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ARTICLE INFO ABSTRACT
Keywords: This study investigated the plastic deformation behavior of a polycrystalline L1,-structured
In situ EBSD and DIC FeCoNiV high-entropy alloy (HEA) using in situ electron backscatter diffraction (EBSD) and

L1, structure
High-entropy alloy
Deformation behavior
Fracture mechanism

digital image correlation (DIC) methods. The different deformation mechanisms in two HEAs,
which affected their mechanical performance, were explored using a face-centered cubic (FCC)-
structured sample for comparison. Using slip traces and lattice rotation path analysis, {111}<
110> slip systems were found to be activated in the L1a-structured FeCoNiV HEA. In addition, a
lower average lattice rotation rate was estimated for this sample compared to that of the FCC
specimen; this macroscopically verified the existence of additional obstacles to dislocation slip
caused by the ordered structure during plastic deformation, and was found to contribute to the
high strength of the Ll,-structured FeCoNiV HEA. Furthermore, these additional obstacles
blocked the formation of deformed substructures in the L1,-structured sample and aggravated the
intergranular incompatibility, which enabled crack initiation at the grain boundaries. These
findings are important for understanding the deformation behavior and fracture mechanism in
L1,-structured HEAs and for designing new high-performance ordered HEAs.

1. Introduction

High-entropy alloys (HEAs) are new alloy systems proposed by Yeh and Cantor that employ a mixture of at least four principal
elements in an equimolar or near-equimolar ratio, and have attracted tremendous scientific attention (Cantor et al., 2004; Ding et al.,
2019; Shi et al., 2021; Yeh et al., 2004). In addition, a noteworthy combination of high strength and decent ductility has been achieved
by precipitation-strengthening HEAs, especially in systems with L1, as the precipitation phase (He et al., 2016; Jo et al., 2019; Liu
etal., 2016; Tong et al., 2019; Yang et al., 2018; Zhao et al., 2017). Moreover, researchers have expended considerable effort to explain
the deformation behavior and strengthening mechanism of HEAs, which have revealed the significance of the coherent L1, phase (He
etal., 2021; Li et al., 2020). However, little attention has been paid to the deformation of the L15 phase in HEAs, although the ordered
structure of HEAs has been recently examined (Qiu et al., 2017; Rogal et al., 2017; Wang et al., 2019). Previous studies have shown that
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FCC- and L1,-structured samples have identical crystal structures, but exhibit completely different mechanical properties (Liu, 2013;
Yang et al., 2020). Therefore, the deformation behavior of L1s-structured HEAs must be systematically investigated.

Grain boundaries (GBs) are known to strongly affect plastic deformation behavior (Di Gioacchino and Quinta da Fonseca, 2015;
Lim et al., 2011; Wang et al., 2014). Similar microstructures include twin-boundary textures, second phases, and deformation sub-
structures (Miao et al., 2009; Stinville et al., 2015). Because dislocations accumulate at GBs during plastic deformation, the local stress
increases sharply and exceeds the critical resolved shear stress (CRSS) to activate dislocations in the adjacent grains (Bieler et al., 2019,
2014; Guo et al., 2014). This behavior balances the heterogeneous stress distribution and prevents crack initiation in the GBs.
Moreover, deformation twins are considered an important alternative deformation mechanism for avoiding deformation in-
compatibility in metals with low stacking fault energy (SFE) (Reddy et al., 2019). Deformation has been recently confirmed to not only
vary among grains but also significantly change within grains (Di Gioacchino and Quinta da Fonseca, 2015; Perrin et al., 2010).
Therefore, characterization of strain partitioning during deformation can assist in understanding the deformation behavior and
fracture mechanism of a material.

In crystal plasticity theories, deformation occurring in a crystal is considered to develop in two parts: deformation of each grain
through dislocation slip and an additional deformation near GBs to ensure that the material remains continuous (Lee, 1969). The local
plastic deformation at the microstructure scale can be investigated using the lattice rotation relative to the initial orientation, and the
crystal orientations can be examined by electron backscatter diffraction (EBSD). Moreover, a local misorientation, which relies on the
variation in crystal orientation within a grain, is used as the strain estimation characteristic. The rotation path of crystal orientation
within a grain can reflect the characteristics of the activated slip system, based on which certain classic models have been developed to
describe lattice rotation behavior and the formation of texture in polycrystalline metals during the tensile process, such as the Sachs,
Taylor, self-consistent, grain interaction, and mathematical models (Chen et al., 2013; Hosford, 1977; Hutchinson, 1970; Mika and
Dawson, 1998). The Sachs model was considered for analyzing slip systems in the present study; herein, the stress conditions in each
grain are assumed to be equivalent to those corresponding to the activation of CRSS. Although EBSD can measure lattice rotation and
misorientation distribution, it is limited in terms of characterizing strain distribution; therefore, digital image correlation (DIC) can
assist in reliably measuring strain partitioning (Joo et al., 2013). Plastic deformation, in combination with the initial orientation figure,
can be related to the microstructure, original crystal orientation, local Schmid factors, and Taylor factors. These analyses can be
collectively used to assess the influences of microstructural features and deformation behavior.

FeCoNiV HEA has been reported to undergo the FCC-L1, phase transition below 780 °C, yielding the L1, phase at room tem-
perature (Wang et al., 2019). In contrast to the FCC-structured sample, the L1,-structured sample exhibits a higher strain-hardening
rate, increased tensile strength, and considerable plasticity. Different deformation behavior and fracture mechanisms clearly exist in
the FCC/L1,-structured FeCoNiV HEAs. Therefore, the FeCoNiV HEA is suitable for a detailed study of the deformation behavior of the
L1, structure. In the present study, the polycrystalline deformation associated with slip, material rotation, and spatial distributions of
plastic strain was examined by in situ high-resolution DIC (HR-DIC) and EBSD methods to elucidate the deformation behavior and
fracture mechanism in an L1,-structured HEA.

2. Experimental section
2.1. Material and microtensile testing

An alloy ingot with a nominal composition of equiatomic FeCoNiV HEA was prepared by arc melting a mixture of pure metals
(purity > 99.95%) under a Zr-gettered high-purity Ar atmosphere and subsequently drop-casting the product into a Cu mold with
dimensions of 7 x 10 x 100 mm?>. The samples were first hot-rolled at 1000 °C with a thickness reduction of 3 mm and subsequently
homogenized at 1200 °C for 24 h prior to water quenching to eliminate casting defects and chemical inhomogeneities. A suitable
equiaxed grain structure (grain size ~10 pm) was obtained by cold rolling (reduction ratio: 85%) and recrystallization at 1000 °C for
30 min, followed by immediate water quenching. The L15 structure was achieved by annealing at 755 °C for 12 h followed by water
quenching. Differential scanning calorimetry (DSC) measurements were carried out to determine the phase transformation temper-
ature on a 96 Line (SETARAM Instrumentation, France).

The original microstructure of the two studied alloys were analyzed using a combination of X-ray diffraction (XRD), EBSD, and
transmission electron microscopy (TEM). The XRD (D8 ADVANCE Da Vinci, Bruker, Germany) analysis was performed on the FCC- and
L1,-structure samples for phase identification, with an incident beam of Cu Ka radiation (wavelength = 1.5418 }0\). TEM investigations
were performed using a JEM-2100F (JEOL, Japan) at an accelerating voltage of 200 kV. Microtensile tests were performed on plate-
type specimens with a gage length of 4 mm and cross-section of 1 x 2 mm? using a universal testing machine at a quasistatic strain rate
of 0.1 mm/min (MTEST 5000 W Tensile Stage, GATAN, United Kingdom). At each strain level, the tensile tests were interrupted and
the stress state was maintained to acquire scanning electron microscopy (SEM)/EBSD-related information in situ for the specimens
(LYRA3 GMU, TESCAN, Czech Republic).

2.2. Analysis of EBSD data

In situ EBSD analysis enables examination of active slip systems, lattice rotation, and textural evolution during deformation. The
sample surface was polished to remove the surface stress layer, and the acquisition was performed using HKL Channel 5 software (UK).
At each strain step (i), the resulting average Euler angles (@1, ®, ¢2) were determined to describe the crystalline orientation. The
rotation axis, R,, and the rotation angle, 9, between these steps were calculated from the Euler angles (see Appendix A). The rotation
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path was determined as a characteristic of the activated slip system, with each slip system leading to a distinct rotation axis (Margulies
etal., 2001; Winther, 2008). Therefore, the rotation of the slip-induced rotation axis between steps i and j for each slip system caused
by actual changes in orientation could be computed, and the magnitude of the rotation of this axis for the operating slip system was
expected to be the lowest (Hémery and Villechaise, 2019). However, this approach implies that only a single slip can be activation
during deformation process, which is not consistent with the actual scenario involving the FCC-structured sample. An alternative
effective approach involves calculating the theoretical rotation paths for all possible slip systems and comparing them with the actual
rotation paths in an inverse pole figure (IPF) (Chen et al., 2013). The theoretical rotation paths were calculated using the Sachs model;
essentially, the rotation axis was determined using Euler angles and the theoretical slip system, the crystal was rotated by a certain
angle, and the direction of the loading axis in the new crystal coordinate system was determined (see Appendix B). [001]-[101]-[111]
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Fig. 1. (a) DSC heating and cooling curves of as-cast FeCoNiV high-entropy alloy (HEA) obtained at a constant rate of 10 °C/min from 50 to
1100 °C; (b) XRD patterns of the FeCoNiV alloy; (c) An EBSD inverse pole figure (IPF) and (d) a selected area electron diffraction (SAED) pattern
with a bright-field (BF) image of FCC-structured FeCoNiV HEA; (e) An EBSD IPF and (f) an SAED pattern with a dark-field (DF) image corresponding
to a superlattice spot (100) of L1y-structured FeCoNiV HEA; (g) Engineering stress-strain curves of FeCoNiV HEA; (h) Work hardening rate-true
strain curves of FeCoNiV HEA; (i, j) SEM images of the fracture surfaces of (i) L1,- and (j) FCC-structured FeCoNiV HEAs.
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IPF was used to display the results owing to cubic symmetry. During the calculation of each rotation path, only one active slip system
was considered for the Sachs model, and four slip systems were considered for the rotation path based on the magnitude of their
Schmid factors.
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Fig. 2. (a) Grain orientation maps of the FCC-structured sample subjected to different levels of strain (0%, 5%, 10%, and 20%). (b) Evolution of
grain orientation parallel to the loading direction of certain grains under tensile deformation in an IPF.
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Fig. 3. (a) Grain orientation maps of the L1,-structured sample subjected to different levels of strain (0%, 5%, 10%, and 20%). (b) Evolution of
grain orientation parallel to the loading direction of certain grains under tensile deformation in an IPF.
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Moreover, the samples used for HR-DIC analysis were examined by EBSD to define GBs, twin boundaries, and Euler angles; to plot
{111} plane traces; and to calculate the Schmid factors of individual grains in each slip system prior to the tensile tests.

2.3. HR-DIC measurements

Prior to conducting the tensile tests for HR-DIC analysis, the sample surface was marked with a nanoscale speckle pattern after the
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Fig. 4. (a—c) Distributions of the kernel average misorientation (KAM) values at different strain levels (0%, 5%, 10%, 20%, and 25%) in the FCC/
L1o-structured samples. (d, e) KAM values of the FCC/L1,-structured samples subjected to a strain of 20%. (f) Variation in the average grain
misorientation with macroscopic plastic strain in the FCC/L1,-structured samples.
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EBSD analysis. Sufficiently fine speckles on the surface of the tested specimens were required to enhance the spatial resolution of DIC
for relating the deformation to the microstructure. The deposition of nanometer-sized copper, colloidal silica, and gold particles has
been recently used to resolve strain localization at the microstructure scale in various structural materials (Lim et al., 2014; McMurtrey
etal., 2014; Tasan et al., 2014). In the present study, gold speckles were homogeneously distributed. Image acquisition was performed
at a resolution of 4096 x 3072 pixels and at a magnification of 9000 x , which corresponds to a field of view of 30.8 x 23.1 pm. DIC
analysis in the deformation sequence was performed using Vic-2D commercial software (Correlated Solutions, USA). The displacement
field, u(X), provided by the DIC analysis was used to calculate the effective maximum shear strain, y,,,., and material rotation, ws.
Moreover, 7,,,, and w3 assisted in representing the distribution of the plastic strain and material rotation in an area of interest.

3. Results
3.1. Structural and tensile characteristics

Fig. 1(a) shows continuous DSC heating and cooling curves of the as-cast FeCoNiV HEA obtained at a constant rate of 10 °C/min
from 50 to 1100 °C. An endothermic peak corresponding to the disordering transition and an exothermic peak corresponding to the
ordering transition were obtained in the heating and cooling curves, respectively. The endothermic reaction in the heating process was
initiated at 785 °C, and the exothermic reaction in the cooling process commenced at 776 °C. In the XRD patterns of the FeCoNiV alloy
(Fig. 1(b)), only one set of characteristic peaks of the FCC structure could be clearly identified in both samples. However, the lattice
parameter decreased from 3.5892 to 3.5758 A after annealing. The FCC structure was confirmed by EBSD IPFs, a representative TEM
micrograph, and the corresponding selected area electron diffraction (SAED) pattern, as shown in Fig. 1(c, d). The EBSD IPFs, SAED
pattern, and dark-field figure corresponding to the superlattice spot (100) (Fig. 1(e, f)) showed a typical ordered domain and anti-
phase domain boundaries of the L1, phase. The engineering stress—strain curves, work-hardening-rate curves, and fracture surfaces
of the L15- and FCC-structured FeCoNiV alloys at ambient temperature are shown in Fig. 1(g—j), respectively. The tensile and work-
hardening-rate curves showed clear differences in the deformation behavior between the L15- and FCC-structured samples. More-
over, the fracture surface of the FCC-structured sample was primarily composed of small dimples, whereas the L15-structured sample
displayed mixed fracture features of the dimples and intergranular fracture. Theoretically, the L1, phase has an identical crystal
structure to that of the FCC phase; the different mechanical properties of these samples are noteworthy in this regard. Although
research on the deformation and fracture mechanisms of the FCC phase is relatively mature, those of the L1, phase, especially in HEAs,
are not sufficiently clear. Therefore, in situ EBSD was combined with an in situ HR-DIC method to elucidate the deformation behavior
and fracture mechanism in an L1,-structured HEA.

3.2. In situ EBSD analysis

3.2.1. Microstructural evolution during tensile deformation

The microstructural evolution of FCC- and L1,-structured FeCoNiV alloys during deformation was investigated. Fig. 2(a) shows the
grain orientation maps of the FCC-structured sample obtained in situ at strain levels of 0%, 5%, 10%, and 20%. The direction normal to
the plate samples represents the view direction, and the horizontal direction (X) represents the loading direction. Because annealing
twin boundaries influence deformation, they were regarded as different grains. Pixels with a misorientation angle smaller than 10°
with respect to the neighboring pixels were considered to constitute one grain in the undeformed sample, and the grains in the
deformed samples were assessed in accordance with the undeformed samples. Consequently, 67 grains (denoted 1-67) were clearly
identified in the IPFs obtained at different strains. Each grain had a uniform orientation prior to the plastic deformation. With an
increase in strain, the orientation of each grain changed to varying degrees, and different orientations appeared within the grain upon
tension to a strain of 5%, that is, in grains 6, 11, 17, and 26, implying inhomogeneous deformation within them. Multiple subregions
with different orientations appeared within individual grains at a strain of 20%. Moreover, significant misorientations were observed
near certain annealing twin boundaries and GBs. Fig. 3(a) shows the grain orientation maps of the L1s-structured sample obtained at
four different tensile strain levels. Seventy-one grains, including annealing twins, were selected for tracking analysis. The similar
results of the Ll,-structured sample to those in Fig. 2(a) indicate that the grain orientation significantly varied with increasing
deformation, with notable misorientation occurring within certain grains that eventually evolved into a substructure. However, the
number and degree of substructures in the Llj-structured sample macroscopically appeared to be lower than those in the FCC-
structured specimen.

The differences in the microstructural evolution of the FCC- and L1,-structured samples undergoing tensile deformation were
analyzed using kernel average misorientation (KAM) to evaluate the local strain distributions. As shown in Fig. 4(a), a larger plastic
deformation led to greater deformation-induced inhomogeneity within each grain in the FCC-structured sample. Similarly, the KAM
values tended to increase in the L1s-structured sample with gradually increasing strain (Fig. 4(b)). Compared with the KAM data of the
FCC sample obtained at a strain of 25%, the proportion of KAM > 1° in the L1, sample was smaller than that of the FCC sample,
indicating a smaller deformation inhomogeneity in the L15 sample (Fig. 4(c)). The KAM distribution maps acquired at a strain of 20%
(Fig. 4(d, e)) indicate that the local strain was larger at the grain, twin, and substructure boundaries. Interestingly, a wider region near
the GBs in the FCC sample had a large KAM value (>1°), whereas only a narrow region near the GBs had a large local strain in the L1,
sample. In addition, the misorientation within an individual grain was used to reflect the degree of substructural deformation. The
misorientations within the aforementioned ~70 grains at several tensile strain levels were quantified (Fig. 4(f)). The results suggest
that during the early deformation period (<0.2%), the average misorientation within grains in the two samples was not significantly
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different; however, the misorientation within grains in the FCC sample significantly increased compared to that of the L1, sample with
increasing strain, indicating greater deformation-induced inhomogeneity and a more intricate substructure in the FCC-structured
sample.

3.2.2. Prediction of slip activity and deformation structure

Active slip systems are investigated because, typically, the deformation structure depends significantly on them. The rotation path
is a characteristic of active slip systems, and the lattice rotation path can be manifested by the evolution of the grain orientation
parallel to the loading direction (Hémery and Villechaise, 2019; Margulies et al., 2001). Fig. 2(b) shows the variation in orientation
and shape of certain grains with increasing strain, along with the tensile-axis-based evolution of the selected grains in IPFs. The lattice
rotation was observed to occur continuously in the grains during the deformation (following the sequence of black, red, green, and blue
dots); the experimentally observed rotation paths are indicated by the solid black vectors. The tensile axes of all the differently oriented
grain rotation paths deviated from the <112> orientation, which is the stable end position under the single slip condition. Moreover,
significant misorientations were observed within almost all grains after large deformations, as shown by the considerable difference in
color within the grains and the splash pattern in the IPFs. The grains could be classified into two types based on the aforementioned
orientation evolution; these were quantitatively defined by the number of rotation paths in the present study. Type I grains included
those with one primary rotation path despite a large misorientation within the grain at large deformations and a splash pattern in the
IPFs, that is, G4, G17, and G42; type II grains included those with two or more rotation paths that indicate the presence of a defor-
mation substructure, that is, G6, G11, and G30. Twenty-five grains of the selected 67 grains belonged to type II, and the remaining 42
grains belonged to type I in the FCC-structured sample. Fig. 3(b) shows that the two types of grains were also observed in the
L1,-structured sample (type I: G11, G17, and G44; type II: G54, G42, and G47). The statistics of the acquired data indicate that only 16
grains of the observed 71 grains belonged to type IL. In addition, the misorientations of these two types of grains were counted, and
misorientation within grains plotted against the grain size of individual grains at a strain of 20% for the FCC- and L1s-structured
samples, respectively, as shown in Fig. 5(a, b). The classification of grain type has little relation with grain size. Most type I grains had
an extremely low misorientation (<5°), whereas most type II grains had a misorientation of greater than 5°. Moreover, the misori-
entation within grains was clearly affected by other factors such as grain orientation and the surrounding environment of grains.
Therefore, based on the previous results, the lower misorientation in L1,-FeCoNiV was presumably due to the fewer type II grains and
the smaller local strain in them.

Experimentally verified that the rotation path predicted by the Sachs model in a polycrystalline aluminum alloy was consistent with
the experimentally measured paths with minor deviations (Chen et al., 2013). Al alloys,FCC-HEA, and L15-HEA have identical crystal
structures, close-packed planes, and close-packed directions. Therefore, the Sachs model was considered a suitable method for
analyzing slip systems in the present study and to theoretically predict the rotation paths induced by the slip system for each grain. The
Schmid factors of all slip systems were computed for each grain, and the slip system was sequentially numbered based on the
magnitude of the Schmid factor, that is, S1, S2, S3, and S4. The carmine, faint yellow, magenta, and purple dotted arrows in Fig. 2(b)
and Fig. 3(b) represent the theoretical grain rotation paths generated by the activation of a single slip system; it is worth noting that the
lengths of the lines are arbitrary and do not represent the magnitude of the rotation angle. The results indicate that the {111}<110>
slip system was activated in both the FCC- and L1,-structured samples, and at least two main slip systems were activated in almost all
the grains according to the prediction. The slip systems with maximum and secondary Schmid factors were often activated first.
Moreover, slip systems with smaller Schmid factors (approximately 0.3) were activated in certain grains, especially in type II grains.
Among them, the main rotation paths in the type I grains were generated by the activation of two sets of slip systems; therefore, the IPF
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showed a clear radiative feature. More than three slip systems were activated in the type II grains, and each major slip rotation path
was generated by more than two activated slip systems, which reflected the formation of deformation substructures. According to the
statistics, the number of deformation substructures in the L1, sample was less than that in the FCC sample, which explains the lower
average misorientation within the grains of the L1 sample.

3.2.3. Lattice rotation in grains

The lattice rotation rate is considered an important factor for describing the formation of the deformation texture. A linear rela-
tionship between the lattice rotation and macroscopic plastic strain has been reported, and the predicted lattice rotation rate is directly
proportional to the plastic shear rate (Guan et al., 2017). The lattice rotation relative to the initial orientation at each step was
calculated using Eq. (A3). Scheriau investigated the evolution of orientation-related changes in polycrystalline copper, nickel, and iron
during tensile tests and highlighted the significant influence of grain size on the changes in orientation during plastic deformation
(Scheriau and Pippan, 2008). Therefore, the angle of rotation at a strain of 20% was plotted against the grain size for both FCC- and
L1,-structured samples to investigate the influence of grain size on the rotation angle (Fig. 6). No clear relationships between the grain
size and the rotation angle could be derived through this investigation. Additionally, the influence of the Schmid factor on the
magnitude of the rotation was probed, and the maximum Schmid factor of the slip system for each grain was also plotted against the
angle of rotation at a strain of 20%. Grains with high values of the maximum Schmid factor exhibited both high and low angles of
rotation. Therefore, the grain size and maximum Schmid factor had no clear influence on the magnitude of rotation in both the FCC-
and L1,-structured samples. This is because the local plastic deformation and rotation of each grain depend on the grain orientation,
the activated slip system, and the influence of surrounding grains such that the plastic deformation and rotation angles of each grain
were not the same under similar macroscopic deformations (Tang et al., 2020). To quantitatively assess the average lattice rotation
behavior, the angle of rotation was averaged over the approximately 70 grains and plotted against the macroscopic plastic strain
(Fig. 7). The average angle of rotation was found to increase linearly with the macroscopic plastic strain via a linear regression. An
offset of approximately 0.3° was observed toward the end of the elastic regime, which is related to rigid body rotation, and the obtained
regression coefficient of approximately 0.998 indicates that the statistics were meaningful. However, as shown in Fig. 7, a significant
deviation from linear regression occurred in the Llg-structured sample at a strain of 0.2%. The possibility of rigid rotation of the
specimens was eliminated by calculating the rotational axis for each grain in the coordinate system of the specimen. Therefore, the
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dislocation slip behavior significantly changed during the deformation of the L1s-structured sample. Moreover, slopes of 47° and 39°
were obtained for the FCC- and L1y-structured samples, respectively. The significant difference highlights the strong dependence of the
operating slip behavior on the lattice rotation behavior of the two samples.

3.3. HR-DIC analysis

3.3.1. Trace analysis for slip activity

Compared with rotation path analysis, slip trace analysis can provide more accurate information for ensuring an active slip system
for individual grains. In particular, the traces of different slip planes can be clearly distinguished for the FCC structure with only four
slip planes and high symmetry. Prior to the tensile tests, EBSD measurements were performed to identify the GBs and orientation of
individual grains, as shown in Fig. 8(a) and Fig. 9(a). SEM images of the undeformed samples are shown in Fig. 8(b) and Fig. 9(b), and
the process of preparing speckles on the sample surface resulted in certain changes in the grain morphology. Certain grains in the FCC
sample (B1-B10, B15) were selected for slip activity analysis at a strain of 18% (Fig. 8(c)). A clear slip trace in multiple directions was
observed in each grain in the SEM image, and the visible slip traces were parallel to the identified {111} plane (indicated by dark
yellow lines), implying the activation of at least two types of {111}<110> dislocations in each grain. Moreover, traces in different
regions within the grain indicate that different types of dislocations were initiated in different regions, and the slightly curved traces
suggest the presence of interactions between the different types of dislocations. These direct observations from the trace analysis
method are consistent with the results from the rotation-path-predicting slip activity method in the aforementioned in situ EBSD
analysis.

Similarly, the {111} plane traces on the surface were calculated based on the crystal orientation of individual grains in the L1,
sample (Fig. 9(c)). In contrast to the FCC sample, clear slip traces were not observed on the L1, sample surface subjected to a similar
degree of deformation, implying that the dislocations were severely hindered; therefore, slip bands were not clearly visible on the
surface. Slip traces in multiple directions could be observed in only a few grains, in contrast to the results predicted by the in situ EBSD
data. Considering that the slip band structure could be destroyed by the dislocation behavior in the L1 sample, the slip traces were not
sufficient to accurately describe the slip activity; therefore, combining this analysis with the in situ EBSD method can be effective in
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Fig. 8. (a) IPF maps of the FCC-structured sample at a tensile strain of 0%; SEM images corresponding to the highlighted region in (a) at strains of
(b) 0% and (c) 18%.

analyzing slip activity in this context.

3.3.2. Plastic strain and material rotation

In situ observation of the strain distribution during deformation can assist in monitoring the deformation behavior of materials.
Maps of 7,4, of the FCC sample obtained in a region of interest at macroscopic strains of 2%, 4%, 11%, 16%, and 18% are shown in
Fig. 10(a-e), respectively. Evidently, the distribution of the shear strain was heterogeneous from the early stage of deformation. The
shear strain was primarily concentrated between the shear bands, which corresponded to the slip traces in the SEM images. As
deformation progressed, the grains with a higher Schmid factor deformed first and activated a slip system according to the magnitude
of the Schmid factors (i.e., B1, B3, and B4) (Fig. 10(a)). An additional slip system with a large Schmid factor in a few grains was
activated with grain rotation, as shown in S1. Furthermore, most of the grains were activated by more than two sets of slip systems to
coordinate deformation, as shown in Fig. 10(c). Among them, certain activated slip systems had a small Schmid factor of approxi-
mately 0.35, indicating that the local stress caused by inhomogeneous deformation exceeded the CRSS for activating the slip system. At
a macroscopic strain of 16%, the strain distribution map showed significant strain accumulation at the GBs, with the magnitude
exceeding that between slip bands within the grains. As shown in Fig. 10(e), typical behavior was observed at the GBs between B1 and
B6 and between B1 and B4, with the dislocation spreading at a certain depth from the GB to the interior, forming a substructure region
at a certain range. The formation of a visible substructure within the grain can be attributed to the local stress accumulated at the GBs,
leading to the activation of a compatible slip system, which helped alleviate the incompatibilities at the GBs.

Additionally, maps of y,,,, Of the L15 sample were obtained in a region of interest at macroscopic strains of 2%, 4%, 11%, 16%, and
18% (Fig. 11(a—e)). In contrast to the FCC sample, the distribution of shear strain was relatively uniform within the grain. The slip
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Fig. 9. (a) IPF maps of the L1,-structured sample at a tensile strain of 0%; SEM images corresponding to the highlighted region in (a) at strains of (b)
0% and (c) 18% strain.

system with the maximum Schmid factor was activated first during the initial plastic deformation, and the second set of slip systems
was activated as the deformation continued (B5 and B6). In Fig. 11(d, e), the regions in which two sets of slip systems were
concurrently activated became the maximum local shear strain regions, indicating that the strain continued to exist in the regions of
aggregated dislocations. At this stage, strong local stresses accumulated on the GBs in both the FCC and L15-FeCoNiV HEAs owing to
considerable deformation within the grains. In the FCC-FeCoNiV HEA, the active compatible slip system was the key deformation form
that released the local stress and alleviated the incompatibilities at the GBs. In the L15-FeCoNiV HEA, the low y,,,, at the GBs at this
stage indicates that the accumulated stress at the GBs could not be released in this manner. The creation of a compatible slip system
near GBs was resisted to a considerable degree in the L1, sample.

The EBSD results indicated that the lattice rotation caused by inhomogeneous deformation near the GBs in the FCC sample was
larger than that in the L1, sample. According to A9 in Appendix C, in contexts where material rotation is associated with shear strain
(unless pure shear occurs, for which Fi; # Fa1), the shear generally induces material rotation (Fig. 12). In domains where the bands
had a positive slope, ¢ was negative in the bands of the 7%-strained sample; moreover, the material rotation near GBs intensified with
increasing strain and had a positive or negative value (B1 and B4) in the FCC sample. After being subjected to similar macroscopic
strains, the strain near GBs in the L1, sample was clearly lower than that in the FCC sample, which corroborates the fact that the stress
accumulated near the portion of the GBs could not be released into the grain in the L1, sample.

12
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Fig. 10. (a—e) Maximum shear strain maps of the FCC-structured sample subjected to strains of 2%, 4%, 11%, 16%, and 18%, respectively. (f) SEM
image of the 18%-strained FCC-structured sample that shows slip traces and Schmid factors.

4. Discussion
4.1. Slip system activation and hardening

The plastic deformation was remarkably heterogeneous from the start of the tensile deformation, and occurred as shear bands of
regular spacing separated by regions with low strain. The measured slip bands were invariably well aligned with a highly stressed
{111} slip plane trace. The observed distribution of strains resembles the typical deformation structures in deformed low-SFE ma-
terials; this is due to the low SFE of the examined alloy, which leads to a difficult cross slip, consequently promoting planar slip. At the
start of the deformation, the primary and secondary slip systems were activated, and several non-co-planar slip systems were activated
by the local accumulated stress with increasing strain. The aforementioned analysis indicates that lattice rotation within each grain
was complex and heterogeneous, involving different rotation paths due to the activation of various slip systems in different domains
within the grains. This deformation-based heterogeneity leads to the formation of a substructure and scattering of the orientation
distribution.
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Fig. 11. (a—e) Maximum shear strain maps of the L1,-structured sample subjected to strains of 2%, 4%, 11%, 16%, and 18%, respectively. (f) SEM
image of the 18%-strained L1,-structured sample that shows slip traces and Schmid factors.

Generally, the lattice rotation rate has a straightforward relationship in terms of the rate of dislocation slip in the slip system and
the slip direction, which is controlled by the density of gliding dislocations and the frequency of jumps to overcome obstacles (Guan
et al., 2017). Superdislocation pairs generate gliding dislocations at a higher density, whereas the barriers that must be overcome are
similar, which leads to a higher lattice rotation rate in the L1, sample at the beginning of the deformation. As the deformation
continued, the lattice rotation rate decreased to lower than that in the FCC sample, although the dislocation density was higher than
that in the FCC sample, which indicated that the additional barriers to be overcome by the slip decreased the shear rate of the slip
system. In addition, the rotation rate of the grains at the early stage of deformation in the L1 sample was higher than that in the later
stage, confirming that the additional obstacle was not caused by the slip, but by the activation of multiple slip systems. The substantial
barriers in ordered structures have been previously attributed to special configurations of superdislocations, including
cross-slip-induced special jogs and the intersection of superdislocation-induced special jogs (Kear, 1964; 1966; Liu and Stiegler, 1984).
The results show that the obstruction occurred after activation of the forest dislocation, especially in the process of GB emission
dislocation into the grain. Therefore, the obtained results appear to corroborate the relationship between the hardening mechanism
and the intersection of superdislocation-induced special jogs in the present study.
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Fig. 12. DIC maps of the material rotation in the (a—c) FCC- and (d-f) L1y-structured samples subjected to different strain levels (7%, 13%,
and 18%).

4.2. Deformation incompatibility and fracture mechanism

The essential deformation behavior within grains was previously discussed. However, the development of the deformation
structure is known to be a non-local effect that is influenced by neighboring grains. In particular, the intergranular deformation
behavior of materials with fewer slip systems, such as magnesium alloys, significantly affects the mechanical properties. In these
scenarios, there is limited incompatibility at GBs, which requires that adjacent grains have a suitable orientation, as described by the
geometric compatibility factor (Bieler et al., 2014). For an FCC metal, each grain contains at least four slip systems with a high Schmid
factor owing to the high symmetry. This reduces the incompatibility at the GBs; if incompatibilities arise, they can be accommodated
by the activation of a complementary slip system (B1 and B4 in Fig. 10(e)). This complementary slip system is driven by accumulated
stress at the GBs with constraints on both the range and magnitude, which corresponds to the formation of substructures within the
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grains. Therefore, the formation of the deformation substructure can coordinate the intergranular deformation and ensure the stability
of GBs. In contrast to the fracture morphology of the FCC-FeCoNiV HEA, that of the L1,-FeCoNiV HEA clearly contained several
intergranular fracture characteristics. Typical cracks occurring at the GBs were observed in the L1,-FeCoNiV HEA sample with a
macroscopic plastic strain of 18% (Fig. 13), in which no significant formation of a complementary deformation substructure was
visible within the grains. Compared with the FCC-FeCoNiV sample, crack initiation at the GBs is possibly related to the deformation
substructure. The EBSD and DIC results collectively demonstrate that the stress accumulated at the GBs was not sufficient to induce the
formation of deformation substructures and could not be released via activation of compatible slip systems, which eventually led to
crack initiation at the GBs.

Dislocation pile-up at a GB produces a net offset (equivalent to a microcrack) across atomic planes, which is a common dislocation
mechanism for crack formation. Microcracks formed in this manner can continue to grow if the stress is sufficient, which can be
described by the following equation (Voyiadjis and Yaghoobi, 2019):

K; = ov/ma > K, (€9)]

where the K] is the stress intensity factor under plane strain with the first type of crack, K. is the critical value of the stress intensity
factor, o is the stress, and a is the crack size. Moreover, the internal stress generated by the dislocation of the GB can activate dislocation
of a neighboring grain, leading to the release of the pile-up dislocation at the crystal boundary.

T>17+ 21*r1/2d’1/2, 2)

where 7 is the internal stress, 7, is the shear stress that initiates slip when GBs offer no resistance, 7* is the CRSS, r is the distance
between the dislocation source and the GB, and d is the grain size. Generally, the stress is released via activation of the dislocation of
the adjacent grains prior to the increase in the stress at the GB to the critical value of the crack instability. However, the activation of
dislocation sources of neighboring grains in the L1,-FeCoNiV crystals is subjected to additional resistance (Az.xr,) caused by special

dislocation pinning mechanisms in the ordered structure. Therefore, when \I/(L < M(zp + 27 ri/2q-1/2 4 ATexira), microcracks formed at

na

the GBs can continue to grow. As the constraints disappear, the accumulated internal stress at the GBs is gradually consumed until
K; < Kj, and the crack is temporarily stabilized. This provides a good explanation for the ductile rupture of the material as the primary
form of failure.

Based on the observed deformation of the FCC/L15-FeCoNiV samples, their deformation behavior and fracture mechanisms are
illustrated in Fig. 14. As the deformation is initiated, the primary and secondary slip systems are activated in both the FCC and L1,-
FeCoNiV samples (Fig. 14(a, c)). The large Schmid factor and low lattice friction stress of the slip system can alleviate the intergranular
incompatibility. However, an increase in the macroscopic strain creates incompatibilities and significant stress accumulation at the
GBs. Therefore, several non-co-planar compatible slip systems are activated by the local accumulated stress in the FCC-FeCoNiV
sample. Moreover, the activation of the compatible slip system forms a supplementary deformation substructure in the grain
(Fig. 14(b)), which can adequately coordinate the intergranular deformation and release the stress accumulated at the GBs. However,
because the compatible slip system driven by local stress at the GBs requires more energy to sustain slip in the grains of the L15-
FeCoNiV sample, the stress accumulated at the GBs is not sufficient to motivate the formation of the deformation substructure (Fig. 14
(d)). Crack initiation occurs at the GBs, which explains the appearance of intergranular fracture features in the L1,-FeCoNiV HEA.

5. Conclusions

The deformation behavior in an ordered L1a-structured FeCoNiV HEA was systematically investigated using the in situ EBSD/DIC
method by comparing it with a disordered FCC-structured HEA. The main conclusions are as follows:

1 The in situ EBSD and DIC results show that {111}<110> slip systems were activated in the FCC/L1y-structured samples, and the
slip systems with maximum and secondary Schmid factors were often activated first in almost all grains. More slip systems were
activated with increasing strain, and a deformation substructure gradually formed within the grains. Statistical analysis indicated
that the misorientation and number of grains with the deformation substructure in the L1y sample were significantly fewer than
those in the FCC sample.

2 The average angle of rotation was confirmed to increase linearly with respect to the macroscopic plastic strain for the FCC/L15-
structured samples. In addition, a lower average lattice rotation rate was observed for the L1, sample than in the FCC sample, which
macroscopically verified that the additional obstacles to dislocation slip caused by the ordered structure decreased the slip shear
rate during plastic deformation and contributed to the high strength of the L1,-FeCoNiV HEA.

3 Because the compatible slip system in the L1, sample driven by local stress at the GBs was blocked, the stress accumulated at the
GBs eventually exceeded the bearing strength, leading to crack initiation at the GBs. However, these cracks did not spread rapidly
owing to the lack of a driving force; therefore, the material exhibited the fracture features of dimples and intergranular fracture.
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Appendix A

At each strain step i, the rotation matrix R;; can be defined by Euler angles as follows:

cosQ, cosp, — sing, sing, cos® —Sing, cosp, — cosp, sing, sing, sin®
R;; = | cosp, sing, + sing, cosp, cos® —sing, sing, + cosp, cosp, cos® —cosgp, sin® (A1)
sing, sin® cos@p, sin® cos®

The lattice rotation R;; between arbitrary strain steps can be described as:
R, =ER R} (A2)

Where E is the crystal symmetrical operation for cubic structure metals (Engler and Randle, 2009). The sense of matrix E here is to
eliminate the mistake caused by the crystal symmetry. Hence, the rotation angle 6 between these steps is chosen as the minimum value
among the 24 angles (Randle and Ralph, 1986):

R \R»Ry; — 1
0 = min <cos’l <7” 222 3 )) (A3)

Meanwhile, the rotation axis R, referred to crystal coordinate system is represented by

R — {st — Ry Ri3 — Ry Rpp *R21}

A
2sin6 2sin6 2sinf (A4)

Appendix B

The slip systems of FCC lattice are expressed as {h;k;l; } (ujviw;). The orientation of individual grain (j) in a reference frame (X, Y, Z)
can be defined as {H;K;L;}(U;V;W;), where [H;K;L;]||ND (normal direction of the specimen) and [U;V;W;]||LA (loading axis). The
rotation axis Rgs = [r;sit;] is then calculated by Sachs model:

[rsiti] = [U VW] x [uviwy] (A5)
According to Rodrigues’ rotation formula, rotating vector LA about R, leads to an 6 angle rotation of LA to LA":
LA™ = LAcosf + R,; x LAsin@ + (R,; LA)R (1 — cosd) (A6)
Through Eq. (A6), LA™ in deformed crystal coordinate system can be calculated after the assumed slip system being active, and the
rotation path of the tension axis vector in crystal coordinate system can be calculated.
Appendix C
A displacement field u(X) provided by DIC analysis can be used to calculate the components of deformation gradient F associated
with the in-plane deformation. The F can be calculated as (Di Gioacchino and Clegg, 2014):
Fj=u;; + & (A7)
Where §; is the Kronecker delta (i.e., §; = 0 for i # j and §; = 1 for i = j) and the term u;; = du;/0X; describes the chance of the i
component of displacement on an increment of distance along the direction j.

And the strain tensor for small deformation can be written as: &5 = % (uzj + u;j), hence, the shear on the plane investigated, y = Fi2
+ F2;. To consider the out of plane shear, an effective maximum shear strain y,,,, is used to describe the distribution of plastic strain:

Ve = \/ (@)2 + (g)z (A8)

In addition, ws, representing shear generally gives rise to a material rotation can be described as:

1
w3 =§(F12—F21) (A9)
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