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A B S T R A C T

Control of topologically close-packed sigma phase, meaning limiting its massive presence to avoid 
embrittlement but benefiting its refinement and strengthening effect, is of particular interest. In- 
depth knowledge of dislocation-associated formation mechanisms is needed but not well 
addressed. In this work, an FCC-phased Co66.66Cr16.67V16.67 medium entropy alloy (MEA) with a 
propensity to form the sigma phase at non-equilibrium conditions was studied. The alloy was 
conventionally cold-rolled and heat-treated. The dislocation activity rooted formation mecha
nisms of the sigma phase were thoroughly characterized and evidenced by in-situ and ex-situ 
multi-scale diffraction techniques. It was revealed that nano-sized sigma particles enriched in Cr 
and V and depleted in Co were precipitated ultra-rapidly and uniquely during the heating process 
after the cold-rolling. The precipitation is spatially inhomogeneous, mainly in the severely 
deformed regions. The ultra-rapidity of the precipitation was achieved by the segregation of the 
Cr and V atoms via crystal defect-aided diffusion for composition change and by structure 
transformation via dislocation dissociation. The similarity of the atomic arrangement of the 
partial dislocations to that of the {001} sigma planes provides favorable structure transformation 
stimulus. In consequence, the orientations of the intensively activated dislocation slip planes 
dictated those of the sigma {001} planes via the FCC {111} to sigma {001} heredity, leading to 
the specific sigma texture. Owing to the spatially inhomogeneous precipitation, a heterogeneous 
lamellar microstructure was formed, composed of alternatively distributed fine dual-phased 
layers and coarse single-phased layers. This work provides comprehensive information on the 
dislocation-dissociation-assisted formation mechanism of sigma phase.
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1. Introduction

As a major product of crystal plasticity in metallic materials, crystal defects, especially dislocations, have shown profound in
fluences on certain thermally induced metallurgical processes, such as crystal restoration (recovery and recrystallization) (Hunter 
et al., 2022; Liu et al., 1992; Sakai et al., 2014; Sakai and Ohashi, 1990) and phase transformation (Fujita and Ueda, 1972; Shen et al., 
2021; Zhang et al., 2020b, 2022), demonstrating strong microstructure and mechanical property regulating capacity. For the former, 
the activities of the defects are majorly driven by the restoration of crystal perfectiveness, and this subject has been intensively and 
systematically studied by experimental characterization and theoretical modelling (Gourdet and Montheillet, 2003; Li et al., 2023; 
Raabe, 2014; Son and Hyun, 2022). However, for the latter, especially for the precipitation of thermodynamically non-equilibrium 
secondary phases, the effects of defect activities are more versatile and complicated, depending on the nature of the transformation 
or precipitation, i.e., displacive or diffusive. The defect activities are more unique and indispensable when the precipitation is diffusive 
and involves only substitutional elements with a structure change from a simple solid solution to a complex topologically close-packed 
intermetallic (Yang et al., 2024; Lu et al., 2023). In such cases, the different phase constituents possess quite different mechanical 
properties. The matrix phase should be soft and ductile, and the precipitates are hard and brittle. If the quantity, size and distribution of 
brittle precipitates could be properly regulated, the alloy could be endowed with much-enhanced mechanical performances benefitting 
only the positive contributions of the two. Thus, the study on the effect of defects that are created by cold working on the structural 
transformation mechanisms of the precipitation upon thermal treatment is of particular significance in practical application and in 
theoretical modeling.

One of the above-mentioned precipitations is the formation of the topologically close-packed tetragonal sigma phase that is typical 
in Cr-containing alloys, such as the high Cr steels, superalloys, duplex stainless steels (DSSs) and recently found also in Cr-containing 
high entropy or medium entropy alloys (HEAs and MEAs) (Laplanche et al., 2018; Liu et al., 2016, 2024; Lu et al., 2023; Schwind et al., 
2000; Tsai et al., 2013b). Due to its intrinsic hardness and brittleness, its massive presence results in a significant loss of room tem
perature ductility (Li and Li, 2020; Ming et al., 2017). Thus, the formation of the sigma phase has turned out to be a major concern in 
the recently developed HEAs and MEAs. Studying its formation criteria has become a practical and also attractive issue.

So far, it has been revealed that for the HEAs and MEAs the sigma phase is generally formed with two groups of transition elements, 
one being group VB-VIIB and the other group VIIB-VIIIB elements with equiatomic ratio (Joubert, 2008; Tsai et al., 2013a). The 
formation of the sigma phase is closely related to the specific atomic properties of the constituent elements that are the valence electron 
concentration (VEC) (Tsai et al., 2013a), the paired sigma-forming element (PSFE) (Tsai et al., 2016) (the equiatomic quantities that 
the two groups of sigma-forming elements can be obtained from the matrix), the Pauling electronegativity difference of the constituent 
elements in the matrix Δχ (Dong et al., 2014) and the lattice distortion caused by atomic radius difference δri (i is the ith constituent 
element of the matrix) (Senkov and Miracle, 2003). These criteria worked well individually or synergistically, significantly advancing 
our understanding of sigma formation in HEAs and MEAs. However, the established criteria have solely taken into consideration of the 
atomic contributions of the constituent elements and under defect-free and compositional equilibrium state, which is much more 
useful for alloy design aiming at eliminating sigma formation to avoid its harmful mechanical influence.

On the contrary to the harmful effect, the positive contribution of the sigma phase to the formation of the heterogeneous micro
structures was also discovered. Some recent examinations (Chen et al., 2023; He et al., 2021; Lu et al., 2023) have demonstrated that if 
the size and distribution of the sigma particles could be appropriately controlled, the presence of the sigma particles could bring 
beneficial influences on the overall mechanical properties. Thus, controlling instead of avoiding should be more rational to the concern 
about its detrimental effect. The control is more achievable in a compositional non-equilibrium and defect-containing microstructural 
environment. Defects may easily induce local composition segregation and even produce similar atomic arrangements of the pre
cipitate phase that provide structural conditions for their nucleation and growth (Zhao et al., 2022). However, the current research on 
the effect of defects in this topic mainly focuses on their contribution to atom diffusion to locally achieve the composition criterion, but 
much less on structural fluctuation. Consequently, an in-depth investigation of the crystal-defect-assisted formation mechanisms is of 
particular interest for both practical application and theoretical modeling.

Under such a context, the deformation and dislocation-dissociation-assisted formation mechanisms of the sigma phase in a Co-Cr-V 
MEA (Co66.66Cr 16.67V16.67) and its impact on microstructural heterogeneity was thoroughly investigated in the present work. The alloy 
was cold rolled to produce a high density of crystal defects and then heat treated. The defect-associated precipitation process was 
systematically characterized in-situ and ex-situ by HEXRD in a macroscopic scale, by SEM-EBSD and -ECCI at the mesoscale and by TEM 
at the nanoscale. This study provides, on one hand, useful information to deepen the understanding of the formation mechanisms of the 
sigma phase or the other secondary intermetallic compounds and, on the other hand, practical information for alloy design and 
treatment design to obtain lamellar heterogeneous microstructures using secondary phase particles.

2. Experiments

2.1. Material fabrication and treatment

The alloy with a nominal composition of Co66.66Cr 16.67V16.67 was prepared by levitation melting with the pure metals of Co, Cr and 
V (>99.9 % in purity), and then drop-cast into a copper mold to produce a rectangular ingot with dimensions of 150 mm × 90 mm × 30 
mm. To homogenize the microstructure and chemical composition, the cast ingot was further hot rolled at 900 ◦C to a thickness 
reduction of 50 % and then heat treated at 1200 ◦C for 2 h. Then, the alloy was cold-rolled along the longitudinal direction by a 
thickness reduction of 70 % to create a crystal-defect-containing microstructure. Four cold-rolled samples were heat treated according 
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to the processes illustrated in Fig. 1 to obtain four different states. Among them, three were heated to 900 ◦C, 950 ◦C and 1000 ◦C, 
respectively, and quenched into liquid nitrogen immediately after the heating to maintain the heated microstructure. The fourth one 
was heat treated at 1000 ◦C for 30 min and quenched into liquid nitrogen to preserve the heat-treated microstructure.

2.2. Characterization of phase transformation and texture

To follow the defect-induced phase transformation during heating in the produced alloy, the cold-rolled and the solid-solution- 
treated (for comparison) sample sheets with dimensions of 10 mm × 5 mm × 1.2 mm were characterized in-situ by HEXRD (High 
Energy X-ray Diffraction). The in-situ HEXRD experiment was performed at P07 beam line of PETRA Ш synchrotron facility at DESY 
(Deutsches Elektronen-Synchrotron), Hamburg, Germany. The heat treatments were performed using a dilatometer (DIL 805 from TA 
Instruments). Fig. 2 shows the geometrical setup of the in-situ heating and diffraction measurements under the device coordinate 
system (X − Y − Z) and sample coordinate system (RD − TD − ND). The diffraction patterns were recorded in the transmission mode 
with a 2D detector (Perkin Elmer XRD 1621, 2048 × 2048 in pixel, with a pixel size of 200 µm). The instrument calibration was 
performed using a standard LaB6 powder sample (with a thickness of 1 mm in the beam direction). The main experiment parameters of 
the HEXRD measurement are given in Table 1. During the measurement, the sample was heated by the induction coil, and the tem
perature was measured using a thermocouple welded on the sample surface. The as-solid solution-treated sample was heated from the 
ambient temperature (< 28 ◦C) to 1000 ◦C at a heating rate of 2 ◦C/s, then cooled in an argon atmosphere, whereas the as-cold-rolled 
sample was heated from the ambient temperature (< 28 ◦C) to 1000 ◦C at a faster heating rate of 20 ◦C/s, held at 1000 ◦C for 30 min, 
then further heated to 1100 ◦C and held for another 30 min, and then cooled in an argon atmosphere. The measured 2D diffraction 
patterns were processed using the FIT-2D (Hammersley et al., 1996) by which the Debye-Scherrer rings were integrated to yield 1D 
diffraction patterns.

The texture of the cold-rolled sample was measured by HEXRD at P07 beam line of PETRA Ш, using the same detector and under the 
same device coordinate system (Fig. 2). The incident beam is 0.7 × 0.7 mm2 in size, and the sample to detector distance was 1367 mm. 
Three complete Debye-Scherrer rings, {111}, {200} and {220}, of the FCC phase were recorded. During the measurements, the 
complete {111}, {200} and {220} pole figures were measured by rotating the samples around the RD from − 90◦ to 90◦ with an interval 
of 5◦ (a total of 37 images were recorded). At each position, the exposure time was set to be 4 s to allow the detector to record sufficient 
diffraction signals. The orientation density functions (ODFs) and the pole density figures were calculated and plotted, using the ATEX 
software (Beausir and Fundenberger, 2017). The absorption of the XRD due to thickness changes of the measured samples was cor
rected, using the SteCa program (Nejati et al., 2021).

2.3. Characterization of microstructure

The microstructure and orientation distribution of the alloy were studied using a field-emission gun (FEG) SEM (Jeol-F100) 
equipped with an electron backscattered diffraction (EBSD) acquisition camera (Symmetry, Oxford Instruments) and the Aztec online 
acquisition software package (Oxford Instruments). To achieve the surface quality, samples were mechanically polished with SiC grit 
papers up to P4000, and then electro-polished in a solution of 10 % HClO4 and 90 % C2H5OH at a temperature lower than − 10 ◦C under 
a voltage of 20 V for 20 s. The EBSD measurements were performed under the beam-controlled mode with several step sizes (2 µm, 1.5 
µm, 0.15 µm and 50 nm). The results were analyzed with Aztec Crystal software (Oxford instruments) and ATEX software (Beausir and 
Fundenberger, 2017).

The chemical compositions of the samples were analyzed by SEM-EDX (Energy Dispersive X-Ray) using an FEG SEM (Carl Zeiss 
Supra 40) equipped with a Bruker EDX detector (XFlash 6|30) and an online acquisition software (Esprit 2.2). The EDX signals were 
acquired at 15 kV accelerating voltage and at a working distance of 10mm. The composition was quantitatively measured using the 
standards of pure Co, Cr, and V (registered MAC standards n◦ 7478). The measurements were performed in both point mode and 
mapping mode. To check the composition homogeneity of the samples, composition maps were acquired from different sample areas 

Fig. 1. Charts of heat treatments applied to cold-rolled samples.
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each of 225 × 169 µm2 to ensure a statistical representation. The concentrations of the 3 constituent elements were averaged from the 
obtained maps. To determine the concentration of the precipitates and the matrix phase, 7 measurements (in point mode) at different 
locations of the sample were performed. The crystal defects were analyzed by the same SEM, using a backscattered electron (BSE) 
detector under electron channeling conditions. The same EBSD sample preparation was performed for the EDX analysis and SEM 
electron channel contrast imaging (ECCI).

The crystal structure of the precipitates and the dislocation configuration and Burgers vectors were examined, using a Philips CM 
200 transmission electron microscope (TEM) operated at 200 kV. The TEM is equipped with a LaB6 cathode and a Gatan Orius 833 CCD 
camera. The thin foils were prepared first by mechanical thinning to 50 μm in thickness and then by electro-polishing to perforation at 
about − 30 ◦C with a solution of 10 % HClO4 and 90 % C2H5OH at a voltage of 20 V, using a Struers Tenupol-5 twin-jet electropolisher.

The EBSD diffraction patterns were dynamically simulated and cross-correlated with the experimental ones for crystal structure 
verification, using the ESPRIT DynamicS software (Bruker)(https://www.bruker.com). The atomic correspondences were analyzed 
using the CrystalMaker® software(https://www.crystalmaker.com).

Fig. 2. Experimental set-up of in-situ HEXRD measurements. X − Y − Z: device coordinate system describing diffraction geometry. RD− TD− ND: 
sample coordinate system defined by rolling direction (RD), transverse direction (TD) and normal direction (ND).

Table 1 
Experimental parameters and devices of in-situ HEXRD measurement.

Sample Energy [keV] Wavelength [Å] Beam size [mm2] Detector distance [mm] Acquisition time [s] Detector

Solid solution-treated 103 0.1203 1 × 1 2094.6 2 Perkin Elmer XRD 1621
Cold-rolled 87.1 0.1423 1 × 1 1323.3 0.2 Perkin Elmer XRD 1621

Fig. 3. (a) EBSD X-IPF (inverse pole figure) micrograph and (b) HEXRD pattern of solution-treated sample. X is parallel to prior hot rolling direction.
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3. Results

3.1. Solution-treated and cold-rolled states

As evidenced by the EBSD X-inverse pole figure (X-IPF) micrograph and the HEXRD diffraction pattern in Fig. 3, the solution- 
treated state of the material is composed of a single face-centered cubic (FCC) phase with relatively large equiaxed grains (~120 
µm). Almost all grains contain fine plate-shaped annealing twins. In particular, each matrix grain possesses one prevalent twin variant 
appearing repeatedly with varying thickness, spacing and density.

The EDX analyses results averaged from maps acquired in several areas show that the three constituent elements are distributed 
homogeneously across the sample, and the concentrations are: Co 65.52±0.16 at%, Cr 16.71±0.06 at% and V 17.76±0.06 at%, 
respectively, which is in good accordance with the nominal composition. One EDX mapping result is given as an example in 
Appendix A (Fig. A1).

After the 70 % cold-rolling, the FCC grains are heavily deformed and elongated along the RD direction, as shown in Fig. 4a. Within 
the deformed FCC grains, two kinds of bands exist, one being thin and oriented at ±25–35◦ with respect to the RD, as indicated by the 
white arrows and the other mainly along the RD and with certain thicknesses, as indicated by the yellow arrows. The former should be 
shear bands formed by dislocation slip, as commonly observed in heavily deformed materials (Huang et al., 2022; Jang et al., 2021). 
The thick latter ones could be the prior annealing twin plates from the solution-treated state (Fig. 3a). To confirm this, a detailed 
crystallographic orientation relationship analysis was conducted on these horizontal bands and their neighboring FCC matrices. A 
representative example is outlined with the white dashed rectangle in Fig. 4a and magnified in Fig. 4b. The {111} direct stereographic 
projection of all the pixels in the white frame is plotted in Fig. 4b. Although the {111} stereographic projections of the blue grain and 
the band exhibit widespread, they stay in their respective clusters, suggesting that the two constituent clusters were originated from 
two distinct orientations. The two blue parts share the same initial orientation. For reference, the average orientation of the blue 
neighbors and one of its ideal twin orientations were calculated and indicated with the yellow triangles and the black stars, respec
tively. As expected, the orientation of the band is very close to the indicated twin orientation, confirming that the band was the 
annealing twin and the blue parts were its matrix. The projection of the twin band shows a much wider spread than that of the blue 
grain, even though it has much smaller volume. This indicates that during the cold rolling, the twin plates underwent more severe 
deformation than their matrices. This can also be seen in the magnified micrograph in Fig. 4b where the twin plates were largely 
fragmented by the cutting through of the thin shear bands. Thus, these twin regions should possess a much higher density of crystalline 
defects (dislocations, vacancies and boundaries). It should be mentioned that the black strips near the boundaries and the bands are 
from the EBSD non-indexed pixels. The non-indexation should be due to the poor crystalline perfection of the pixel area and could be 
regarded as a lattice distortion indicator. Such black strips are always spotted near the severely deformed twin plates. The reason could 
be such that, on one hand, the twin is deformed by its own dislocation slip under the external loading and, on the other hand, the 

Fig. 4. (a) and (b) EBSD micrographs of 70 % cold-rolled sample where FCC phase is colored according to X-IPF (X//RD) and {111} direct ste
reographic projections of FCC phase in magnified EBSD micrograph in (b) where poles bear consistent colors in (a) and (b). (c) φ2=0◦, 45◦ and 65◦

sections of orientation density function (ODF) of cold-rolled FCC phase. White and yellow arrows in (a) indicate deformation bands and deformed 
twin layers. Black pixels in (a) are non-indexed and serve as crystalline perfection indicators.
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dislocations generated in its neighboring matrix will be incorporated into the twin after sufficiently piling-up in front of the twin 
interfaces, making the twin subjected to additional deformation by the slip transferred from the matrix. This process could be reversed 
from twin to its neighboring matrix, however, the large number of dislocations generated from the large matrix volumes dominate that 
the majority of the slip transfer is from the matrix to the twin. The dislocation configuration in the cold-rolled state is shown with the 
TEM bright field micrograph in Fig. 5a. It is seen that a large number of dislocations were formed by the cold rolling.

The texture of the cold-rolled sample was also measured by the HEXRD and is displayed in Fig. 4c. Clearly, it is composed of three 
typical rolling components, the Copper, the S and the Brass, indicating that the deformation behavior of the present alloy falls within 
those of the low stacking fault FCC materials (Kaushik et al., 2021; Sathiaraj et al., 2020a, 2020b; Shankar et al., 2024). Owing to the 
specific presence of the deformed annealing twins, the cold-rolled microstructure was characterized by a kind of lamellar structure 
along the RD that is composed of alternatively distributed severely deformed regions and less severely deformed ones.

In addition to the microstructural change of the FCC phase by rolling, a small amount of hexagonal close-packed (HCP) phase in fine 
lamellar shape with thicknesses of about 20 nm (as shown in the TEM bright field and dark field micrographs in Fig. 5) was induced. 
The existence of the HCP phase can also be clearly shown by the HEXRD patterns in Fig. 6. Here, the deformation-induced FCC to HCP 
transformation is a different topic and will not be investigated in the present work.

3.2. Conditional formation of sigma phase during heating

The defect-induced sigma phase formation in contrast to the defect-free state (solution-treated) was further studied by the in-situ 
HEXRD. Fig. 6a and b show the HEXRD patterns of the cold-rolled sample acquired during heating and cooling. During heating up to 
700 ◦C, the HCP phase progressively disappeared. Then, a new phase appeared starting from about 900 ◦C. The positions of the new 
peaks resemble those of the so-called sigma phase frequently observed in the Cr containing high entropy alloys (Laplanche, 2020; Lu 
et al., 2023). When the temperature rose to 1000 ◦C, the diffraction peaks of the new phase reached the maximum heights. However, 
when the temperature continued to increase, the peaks started to decrease and almost disappeared at 1100 ◦C (Fig. 6a). Interestingly, 
the new phase did not re-appear during the cooling process, even though the heating and cooling were set to the same rate (20 ◦C/s), as 
seen in Fig. 6b. This indicates that the formation of the new phase was strictly related to the high density of defects generated by the 
cold rolling. Indeed, during cooling, the deformed microstructure was already replaced by a recrystallized and defect-free micro
structure (as shown later). To validate this, the in-situ HEXRD was also performed from ambient to 1000 ◦C at a much lower heating 
rate (2 ◦C/s) to the solution-treated sample that was fully recrystallized before heating. The spectra in the HEXRD patterns in Fig. 6c 
clearly demonstrate that during the whole heating process, the FCC phase in the solution-treated (defect-free) sample was very stable. 
No phase transformation occurred. A careful study of the crystal structure and composition features of this new phase confirms that it is 
the topographically-close-pack tetragonal sigma phase with much higher Cr and V concentrations with respect to the matrix FCC 
phase. The details are given in Appendix B. The complete crystal structure data obtained are of vital importance that allow to analyze 
the correlation between the crystal structure of the sigma phase and the defect features and the macroscopic texture relation with the 
shear bands formed during the cold-rolling, as detailed later.

Fig. 7a-c shows the EBSD X-IPF (X//RD) micrographs of the cold-rolled sample after isothermal holding at 1000 ◦C for 30 min to 
demonstrate the microstructural impact of the formation of the sigma phase. For the FCC phase, it is already fully recrystallized. 
Interestingly, a lamellar layered structure with bi-modal sized FCC grains (as shown in Fig. 7d) was formed that is quite different from 
that of the solution-treated microstructure in Fig. 3. Coarse and fine grain layers, as outlined with the dashed yellow lines for the latter 
in Fig. 7a, are distributed alternatively and stretches along the RD, forming a perfect heterogeneous lamellar structure. For the sigma 
phase, its presence is also quite heterogeneous in distribution. As seen in Fig. 7b and c, it is in particle shape with a mono-sized 
distribution and an average size about 1 µm, as shown in Fig. 7e. Globally, the lengths and spacings of the fine grain layer have 

Fig. 5. TEM micrographs of 70 % cold-rolled sample. (a) Bright-field micrograph showing dislocations and (b) dark-field micrograph and selected 
area diffraction (SAD) pattern. Dark field micrograph was obtained using (0111)HCP reflection (beam // [110]FCC), showing a thin lamellar 
HCP phase.
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some coincidences with those of the deformed twins in the cold-rolled state (Fig. 4a and c), inferring that the fine grain layers could 
mostly be the deformed twin lamellae oriented along the RD.

3.3. Formation process of sigma phase

To unveil the defect-associated formation of the sigma phase, the evolution of the cold-rolled microstructure during heating was 
investigated. Four cold-rolled samples were, respectively, heated to several specific temperatures at the same heating rate of 20 ◦C/s as 
the in-situ experiment and then quenched in liquid nitrogen without or with isothermal holding to preserve the microstructures of the 
heat-treated states. For an easy consultation, the heat treatment chart in Fig. 1 is re-displayed in Fig. 8a.

Fig. 8b-e show the respective global and local characteristic microstructures during heating and heat treatment. The recrystalli
zation features are represented with the EBSD KAM (Kernel Average Misorientation) micrographs, where high KAM level corresponds 
to the deformed state, whereas the low KAM level to the recrystallized defect free state. When heated to 900 ◦C, globally, the cold- 
rolled FCC microstructure features were still preserved (Fig. 8b1, b2 and b4). The features, such as elongated grains, heavily 
deformed annealing twins, shear bands in the FCC grain interiors (Fig. 8b1 and b2) and the homogeneously distributed high KAM level 
(Fig. 8b4), are clearly visible, indicating that the recrystallization of the FCC phase did not occur below 900 ◦C. Locally, the nano-sized 
sigma particles appeared (as circled with the yellow ellipsoids in Fig. 8b3). The precipitation was not spatially homogeneous. It mainly 
occurred in the deformed twin band regions and the interface regions (correlation of Fig. 8b3 with b2 and b4) where a large amount of 
crystal defects existed. Although the precipitates also appeared along the thin intragranular shear bands (Fig. 8b3), the density is much 
lower with respect to those in the wide boundary regions where black non-indexed (by EBSD) pixels are also very dense (Fig. 8b2 and 
b3). Indeed, the precipitation was more prevalent in the deformed twin lamellar regions that contained a high density of crystalline 
defects. When the alloy was heated to 950 ◦C, recrystallization of the FCC phase occurred, as shown in Fig. 8c1 and c4. Most of the shear 
bands, prior annealing twin lamellae, and grain boundaries were occupied by small recrystallized FCC grains with low KAM level 
(Fig. 8c4). Only some isolated prior FCC blocks between intragranular shear bands were still not recrystallized, as seen in Fig. 8c1, and 
c2 and c4. Such blocks should be less deformed during rolling and possess lower stored energy for recrystallization. The precipitation of 
the sigma particles continued and was accompanied by very slight coarsening, as shown in Fig. 8c3. However, the inhomogeneous 

Fig. 6. HEXRD patterns of 70 % cold-rolled sample acquired in-situ during (a) heating and (b) subsequent cooling with thermal treatment chart 
displayed in between. (c) HEXRD patterns of solution-treated sample acquired in-situ during heating. Intensity profile of each pattern was obtained 
by integrating intensity of corresponding 2D Debye-Scherrer rings in a full azimuth angle range.
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spatial distribution remained (Fig. 8c3).
When the temperature reached 1000 ◦C, the primary recrystallization of the FCC phase was complete, as shown in Fig. 8d1 and d4. 

Some recrystallized grains even started to grow, as seen in Fig. 8d1. Such grown grains form horizontal strips along the prior RD with a 
certain spacing. Very locally, the grown grain strips are depleted in the sigma particles and the neighboring fine grains are densely 
distributed with the particles along the FCC grain boundaries and in the triple junctions, as seen in Fig. 8d2 and d3, inferring that the 
grains in the zones without or depleted in sigma particles were free to grow, whereas those with densely populated particles were 
pinned, and their growth was largely impeded and slowed down. Accompanying the primary recrystallization and the subsequent 
grain growth, the sigma particles started to coarsen but the sizes were still nanometric, as indicated by the yellow arrows in Fig. 8d3. 
When the sample was held at 1000 ◦C for 30 min, heterogeneous grain growth was fully developed in the FCC phase, forming the 
layered structure composed of alternatively distributed fine and coarse grain layers, as seen in Fig. 8e1. Grain growth in the particle- 
absent layers became very pronounced, whereas that in the particle-enriched layers was still pinned and was very slow. This further 
enlarged the size difference between the two distinct kinds of layers. In the meantime, the particles became obviously coarsened.

Clearly, the formation of the sigma particles has strong connections with the cold-rolling induced crystal defects. Thus, a close 
examination of the relation between crystal defects and the sigma particles was conducted, and the results are shown in Fig. 9. Fig. 9a 
displays the SEM-BSE micrograph and the corresponding EBSD X-IPF (X//RD) micrograph of the sample heated to 950 ◦C. The matrix 
FCC grain is in dark (fulfilling the electron channeling condition). The planar crystal defects (thin gray lines), twins and the sigma 
particles (indicated by the black arrows) are in light gray or white. In the EBSD micrograph, the dark FCC grain and the intragranular 
twins were well identified; however, the planar defects and the small sigma particles were beyond the EBSD spatial resolution. Further 
crystallographic analysis using the {111} pole positions (shown in Fig. 9b) of the dark grain evidenced that the planar defects (rep
resented as thin gray lines) are the {111} plane stacking faults. The traces of the four {111} planes are illustrated in the consistent 

Fig. 7. (a) EBSD Band Contrast (BC) micrograph of sample heat treated at 1000 ◦C for 30min. (b) and (c) Magnified EBSD phase-indexed 
micrograph with sigma phase particles densely distributed in fine FCC grain layers. Grain size distributions of (d) FCC grains and (e) sigma 
phase particles.
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colors with those of the {111} poles in the BSE micrographs. It is seen that the sigma particles are all intersected by the stacking faults 
(Fig. 9a). As an ideal example to show the interaction between the particles and stacking faults, the smallest particle outlined with the 
yellow frame in Fig. 9a is further magnified in Fig. 9c. It is seen that the particle (outlined with the black dotted circle) is densely 
intersected by all the four variants of stacking faults, as indicated by the color arrows. In this micrograph the stacking fault charac
terized by the thickness fringes and represented with the faint gray contrast connecting to the gray lines are visible. Another ideal 
example to evidence particle-stacking fault connection and the existence of large quantities of stacking faults is shown with the TEM 
bright field micrograph in Fig. 10. As the FCC phase of this alloys possesses very low stacking fault energy, the dissociation of the 
dislocations produced by the cold rolling into partials during the subsequent heating is a prevalent phenomenon. This evidence in
dicates that the unique precipitation of the sigma phase during post-cold-rolling heating is, in a certain way, related to the large 
number of stacking faults that will be analyzed in the next part.

3.4. Orientation feature of sigma particles

The microstructural examination demonstrated that the formation of the sigma precipitates was more intensive in the severely 
deformed regions (shear bands, deformed annealing-twin lamella regions). Certainly, such regions contained a large number of crystal 

Fig. 8. (a) Heat treatment chart. (b) to (e) EBSD X-IPF (X//RD) micrographs of heat-treated microstructures at global and local scales and cor
responding forward scatter electron micrographs of locally scaled EBSD X-IPF (X//RD) micrographs and Kernel Average Misorientation (KAM) 
micrographs. Yellow circles and yellow arrows indicate dense precipitation zones and precipitates.
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defects that are favorable for atom diffusion (Lewis, 1966). However, such highly defective regions may also be helpful for the 
structure transformation from FCC to tetragonal (Lu et al., 2023). If so, certain crystallographic relations could exist between the two 
structures. Thus, the textures of the two phases represented with pole figures at different specific heat-treated states were examined.

As already analyzed in Section §3.1, the texture of the cold-rolled FCC phase was composed of three main cold-rolling components, 
i.e. the Brass, the Copper and the S, as re-shown in Fig. 11a with the {111} pole figure. Surprisingly, the two {111} intensity maxima 
located at about 20◦ – 25◦ from the ND toward the ±RD (indicated by the red dash circles in the figure) are clearly in position 
coincidence with those in the {001} pole figure of the sigma phase, as circled in Fig. 11b1. The orientation data of the sigma phase were 
extracted from the EBSD data of the fine grain layers, as displayed by the reddish parts in Fig. 11b3 that were obtained after heat 
treatment at 1000 ◦C for 30 min. Even though the sigma phase underwent the heat treatment, the coincidence was well preserved. This 
evidenced that a crystallographic orientation link between the two phases indeed existed, although a perfect orientation relationship 
expressed with a plane and in-plane direction correspondences was not statistically present. Furthermore, the {111} pole figure of the 

Fig. 9. (a) SEM-backscattered electron (BSE) micrograph of FCC grain fulfilling electron channeling condition and containing sigma particles 
(indicated by black arrows), annealing twins (in white) and stacking faults (light gray lines with faint thickness fringes). (b) SEM-EBSD X-IPF (X// 
RD) micrograph of dark grain in (a). (c) Magnified SEM-BSE micrograph of that outlined with yellow frame in (a). (d) {111} pole figure of FCC grain 
in (b). {111} poles are represented in 4 colors, and their traces are plotted with consistent color lines in (a), (c) and (d) and indicated with consistent 
color arrows in (c). Sample was heated to 950 ◦C and immediately quenched.

Fig. 10. TEM Bright field micrograph showing a dense population of stacking faults formed during heating to 850 ◦C and held for 3 min. A sigma 
particle is surrounded by stacking faults.
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Fig. 11. (a1) {111} pole figure of 70 % cold-rolled FCC phase measured by HEXRD and (a2) {111} pole figure of ideal Copper, Brass and S 
components. (b1) {001} pole figure of sigma phase and (b2) {111} pole figure of FCC grains, as well as (b3) EBSD phase-indexed micrograph of fine 
grain layers in sample treated at 1000 ◦C for 30 min. (c1) {111} pole figure of FCC coarse grains and (c2) corresponding EBSD phase-indexed 
micrograph of complementary part to fine grain layers in (b3).
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FCC grains in the fine grain layers in Fig. 11b3 that were neighbors of the tetragonal particles still possessed the two maxima, as circled 
in Fig. 11b2. For comparison, the {111} pole figure of the complementary coarse FCC grain layers, the red regions in Fig. 11c2, is shown 
in Fig. 11c1. Large differences can be clearly seen. The two maxima are no longer present and the texture becomes random but 
dominated by some randomly oriented coarse grains.

Surprisingly, although the texture of the cold-rolled state contained several {111} maxima (those close to the RD and the TD) 
(Fig. 11a1), only the two close to the ND were “copied” by the {001} of the sigma phase (Fig. 11b1). Thus, we examined the specific 
texture of the sigma particles with the observed shear bands in the cold-rolled sample through the texture of the cold-rolled FCC phase. 
To facilitate the analysis, the EBSD band contrast micrograph of the cold-rolled microstructure (from Fig. 4a) and the FCC {111} pole 
figure (from Fig. 11a1) together with the sigma {001} pole figure (from Fig. 11b1) is re-displayed in Fig. 12. For an easy comparison, 
the two pole figures are plotted in the sample coordinate system of the EBSD measurement, instead of in the conventional rolling 
coordinate system as in the previous pole figures. As seen from Fig. 12a, the traces of the intragranular shear bands, as indicated by the 
white arrows, are oriented at about ±25 to ±35◦ with respect to the RD in the RD-ND plane. Such shear bands should be made by 
concentrated dislocation arrays and the traces of the bands correspond either to the parallel shear planes or to stepped shear planes 
when secondary slip systems were activated (Huang et al., 2022; Jang et al., 2021). In the case of the present FCC phase, the shear 
planes are the {111} slip planes. Interestingly, these shear band trace orientations coincide with those of the two FCC {111} poles near 
the ±RD in Fig. 12b, where the average {111} trace of the two poles are plotted with the black solid lines (the angles to the ±RD are 
also indicated). This means that the dislocations generated by the cold-rolling were majorly located on such {111} planes. Further
more, these two FCC {111} poles are in perfect coincidence with the sigma {001} poles, as shown in Fig. 12c. This further proves that 
the dislocations (stacking faults) are indeed at the origin of the non-equilibrium formation of the sigma phase. In this situation, the 
orientation of the most intensively activated slip planes populated with a large number of dislocations dictated the orientation of the 
{001} plane of the sigma particles via the FCC {111} to sigma {001} heredity, leading to the specific sigma texture.

4. Discussion

4.1. Formation mechanisms of sigma phase

The compositional (Appendix 2) and crystal structure differences between the present sigma phase and the matrix FCC phase 
indicate that the precipitation of the sigma phase is diffusional and realized via two different processes: atom diffusion and structure 
transformation, representing two barriers: compositional and structural.

For the former, the atom diffusion could be achieved by the large number of crystal defects induced by the cold rolling. The high 
defect density regions favor the segregation of the V atoms that create large lattice distortion due to its large atomic radius (Sohn et al., 
2019). In addition, giant shear modulus differences are also generated around the V and Cr atoms (Gao et al., 2013). Thus, the 
segregation of these two elements in the default regions is energetically favorable. On heating, the dislocations provided favorable 
channels for the two elements to diffuse and segregate to the severely deformed regions.

Although the composition barrier can be overcome through defect-assisted diffusion, the structural barrier to the transformation 
should also be overcome, allowing the unique and rapid formation of the sigma phase during the post-deformation heating. Thus, the 
instant structure transformation having occurred in the present work surely obtained certain ‘help’ from the crystal defects produced 
by the cold rolling and their evolution during heating. Using the crystallographic relationship {111}FCC//{001}sigma determined 
between the FCC matrix and the sigma phase (Figs. 11 and 12), an FCC cell that possesses a close atomic correspondence to that of the 
unit cell of the sigma phase is established and shown in Fig. 13. Clearly, the two cells bear some resemblances but also differences. The 
resemblances are the cell dimensions. The significant differences are the atomic arrangements. The structure differences, together with 
the very small diffusion coefficients of the sigma formation elements, like Cr and V, in solid-state explain well why the formation of the 

Fig. 12. (a) EBSD band contrast micrograph (same micrograph as in Fig. 4a) and (b) FCC {111} pole figure of 70 % cold-rolled sample. Deformation 
bands are indicated by white arrows together with their inclination angles with respect to RD. (c) {001} pole figure of sigma phase in sample treated 
at 1000 ◦C for 30 min.
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sigma phase happened uniquely during the post-cold-rolling heating but not in the heating after the solution treatment (defect-free 
state). In the present work, the formation of the sigma phase is almost instantaneous with the rise of the temperature from the cold- 
rolled state. Thus, the cold-rolling and the subsequent heating that stimulated intensive dislocation activities should have played a vital 
role to allow achieving the structural condition for the transformation.

To find out the contribution of the crystal defects, we first picture the detailed structure difference between the two crystals, FCC 
and topologically close-packed tetragonal. With the orientation link between the two phases (Fig. 12b and c), the two structures can be 
roughly viewed as a stack of three {111} planes for the FCC matrix and a stack of three {001} planes for the sigma phase, as illustrated 
in Fig. 14a1 and b1, neglecting the pink and violet layers in the tetragonal structure. It should be mentioned that the different colors 
used in Fig. 14 are only for distinguishing different {111} FCC planes and different {001} tetragonal planes. There is no correlation 
with the different element species. The planar spacing of the three {111} FCC planes (4.382 Å) is very close to that of the three 
tetragonal {001} planes (4.412 Å). This could be the reason why there exists a parallelism between the FCC {111} and the tetragonal 
{001}. Furthermore, an A/B/A stacking of the three FCC {111} planes makes one more step further toward the tetragonal {001} 
stacking. Thus, the FCC twin boundaries or the {111} stacking fault provide favorable sites for the nucleation of the sigma phase due to 
its stacking similarity to the tetragonal structure. This also explains why the sigma particles are always found at the twin boundary 
regions. Further down to the atomic arrangements of each corresponding FCC {111} plane and tetragonal {001} plane, as shown in 
Fig. 14a2 and b2, certain similarities and also differences are discernable. If we could just displace the atoms in magenta in plane A of 
the FCC structure down by ½ of the {111} planar spacing and leave the rest dark blue atoms unchanged on plane A, as shown in 
Fig. 14a2, the constituent planes A’ and B’ of the tetragonal sigma should be formed with some slight in-plane adjudgments of the 
atoms to reach the atomic positions on the tetragonal planes, as indicated in Fig. 14b2. The same operation could work for FCC plane B 
to form tetragonal planes C’ and D’ after a clock-wise rotation of 28◦ around the plane normal. However, the simple collective 
displacement of the selected atoms seems unrealistic for the structure transformation. The change from the FCC plane A/B to the 
tetragonal plane A’/C’ in Fig. 14a2 and b2 should be achieved via the movement of partial dislocations from the dissociation of the 
perfect dislocations during the recovery and recrystallization processes.

As illustrated in Fig. 15a, the atomic arrangement of plane A’ can be easily achieved by the consecutive movements of a /6[112] and 

Fig. 13. A cell of FCC phase (a) resembling (b) unit cell of tetragonal sigma structure. Different colors represent different atomic layers.

Fig. 14. Detailed structure comparison between FCC and tetragonal sigma phase. (a1) and (b1) FCC A/B/A {111} plane stacking and tetragonal 
{001} plane stacking. (a2) and (b2) Atomic arrangements on each FCC {111} plane and tetragonal {001} plane.
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a/6[121] Shockley partial dislocations. The operation of the a/6[112] partial dislocation to the atoms shaded in red in step 1 displace 
these atoms from FCC position A to C, then the operation of the a/6[121] partial to the displaced atoms shaded in green in step 2 
displace these atoms from position C to the next A positions. The two steps create a distorted region between the non-displaced and 
displaced atom zone. Repeating the two steps to the atoms shaded in the second row in Fig. 15a further enlarges the distorted region. 
The atomic arrangement of this region, as outlined with the gray frame in Fig. 15a, is very close to that of the tetragonal {001} plane. In 
this way, the {001} tetragonal plane could be rapidly formed from the distorted {111} FCC plane. This transformation path is realistic 
and can be indirectly evidenced by the microstructure evolution from the cold-rolled state to the recrystallized state. After the cold- 
rolling, although the microstructure was highly deformed, no deformation twins were observed, indicating that the deformation was 
achieved by slip of perfect dislocations. Thus, after the cold-rolling, the microstructure should contain high density of perfect dislo
cations. After recovery and the onset of the recrystallization, a large number of stacking faults and annealing twins were formed, as 
seen in Figs. 9a and c and 10, demonstrating the intensive dissociation of the perfect dislocations to partial dislocations. The structure 
transformation aided by the movement of the partial Shockley dislocations can be indirectly proved by the fact that in the present 
work, the stacking faults were always observed around the sigma particles, especially when the particles were formed at the early 
stage. As seen in Fig. 9a, the smaller the particles are, the more stacking faults are around the particles.

The dissociation of the perfect dislocations into partial dislocations can be processed in two different ways. One is the dissociation 
of one perfect a/2〈110〉 dislocation into two Shockley partial dislocations on the same slip plane, as illustrated in Fig. 15b. The other is 
accompanied by a cross-slip of a Shockley partial dislocation on the cross-slip plane and leaving a Frank partial dislocation behind 

Fig. 15. (a) Illustration of structure transformation from FCC to quasi-tetragonal structure by successive movement of different Shockley partial 
dislocations (a) and two different mechanisms of dissociation of perfect a/2〈110〉 dislocations: co-planar dissociation (b) and cross-slip associated 
dissociation (c).
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(Cohen and Weertman, 1963; Liu et al., 2017), as illustrated in Fig. 15c. The dislocation reaction for the coplanar dissociation is: 

a
2
〈101〉 =

a
6
〈112〉 +

a
6
〈211〉,

where the perfect dislocations and the two Shockley partial dislocations are on the same {111} plane. The reaction for the cross-slip 
associated dissociation is: 

a
2
〈110〉 =

a
6
〈112〉 +

a
3
〈111〉,

where the perfect dislocations are on the {111} planes and the partial dislocations are on the intersected {111} planes.
To achieve the atomic arrangement illustrated in Fig. 15a, a dissociation of two variants of co-planar perfect dislocations a /2〈101〉

and 〈110〉 are required, as shown in Fig. 15b. The movement of the partial dislocations a/6〈112〉 and a/6〈121〉 could produce the 
similar atomic arrangements of the {001} tetragonal planes. Similarly, for the cross-slip dissociation, two variants of perfect dislo
cations a/2〈110〉 and a/2〈101〉 but on separate {111} planes are needed, as illustrated in Fig. 15c and the operation of the two 
Shockley partials could produce a similar atomic arrangement of the {001} tetragonal planes. Moreover, the two Frank partials (in blue 
in Fig. 15c) possess opposite signs and they attract each other and could move towards each other by climbing. This mechanism will 
help to form the atomic plane B’ or C’ in Fig. 14b1. It should be mentioned that to achieve a certain size of the structure modulation 
from the FCC structure to the tetragonal structure by the two kinds of dislocation dissociations, a series of parallel perfect dislocation 
arrays are needed. For simplicity, only one pair of dislocation dissociation for either case is illustrated in Fig. 15b and c. As the 
precipitation of the sigma particles occurred just after recovery and at the onset of recrystallization, a large number of dislocation 
arrays should exist at this moment. The dislocation dissociation assisted formation of the sigma phase can explain why the precipi
tation was such ultra-rapid, instantly with the quick heating (20 ◦C/s). Without this ‘help’, the structure transformation from the 
simple FCC structure to the topologically close-packed tetragonal structure only driven by thermal agitation could be very slow, even 
though the composition condition had already been fulfilled. From the fact that the majority of the sigma particles have their {001} 
planes align with the major {111} FCC shear plane traces, as evidenced by their pole figures in Fig. 12, the co-planar dissociation is 
prevalent in the present work.

4.2. Formation of HL microstructure

The precipitation of the sigma particles in the present alloy is significant in producing the heterogeneous lamellar (HL) micro
structure (Fig. 7) that is composed of alternatively distributed soft single FCC phased layers and the hard dual-phased, FCC and sigma, 
layers. The heterogeneous-structure HEAs and MEAs have recently attracted wide attention owing to their excellent strength and 
ductility combination (Liu et al., 2022; Wu et al., 2015; Zhang et al., 2020a). The heterogeneous lamellar structures are one of the 
heterogeneous structures and their formation is even more interesting. Thus, the acquisition of their formation conditions is of 
particular interest for both alloy composition design and treatment process design. The above experimental and analysis results allow 
to resolve several crucial conditions for the formation of the heterogeneous lamellar microstructure.

From the composition point of view, first, the alloy should contain sigma-prone elements, such as Cr and V with controlled amount. 
This means that in the equilibrium state no FCC to sigma transformation occurs. Such a composition has two advantages. One is its 
propensity to form the sigma phase at non-equilibrium composition conditions and the other is that the amount of sigma phase 
produced by the non-equilibrium transformation should be limited (in the present case: about 1 %) and the particle size should be small 
(around 1 µm maximum). Secondly, the FCC phase should possess low or even very low stacking fault energy. Thus, twins exist 
abundantly in the equilibrium state (for example, after annealing) and dislocation dissociation can occur intensively. From the 
viewpoint of processing, the alloy should be solution-treated to obtain a single FCC phase with relatively large grains (~100 µm) and 
containing a large number of thin annealing twin lamellae. Then, cold deformation (cold rolling is very effective) should be applied 
and the deformed alloy should be annealed to the maximum sigma formation temperature to allow the deformed FCC phase to be 
recrystallized and the sigma phase to be formed. The annealing twin lamellae allow for the production of the alternatively distributed 
severe deformation zones (deformed annealing twins) and less severe deformation zones (matrices of the annealing twins) along the 
rolling direction. The severely deformed zones are more favorable in composition and can provide abundant structure transformation 
‘helpers’ (stacking faults and dissociation of perfect dislocations) during recrystallization to facilitate the precipitation of the sigma 
phase. The intensive precipitation of fine sigma particles in the severely deformed zones inhibited recrystallization and grain growth, 
especially the latter. In this way, a heterogenous lamellar microstructure with alternative fine dual-phased (FCC + sigma) layers and 
coarse single-FCC phased layers can be formed.

5. Summary

In this work, the deformation and dislocation dissociation-assisted formation mechanisms of the sigma phase in a ternary non- 
equiatomic Co-Cr-V MEA (Co66.66Cr16.67V16.67) induced by conventional cold rolling and subsequent annealing and its impact on 
microstructural heterogeneity were thoroughly investigated through in-situ and ex-situ characterization techniques. To resolve the 
sigma formation mechanisms, the phase transformation and the corresponding texture and microstructure evolution were studied by 
HEXRD in the macroscopic scale, SEM-EBSD and -ECCI in the mesoscale and TEM in the nanoscale.
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The alloy possesses low SFE and belongs to the non-sigma MEA family at equilibrium but with a certain propensity to sigma 
precipitation when V and Cr segregate. When annealed from the cold-rolled state, nano-sized sigma particles were precipitated at the 
temperatures between the end of recovery and the onset of recrystallization and ultra-rapidly with heating (20 ◦C/s). The precipitation 
was spatially inhomogeneous, mainly in the severely deformed regions from the prior annealing twins formed during solution 
treatment and grain boundaries to deformation bands. The ultra-rapidity of the precipitation was rooted in the segregation of the Cr 
and V atoms in the severely deformed regions via dislocation-aided diffusion and dislocation dissociation during recovery and 
recrystallization. The former was due to the large lattice distortion around the V atoms and the giant shear modulus deviation around 
the V and Cr atoms, that drove the favorable composition segregation around defects. The latter created the crystal structure nuclei for 
the structural transformation. The crystallographic texture of the sigma phase has been shaped by the orientation of the most 
intensively activated slip planes populated with a large number of dislocations via the FCC {111} to sigma {001} heredity.

Owing to the spatially inhomogeneous precipitation of the sigma precipitates, a heterogeneous lamellar microstructure was created 
after the primary recrystallization, composed of alternatively distributed fine dual-phased layers with fine FCC grains and the inter
granular sigma particles and thick single-phased layers with coarse FCC grains.

The present work sheds new light on the dislocation activity assisted formation mechanisms of sigma and on the conditions of 
creating heterogeneous lamellar microstructure that benefitted from the deformation-induced spatially heterogeneous precipitation of 
hard secondary phases.
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Appendix

A. EDX result of solution-treated sample
Fig. A1
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Fig. A1. EDX results of sample solution-treated at 1200 ◦C for 2 h (a) SEM secondary electron (SE) micrograph. (b) to (d) Elemental micrographs of 
same area in (a). (e) Line profiles of 3 elements (V, Cr and Co) from dashed line indicated in (a).

B. Identification of new phase
To obtain the complete information of the precipitates, the chemical composition and the crystal structure were analyzed. Fig. B1a 

to d show a secondary electron micrograph and its elemental micrographs of a zone in one of the fine FCC grain layers acquired by 
SEM-EDX. It can be seen that the precipitates are enriched in Cr and V (with the Cr concentration slightly higher by ~2 %) and depleted 
in Co with respect to the FCC matrix. Quantitative analysis showed that the composition of the FCC matrix (Co65.76±0.34Cr16.54 

±0.26V17.7 ± 0.16) is very close to that of the nominal composition (Co66.66Cr 16.67V16.67), whereas the composition of the precipitates is 
Co56.07±1.02Cr22.98±0.65V20.96±0.39, as shown in the histogram in Fig. B1e. 
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Fig. B1. EDX results of sample heat treated at 1000 ◦C for 30 min (a) SEM secondary electron (SE) micrograph showing intergranular particles 
between FCC grains from a fine FCC grain layer. (b) to (d) Elemental micrographs of same area in (a). (e) Histograms of compositions in FCC matrix 
and new phase, with nominal composition of present alloy as reference.

As the HEXRD diffraction peaks of the new phase are mixed with strong FCC peaks, the crystal structure determination using the 
HEXRD pattern proved complicated. Thus, we performed TEM and SEM-EBSD electron diffraction analysis, with which we could 
obtain the single crystal diffraction information of the precipitates. Fig. B2 shows two zone-axis Kikuchi line patterns and the cor
responding selected area electron diffraction (SAED) acquired by TEM. The Kikuchi patterns in Fig. B2a and c demonstrate that the 
crystal structure of the new phase possesses only a 4-fold and a 2-fold rotational symmetry. This symmetry features suggests that the 
structure could be tetragonal. The TEM-SAED patterns in Fig. B2b and d do not possess any systematic weak super lattice spots. This 
feature infers that the three constituent elements (Co, Cr and V) are not ordered in the structure. Moreover, the spacings of the lattice 
planes resolved from the reciprocal lattice vectors of the spots in the SAED patterns are quite large, suggesting that the crystal structure 
could be represented by a super unit cell. All these indicate that the new phase should be the topologically close-packed sigma phase. 
Thus, we used the structure model of the sigma phase of CrFe (Bergman et al., 1954) and obtained the lattice constants using the Bragg 
angles of the HEXRD diffraction peaks of the tetragonal phase. The complete crystal structure information was then obtained and is 
presented in Table B1. Fig. B3 shows one of the experimental SEM-EBSD Kikuchi patterns of the tetragonal phase and the simulated 
pattern using the ESPRIT DynamicS (https://www.bruker.com) software and with the refined lattice parameters and the complete 
atomic positions given in Table B1. The cross-correlation coefficient of the two patterns calculated by the ESPRIT DynamicS 
(https://www.bruker.com) reached 0.76. This number indicates an excellent match between the two patterns and validates the 
determined crystal structure of the tetragonal phase. These crystal structure data are very important, with which the precipitates can 
be identified and their crystallographic orientations be obtained by the EBSD measurements, allowing analyzing the crystallographic 
orientation link between the precipitates and the matrix FCC phase to resolve their formation mechanism (as detailed later). 

Fig. B2. (a) and (c) TEM Kikuchi patterns and (b) and (d) corresponding selected area electron diffraction (SAED) patterns. Beam direction was 
parallel in (a) and (b) 4-fold and in (c) and (d) 2-fold rotational symmetry axis of new phase.
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Fig. B3. (a) Experimental EBSD Kikuchi pattern acquired from one of precipitates and (b) dynamically simulated pattern using obtained crystal 
structure data. Cross-correlation coefficient is 0.76.

Table B1 
Detailed crystal structure data of sigma phase.

Crystal system Tetragonal

Point group ​ P42 / mnm
Unit cell formula ​ Co50(CrV)50
a (Å) ​ 8.8525
c (Å) ​ 4.4119

​
Wyckoff position Atom Occupation x y z

​ ​
2a Co 0.5 0 0 0

Cr 0.25
V 0.25

4f Co 0.5 0.602 0.602 0
Cr 0.25
V 0.25

8i Co 0.5 0.868 0.537 0
Cr 0.25
V 0.25

8i Co 0.5 0.935 0.262 0
Cr 0.25
V 0.25

8j Co 0.5 0.818 0.818 0.748
Cr 0.25
V 0.25

Data availability

Data will be made available on request.
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