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Abstract
Extensive experiments have shown that the transformation from the face-centered cubic to hexagonal close-
packed ε phase usually occurs around coherent Σ3 boundaries. However, in this letter, we reveal a different 
transformation mechanism in a metastable dual-phase compositionally complex alloy via a systematic high-
resolution scanning transmission electron microscopy analysis. The face-centered cubic γ matrix can be 
transformed to the hexagonal close-packed ɛ phase (as small as one unit) around an incoherent Σ3 boundary 
(~30 nm), i.e., the facet of the coherent Σ3 boundary. This transformation is assisted by the detwinning/twin 
growth of a coherent Σ3 boundary during annealing treatment (900 °C for 60 min).

Keywords: Detwinning/twin growth, incoherent Σ3 boundary, 9R structure, displacive transformation, 
compositionally complex alloy

INTRODUCTION
Phase transformation-assisted alloys have motivated investigations due to their exceptional mechanical 
properties and excellent application potential in advanced technologies[1-6]. However, a key bottleneck that 
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hinders their widespread applications is the traditional strength-ductility trade-off[7]. It was recently 
reported that dual-phase compositionally complex alloys (CCAs) could overcome this hurdle[8-12]. The dual-
phase non-equiatomic FeMnCoCr CCA contains face-centered cubic (FCC) γ and hexagonal close-packed 
(HCP) ε phases, which are obtained by successive cold rolling,  annealing above 900 °C and water 
quenching[8]. Owing to the metastable FCC γ and stable HCP ε phases at room temperature, the mechanical 
deformation can actively promote the transformation from FCC γ to HCP ε phase[4,5,11]. Such a phase 
transformation mainly contributes to the work hardening and thus optimizes the strength and ductility 
simultaneously.

Generally, the displacive transformation from the FCC γ to HCP ε phase is preferentially initiated at high-
angle grain boundaries (HAGBs) or the grain interior with a high dislocation density[8,9]. A Σ3 twin 
boundary is not an ideal nucleation site for the γ→ɛ phase transformation, owing to its perfect coincidence 
site lattice (…ABCABACBA… stacking) and low energy state[13]. For a coherent Σ3 boundary, the grain 
orientation[14], chemical segregation[1,15,16], internal stresses[1,17] and temperature effect[18] can play key roles in 
promoting the phase transformation. However, the effects of incoherent Σ3 boundary segments (i.e., de-
twinning/twin growth processes)[19,20] on the phase transformation are still ambiguous.

In the present work, the microstructure of a dual-phase Fe50Mn30Co10Cr10 (at.%) CCA subjected to a high-
temperature annealing treatment and subsequent water quenching is examined, focusing on the displacive 
transformations at the twin boundaries. We observe that the HCP ε phase is formed at the 9R structure, 
which is attached to the phase boundaries of the nanoscale {112} incoherent twin boundary[21-24]. The phase 
transformation mechanisms are systemically investigated through multiple electron microscopies and 
discussed based on kinetics and thermodynamics.

MATERIALS AND METHODS
In this letter, an ingot of a quaternary dual-phase CCA (40 mm × 40 mm × 6 mm) with a nominal 
composition of Fe-30Mn-10Co-10Cr (at.%) was cast by vacuum induction melting using pure metals (> 99.5 
wt.% purity). The ingot was then hot rolled at 900 °C with a thickness reduction ratio of 50% and 
homogenized for 2 h at 1200 °C in high-purity argon gas flow, followed by water quenching. In order to 
obtain a proper recrystallized grain size and phase fraction for later analysis, cold rolling was conducted on 
the homogenized CCA with a thickness reduction ratio of 60%, followed by annealing at 900 °C for 60 min 
in an argon-protected furnace and water quenching. The recrystallized sample surface was mechanically 
ground with silicon carbide abrasive paper (P60 to P4000) and then polished using 3 and 1 µm diamond 
suspensions. The final polishing was conducted using a 50 nm SiO2 suspension to remove the residual stress 
on the surface. The microstructure of the polished bulk sample (10 mm × 10 mm × 1.2 mm) was 
characterized by means of scanning electron microscopy (SEM) equipped with an electron backscattered 
diffraction (EBSD) TSL high-speed detector using a 50 nm step size and a 15-kV acceleration voltage 
(JEOL-6500 FEG-SEM). Electron channeling contrast (ECC) imaging was conducted using a Zeiss Merlin 
microscope. For transmission electron microscopy (TEM)/scanning TEM (STEM) observations, a lift-out 
lamella containing multiple Σ3 twins was cut using a site-specific procedure in a dual-beam focused ion 
beam/SEM (FEI Helios Nanolab 600i) instrument[25]. The bright/dark-field TEM images and selected area 
electron diffraction (SAED) patterns were acquired in an image aberration-corrected FEI Titan Themis 80-
300 microscope operated at a 300-kV accelerating voltage. High-resolution STEM imaging and energy-
dispersive X-ray spectroscopy (EDS) were carried out using a probe aberration-corrected FEI Titan Themis 
60-300 with an acceleration voltage of 300-kV. For high-angle annular dark-field (HAADF) imaging, a 
probe semi-convergence angle of 17 mrad and inner and outer semi-collection angles of the annular 
detector ranging from 73 to 200 mrad were used[26].
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Figure 1. Microstructural characterization for metastable CCA after hot rolling and homogenization. (A) ECC image of the water-
quenched sample. (B) EBSD boundary map of same sample region imaged in (A). The inset on the right is the EBSD orientation map. (C 
and D) Corresponding EBSD phase and KAM maps. The FCC γ and HCP ε phases, Σ3 twin boundary and HAGB are highlighted by red, 
green, red, and purple, respectively. CCA: Compositionally complex alloy; ECC: electron channeling contrast; EBSD: electron 
backscattered diffraction; KAM: kernel average misorientation; FCC: face-centered cubic; HCP: hexagonal close-packed; HAGB: high-
angle grain boundary.

RESULTS AND DISCUSSION
Figure 1A shows an ECC image of the non-equiatomic CCA. After the annealing treatment, a fully 
recrystallized CCA with an equiaxed-grained microstructure was obtained. The correlative EBSD data 
[Figure 1B], including boundary and orientation maps, illustrate that the recrystallized CCA has an average 
grain size larger than 10 µm with a large amount of annealing twin boundaries (over 42.8 area.%). Further 
EBSD phase and kernel average misorientation (KAM) maps [Figure 1C and D] show that the CCA has a 
dual-phase structure containing the FCC γ (69 area.%) and HCP ε (31 area.%) phases with an extremely low 
dislocation density due to complete recrystallization at high temperature (e.g., 900 °C for 60 min). Upon 
such a high-temperature recrystallization process, the annealing twins randomly distribute in the FCC γ 
matrix, while the HCP ε phase is heterogeneously nucleated within the FCC matrix due to the thermal stress 
induced by the water quenching[8,9,21]. This nucleation behavior of the HCP ε phase may have an intimate 
connection with the annealing twin boundaries during phase transformation. Further tensile deformation 
confirms that the annealing twin boundaries are inversely proportional to the HCP ε phase (i.e., Σ3↑; ε↓), as 
shown in Supplementary Material Figure 1.

Figure 2A shows a representative bright-field TEM image of the CCA containing an annealing twin. The red 
dashed lines indicate the position of the coherent Σ3 boundaries parallel to the {111} habit plane. 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202208/5088-SupplementaryMaterials.pdf
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Figure 2. TEM analysis of Fe50Mn30Co10Cr10 (at.%) CCA after water quenching. (A) Low-magnification bright-field TEM image of a Σ3 
twin within the CCA matrix. The Σ3 twin consists of two coherent Σ3 boundaries (indicated by red dashed lines) and three nanofacets 
(marked by orange solid square). (B and C) Corresponding SAEDs along the <110>γ zone axis taken from the green and purple dashed 
circles in (A), respectively. (D) High-magnification bright-field TEM image of Σ3 twin boundary from (A). Three nanofacets are referred 
to as incoherent Σ3 boundary boundaries (ITBs) and highlighted in blue. (E) Corresponding dark-field TEM image of (D) obtained using 
the reflection marked by the blue dashed circle in (C). TEM: Transmission electron microscopy; CCA: compositionally complex alloy; 
SAEDs: selected area electron diffractions.

Figure 2B and C show the corresponding SAEDs of the regions marked by green and purple dashed circles, 
respectively, in Figure 2A. Different from the coherent Σ3 boundary in Figure 2B, Figure 2C shows a special 
Σ3 boundary with mixed diffractions composed of the twin, 9R structure and HCP ε phase. The orientation 
relationships among the matrix, twin, 9R structure and HCP ε phase are determined to be {111}matrix//{111}
twin//{0001}9R//{0001}HCP;<110>matrix//<011>twin//<11-20>9R//<11-20>HCP

[22,23]. Figure 2D presents an enlarged area 
of this abnormal Σ3 boundary cropped by an orange solid square in Figure 2A. From this image, there are 
three obvious steps, i.e., nanofacets (~30 nm), visible within the coherent Σ3 boundaries. These nanofacets 
are parallel to the {112} habit plane, which corresponds to the incoherent Σ3 boundary[21]. Using one of the 
diffraction spots marked by a blue dashed circle in Figure 2C, a corresponding dark-field TEM image of the 
9R structure is obtained from the same position in Figure 2D, as shown in Figure 2E. From this image, it is 
observed that the 9R structures (~30-80 nm) extend from the incoherent Σ3 boundaries, indicating that they 
are formed by partial dislocation movement[21]. Furthermore, a weak contrast from the HCP ε phase is 
found around the coherent Σ3 boundary near the 9R structure. This can be confirmed by further high-
resolution STEM analysis in the next section.
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Figure 3. (A) Dark-field TEM image of region shown in Figure 2D. (B-D) High-resolution HAADF-STEM images of Σ3 twin boundary 
from three different positions, b-d marked in (A). (E) High-resolution HAADF-STEM image from (A) showing a triple atomic layer of a 
coherent Σ3 boundary with ABA stacking sequence. The corresponding EDS maps indicate a homogenous distribution of the four 
principle elements, i.e., Fe, Mn, Co and Cr. (F) High-resolution HAADF-STEM image from (A) showing a double atomic layer of HCP ɛ 
phase with BA stacking sequence formed by gliding of a leading Shockley partial dislocation. The matrix, coherent Σ3 boundary, 9R 
structure and HCP ɛ phase are highlighted by yellow, red, orange, and blue, respectively, in all HAADF-STEM images. TEM: 
Transmission electron microscopy; HCP: hexagonal close-packed; HAADF: high-angle annular dark-field; STEM: scanning transmission 
electron microscopy; EDS: X-ray spectroscopy.

Figure 3 shows the TEM/STEM analysis of the nanofacets in Figure 2. For the sample regions marked by 
blue, green and purple solid squares in the dark-field TEM image [Figure 3A], high-resolution HAADF-
STEM is utilized to characterize the atomic configuration at the corresponding positions [Figure 3A-D] 
near the nanofacets. In these regions, the 9R structures are bounded by two phase boundaries and their 
atomic stacking parallels to the {0001} habit plane. In addition, the direct proximity of the 9R structures to 
incoherent Σ3{112} boundaries indicates that they have nucleated from there and then grow along the 
direction parallel to the {111} coherent Σ3 boundary. This suggests that the formation of the 9R structures 
stems from the emission of partial dislocations from the incoherent Σ3 boundary under the thermal stresses 
imposed by water quenching[21,22,27]. Figure 3E and F show high-resolution HAADF-STEM images of the 
coherent twin boundary for the positions ~50 and ~20 nm away from the 9R structure, respectively. As 
shown in Figure 3E, a perfect twin structure with …ABCABACBA… stacking[28] is observed ~50 nm away 
from the 9R structure. Further STEM-EDS analysis [Figure 3E] shows that four principle elements (Fe, Mn, 
Co and Cr) are homogeneously distributed. However, the Σ3 boundary in close proximity to the 9R 
structure (…ABCBCACAB…) [Figure 3B-D] only ~20 nm away adopts a different atomic arrangement 
with …ABCABABACBA… stacking [Figure 3F]. The additional BA stacking around the coherent Σ3 
boundary corresponds to one stacking fault or one unit of the HCP ε phase[1]. The presence of this 
additional HCP ε phase indicates that the phase transformation from the FCC γ to HCP ε phase at the 
coherent Σ3 boundary initiates from the 9R structure and its phase boundary, which is composed of an 
array of partial dislocations[21,22,27].

We now discuss the details of the phase transformations at the annealing twin boundaries after the high-
temperature treatment. Figure 4 shows an overview of the displacive transformations at different stages. 
Initially, nanoscale incoherent twin boundaries [Figure 4A] with {112} habit planes are either generated by 
twin growth or detwinning by the gliding of partial dislocations (i.e., processes with a set of partial 
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Figure 4. Schematic mechanism of detwinning/twin growth-induced phase transformations at a Σ3 boundary after water quenching. 
(A) Formation of incoherent twin boundary along the coherent twin boundary. (B) Generation of 9R structure from incoherent twin 
boundary. (C) Promotion of HCP phase near 9R structure. HCP: Hexagonal close-packed.

dislocations: b1-edge dislocation; b2-screw dislocation; b3-screw dislocation)[21]. Since the mobility of the edge 
dislocation, b1 is higher than that of the screw dislocations, b2 and b3

[22], the 9R structure can be 
spontaneously formed from the incoherent Σ3 boundary by the motion of b1 during water quenching (i.e., 
thermal stresses), as shown in Figure 4B. Such a 9R structure is bounded by two-phase boundaries, which 
effectively are an array of regularly spaced partial dislocations[21,22]. Such dislocations can actively promote 
the formation of stacking faults (i.e., Shockley partial dislocations) around the phase boundary of the 9R 
structure and eventually produce the HCP ε phase via the overlapping of stacking faults [Figure 4C]. From a 
thermodynamic perspective, the 9R structure usually has a higher Gibbs free energy than that of the matrix 
(e.g., 357-484 mJm-2 in Al and 590-714 mJm-2 in Cu)[29]. Such a significant energy difference can be a driving 
force to promote the formation of the HCP ε phase. Furthermore, based on ab initio calculations of a 
CrCoNi medium entropy alloy, it is argued that the metastable 9R phase (with a formation energy of 
-4.809 eV) can induce the stable HCP ε phase (with a formation energy of -4.815 eV) inside the FCC matrix 
(with a formation energy of -4.808 eV)[30]. Different from the incoherent Σ3 boundary with the 9R structure, 
the coherent Σ3 boundary is not an ideal nucleation site for the phase transformation from the FCC γ to the 
HCP ɛ phase, owing to its perfect coincidence site lattice and low energy state[13,31,32]. This suggests that the 
HCP ɛ phase observed along the coherent Σ3 boundary is generally originating from the 9R structure rather 
than the coherent Σ3 boundary itself. This also clarifies why the HCP ɛ phase mainly forms along one side of 
the coherent Σ3 boundary rather than both sides [Figure 4C]. This phase transformation mechanism is thus 
fundamentally different from those induced by grain orientation, chemical segregation, internal stress and 
temperature[1,14,15,17].

CONCLUSIONS
In this study, we revealed and discussed the phase transformation around annealing twins in a metastable 
compositionally complex alloy after water quenching via a systematic high-resolution scanning 
transmission electron microscopy analysis. The main conclusions are summarized as follows:

1. The FCC γ matrix can be transformed to the HCP ɛ phase (as small as one unit) around an incoherent Σ3 
boundary (~30 nm), i.e., the facet of the coherent Σ3 boundary.

2. The incoherent Σ3 boundary and associated 9R structures (~30-80 nm) can serve as nucleation sites for 
such a γ→ε phase transformation.
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3. The phase transformation is assisted by the detwinning/twin growth of a coherent Σ3 boundary during 
annealing treatment (900 °C for 60 min).

4. This finding provides novel insights into the nature of phase transformations at twin boundaries in a 
non-equiatomic dual-phase compositionally complex alloy.
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