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A B S T R A C T

High entropy alloys (HEAs) are a relatively novel class of materials with unique properties. Unlike traditional 
alloys, which are typically based on a single primary metal combined with smaller amounts of other elements, 
HEAs are composed of five or more principal elements, each usually present in significant amounts. This study 
investigates the influence of chromium content on the microstructure and mechanical properties of CrxCoFeMnNi 
HEAs focusing on three compositions: HEA10Cr, HEA20Cr, and HEA30Cr. Using Vickers hardness and shear 
punch testing at both room temperature and 400 ◦C, the research identifies a strong correlation between 
increasing Cr content and enhanced strength-based properties. Contrary to conventional behaviour, grain size 
and secondary dendrite arm spacing exhibited limited influence, with mechanical performance instead domi
nated by chemical composition, lattice distortion, and elemental segregation. The HEA30Cr alloy displayed the 
highest hardness and shear strength, attributed to more severe lattice distortion, Cr-induced dendritic growth, 
and sigma phase formation. Elevated temperatures reduced strength and strain hardening due to increased 
dislocation mobility, though ductility remained largely unaffected. Strain rate sensitivity was found to be modest 
at room temperature and negligible at 400 ◦C. These findings underscore the critical role of Cr in tuning the 
mechanical response of FCC-based HEAs and highlight the need for compositional control to balance strength 
and ductility for high-performance applications.

1. Introduction

High entropy alloys (HEAs) are a novel alloy design strategy that 
deviates from the conventional design approach of using one or two 
primary constituents with minor additions of other elements for per
formance enhancement [1]. Introduced by Cantor et al. [2] and Yeh 
et al. [2,3] in the early 2000’s, these alloys were characterised by their 
composition of ‘multi-principal elements’, consisting of five or more 
principal elements, each with concentrations between 5 % and 35 %. 
HEAs are regarded as extremely promising next-generation alloys, 
particularly for the aerospace and defence industries, where exceptional 
material performance is essential. They exhibit excellent high temper
ature properties [4,5], fracture toughness and electromagnetic proper
ties [6], and oxidation and wear resistance [7,8]. Additionally, the high 
entropy effect promotes the formation of a single or dual solid solution 
phase, despite the presence of numerous principal elements [7].

In 2004, Cantor et al. [2] addressed the fact that little is known about 

alloys containing multiple principal elements in equiatomic proportions 
due to the restrictive conventional alloy development strategy. The vast 
array of possible combinations for producing HEAs is endless, with each 
combination offering unique microstructural and mechanical properties 
[9,10]. Therefore, gaining a deeper understanding of these variations 
and the microstructural-property relationship is crucial to fully realising 
their potential.

Since the introductory papers from Cantor et al. [2] and Yeh et al. 
[3], research into HEAs has increased with time, with numerous studies 
recognising their potential for industrial use. Among this research, the 
most studied composition is the equiatomic CoCrFeMnNi alloy, 
commonly referred to as the Cantor alloy [11]. Han et al. [12] assessed 
the corrosion behaviour of an ultra-fine grained (UFG) version of the 
Cantor alloy, finding that controlling segregation of alloying elements 
can improve corrosion resistance. In another study, Zeng et al. [13] 
reviewed the mechanical properties of the Cantor composition, 
observing an overall strength improvement through the addition of 
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other supersaturated elements. Similarly, Zhao et al. [14] evaluated the 
mechanical property changes caused by altering the ratios of Al to Co, 
identifying an optimal ratio for performance improvement and cost 
reduction. Several other studies have also assessed the mechanical 
properties of the Cantor alloy [15–18].

As defined from such sources, there is a clear correlation between the 
alloying elements of HEAs and their final mechanical properties, 
through an influence of the phase structure [13]. Property optimisation 
can be achieved through a fine-tuning of additional elements or 
adjusting atomic percentage (at.%) amounts of the existing elements. 
Given the numerous possible combinations for HEAs, a systematic 
approach is necessary to fully assess their potential. Improvements in 
mechanical properties have already been achieved through the design of 
non-equiatomic Cantor alloys, such as the investigation conducted by 
Farjam et al. [19]. In their study, they found that a Co-rich Co50Cr20

Ni20Fe5Mn5 HEA composition provided increased yield strength, ulti
mate tensile strength, and total elongation as opposed to the traditional 
equiatomic Co20Cr20Ni20Fe20Mn20 Cantor HEA composition. This 
improvement was attributed to the presence of the HCP phase and grain 
boundary strengthening, both of which resulted from the increased Co 
concentration.

Another key element is the role of Cr, which is typically introduced to 
stabilise body-centered cubic (BCC) structures when added in increasing 
amounts. Cr tends to suppress face-centered cubic (FCC) phases, which 
can affect the overall mechanical properties of the alloy. In some HEAs, 
Cr promotes the formation of sigma (σ) phases, which can embrittle the 
alloy at high temperatures. Cr increases strength and hardness, espe
cially in BCC-based HEAs. It contributes to solid solution strengthening 
and can refine grain size. In FCC-based HEAs, high Cr content can reduce 
ductility, making the alloy more brittle. Cr enhances wear resistance, 
making HEAs more suitable for applications involving friction and 
abrasion. In a previous study, Jiang et al. [20] looked at an alternative 
HEA system (AlCoCrxFeNi2.1) containing varying amounts of Cr. They 
found that alloys with Cr (x > 0) exhibit a nearly complete lamellar 
eutectic structure composed of FCC and B2 phases, which subsequently 
enhanced the hardness properties. Yet, excessive Cr can lead to 
embrittlement, highlighting the need for optimised Cr concentrations to 
balance strength and ductility. In a related study, Cui et al. [21] inves
tigated the effects of Cr content on microstructure and mechanical 
behaviour of Co-free FeCryNiAl0.8 HEAs. Cr was added in small quanti
ties, ranging from 0.2 to 0.6 %. In their study, Cui et al. found that an 
increase in Cr content correlates with a slight rise in microhardness. 
Specifically, the Cr0.6 alloy achieves a Vickers microhardness of HV459, 
as opposed to HV438 for Cr0.2. Also, at 1000 ◦C, the Cr0.6 alloy’s yield 
strength surpasses that of the Cr0.4 alloy by approximately 25 MPa whilst 
not experiencing a drop in ductility, demonstrating improved perfor
mance at elevated temperatures with an increase in Cr content. How
ever, many studies thus far have focussed on small additions of Cr 
content (typically below 10 %) and on the high temperature oxidation 
behaviour of these alloys, and less so on the mechanical behaviour at 
elevated temperature with larger Cr additions [22–24].

Assessing the mechanical properties of HEAs presents a challenge in 
terms of cost and availability. These alloys are typically made from 
multiple high-purity elements, making them expensive. Additionally, 
their novelty means that obtaining material is difficult, resulting in low 
availability. A solution to these challenges is to utilise the shear-punch 
(ShP) test method. The ShP test is a mechanical experiment designed 
to evaluate the mechanical properties of materials when availability is 
limited [25]. The test method involves forcing a flat-ended punch, 
driven by a constant displacement rate, through a thin disc of material 
and into a recess of tight dimensional tolerance, inferring pure shear on 
the sample [26,27]. Residual deflection measurements are recorded on 
the underside of the disc, enabling a force-deflection curve to be 
generated. Given the nature of deformation observed in this test, 
whereby shear takes place around the edges of the punch head, corre
sponding shear stress values can be calculated based on equation (1): 

τ= F
2πravgt

(1) 

Where F is the punch load and ravg is the average of the radius of the 
punch head and the radius of the receiving hole (ravg = rpunch + rdie/2). 
The resulting deformation behaviour has many similarities to a σ-ε curve 
from a uniaxial tensile test, such as an initial linear elastic region, a yield 
point, a period of plastic deformation until reaching an ultimate load 
followed by failure.

This paper will now look to investigate the microstructure and me
chanical behaviour of the CrxCoFeMnNi HEA system, focusing on three 
nominal compositions of: Cr10Co22⋅5Fe22⋅5Mn22⋅5Ni22.5, Cr20Co20

Fe20Mn20Ni20, and Cr30Co17⋅5Fe17⋅5Mn17⋅5Ni17.5. Mechanical properties 
will be derived from Vickers hardness testing and the shear punch test, 
both at room and elevated temperature, with results related to the 
microstructural features associated with each of the alloy variants.

2. Experimental methods

2.1. Materials and specimens

In this research, three nominal HEA compositions 
Cr10Co22⋅5Ni22⋅5Fe22⋅5Mn22.5 (HEA10Cr), Cr20Co20Fe20Mn20Ni20 
(HEA20Cr), and Cr30Co17⋅5Fe17⋅5Mn17⋅5Ni17.5 (HEA30Cr) were manu
factured into 20 mm by 8 mm diameter cylindrical rods. The rods were 
manufactured from high purity rods (99.9 % Goodfellows Advanced 
Materials). For each alloy, approximately 10 g stoichiometric charge of 
elements was weighed out using an Ohaus Pioneer precision analytical 
balance (repeatability ±0.0001 g). The charges were melted in an 
alumina crucible using an Ambrell 6 kW induction heater in a glovebox 
under a scrubbed argon cover gas (O < 10 ppm). The melt was drop cast 
into a cylindrical copper die, following a process previously described in 
Refs. [28,29]. The induction melting ensures homogeneous alloying, 
and the rapid cooling in the copper die limits the formation of the sigma 
phase.

The cylindrical rods were then sectioned into 0.7 mm thick slices and 
metallographically prepared with progressively finer grit papers to the 
final shear punch disc dimension (0.5 mm thickness ( ± 5 μm) x 8 mm 
diameter), in accordance to the recommendations defined in the related 
small punch standards [30,31].

2.2. Mechanical testing

2.2.1. Vickers hardness
Vickers hardness (Hv) tests were performed on a Struers Durmain-40 

machine. A series of 25 hardness indents were performed in a 5 × 5 
configuration, separated by 1 mm spacing, under a force of 500 g and 
dwell time of 10 s.

2.2.2. Shear punch testing
Shear punch (ShP) tests were performed using a bespoke in-house 

designed jig assembly, as previously reported in Ref. [27]. The jig as
sembly locates into a 5 kN electric screw test machine and comprises of 
an upper (2) and lower die (4) set to clamp the miniature disc (3). For 
ShP testing, the diameter of the receiving hole is φ2.51 mm, as depicted 
in Fig. 1. Load is applied to the disc sample via a flat-ended punch of 
diameter φ2.49 mm (w = 10 μm). The die sets and punch were manu
factured from Nimonic 90. The dimensions of the test equipment used 
for ShP testing were consistent with those employed in previous studies 
[26,27].

For each ShP experiment, deflection measurements were recorded 
from an adapted transducer rod which connects the centre of the un
derneath surface of the specimen to a linear variable displacement 
transducer (LVDT), in addition to readings of the displacement behav
iour recorded from the crosshead movement and the corresponding 
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force measurements. These values, in addition to time and force, were 
recorded every 0.1 s, under crosshead displacement rates of 0.2 and 10 
mm min− 1. Each experiment was performed at either ambient room 
temperature or 400 ◦C. For elevated temperature tests, the load assem
bly was encased within a three-zone radiant furnace. Two N-type ther
mocouples were used to monitor the disc temperatures to ensure they 
fell within ±0.25 % of the desired test temperature in degrees Celsius, ◦C 
(for a 400 ◦C test, the tolerance is ±1 ◦C).

2.3. Microscopy, analytical tools & simulations

For microscopic examination, the samples were mounted in bakelite 
and prepared metallographically with progressively finer grit papers 
(400, 600, and 1200 μm). They were then polished using 6 μm and 1 μm 
diamond lubricants and etched with the waterless Kallings reagent 
(6.25 g CuCl2, 125 ml HCl, 125 ml CH3CH2OH) for 10 s.

A Carl Zeiss Axial Observer inverted microscope was used to examine 
the general microstructure, including grain size, and dendrite arm 
spacing of the materials. The different microstructural features were 
measured using the mean linear intercept method through ImageJ 
software. For each average microstructural value documented, a mini
mum of 50 measurements were recorded.

A Hitachi SU3500 SEM, with electron backscatter diffraction (EBSD) 
capability, was used for phase determination. The phases chosen for 
acquisition were FCC-Ni and BCC-Fe, with the band detection mode 
optimised for EBSD. EBSD data was acquired using the Tango plug-in 
included in the Channel 5 software.

Energy Dispersive X-Ray Spectroscopy (EDX) was undertaken on the 
same system, using the attached Oxford Instruments SMax 50 to un
derstand elemental distribution.

To examine the crystal structures present in the alloys following 
manufacture, X-ray diffraction (XRD) analysis was performed. The 
measurements were conducted using the Bragg-Brentano 2θ geometry 
with a divergent slit configuration on a BRUKER D8 Discover diffrac
tometer. XRD. The source used was a Cu K-a source with wavelength of 

1.5406 Å.
The ThermoCalc simulations were run on a 2021b version with the 

TCHEA5: TCS High Entropy Alloys Database.

3. Results & discussion

3.1. Material characterisation

3.1.1. Phase stability
Alloying elements such as Cr play a critical role in the stabilisation of 

solid solution phases in HEAs. Variations in chemical composition in
fluence the system’s compositional entropy, potentially facilitating the 
emergence of intermetallic or secondary phases [3]. Given that the 
Gibbs free energy in HEA systems is predominantly governed by en
tropy, a reduction in entropy corresponds to an increase in ΔG, thereby 
diminishing the thermodynamic stability of the solid solution. Utilising 
the Boltzmann equation for configurational entropy, as defined in 
equation (2), a comparative assessment of the three alloy compositions 
was conducted. The results of this analysis are summarised in Table 1. 

ΔSMIX = − R
∑n

i=1
xilnxi (2) 

Where, ΔSMIX is the entropy of mixing, R is the gas constant (8.314) and 
xi is the molar weight of an individual component.

The configuration of HEA30Cr exhibits the highest configurational 
entropy ΔSMIX of 13.38 Jmol− 1K− 1, attributable to the uniform distri
bution of mole fractions among the five constituent elements. In 
contrast, the lowest entropy value, 13.07 Jmol− 1K− 1, is observed in the 
HEA10Cr sample. Owing to the logarithmic dependence of the Boltz
mann entropy expression, reductions in the Cr content lead to a more 
pronounced decrease in entropy than equivalent increases.

In addition to entropy, the enthalpy of mixing (ΔHMIX) is a key 
parameter influencing phase stability and the formation of solid solu
tions in HEAs. For random solid solutions to form without the precipi
tation of ordered or intermetallic phases, ΔHMIX should typically fall 
within the range of − 10 kJ mol-1 to +5 kJ mol-1 [32]. The enthalpy of 
mixing for the three alloy compositions was calculated using equation 
(3), with results used to assess the thermodynamic feasibility of solid 
solution formation [33]. 

ΔHMIX =
∑n

i=1,i∕=j
4ΔHij

MIXcicj (3) 

Where ΔHMIX is the enthalpy of mixing, ΔHij
MIX is the pairwise enthalpy 

of mixing and c is the mole fraction of an individual component (either i 
or j). ΔHMIX values have been previously derived in Ref. [34]. All three 
alloy compositions exhibit ΔHMIX values within the accepted range for 
single-phase solid solution formation, as shown in Table 1. The differ
ences among the samples are minimal, with a maximum variation of 
only 0.10 kJ mol− 1 between the 20 at.% and 30 at.% Cr samples. This 
limited variation is likely attributed to the generally mild pairwise 
mixing enthalpies involving Cr, including a slightly positive value for 
Cr–Mn interactions. More influential bonds, such as Mn–Ni (− 8 kJ 
mol− 1) and Mn–Co (− 5 kJ mol− 1), remain unaffected by changes in Cr 
content and contribute consistently across all compositions. Since the 
total enthalpy of mixing is averaged across all atomic pair interactions, 

Fig. 1. Schematic illustration of the shear punch test assembly. 1 = punch, 2 =
upper die, 3 = disc specimen, 4 = lower die [27].

Table 1 
Phase stability parameters for HEA sample compositions.

Sample 
ID

ΔSMIX 

(Jmol− 1K− 1)
ΔHMIX 

(kJmol− 1)
δ VEC e/a Mean 

radius 
(rmean)

HEA10Cr 13.07 − 4.14 0.82 8.25 1.68 1.378
HEA20Cr 13.38 − 4.16 0.92 8 1.60 1.380
HEA30Cr 13.14 − 4.06 0.98 7.75 1.53 1.383
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the impact of Cr substitution is mitigated by compensatory effects from 
other element pairs. The HEA30Cr sample exhibits the highest (least 
negative) ΔHMIX at − 4.06 kJ mol− 1, making it the least energetically 
favourable configuration among the three. This increase is primarily 
attributed to the Cr–Mn interaction, the only pair in the system with a 
positive mixing enthalpy. In some scenarios, this could promote the 
formation of Cr-rich regions rather than the homogeneous solid solution 
typical of Cantor-type alloys [2]. Nevertheless, for the HEA30Cr 
composition, the calculated ΔHMIX remains within the threshold where 
single-phase stability is still predicted.

Another parameter that can provide an indication as to whether a 
stable solid solution will form is the average lattice mismatch, δ, as 
defined in equation (4) [33]: 

δ=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑N

i=1
ci

(

1 −
ri

ri

)
√
√
√
√ 2 (4) 

Where δ is the average lattice mismatch, c is the mole fraction of an 
individual component, ri is the atomic radii of the individual component 
and ri is the average atomic radii. The atomic radii used for the calcu
lation are listed in Table 2 (taken from Ref. [35]), while the resulting δ 
values for the three alloy compositions are presented in Table 1. The 
HEA30Cr composition exhibits the highest lattice distortion, with a δ 
value of 0.98. This is consistent with expectations, as Cr possesses the 
largest atomic radius among the constituent elements, thereby intro
ducing greater lattice strain at higher concentrations. In contrast, the 
HEA10Cr alloy shows reduced distortion due to the lower Cr content and 
the dominance of elements with more similar atomic sizes, resulting in a 
higher frequency of energetically favourable non-Cr atomic pairings. 
Nevertheless, all δ values remain significantly below the critical 
threshold of 5 %, above which the formation of ordered or intermetallic 
phases becomes more likely [32].

While parameters such as ΔSMIX, ΔHMIX and δ are effective in pre
dicting the formation of solid solution as opposed to intermetallic pha
ses, the valence electron concentration (VEC) offers insight into the 
likely crystal structure of the resulting solid solution. HEAs typically 
crystallise into face-centered cubic (FCC), body-centered cubic (BCC), or 
hexagonal close-packed (HCP) structures, and the VEC value has been 
shown to provide a reasonably reliable indication of which structure is 
favoured [36]. The VEC is calculated as a weighted average of the 
valence electron counts of the constituent elements, as expressed in 
equation (5), with individual element values obtained from Ref. [36]. 

VEC=
∑n

i=1
ciVECi (5) 

Where VEC is the average valence electron concentration, c is the mole 
fraction of an individual component and VECi is the valence electron 
concentration of an individual component. The calculated VEC values 
for the three alloy compositions are listed in Table 1. All values are 
around 8.0, suggesting that a FCC structure is favoured across the 
compositional range. This is consistent with empirical observations re
ported in the literature, which indicate that alloys with VEC ≥8.0 tend to 
stabilise in an FCC phase, while those with VEC ≤6.87 favour a BCC 
structure, and intermediate values may result in mixed or dual-phase 
structures [36]. The gradual increase in Cr content slightly lowers the 
VEC due to Cr’s relatively lower valence electron count, but not enough 
to shift the predicted structure away from FCC. These results support the 
expectation that all three compositions are likely to solidify as 

single-phase FCC solid solutions under equilibrium conditions.
A Hume-Rothery approach developed by Calvo-Dahlborg et al. 

[37–39], showed that phase data can be used to predict the most likely 
predominant phases (FCC, mixed or BCC). This method, built on 
extensive measured data points, found that HEA phases could be sorted 
into one of three domains based on the itinerant electrons per atom 
(e/a), and the mean radius of the atoms (rmean). The boundaries of the 
three domains were i) e/a< 1.65: FCC, ii) 1.65 < e/a <2.05: mixed 
phases, iii) e/a >2.05: BCC. The e/a and rmean values were calculated for 
HEA10Cr, HEA20Cr and HEA30Cr, and displayed in Table 1. According 
to the Hume-Rothery approach, HEA10Cr would be partly in the mixed 
domain (implying FCC + BCC, with low levels of BCC), but HEA20 and 
HEA30 would both be firmly within the FCC domain. This is to be ex
pected with Cr as an FCC stabiliser, a finding that will be supported with 
XRD results (as shown later in section 3.1.4.). However, unfortunately 
the Hume-Rothery approach does not account for the σ phase, nor does it 
differentiate between multiple FCC phases.

3.1.2. Microstructure
Fig. 2 displays optical micrographs of the different variants from the 

CrxCoFeMnNi HEA system, highlighting the microstructural evolution 
with increasing Cr content. Fig. 2(a) shows a relatively uniform cellular/ 
dendritic structure, as seen in the HEA10Cr material, while HEA20Cr 
(Fig. 2(b)) features a fine dendritic structure characterised by short 
dendrite arms and minimal directionality. In contrast, Fig. 2(c) depicts 
the HEA30Cr microstructure which contains a significantly coarser 
columnar dendritic structure with elongated dendrite arms, resembling 
the CoCrFeNiAlx system, akin to that previously reported [40]. These 
notable microstructural changes across the different compositions result 
from several factors primarily influenced by the Cr content. Dendritic 
structures are commonly observed in HEA systems [41], often arising 
from micro-segregation during casting [42]. Additionally, Cr is known 
to segregate in HEAs [43], leading to non-uniform solidification rates. Cr 
is preferentially rejected from the growing FCC solid during dendritic 
solidification and solid-state diffusion is too slow during cooling to 
overcome those differences. Previously, Cr and Mn were shown to 
exhibit up-hill diffusion behaviour). That limited solid-state diffusion 
prevents significant homogenisation during cooling, so the as-solidified 
segregation pattern is retained. The result is Cr enrichment of the last to 
solidify liquid (interdendritic regions/grain boundaries) otherwise 
referred to as classic micro-segregation by solute partitioning [44]. This 
segregation can form Cr-rich regions that solidify at different tempera
tures compared to the surrounding liquid, prolonging solidification time 
and allowing dendrites to grow larger and more distinct. This phe
nomenon likely accounts for the pronounced dendrite branches and 
surrounding matrix seen in the HEA30Cr sample, in contrast to the more 
homogenised microstructures of the HEA10Cr and HEA20Cr samples.

Dendrite and secondary-dendrite arm spacing (SDAS) is a common 
microstructural feature that has been historically correlated with the 
mechanical properties of cast alloys [45]. In line with previous work 
[46], SDAS was measured by directly measuring the distance between 
adjacent secondary dendrite arms across the micrographs, using the 
formula given in equation (6) [46]: 

SDAS=
L

N − 1
(6) 

Where SDAS is the secondary dendrite arm spacing, L is the length of the 
dendrite and N is the number of secondary dendrites. This approach 
removes any discrepancies from measuring DAS between asymmetrical 
dendrites, increasing the consistency of the SDAS results when 
compared to primary dendrite arm spacing (PDAS) measurements. A 
total of 25 measurements were recorded on each HEA variant, providing 
the mean SDAS results, which are listed in Table 3 and presented in 
Fig. 3. As shown, HEA10Cr exhibits the finest dendritic structure with an 
average SDAS value of 23.5 μm. As there is a decreased Cr content, there 

Table 2 
Atomic radii of HEA elements.

Element Co Cr Fe Mn Ni

Atomic Radii (Å) 1.25 1.28 1.27 1.26 1.25

R.J. Lancaster et al.                                                                                                                                                                                                                            Journal of Materials Research and Technology 39 (2025) 7549–7561 

7552 



is a greater degree of segregation into the liquid by the Mn and Ni. This 
segregation could result in supercooling of the liquid and a faster 
dendrite growth into it. The time between secondary dendrite formation 
would decrease, lowering the arm spacing.

The grain size of the different HEA variants was also recorded, as 
presented in Table 3. All three of the materials can be seen to exhibit a 
coarse grain size, with the HEA10Cr sample having the smallest, and 
HEA30Cr the largest. In all three materials, a smaller grain size is located 
towards the edge of the samples with significantly larger grains found in 
the central regions. This behaviour is due to the melt solidifying faster at 
the outside, inducing a high nucleation rate and thus forming finer 
grains. The solidification front would be slower moving towards the 
centre, which allows the grains to grow, also explaining their directional 
growth towards the centre. Very small grains can be seen propagating 
from the grain boundaries which are likely caused by dendrites begin
ning to form, then quickly becoming inhibited by the surrounding larger 
grains.

3.1.3. Thermocalc
Thermocalc predictions were performed to understand the likely 

phases present in final microstructures of the different HEA materials. As 
shown in Fig. 4, each diagram corresponds to a specific alloy composi
tion from the CrCoFeMnNi HEA system and shows how the amounts (in 
molar fraction) of different phases evolve with temperature. As can be 
seen, HEA10Cr is mostly comprised of the FCC phase which is stable 
over a wide temperature range, with minimal intermetallics. Similarly, 
HEA20Cr, which is akin to the traditional Cantor composition, is pre
dicted to exhibit a similar composition, where FCC is dominant and 
thermally stable. However, as Cr content is increased further to the 
HEA30Cr sample, the sigma (σ) phase is envisaged to have an increased 
presence, accompanied by a reduction in the FCC phase. The σ phase is 
an intermetallic compound that can form in HEAs, particularly under 
certain thermal treatments. It’s typically rich in Cr and has a tetragonal 
crystal structure. The presence of the σ phase can influence the me
chanical properties of the alloy, often leading to increased brittleness. In 
the CrCoFeMnNi HEA, the σ phase tends to precipitate along grain 
boundaries and within grains, particularly after prolonged annealing at 
elevated temperatures. For instance, Campari and Casagrande [47] have 
shown that annealing at temperatures around 1173 K for extended pe
riods can lead to the formation and growth of σ phase precipitates. 
However, exposure at elevated temperature is not the only parameter 
that can lead to σ formation. In multicomponent systems, Cr segregation 
during solidification or annealing promotes local compositional in
homogeneity, which can trigger σ phase nucleation [47].

3.1.4. Energy Dispersive X-ray spectroscopy (EDS), electron backscatter 
diffraction (EBSD) and X-ray diffraction (XRD)

EDS maps of the HEA10Cr material, as given in Fig. 5, show that Co, 
Cr and Fe are concentrated in the dendritic cores, while the Mn and Ni 

Fig. 2. Optical Micrographs of a) HEA10Cr, b) HEA20Cr and c) HEA30Cr, respectively.

Table 3 
Average microstructural measurements of CrxCoFeMnNi compositions, with 
accompanying standard deviation (SD) values.

Material Grain area 
(μm2)

SD Secondary 
Dendrite 
Arm 
Spacing 
(μm)

SD Dendrite 
Length 
(μm)

SD

HEA10Cr 108,632.8 133,900.4 23.5 4.3 170.0 68.6
HEA20Cr 234,243.9 189,904.2 30.9 5.1 242.5 81.4
HEA30Cr 788,324.6 624,777.8 36.1 6.2 348.0 124.0

Fig. 3. Relationship between a) secondary dendrite arm spacing and b) grain size with an increased Cr content for the HEA variants.
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are segregated into the interdendritic sites. A very similar behaviour is 
observed in the HEA20Cr (Fig. 6) in terms of element segregation, but 
now the dendrites have coarsened due to the higher Cr content.

Of the different variants, HEA30Cr forms the coarsest dendritic 
structure, with an average SDAS of 36.1 μm. As the concentration of Cr is 
increased, the liquid in front of the solid/liquid interface may have a 
greater degree of constitutional supercooling, increasing the speed of 
dendrite growth. However, unlike the HEA10Cr and HEA20Cr (Fig. 6) 
samples, the increased Cr content in HEA30Cr segregates into the 
interdendritic regions, adding to the solute build up. This build up would 
decrease the growth speed of the dendrites and increase the SDAS, 
counteracting the supercooling effect. Fig. 7 shows that the dendrites are 
much wider than that of the other samples, potentially caused by the 
slowed growth (otherwise termed sluggish diffusion) allowing time for 
more atomic diffusion. Likewise, the Cr content in HEA30Cr can also be 
seen to be concentrated in thin needle like structures. As supported by 
the Thermocalc predictions, these features are likely σ.

Additionally, increasing Cr content has been linked to potential 
phase changes in HEAs [48–50], including the formation of 
high-entropy Laves phases [48,49] and a transition from a BCC phase to 

a dual FCC + BCC phase microstructure in the CrxFeNiCu system [50]. 
Fig. 8 depicts the phase and IPF maps of the HEA30Cr material, indi
cating that the material composition exhibits a fully FCC microstructure.

To confirm this, X-ray diffraction (XRD) was performed on each of 
the HEA materials, as displayed in Fig. 9. In most publications, the 
equiatomic HEA20Cr alloy shows a dominant peak at (111), followed by 
(200) and then (220) [51], [52]. These are all FCC peaks which may 
imply one or more FCC phases. As can be seen in Fig. 9, the only distinct 
peak in the HEA20Cr material is the (200), and it is thought that this 
difference is due to processing. Where the as-cast (arc-remelted) or 
ball-milled HEA20Cr may have a peak at (111), after homogenisation at 
1100 ◦C this can shift to (200) [53], also an FCC peak. Induction melting 
followed by rapid cooling in the copper dies (as used in this work) is 
highly successful at alloying and may have created a more stable and 
equilibrium end-state. It has not been possible to find XRD scans of the 
HEA10Cr or HEA30Cr compositions in the literature, but the results 
displayed in Fig. 9 suggest that the phases are predominantly (111) FCC, 
with this being higher for HEA10Cr than for HEA30Cr. In the current 
work there is no clear evidence of σ in the as-cast state, but it is suspected 
that prolonged heat treatment at 400–600 ◦C would grow the σ phase, as 

Fig. 4. Thermocalc results for a) HEA10Cr, b) HEA20Cr and c) HEA30Cr.

Fig. 5. SEM image with the corresponding EDS elemental maps and compositional spectra of HEA10Cr.
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predicted by ThermoCalc and seen in Ref. [54].

3.2. Mechanical characterisation

3.2.1. Vickers hardness
The average hardness values of the CrxCoFeMnNi HEA variants in

creases significantly from approximately 158 HV0.5 to 301 HV0.5 with 
rising Cr content, as shown in Fig. 10(a)). Notably, the hardness 

improvement from the HEA10Cr sample to the HEA20Cr sample is 
approximately 20 %, while a substantial increase of 35 % occurs when 
Cr content rises from 20 at% to 30 at%. This marked increase in hardness 
for the HEA30Cr sample is likely due to enhanced solid solution 
strengthening at this concentration. Cr atoms have a slightly different 
atomic radii compared to the other elements in the CrCoFeMnNi 
composition [43], and their introduction at high concentrations can lead 
to considerable lattice distortion within the matrix. This distortion 

Fig. 6. SEM image with the corresponding EDS elemental maps and compositional spectra of HEA20Cr.

Fig. 7. SEM image with the corresponding EDS elemental maps and compositional spectra of HEA30Cr.
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generates stress fields that interact with dislocations, making it more 
difficult for dislocations to move through the material, thereby 
increasing the alloy’s hardness. This behaviour corroborates with the 
earlier findings in relation to δ, where the lattice mismatch was seen to 
increase with increasing Cr content (see Table 1). Numerous other HEA 
studies have also reported that higher Cr content correlates with 
increased hardness due to enhanced solid solution strengthening [49,
50]. Additionally, the elongated dendrite arms observed in the HEA30Cr 
sample (Fig. 2(c)) can serve as barriers to dislocation movement, leading 

to dislocation pileups and further contributing to the increased hard
ness. Also, they can also promote greater heterogeneity in the material 
due to the extended length of the dendrites and the difference in prop
erties between the dendritic cores and the interdendritic regions.

Typically, according to the renowned Hall-Petch behaviour, a 
reduction in grain size is associated with enhanced hardness and 
strength due to the increased number of grain boundaries that impede 
dislocation movement. However, the reverse trend is seen here, since 
grain size has been found to increase with increasing Cr content. The 
reason for this lies in a combination of strengthening mechanisms. At 
higher concentrations, Cr is known to promote phase transformations in 
HEAs, which can induce hardening effects in the alloy. Geanta et al. [55] 
demonstrated that higher Cr concentrations in the AlCrxFeCoNi system 
increased the likelihood of forming intermetallic compounds that 
contribute to matrix hardening. Furthermore, the Cr-rich regions 
resulting from elevated Cr content in the CrxCoFeMnNi HEA are known 
to form Cr-rich σ phases, which enhance hardness [56]. The HEA30Cr 
alloy also exhibits extensive dendrite growth in specific crystallographic 
directions, likely rich in Cr. This anisotropic behaviour of the 
Cr30Co17⋅5Fe17⋅5Mn17⋅5Ni17.5 alloy, attributed to these crystallographic 
regions, also contributes to its improved hardness properties. However, 
as shown in Fig. 11, as Cr content increases, so does the range of grain 
size and hardness values. Again, this could be a result of the elemental 
components causing anisotropy within the structure and a higher degree 
of variation in the results. Yet, a more important factor to consider here 
is the location of the hardness indents. The dendritic cores are expected 
to exhibit significantly greater ductility compared to the Cr-enriched 
interdendritic regions, which results in elevated hardness values 
within the interdendritic areas and comparatively lower hardness in the 
dendritic cores.

The microstructural heterogeneity introduced during solidification 

Fig. 8. EBSD generated a) IPF and b) phase maps of HEA30Cr.

Fig. 9. XRD results for HEA materials with varying Cr content.

Fig. 10. Influence of secondary dendrite arm spacing on the a) Vickers hardness and b) shear punch stress properties (generated at 0.2 mm min− 1 and 20 ◦C) for the 
HEA materials with varying Cr content.
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has a pronounced influence on the mechanical behaviour of HEAs. In 
particular, segregation of Cr during solidification can lead to the for
mation of Cr-enriched interdendritic regions, while the dendritic cores 
remain relatively Cr-deficient [32,36]. This compositional partitioning 
significantly affects local mechanical properties. The dendritic cores, 
due to their lower Cr content, are generally more ductile and exhibit 
reduced hardness, whereas the interdendritic regions, enriched in Cr, 
tend to be more brittle and harder due to solid solution strengthening 
and potential precipitation of secondary phases [57,58]. As a result, 
microhardness mapping typically reveals elevated hardness values in 
the interdendritic zones and lower values within the dendritic cores. 
This variation contributes to mechanical inhomogeneity, which may 
influence crack initiation and propagation behaviour under stress, 
especially in cast or directionally solidified HEA systems [59].

3.2.2. Shear punch
A similar response is observed when evaluating the shear punch 

behaviour of the three materials. Fig. 10(b)) presents the shear stress 
properties generated as a function of SDAS, whilst Fig. 12 presents the 
corresponding shear stress – deflection curves for the three HEA variants 
at room and elevated temperature, under two displacement rates. At 
both temperatures, the increase in Cr content appears to strengthen the 
alloy, but to the detriment of the material’s ductility. Likewise, at room 
temperature, when the materials are tested under a faster displacement 

rate (10 mm min− 1), all three variants exhibit a superior performance, as 
opposed to the slower displacement rate (0.2 mm min− 1), where each of 
the materials are more ductile.

This behaviour follows a similar finding previously stated by Shabani 
et al. where the mechanical response of CrCoFeMnNi HEAs was signif
icantly influenced by strain rate. Shabani et al. reported that as strain 
rate increased, so did strength but to the detriment of ductility [60]. This 
behaviour is characteristic of many metallic systems but is particularly 
notable in HEAs due to their sluggish diffusion, lattice distortion, and 
compositional complexity, which collectively influence dislocation 
motion. At low to moderate strain rates (e.g., ~10− 4 to 10− 2 s− 1), Cantor 
alloys typically exhibit excellent strain hardening and ductility, attrib
uted to a high density of forest dislocations and cross-slip mechanisms 
facilitated by the FCC crystal structure [61]. As the strain rate increases, 
dislocation motion becomes more restricted, and dynamic recovery is 
suppressed, leading to higher flow stresses. High strain rate testing (e.g., 
~103 s− 1), such as via split-Hopkinson pressure bar (SHPB), has 
revealed a transition to a more localised deformation mode and 
increased yield strength [62].

Generally, the strain rate sensitivity (m), is low for FCC HEAs, indi
cating relatively rate-insensitive behaviour under quasistatic conditions. 
However, m increases slightly at elevated temperatures or very high 
strain rates, suggesting thermally activated dislocation processes and 
potential contributions from twinning or dynamic recrystallisation [63]. 
As seen here however, at elevated temperature (400 ◦C) the effect of 
strain rate behaviour is less clear, with each alloy variant showing 
limited difference across the two alternative displacement rates. 
Nevertheless, as depicted in Fig. 13, the shear strength properties follow 
a similar trend to the Vickers hardness results which all improve with an 
increased Cr content.

As shown in Fig. 12, at elevated temperature there is a notable drop 
in the strength-based properties of the different HEA compositions, 
despite ductility remaining relatively consistent. This is due to increased 
atomic mobility and dislocation recovery. Even though the solid solution 
strengthening remains effective at this temperature, it is counter
balanced by the thermal activation of dislocation motion. This can also 
be seen when considering the magnitude of strain hardening. Whereas 
there appears to be significant and pronounced hardening after yield at 
room temperature, this phenomenon is reduced at 400 ◦C since dislo
cations are able to move more freely and thus reduce the resistance to 
plastic flow and thereby lowering the yield strength. Furthermore, as 
predicted by Thermocalc, an increase in σ phase proportion is expected 
with an increase in Cr content, which is another factor that can play a 
role in the reduction of strength at elevated temperature.

The extent of strain hardening is also affected by the strain rate. At 
room temperature, both yield and the ultimate strength based properties 
increase with an increasing strain rate, yet the effect becomes less pro
nounced at 400 ◦C, where the contrasting displacement rates appear to 
have no significant influence on the shear stress – deflection perfor
mance. At room temperature, dislocations move primarily by 

Fig. 11. Influence of grain size on the Vickers hardness properties for the HEA 
materials with varying Cr content. Also illustrated are the range and standard 
deviation values for both measures.

Fig. 12. Shear punch tensile behaviour of the HEA variants a) 20 ◦C, b) 400 ◦C.
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overcoming local atomic-scale obstacles, which takes time and energy. 
Increasing the strain rate therefore gives dislocations less time to bypass 
these barriers via thermal activation, resulting in higher flow stress and 
yield strength. Likewise, the atomic size mismatch in HEAs like CrCo
FeMnNi causes lattice distortion, which already impedes dislocation 
glide. Then, as strain rate increases, dislocations must overcome these 
distorted fields more rapidly, raising the apparent flow stress.

Uniaxial properties have also previously been derived from shear 
punch results through a set of empirical relationships. Proof strength is 
determined using an offset shear yield stress (τPS). This stress is defined 
as the point on the shear stress (τ) – deflection (d) curve that intersects 
with an offset line, which is parallel to the linear portion of the curve. 
More details on this method can be found in Ref. [27]. The proof 
strength (σPS) can then be related to τPS through the following equation: 

σPS =m1τPS + n1 (7) 

Likewise an estimation of σUTS values can be made from the ultimate 
shear stress (τUSS) values generated in a ShP test through the following 
relationships: 

σUTS =m2τUSS + n2 (8) 

In each equation, m1, m2, n1 and n2 are all constants derived from linear 
regression across a series of results. The constants have previously been 
derived by Lancaster et al. [26,27], who undertook a study on a range of 
metallic materials with varying properties, including IN718, Ti–6Al–4V, 
stainless steel 316, copper and aluminium. The authors derived the 
various constants, whilst achieving sufficiently high R2 values (R2 >

0.93) for the strength based parameters. The constants are m1 = 1.39, 
m2 = 1.26, n1 = 59.4 and n2 = 56.67.

Despite the obvious caveats of using such constants which have been 
derived from materials that typically deform in a considerably different 
manner to a HEA, indicative uniaxial properties from the ShP results 
were calculated, as presented in Table 4. As shown, these values also 
compare favourably and even surpasses those of some widely used 
metals and alloys in engineering applications. It should be noted how
ever, that the constants calculated in Ref. [27] were all derived at room 
temperature.

The projected properties indicate that increasing the Cr content in 
the CrxCoFeMnNi HEAs has been proven to have a positive effect on the 
overall mechanical performance, particularly by improving the tensile 
strength and hardness properties. The formation of dendritic structures 
in as-cast HEAs contributes to this enhancement by hindering disloca
tion motion, which strengthens the material, as noted in previous studies 

[64,65]. This likely explains the observed increase in strength as 
dendrite size expands from the HEA10Cr sample to the HEA30Cr sam
ple. Furthermore, solid solution strengthening, which is more pro
nounced at higher Cr concentrations, typically results in greater 
strength. However, this increase in strength is accompanied by a 
decrease in ductility. This reduction in ductility is evident in the ShP 
curves shown in Fig. 10, where samples with higher Cr content exhibit 
less deflection under shear loading. Studies have shown that when Cr 
content exceeds ~30 at.%, interdendritic segregation during solidifica
tion promotes σ-phase formation, degrading ductility and toughness. 
Likewise, as reported earlier, Cr has the largest atomic radius among the 
five elements in CrCoFeMnNi (see Table 2) and as such, increasing Cr 
content increases lattice distortion (δ), which subsequently impedes 
dislocation motion. Wang et al. [66] reported that a VEC value between 
6.75 and 7.86 can also promote σ phase formation, which can result in a 
significant decrease in ductility due to the embrittlement caused by this 
phase. However, it is important to re-emphasise that caution is needed 
when considering these empirically derived uniaxial properties, since 
the original materials from which they were obtained typically deform 
in a highly contrasting manner to a HEA. Future correlations would be 
far more robust if the constants were derived from both uniaxial and 
shear punch tests conducted on the same HEA compositions.

4. Summary

As revealed in this research, the mechanical behaviour of CrxCo
FeMnNi HEAs does not follow conventional trends observed in more 
established material systems. From a series of hardness and shear punch 
tests, the inverse is true in regards to the influence of microstructural 
features. Whereas traditionally, the vast majority of metallic materials 
follow the Hall-Petch relationship, as revealed here, microstructural 
parameters such as grain size and secondary dendrite arm spacing have 
little to no influence on the mechanical performance of HEAs. Instead, 
the chemical composition and the segregation and distribution of ele
ments has a significantly greater role.

As shown, all three compositions had a similar ΔHMIX value, sitting 
within the range where single phase stability is predicted. This was 
evidenced by the EBSD maps, which showed that despite the HEA30Cr 
sample exhibiting the highest (least negative) ΔHMIX value at − 4.06 kJ 
mol− 1, the microstructure still consisted of a single FCC phase, akin to 
the HEA10Cr and HEA20Cr samples. Of greater importance was the 
average lattice mismatch, which was shown to be highest in the 
HEA30Cr material due to the greater Cr content and the larger atomic 
radius that Cr has amongst the other constituents. In contrast, the 
HEA10Cr alloy composition exhibited reduced distortion due to the 
lower Cr content and the dominance of elements with more similar 
atomic sizes. With a more severe lattice distortion, dislocations require 
more energy and find it more difficult to move. This significantly re
duces dislocation mobility, thus, greatly strengthening the alloy.

Another key factor is the behaviour of Cr, which segregates in HEAs 

Fig. 13. Influence of Cr content on the Vickers hardness, maximum shear stress 
and shear yield stress behaviour of the HEA variants.

Table 4 
Uniaxial properties derived from ShP tests on the HEA variants compared to 
more established metallic materials [27] (20 ◦C, 0.2 mm min− 1).

Material τUSS 

(MPa)
Predicted σUTS 

(MPa)
τPS 

(MPa)
Predicted σPS 

(MPa)

HEA10Cr 458.9 635.3 336.1 526.9
HEA20Cr 527.5 721.8 343.8 537.5
HEA30Cr 624.3 843.9 444.8 678.1
Ti–6Al–4V 

[27]
674 907 572 855

SS316L [27] 661 890 415 637
Copper [27] 212 323 180 310
Aluminium 

[27]
77 153 72 160

In718 [28] 648 874 305 484
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leading to non-uniform solidification rates. This can promote Cr rich 
regions that solidify at different temperatures compared to the sur
rounding liquid, prolonging solidification time and allowing dendrites 
to grow larger and more distinct. Likewise, as the concentration of Cr is 
increased, it promotes sluggish diffusion as it segregates into the inter
dendritic regions, thereby allowing more time for the dendrites to grow. 
This can lead to heterogeneous structures, as observed by the evolving 
microstructures from the outer regions of the samples, which are 
dominated by smaller refined grains, which gradually become larger and 
more elongated through directional growth towards the centre. This 
behaviour is coupled with elongated dendrite arms with increasing Cr 
content, which can serve as barriers to dislocation movement, leading to 
dislocation pileups and further contributing to more enhanced proper
ties. The dendritic cores typically exhibit significantly greater ductility 
compared to the Cr-enriched interdendritic regions, which results in 
elevated hardness values within the interdendritic areas and compara
tively lower hardness in the dendritic cores. As such, a higher SDAS 
measure would enhance hardness, as seen here in the HEA30Cr sample. 
However, this variation can contribute to mechanical inhomogeneity, 
which may influence crack initiation and propagation behaviour under 
stress, especially in cast or directionally solidified HEA systems. This is 
reflected in the greater range of hardness values observed in the 
HEA30Cr material.

The final contributing factor to the mechanical performance is the 
potential role of intermetallic compounds, and their increasing presence 
with an increase in Cr content. As identified in the thermocalc pre
dictions and confirmed in the EDS maps, the presence of Cr-rich σ phases 
are found in the HEA30Cr composition. Such features can have a sig
nificant and generally detrimental effect on the material’s mechanical 
behaviour. Composed primarily of Cr and Fe, σ depletes Cr from the 
matrix and poorly bonds to the FCC matrix. It can therefore act as a stress 
concentrator and site for fracture initiation, particularly if found to be 
located at grain boundaries. This can significantly reduce the alloy’s 
corrosion resistance and ductility. However, it can also slightly improve 
yield strength. Since the presence of σ increases with an increase in Cr, as 
shown here, this appears to have benefitted the tensile behaviour of 
HEA30Cr, where the strength based properties are significantly higher 
than in the 10 at.% and 20 at.% samples. This could be due to the hard σ 
phase particles hindering dislocation glide, but without offering the 
ductile response seen in other strengthening mechanisms (such as 
coherent precipitates). The presence of σ phase can be suppressed by 
increasing the alloying content of Ni or Mn, but this depends on the 
desired application of the material and what properties are sought.

5. Conclusions

In this research, three variations of the Cantor HEA composition 
(Cr10Co22⋅5Fe22⋅5Mn22⋅5Ni22.5, Cr20Co20Fe20Mn20Ni20, and 
Cr30Co17⋅5Fe17⋅5Mn17⋅5Ni17.5.) have been assessed via a combination of 
microscopic analysis, Vickers hardness testing, and shear punch testing 
(ShPT) to determine a relationship between the microstructure and 
mechanical properties. ShPT was performed under varying displace
ment rates and temperature conditions to investigate the role of the two 
parameters on the properties, and also enabled the prediction of uniaxial 
mechanical properties. The following conclusions can be drawn. 

• The CrxCoFeMnNi HEA system exhibits a dendritic microstructure 
across all compositions, with increasing Cr content promoting a 
microstructural development in the alloy system. This evolution was 
characterised by the formation of more defined and elongated 
dendrite arms, leading to a less homogeneous response under hard
ness and shear punch testing.

• Grain size, secondary dendrite arm spacing, shear strength and 
hardness properties were all found to increase with a greater Cr 
content, contravening well established theories such as Hall-Petch. 
Instead, the key strengthening mechanisms lie with atomic factors 

like lattice distortion, which increases with Cr. This distortion can 
hinder dislocation movement, thus acting to strengthen the alloy, as 
seen in the HEA30Cr composition. Other factors influencing strength 
based properties are chemical composition, elemental segregation 
and the presence of additional phases such as σ.

• Cr was found to segregate when added in higher concentrations, 
causing non-uniform solidification during casting. This was pro
nounced in the HEA30Cr alloy, with large regions of Cr-rich 
columnar dendrite growth. The elongated dendrites, and Cr 
strengthened interdendritic regions, were one of the key factors 
contributing to the improvements in properties observed in this 
alloy, but with increased heterogeneity.

• As derived from Thermocalc and EDS analysis, an elevated Cr con
tent, particularly in the HEA30Cr alloy, has been found to promote σ 
phase precipitation, which enhances strength (via dislocation hin
drance) but reduces ductility.

• Elevated temperature reduces strength in HEAs due to increased 
atomic mobility and dislocation recovery, which diminish strain 
hardening and plastic resistance, even though solid solution 
strengthening remains partially effective.

• At room temperature, a strain rate sensitivity of the CrxCoFeMnNi 
HEA system has been established, becoming less pronounced at 
elevated temperatures. The strain rate sensitivity arises from dislo
cation dynamics, where faster strain rates reduce time for thermal 
activation and recovery, increasing dislocation density and interac
tion, which elevates the material’s strength response.
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