 mm stainless steel substrates, which were processed
as narrow windows for transmission of the electron beam. Only samples that were well attached to the
substrate and free of contamination from the sample preparation, were selected for in situ TEM straining
tests. In situ tensile tests in the TEM were conducted with a Gatan model 671 single-tilt holder in the FEI
Tecnai G2 F20 microscope. Tensile loading was accomplished by applying intermittent displacement
pulses manually, with a displacement rate of ~1 μm/s. Observation of the dislocation behavior was
performed at the holding period between pulses. Regions ~10 mm away from the hole, which were
hundreds of micrometers thick but still electron-transparent, were monitored during the straining process
to acquire results comparable with those from bulk samples.

Computation simulations

1) Atomic con�gurations setup

Molecular dynamics (MD) simulations of Cr20Mn14Fe26Co26Ni14, CrCoNi, Ag, Cu and Al were performed

using the software package LAMMPS33 with the empirical EAM potentials34-36. The con�gurations of the
ridge twin structure (Fig. 4a), Σ9{114} grain boundaries (Fig. 4b) and Σ9{115}{111} grain boundary (Fig.
4c) were �rst constructed, followed by relaxation at 300 K and energy minimization. The simulation cells
were originally set as ,  and  for the x, y and z directions, respectively. A variety of sizes of ridge-twin
structures were constructed for further analysis. Two kinds of boundary conditions were applied: (i)
periodic boundary condition (PBC) for z direction and free surfaces for x and y directions (e.g., Fig. 4a-d,
Fig. S6-8); (ii) PBC for x and z directions, while free surface for y direction (e.g., Fig. S11, S12). The
software of OVITO was used to display the con�gurations of atoms colored according to common
neighbor analysis38. The partial dislocations were identi�ed by the dislocation extraction (DXA)
method38.

2) High temperature annealing 
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The atomic con�gurations for Cr20Mn14Fe26Co26Ni14, CrCoNi, Ag, Cu and Al, with asymmetry Σ9{115}
{111} grain boundary (Fig. 4c) were heated to 900 K through the isothermal–isobaric (NPT)
ensemble under a Nose-Hoover thermostat with zero external pressure. These samples were annealed at
900 K for 20 ns and then underwent energy minimization for structural analysis.

3) Calculation of interfacial energies

The interfacial energies () of the grain boundaries (e.g., Σ9{114}, Σ9{115}{111} and Σ3{112}-like) as well as
stacking fault energy (SFE) and coherent twin boundary energy (TBE) were calculated by:

where E is the total potential energy for N atoms within 3 nm of the interface of interest, E0 is the potential
energy for N atoms in a perfect crystal lattice, and S is the area of the interface. The interfacial energy of
ridge-twin structure, γRTWIN, was calculated according to potential energy of the atoms involved with the
ridge twins, whereas S was the projected area of the ridge-twin onto the {111} plane (e.g., the horizonal

area in Fig. 4a). Note that the interfacial energies  of the grain boundaries (e.g., Σ9{114}, Σ9{115}
{111} and Σ3{112}-like) were calculated only for the middle portion of these boundaries in order to avoid
the effect of the triple junction, corner or free surface. For Cr20Mn14Fe26Co26Ni14 and CrCoNi, a total of
500 independent con�gurations was calculated for each interface and averaged to achieve convergence.

4) Tensile deformation of ridge twins

A sample of Cr20Mn14Fe26Co26Ni14 with a ridge-twin structure was deformed in tension. The dimensions
of this sample were ~60 nm in the x direction, ~54 nm in the y direction and 10 nm in the z direction, with
a periodic boundary condition in the x and z directions and a free surface in the y direction. Uniaxial
tensile deformation along the x axis was applied at a strain rate of 10-5 /ps at 300 K. For the results
shown in Fig. 4, only non-fcc atoms are colored (orange for hcp atoms and purple for other atoms) to
identify the microstructure involved with the deformed ridge twin.

Data availability

All data generated or analysed during this study are included in the published article and Supplementary
information, and are available from the corresponding authors upon reasonable request.
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Figure 1

Twin boundary structure in Cr20Mn14Fe26Co26Ni14 TWIP HEA. (a) Twin architecture viewed by using the
“cut & see” method. SEM images I-IV are views from different angles; image V shows the enlarged view of
the serrated TBs in images III and IV, which are labelled by green arrows. (b) The stitching STEM bright
�eld image showing a complex boundary at the intersection of Matrix (M), Twin1 (T1) and Twin2 (T2).
The complex boundary contains one segment of a ~10 nm long boundary, followed by a string of
triangular boundaries. (c) Atomic structure of the twin-twin intersection in the area marked by the red box
in b and the corresponding FFT pattern of T1 and T2. (d) Atomic structure on a typical triangular
boundary in the area marked by the yellow box in b, showing the ridge-twin structure. (e) Enlarged image
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of the ridge twin (labelled as RT) in d showing the dislocation array on ridge twin-T1 ITB with a sequence
of b2: b1: b3, the same as Σ3{112} ITBs. (f) A ridge twin with a Σ3{112}-like ITB whose structure is
different from the typical Σ3{112} ITBs. (g) Enlarged image of the ridge twin in f showing a de�ected
structure. (h) Atomic-resolution HAADF image of a ridge twin and the corresponding energy-dispersive X-
ray spectroscopy (EDS) maps for individual elements of Cr, Mn, Fe, Co, and Ni, taken with <110> zone
axis. The white lines marked out the CTBs. (i) Enlarged view of the EDS maps of the �ve elements along
ITB denoted by the white box in h, showing the local ordering. 

Figure 2

Atomic structure and element distribution at the junctions of the ridge twin. (a) Atomic-resolution STEM
HAADF and bright �eld (BF) images of a ridge twin, taken with <110> zone axis. (b) HAADF image
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showing the structure of a CTB-ITB corner and the corresponding EDS maps for individual elements of Cr,
Mn, Fe, Co, and Ni. (c) HAADF image showing the structure at the location connecting two ridge twins and
the corresponding EDS maps for Cr, Mn, Fe, Co, and Ni. The local ordering of certain elements along the
CTBs are pointed out using red arrows.

Figure 3

Dislocation generation from the ridge-twin structure. (a) Bright �eld STEM image showing dislocation
arrays launched from triple-TBs node in 1b as the sample was deformed. (b) Serial TEM images captured
during in situ TEM straining tests showing dislocation generation from the triple junction and the further
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sluggish motion on the CTB. The triple junction is marked with a yellow arrow. (c) Bright �eld image
showing dislocation arrays generated from Σ3{112}-like ITB of ridge-twin boundary in TWIP HEA. (d)
Schematic illustration of the role of the ridge-twin structure in promoting dislocation activity. (e) Bright
�eld image showing dislocation arrays and deformation twinning generated from a ridge twin in the
equiatomic CrCoNi alloy. (f) Serial images showing dislocations generated from the ridge twins in pure
Cu.

Figure 4

MD simulation of the ridge-twin structure in Cr20Mn14Fe26Co26Ni14 alloy. (a) Atomic con�guration of the
ridge-twin structure (combination of Σ3{112} ITB, two of Σ3{111} CTBs) with the angle α = 14°. The atoms
are colored according to common neighbor analysis: blue, red and white atoms represent fcc, hcp and
other structures, respectively. An array of 1/6<112> Shockley partials (in yellow) are denoted. (b) and (c)
show the atomic con�guration with the grain boundary of Σ9{114} and Σ9{115}T1{111}T2, respectively. (d)
The atomic con�guration of Σ9{115}T1{111}T2 boundary after the annealing at 900 K. (e) The interfacial
energy of the ridge twin boundary as well as Σ9{114} and Σ9{115}T1{111}T2 (denoted in (b) and (c),
respectively) for Cr20Mn14Fe26Co26Ni14, CrCoNi, Ag, Cu and Al. (f) and (g) respectively show the
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calculated interfacial energies of ridge twins at various angles and lengths for Cr20Mn14Fe26Co26Ni14

alloy. 
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