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Abstract

The mechanical response of a Co11.3Cr20.4Fe22.6Mn21.8Ni23.9 (wt%) high entropy

alloy with a segmented coarse grain structure is investigated using strain-rate-

dependent uniaxial compression experiments. The composition is verified using

ab-initio simulations by examining thermal stability through the reduction of

Gibbs free energy relative to similar equi-molar alloys. The segmented grain

structure, combining high-angle coarse-grains with low-angle sub-grains, pro-

vides good hardness (∼ 3 GPa) and strain-hardening (∼ 2600 MPa/ε). Yield

strength shows strain-rate-dependent behavior with high strain-rate sensitivity.

Here, the macroscopic deformation is correlated with the microscopic plastic

failure mechanisms, facilitated by advanced in situ visualization and analysis.

Results reveal that the formation of deformation bands occur before yield, while

the interactions between microscopic plastic deformation mechanisms and the

low-angle sub-grain boundaries significantly affect the apparent surface defor-

mation features and mechanical properties.
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1. Introduction

High-entropy alloys (HEA) are developed to replace some conventional al-

loys (e.g., Co- and Ni-based superalloys) because of the possibility to attain

improved mechanical performance (e.g., thermal stability, strength/hardness-

ductility trade-off) [1–3]. The combination of multiple principal elements in rel-5

atively high concentrations expands the metallic alloying space [4, 5], and there-

fore, allows property tailoring for specific applications (e.g., aerospace [6, 7] and

nuclear [8, 9]). Furthermore, the high mixing entropy between atoms reduces the

chance of intermetallic phases and usually forms random solid solutions, which

enhances microstructural and mechanical stabilities and promotes solid solu-10

tion strengthening [10–14]. Among the large element space, the CoCrFeMnNi

(known as “Cantor”) alloy [15] has been well studied in the literature because of

its ease of manufacturing and the resulting single solid solution as face-centered

cubic (FCC) below its solidus temperature [16–18]. To date, varying properties

and deformation mechanisms of CoCrFeMnNi alloys have been noted depend-15

ing on element content and grain structure [19]. In the literature, studies have

also been conducted on variations of CoCrFeMnNi alloys in order to probe the

dynamic mechanical response under compressive loading [20–29]. For example,

Li et al. [20] studied the adiabatic shear localization in an equiatomic CoCr-

FeMnNi alloy under dynamic shear compression and found a high shear strain20

threshold (∼ 7%) for the initiation of adiabatic shear bands. The high resistance

to shear banding was attributed to the excellent strain-hardening ability com-

peting with only moderate thermal softening [20]. In another dynamic failure

study on a single FCC CoCrFeMnNi alloy [23], electron backscatter diffrac-

tion (EBSD) analysis showed strong localized deformation regions, and thermal25

softening was observed from the strain-hardening evolution curves.

In the current study, we investigate mechanical properties and failure of a

Co11.3Cr20.4Fe22.6Mn21.8Ni23.9 (wt%) high entropy alloy with segmented coarse
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grained structures (SCG-HEA) using uniaxial compression experiments at dif-

ferent strain rates. We specifically focus on an alloy with a lower Co content to30

explore the effect of non-equimolar mixing on the mechanical response, while:

(i) it can still retain full solubility with single FCC phase [15]; and (ii) it can

at least have comparable and potentially improved mechanical properties when

compared to other Cantor-like equiatomic HEAs [21]. Lowering the content

of the heavy element (i.e., Co) could also potentially reduce the vibrational35

Helmholtz free energy at the expense of lower configurational entropy, which

leads to further reduction in Gibbs free energy [30]. For the first time in the

literature on CoCrFeMnNi alloys, this study yields new discoveries on the re-

lationships between microstructure and macroscale deformation mechanisms,

facilitated by the use of state-of-the-art in situ visualizations.40

2. Materials and Methods

Ingots with a composition of Co11.3Cr20.4Fe22.6Mn21.8Ni23.9 (wt%) were re-

ceived from Eutectix LLC (Chatham, NJ, USA). Five pure metal powders Co,

Cr, Fe, Mn, and Ni were pre-mixed and inductive vacuum melted (IVM) be-

fore cast into cylinders with diameters of ∼ 8.5 cm and heights of ∼ 3.5 cm (ρ45

= 7.72 ± 0.08 g/cm3). The composition of the material (see Supplementary

Table 1) was confirmed using the inductively coupled plasma mass spectrome-

try (ICP-MS), energy dispersive spectroscopy (EDS), and X-ray photoelectron

spectroscopy (XPS) methods. The phase of the SCG-HEA was identified us-

ing X-ray diffraction (XRD) with CuKα radiation. Scanning electron micro-50

scope (SEM) equipped with EDS and electron backscatter diffraction detector

(EBSD) was used to investigate the microstructural features and deformation

mechanisms. Cubic samples with nominal dimensions of 3.5 × 4.0 × 5.0 mm3

were electrical discharge machined (EDM), mechanically polished to less than

0.1 µm, and electro-chemically etched for EBSD analysis. Room temperature55

strain-rate-dependent uniaxial compression experiments were performed using

the cubic samples with loading direction parallel to the 5.0 mm edge. Quasi-
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static experiments were conducted using a servo-hydraulic MTS 810 machine

on displacement control. Dynamic experiments were carried out on a modi-

fied split-Hopkinson pressure bar (SHPB) setup [31], with details found in [32].60

High-speed cameras (Shimadzu HPV-X2 and PROMON U750) were used in

all experiments to capture surface deformation and use for 2D-Digital Image

Correlation (2D-DIC) analysis. All strain information was acquired by DIC

and matched in time with the stress histories to yield stress-strain curves. The

Vickers hardness was measured using a Wilson VH1102 micro-hardness tester65

with a 200 g load applied over a dwell time of 15 seconds. Results were averaged

over 15 valid measurements.

3. Results and Discussion

First, the composition selection of the current SCG-HEA is verified using

ab-initio simulations by computing the temperature-dependent relative Gibbs70

free energy (∆G) for both Co-reduced (i.e., Co0.1) and Co-rich (i.e., Co0.3) cases

with respect to the equimolar CoCrFeMnNi alloy (see Figure 1). For compu-

tational details, please refer to Appendix A in the Supplementary Document.

In Figure 1, the ∆G of Co0.1(CrFeMnNi)0.9 show a subtle increment up to ∼

100 K after which it decreases monotonically with increasing temperature. For75

Co0.3(CrFeMnNi)0.7, the ∆G increased monotonically with increasing tempera-

ture. In addition, it is evident that the vibrational Helmholtz energy differences

(∆Fvib) is the dominant factor for compensating the loss in configurational

entropy and, therefore, achieving the relative thermal stability (see Supplemen-

tary Figure 1). The overall reduction in the Gibbs free energy show that the80

current SCG-HEA with a low percentage of Co is thermally more stable than

similar CoCrFeMnNi alloys fabricated with equimolar or Co-rich composition,

demonstrating a better consistency in achieving desired end products.

Stemming from the thermally more stable composition, a single solid solu-

tion with face centered cubic (FCC) structure for the SCG-HEA is identified85

from the 1D-XRD spectrum (see Supplementary Figure 2) [15]. The EBSD in-
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Figure 1: Temperature-dependent relative Gibbs free energy (∆G) of the Co-reduced

Co0.1(CrFeMnNi)0.9 and Co-rich Co0.3(CrFeMnNi)0.7 alloys with respect to the equimolar

CoCrFeMnNi alloys.

verse pole figure (IPF) maps in Figure 2 shows a segmented grain structure in

the current SCG-HEA, whereas a high-angle coarse grain (HACG) boundary is

identified in Figure 2a and numerous low-angle sub-grain (LASG) boundaries

(with mis-orientation < 15◦ [33]) are observed in Figure 2b. The definition of90

sample orientation and the standard IPF indexing triangle are demonstrated in

Figure 2c and d, respectively. Specifically, in Figure 2a, the two coarse grains

(yellow and blue) with grain sizes > 600 µm are observed (boundary outlined

by black-solid-lines). It is observed from the reduced IPF triangle in Figure 2a

that the distribution of the two HACGs is concentrated in two specific regions,95

indicating a large mis-orientation between the two grains. Minor changes in

orientation (shown as deep orange color in the IPF map) are observed on the

yellow grain, and these are identified as the LASG boundaries (outlined by

black-dotted-lines). Figure 2b shows the LASGs on a single HACG at a larger

scale. The reduced IPF triangle confirms the existence of a single coarse grain100

with a crystalline orientation of (001). The LASG boundaries are shown as

band-like mis-orientations with yellow or light purple colours. Lastly, limited
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processing-induced plastic deformation is observed, and this is expected since

the material has not undergone rolling nor annealing.

Figure 2: EBSD IPF maps showing a segmented grain structure in the SCG-HEA with (a)

high-angle coarse grains (HACGs) and (b) low-angle sub-grains (LASGs) within a coarse

grain. The LASG boundaries are shown as the slight colour changes. We outline a portion of

HACG (black-solid-lines) and LASG (black-dotted-lines) boundaries in (a) as an example. The

reduced IPF triangles show concentrated regions for grain distribution, with the orientations

of the HACGs at maximum experimental densities (Exp. Density) ≈ 10. (c) the definition of

sample orientation. (d) the standard IPF indexing triangle.

Next, we further investigate the LASG boundaries on a single HACG using105

EDS in Figure 3. The characteristic elemental X-ray energy peaks in Figure 3a

confirms the existence of only the five elements (Cr, Co, Fe, Mn, Ni) in the

SCG-HEA, with high concentrations of Mn and Ni and low concentrations of

Co, Cr, and Fe observed in the underlying thick bands (Figure 3b with bands

encompassed by red-dashed-lines). Investigations at other locations confirm this110

observation (see Supplementary Figure 3). The width of these thick bands has

an average of 11.3 ± 2.4 µm, and this is consistent with the measurements taken

using the EBSD maps in Figure 2. These Ni, Mn-concentrated bands located at

the LASG boundaries segment the seemingly coarse grain into smaller regions.
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The formation of LASGs and differences in elemental concentrations at the sub-115

grain boundaries are likely the combined consequence of the low content of Co

(∼ 10 wt%) and processing conditions [34–36]. Past studies have been conducted

to explore the influence of LASGs on the mechanical performance of metallic

alloys and HEAs (e.g., Mg-alloys [37], steels [38], Ti-alloys [39], and various

HEAs [40–44]), where positive effects on mechanical properties were observed120

(e.g., strength, ductility).

Figure 3: Elemental distribution and composition are investigated using EDS, where (a)

shows the characteristic peaks for all five elements (i.e., Co, Cr, Fe, Mn, Ni). (b) outlines of

the underlying thick band features (highlighted by red-dashed-lines) are observed with high

concentrations of Mn and Ni and low concentrations of Co, Cr, and Fe elements. These bands

constituting the LASG boundaries generate a segmentation of the seemingly coarse grain.

Figure 4 summarizes the mechanical properties of the SCG-HEA (see Sup-

plementary Table 2 for summary). The strain-rate-dependent engineering com-

pressive stress-strain curves in Figure 4a demonstrates representative behavior

from ∼ 10-4 to ∼ 2 × 103 s−1. In general, a short linear-elastic region (to ∼125

0.001 strain) is observed. The gradient of the linear region with an average of

96.2 ± 4.1 GPa is defined as the Young’s modulus of the SCG-HEA. The Pois-

son’s ratio, determined by averaging the slopes of the quasi-static lateral vs.
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axial strain curves taken at 0.001 strain, is found to be 0.350 ± 0.026. Continu-

ous strain-hardening at a steadily lower rate occurs after yield, with no distinct130

changes in the hardening rate at large strains. In this case, we truncate the

curves at 6% strain to compensate for experiments which the DIC correlation is

lost because surface deformation, as well as to preserve the 2D-DIC in-plane de-

formation assumption. An virtual extensometer is applied to verify the overall

strain computed by the DIC method. The right-arrow indicates a continuation135

of the stress-strain curves. In all experiments, the SCG-HEA does not fracture

at the maximum tested strain up to ∼ 0.21, with an apparent ultimate com-

pressive strength ∼ 850 MPa under dynamic loading (obtained from the stress

histories).

Next, the engineering yield strength (extracted using the 0.002 offset method)

is plotted against the strain rate from ∼ 10-4 to ∼ 2 × 103 s−1 in a semi-

logarithmic scale in Figure 4b, following the Lindholm approach [45, 46]:

σ = σ0 +mL log(ε̇) (1)

where σ0 is the lower-end of the yield strength and mL is known as the Lindholm140

strain-rate sensitivity. The Lindholm approach was proposed to represent the

strain-rate sensitivity of metals under SHPB testing [46], and it uses a single-

log10 strain rate scaling compared to the double-natural logarithmic approach

commonly used in some other literature [47, 48]. This method generates a more

sensitive change in mL, while preserving the true values and the trend of the145

corresponding property.

Three piece-wise functions in the form of Equation (1) are fitted to the data-

set corresponding to the quasi-static, dynamic upper bound, and dynamic lower

bound, respectively. The SCG-HEA exhibits a gradual increase in yield strength

in the quasi-static regime from ∼ 150 MPa at ∼ 10-4 s−1 to ∼ 180 MPa at ∼ 0.67150

s−1, with a mL of 3.2. A transition appears to occur at ∼ 1 s−1 (often denoted

as the characteristic strain rate [49]), where the yield strength increases much

faster with respect to the strain rate. We propose an upper bound and a lower

bound to encompass the scattered data points, with the mL being 37.7 and 12.6,
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respectively. It is observed that the majority of the data-points cluster around155

the upper bound with an increase from ∼ 180 MPa at ∼ 0.67 s−1 to ∼ 340 MPa

at ∼ 2200 s−1. An outlier at ∼ 120 s−1 (red-dashed-line circled) is omitted

from the fitted data-set. The true reason of this abnormal behavior needs to

be investigated further, and it could be an effect of the superposition between

grain orientation and the macroscopic deformation bands (see Supplementary160

Figure 4). Overall, the strain-rate sensitivity of the SCG-HEA is similar to the

ones reported in other CoCrFeMnNi alloys in the literature [21, 23, 25, 28], but

the LASG structure does not seem to have an effect on the absolute values of

the yield strength [40].

Next, Figure 4c demonstrates that the strain-hardening rate of the SCG-165

HEA reaches ∼ 2600 MPa/ε at all strain rates. With a similar coarse grain size,

the current SCG-HEA has a much higher strain-hardening rate than a previously

studied Al0.3CoCrFeNi alloy (∼ 1200 MPa/ε) [50] and a cast CoCrFeMnNi

alloy (∼ 600 MPa/ε) [42]. This is likely attributed to the LASG boundaries,

which allow a higher areal density of dislocations and slip bands for further170

hardening to occur [41, 51]. Lastly, significant improvement in micro-hardness

is promoted by the LASG structure (see Figure 4d). Measurements of the SCG-

HEA hardness (red-dashed-line circled, 2.84 ± 0.09 GPa (X-Y) and 3.13 ± 0.13

GPa (Y-Z)) are > 2.5x higher than other CoCrFeMnNi alloys from the literature

with similar coarse grain sizes [52, 53]. In addition, according to the bounded175

region by two widely-adapted Hall-Petch hardness relations for CoCrFeMnNi

alloys [54, 55], the SCG-HEA has a micro-hardness equivalent to an effective

grain size between 1 and 10 µm. Huang et al. [56] investigated the role of low-

angle grain boundaries on the micro-hardness of aluminum and concluded that

the low-angle boundaries could contribute to strengthening similar to high-angle180

grain boundaries.

Next, we examine the characteristics of macroscopic surface deformation

using images from the high-speed camera (see Figure 5, examples of high-speed

videos provided in supplementary files). Figure 5a (strain rate of ∼ 0.0005 s−1)

and Figure 5b (strain rate of ∼ 2000 s−1) without the speckle patterns show the185
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Figure 4: Summary of mechanical properties. (a) engineering stress-strain curves from ∼

10-4 to ∼ 2 x 103 s−1. Note that the curves do not show the later part of the stress-strain

behavior because of the correlation loss in DIC at large deformation. The right-arrow indicates

the continuation of the curves. (b) engineering yield strength at different strain rates with

piece-wise Lindholm fit [46] for rate sensitivity. Red-dashed-circle highlights an outlier data

point. (c) strain-hardening rate at different strain rates, with colors matched with their

corresponding stress-strain curves in (a). (d) micro-hardness measurements with Hall-Petch

bounds. Red-dashed-circle highlights the data from the current study.

initiation and propagation of global deformation up to 0.05 strain. In both cases,

we observe the formation of localized bands at ∼ 0.001 strain (red arrows), which

correlates well with the end of the linear-elastic region in the stress-strain curves

(see Figure 4a). These bands grow in both size and quantity with increasing

strains (red lines), and finally result in the appearance of secondary localized190

deformation features. In all experiments, we observed band formation at small

strains but dissimilar macroscopic deformation patterns at large strains. For

example, the quasi-static experiment (see Figure 5a) shows the emergence of a

bulky region with more bands growing inside the region at ∼ 0.02 strain, while
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the dynamic experiment (see Figure 5b) reveals only band bifurcations. The195

initiation of the deformation bands at low strains could be related to the slip

bands interacting with LASG structures [57], while the difference in secondary

deformation at high strains may stem from the HACGs with slip bands confined

to the grain boundary [58]. In Figure 5c (strain rate of ∼ 0.67 s−1) and Figure 5d

(strain rate of ∼ 300 s−1), we superimpose the DIC axial strain contours on the200

high-speed images to investigate the band formation before yield (up until ε ∼

0.005). We verify the start of band formation at ∼ 0.001 strain, where localized

axial strain zones start to form (i.e., left edge in Figure 5c and right edge in

Figure 5d). Further accumulation of localized axial strains result in a final strain

of ∼ 0.01 in the band regions even though the global strain is only half of that205

value.

Finally, post-mortem interactions between slip bands, deformation bands,

and grain structures of the SCG-HEA are investigated using EBSD (Figure 6).

These deformation mechanisms are common at all strain rates: (a) and (b) for

∼ 0.0001 s−1, (c) and (d) for ∼ 0.67 s−1, and (e) and (f) for ∼ 2300 s−1. It210

is observed in the band contrast maps that ordinary slip bands (darker lines)

tend to aggregate in the vicinity of HACG boundaries without crossing-over (see

Figure 6a, c, and e). In the IPF maps, it is evident that these slip bands appear

everywhere in the microstructures with slight color differences to the surround-

ing materials, indicating slip being the dominant deformation mechanism. The215

deformation bands (encompassed by black-dashed-lines) in Figure 6b, d, and f

have an average of 226 ± 57 µm in width, with cross-slips growing perpendicular

to the band boundaries. This correlates well with the observations made in the

high-speed images (Figure 5).

Additional LASG growth is shown as blue sharp bands in Figure 6d, and220

these appear under all loading conditions. A point-to-point mis-orientation map

is used to confirm the LASG growth (see Figure 6g), where the blue bar chart

indicates that the mis-orientation is mostly less than 10◦. The growth of LASGs

could be caused by the misalignment between loading direction and sub-grain

boundaries [59, 60]. It is also observed that both ordinary slip bands and cross-225
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Figure 5: High-speed images showing macroscopic deformation bands and their interactions

at different strains and strain rates. (a) and (b) without speckle pattern showing global de-

formation evolution up to ∼ 0.05 strain. Red arrows indicate the initiation of deformation

bands, and yellow lines outline the deformation band growth and secondary localized defor-

mation regions. (c) and (d) with DIC contours showing local strain accumulation near the

yield strain.

slips do not stop at LASG boundaries (see Figure 6c and d), and this is likely

due to the overall lower stacking fault energy of the LASGs, which is better

at improving ductility [61]. We propose that the LASG structure reduces the

effective grain size of the SCG-HEA and promotes grain boundary strengthening

[51], and therefore, enhances the mechanical properties (see Figure 4) and affects230

the deformation mechanisms (see Figure 6). Lastly, a plausible twin (see red

arrow in Figure 6f) with the mis-orientation map showing ∼ 60◦ in difference

with the surrounding material [62, 63]. We conclude that twinning is not a
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dominant deformation mechanism across the strain rates and final strains that

were investigated, but it could occur if higher loading rates are achieved [28].235

Figure 6: EBSD band contrast and IPF maps showing deformation bands (black-dashed-

lines), slip bands (needles with differences in contrast with the surrounding materials), and

cross slips (in between the black-dashed-lines) at different strain rates and final strains with:

(a – b) ∼ 0.0001 s−1 and ∼ 0.1 strain, (c – d) ∼ 0.67 s−1 and ∼ 0.18 strain, and (e – f) ∼ 2300

s−1 at ∼ 0.32 strain. (g) mis-orientation mapping is used to investigate the sub-grain growth

and potential twinning mechanisms. The blue line in (c) and the red line in (e) correspond to

the analyzed regions which are shown as the same colour in (g).

4. Conclusion

In summary, this work unraveled the mechanical properties and deformation

mechanisms of a non-equimolar Co11.3Cr20.4Fe22.6Mn21.8Ni23.9 (wt%) high en-

tropy alloy with a segmented coarse grain structure. The significantly reduced

Gibbs free energy of this alloy composition shows better thermal stability than240

similar equimolar alloys. The material showed good micro-hardness and strain-

hardening rate likely benefited from the LASG structure. High-speed imaging
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coupled with DIC confirmed the initiation of deformation bands before yield,

and this is critical in understanding pre-yield hardening behavior where this

information is inaccessible without advanced in situ visualization and analysis.245

EBSD analysis examined the interplay among deformation bands, slips, and

grain structures, where additional sub-grain growth allows further aggregation

of slips and dislocations aiding in further strain-hardening. This study also

explores a potential non-equimolar fabrication route for producing more afford-

able and sustainable materials while preserving the desired properties of other250

similar HEAs.
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