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A B S T R A C T   

In this work, we have developed a temperature-dependent, multi-mechanism crystal plasticity 
(CP) model aimed at unravelling the deformation and failure resistance of Cantor alloy-like multi- 
principal element alloys (MPEA) under both uniaxial tensile and cyclic loading conditions. Three 
deformation mechanisms: dislocation slip, deformation twinning, and phase transformation are 
considered under a unified stress-driven, thermally activated law. In addition, the effect of short- 
range ordering (SRO) is introduced by accounting for the inhomogeneous distributions of ma
terial properties within individual grains. Our work yields the following key findings: (1) The 
rate- and temperature-sensitivity of the materials, such as the occurrence and sequence of 
dislocation slip, deformation twinning, and martensitic phase transformation observed in ex
periments can be captured through the calibrated material properties. (2) The enhancement of the 
mechanical response of the Cantor alloy-like MPEAs due to the SRO effect is intrinsically linked to 
the generation of geometrically necessary dislocations resulting from localized variations in 
material properties. (3) The excellent fatigue and fracture resistance exhibited by Cantor alloy- 
like MPEAs at low temperatures can be attributed to the homogenization of stored energy den
sity within the microstructure. This homogenization arises from the development of deformation 
twinning and martensitic phase transformation. Our newly developed CP model and the key 
findings provide a valuable guide for the design of MPEAs to achieve superior fatigue and fracture 
resistance without compromising their inherent strength.   

1. Introduction 

Multi-principal element alloys (MPEAs), also known as high/medium-entropy alloys (HEAs or MEAs), have been a focus within the 
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research and engineering community of alloys due to their excellent material performance (George et al., 2019). Notably, MPEAs have 
demonstrated the ability to overcome the longstanding strength-ductility trade-off commonly associated with metallic materials (Li 
et al., 2016). As a pioneering benchmark among MPEAs, the single-phase, equiatomic, CrMnFeCoNi alloy, often referred to as the 
Cantor alloy, was first developed by Cantor (Cantor et al., 2004). Experimental evidence has consistently demonstrated its remarkable 
damage resistance, particularly at extremely low temperatures (Cantor, 2021; Gludovatz et al., 2014, 2016; Liu et al., 2022), which 
outperforms other alloys, including superalloys. The improved fracture and fatigue resistance of the Cantor alloy can be attributed to 
prolonged plasticity resulting from a specific sequence of deformation mechanisms, including dislocation slip, deformation twinning 
and martensitic phase transformation from face-centred cubic (FCC) to hexagonal close packed (HCP). These mechanisms have been 
found to be strongly temperature-dependent. Currently, there is no mechanistic grain-scale model that can be used to explore the 
temperature-dependent, multi-mechanism deformation in the Cantor-like MPEAs. To bridge this critical gap in the existing body of 
research, the present work aims to formulate a temperature-dependent, multi-mechanism deformation crystal plasticity model so as to 
provide valuable insights into the deformation and failure behaviour of MPEAs, particularly those similar to the Cantor alloy. 

Grain-scale deformation plays a pivotal role in unravelling the macroscopic performance characteristics of MPEAs, including 
crucial factors such as strength, ductility, and damage resistance. Crystal plasticity finite element (CPFE) method is a suitable approach 
to describe the local anisotropic deformation of alloys at the grain scale, as it considers various deformation mechanisms (Roters et al., 
2010), including dislocation slip, twinning and phase transformation. Among these deformation mechanisms, the constitutive laws for 
temperature-dependent dislocation slip have been well established (Dunne et al., 2007) and validated through rigorous experimental 
tests (Jiang et al., 2015; Zhang et al., 2022b). In contrast, when it comes to modelling deformation twinning and phase transformation 
in steels (Wong et al., 2016) and MPEAs (Lu et al., 2020b), most approaches rely heavily on phenomenological laws. This reliance often 
leads to complex constitutive equations and excessive fitting parameters, which can diminish the robustness of the models. Besides, it is 
difficult to unambiguously discern the impact of each individual mechanism as the constitutive laws and associated parameters are 
often formulated in different forms or derived from distinct physical origins. 

Recently, SRO has been experimentally observed in MPEAs, including the Cantor alloy. Studies have indicated that SRO can 
substantially influence plastic deformation (Jian et al., 2020) and ductility (Chen et al., 2021a) of MPEAs. Existing studies (Li et al., 
2022a) have rarely explored the SRO effect at the grain scale in modelling and, consequently, a comprehensive mechanistic under
standing is still lacking. Therefore, there is a critical need for an SRO-incorporated, multi-mechanism CPFE framework that unifies the 
constitutive laws governing individual deformation mechanisms to accurately model the temperature-dependent mechanical response 
of MPEAs. 

Damage development within crystalline materials, in terms of crack nucleation and propagation, has been experimentally 
demonstrated to be strongly dependent on the local microstructure and its length scale. Factors such as grain orientation, grain 
morphology and grain boundary character play a significant role in influencing this behaviour (Sangid, 2013; Sangid et al., 2011). It is 
important to note that the classical Paris law does not adequately account for the distinctive characteristics driven by the micro
structure factors. Inspired by experimental evidence and Griffith energy concept, a microstructure-sensitive driver, namely the stored 
energy density (SED), has been proposed (Xu et al., 2021b) to predict crack nucleation and short crack propagation when the crack 
length falls in the grain size scale. The concept of SED takes into account the intrinsic dynamics of local dislocation slip during cyclic 
loading, which establishes a dislocation structure over a length scale governed by local dislocation density. The SED has been shown to 
be dominated by the distribution of geometrically necessary dislocations (GNDs) (Zheng et al., 2019), and hence, SED serves as a 
mechanistic measure for the energy stored within the material which, when reaching a critical level, will drive the initiation and 
propagation of new crack surfaces. The pioneering application of SED focused on predicting crack nucleation (Wan et al., 2014) in 
steels, which share similarities with MPEAs with multiple major elements. By highlighting the non-singularity of SED at the crack tip 
and providing the microstructural sensitivity from a theoretical deduction (Xu et al., 2021b), SED has been applied to understand 
fatigue crack nucleation in Nickel-based alloys (Zhang et al., 2021), Cu-based alloy (Qian et al., 2023), Sn-based alloy (Xu et al., 2022), 
Zr-based alloy (Wan et al., 2023), as well as short crack propagation in Nickel-based alloys (Karamitros et al., 2022) and Zr-based alloy 
(Long and Dunne, 2023). A similar energy measure, referred to as the dislocation configuration energy (Benzerga et al., 2005), which 
can be evaluated at the discrete dislocation scale, provides a physical interpretation that supports the validity of the SED approach. As 
damage accumulation in MPEAs primarily arises from deformation at the microstructure scale driven by plastic activities (Lu et al., 
2023), the SED is adopted in the present study to predict the damage accumulation within MPEAs subject to cyclic loading at different 
temperatures. 

In this work, we aim at developing a multi-mechanism crystal plasticity model for Cantor alloy-like MPEAs in which the three 
deformation mechanisms (dislocation slip, deformation twinning, and phase transformation) are formulated under a unified frame
work. In addition, we also incorporate the effects of SRO and temperature into the model, enabling the examination of their impacts on 
the mechanical behaviour of the MPEAs. Finally, we employ the developed model to unveil the underlying origin for the superior 
damage resistance of the Cantor alloy-like MPEA at extremely low temperatures. 

The structure of the present paper is organized as follows: In Section 2, we describe our CPFE framework, which incorporates 
multiple deformation mechanisms, temperature effect and SRO phenomenon. This section also describes the associated representative 
volume element (RVE) models and the critical aspect of SED. In Section 3, we present an in-depth exploration of the temperature- 
dependent mechanical behaviour of the multiple principal element alloy (MPEA) subject to monotonic loading and cyclic loadings 
at three typical testing temperatures. In Section 4, we encapsulate our study with a concise summary and concluding remarks. 
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2. Methodology 

2.1. The crystal plasticity framework 

A multi-mechanism, dislocation-based CPFE framework that incorporates the local SRO effect is proposed to describe the me
chanical behaviour of Cantor alloy-like MPEAs, where the deformation mechanisms include dislocation slip, deformation twinning and 
martensitic phase transformation. The model formulations are detailed in Section 2.1.1. The SRO effect is introduced into the CPFE 
framework through local fluctuations of mechanical properties within grains; for details see Section 2.1.2. 

2.1.1. A crystal plasticity framework incorporating thermally activated dislocation slip, twinning and phase transformation 
During deformation, the overall deformation gradient F at a material point is decomposed into three terms: the elastic deformation 

gradient Fe, the plastic deformation gradient Fp and the temperature deformation gradient Fθ, as: 

F = FeFpFθ. (1) 

The kinematics for multi-mechanism crystal plasticity takes into account the contribution of deformation twinning and phase 
transformation in addition to the dislocation slip (Lu et al., 2020b), which gives the overall plastic velocity gradient tensor Lp: 

Lp = (1− ftw − ftr)L(α)
p + L(β)

p + L(χ)
p , (2)  

where L(α)
p , L(β)

p and L(χ)
p are the plastic velocity gradient tensors of dislocation slip, deformation twinning and phase transformation, 

respectively. 
These velocity gradient tensors can be computed from the projection of the corresponding shear strain rate onto specific crystal

lographic systems as: 

L(α)
p =

∑Nds

α=1
γ̇˙(α)m(α)

ds ⊗ n(α)
ds ,L(β)

p =
∑Ntw

β=1
γ̇˙(β)m(β)

tw ⊗ n(β)
tw ,L(χ)

p =
∑Ntr

χ=1
γ̇˙(χ)m(χ)

tr ⊗ n(χ)
tr , (3)  

where γ̇˙(α), γ̇˙(β) and γ̇˙(χ) are the shear strain rates of dislocation slip, deformation twinning and phase transformation, respectively. The 
deformation systems are indicated by their plane normal and direction unit vectors as m and n. For instance, there are 12 potentially 
activated dislocation slip systems {111}<110> within a Face-Centred Body (FCC) crystal structure; e.g., see an illustration in (Prastiti 
et al., 2020). 

In Eq. (2), ftw and ftr are the overall volume fraction of deformation twinning and martensitic phase transformation, respectively, 
which are given as: 

ftw =
∑Ntw

β=1
f (β),

ftr =
∑Ntr

χ=1
f (χ),

(4)  

where f(β) and f(χ) are the volume fractions, Ntw and Ntr the numbers of potential twinning and phase transformation systems, 
respectively. For an FCC crystal structure such as the Cantor alloy under investigation, there are 12 twinning and phase transformation 
systems sharing the same planes and directions {111}<211> (see Fig. A1 for the illustration). It is noted that phase transformation in 
the Cantor alloy-like systems is limited to the deformation process of the ε phase transformation (i.e. from FCC to HCP phase) only, 
following the experimental observation (Liu et al., 2022). 

The shear strain rates of deformation twinning γ̇˙(β) and phase transformation γ̇˙(χ) are conventionally described based on 
phenomenological nucleation and growth laws considering stacking fault extension (Wong et al., 2016). The use of phenomenological 
laws in the CP formulations often introduces excessive parameters, which not only require the validation of the uniqueness of the 
parameter combinations (Zhang et al., 2022b) but also makes it challenging to precisely quantify the individual contributions of key 
physical factors (Ding et al., 2019). Therefore, we propose a constitutive law for deformation twinning and phase transformation based 
on a combination of mechanical and thermal activation events (Dunne et al., 2007). This approach draws parallels with the 
well-established crystal plasticity formulation based on dislocation slip for FCC alloys, such as Nickel-based superalloys (Bergsmo 
et al., 2022), the latter of which is given by: 

γ̇˙(α) = ρmb2vDexp
(

−
ΔFds

kT

)

sinh
(

ΔVds

kT
⃒
⃒τ− τ(α)c

⃒
⃒

)

, (5)  

where ρm is the mobile dislocation density, b the Burgers vector magnitude, vD the dislocation interacting frequency with obstacles, 
ΔFds and ΔVds the activation energy and the activation volume, respectively, k the Boltzmann constant, T the temperature and τ the 
resolved shear stress. The sinh() term incorporates both the forward and backward jumps of dislocations over obstacles, and hence 
enables the capture of the stress-dependent term at both high and low loading rates (Zhang and Dunne, 2017). The critical resolved 
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shear stress τ(α)c hardens with the dislocation density based on a length-scale-dependent Taylor hardening law: 

τ(α)c = τc0 + μb
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ρ(α)
ssd + ρ(α)

gnd

√

, (6)  

where τc0 is the intrinsic critical resolved shear stress, μ the shear modulus, and ρssd and ρgnd are the densities of statistically stored 
dislocations (SSD) and GND, respectively. The evolution of SSD density is correlated to the instantaneous effective plastic strain rate ṗ˙

and accumulated plastic strain p (Mecking and Kocks, 1981), where the recovery terms consider the shear resistance saturation when 
large deformation is present (Lu et al., 2019; Zepeda-Ruiz et al., 2017): 

ρ̇˙ssd = λ1ṗ˙− λ2p, (7)  

where λ1 and λ2 serve as parameters controlling the slip system hardening and recovery rates, respectively. The effective plastic strain p 
is given by: 

p =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3
εp : εp

√

, (8)  

where εp is the plastic strain tensor calculated as the symmetry part of Lp. 
The GND density ρgnd in Eq. (6) is calculated from the plastic strain gradients (Arsenlis and Parks, 1999), and a non-local algorithm 

could relieve the grid size sensitivity of GND density computation (Xu, 2021) over a range of element types. Details about the GND 
density establishment can be found in (Xu et al., 2021a). It is worth noting that the Bauschinger effect, observed during cyclic loading, 
arises from the back stresses generated due to the presence of GNDs resulting from the local plastic strain gradient. 

In general, deformation twinning and partial dislocations can be interrelated. For example, during the deformation of FCC material, 
a partial dislocation can nucleate and propagate along a particular slip plane and generate a stacking fault, which can serve as a 
nucleation site for twinning. A twin boundary can form from the stacking fault, leading to the creation of a twin. Hence, partial 
dislocations play a crucial role in the formation of deformation twinning. In this work, a stress-driven, thermally activated shear rate of 
deformation twinning is proposed and written as: 

γ̇˙(β) = ρ(β)
m b2

pvDexp
(

−
ΔFtw

kT

)

sinh

(
τ(β)eff

kT
ΔVtw

)

, (9)  

where ρ(β)
m is the mobile dislocation density along the βth twinning system, bp = b/

̅̅̅
3

√
is the Burgers vector magnitude of partial 

dislocation, and τ(β)eff = τ(β) − τ(β)ctw the effective resolved shear stress. It is worth noting that the shear rate is considered as a thermally 
activated process (Cheng and Ghosh, 2017; Warner et al., 2007) while the nucleation of deformation twinning is 
temperature-independent and stress-driven (Wagner and Laplanche, 2023) for the Cantor MPEA. 

The martensitic transformation from FCC to HCP is generally driven by temperature changes and/or mechanical loading. In this 
phase transformation, stacking faults and dislocations can play a significant role (Zhang et al., 2017). The martensitic transformation 
typically begins with the nucleation of small regions of the martensitic phase within the parent phase (FCC). These regions are referred 
to as martensitic nuclei. Dislocations introduce local lattice distortions and can lower the energy barrier for the nucleation of the 
martensitic phase, as they, especially partial dislocations or stacking faults, can provide favourable sites for the formation of 
martensitic nuclei. Once the martensitic nuclei form, the martensitic phase can propagate through the crystal lattice, which involves 
the glide of dislocations along specific crystallographic planes. Hence, the movement of dislocations is a key mechanism for the growth 
of martensite domains. Based on these considerations, the shear rate for the martensitic phase transformation from FCC to HCP can be 
written as: 

γ̇˙(χ) = ρ(χ)
m b2

pvDexp
(

−
ΔFtr

kT

)

sinh

(
τ(χ)eff

kT
ΔVtr

)

. (10) 

It should be noted that in general phase transformation events (e.g. from FCC to BCC structure), hydrostatic pressure could in
fluence the phase transformation process (Tracy et al., 2017) and induce intrinsic strain due to volume changes (Galindo-Nava, 2017). 
Therefore, when expanding the current phase transformation framework to more general scenarios, it becomes necessary to incor
porate the contribution of normal stresses in addition to the shear stresses considered herein, and account for the resulting intrinsic 
strain. In the present work, we ignore the pressure effect as the volume remains invariant during the FCC to HCP transformation. 

It is noted that the shear strain rates induced by dislocation slip, deformation twinning and phase transformation are all described 
by the unified thermal-activation equations as presented in Eqs. (8)-(10). The coherence of these constitutive equations stems from the 
commonality that thermal activation events govern the nucleation and propagation of dislocations (Dunne et al., 2007). This unity 
allows for investigation of the temperature effect on the deformation and damage of MPEAs using the unified constitutive laws. 
Nevertheless, despite the use of the unified constitutive law, distinctions among the three deformation mechanisms exist, e.g., full 
dislocations in slip while partial Shockley dislocations in deformation twinning and martensitic phase transformation (Wong et al., 
2016), as well as the parameters that control the shear strain evolution, which can vary according to alloy systems. 

The evolution rates of volume fraction for deformation twinning and phase transformation are proportional to their respective 
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shear rate as: 

ḟ ˙
(β)

=
γ̇˙(β)

γtw
, ḟ ˙

(χ)
=

γ̇˙(χ)

γtr
, (11)  

where γtw = γtr =
̅̅̅
2

√
/2 are the characteristic shear strains for deformation and martensitic phase transformation in FCC crystals (Lu 

et al., 2020b). It is noted that the constitutive laws for the three deformation mechanisms could be either rate-sensitive or 
rate-insensitive, which is related to the material-dependent activation energy and volume (Zhang and Dunne, 2017). 

The relative contribution from the three deformation mechanisms is evaluated, respectively, by the ratio of their shear fraction over 
the total: 

ϕ(α) =

∑Nds
α=1γ(α)

∑Nds
α=1γ(α) +

∑Ntw
β=1γ(β) +

∑Ntr
χ=1γ(χ)

,

ϕ(β) =

∑Ntw
β=1γ(β)

∑Nds
α=1γ(α) +

∑Ntw
β=1γ(β) +

∑Ntr
χ=1γ(χ)

,

ϕ(χ) =

∑Ntr
χ=1γ(χ)

∑Nds
α=1γ(α) +

∑Ntw
β=1γ(β) +

∑Ntr
χ=1γ(χ)

,

(12)  

where ϕ(α), ϕ(β) and ϕ(χ) are the volume fraction for dislocation slip, deformation twinning and phase transformation, respectively. 
These newly proposed constitutive laws for twinning and phase transformation unify the shear rate computation for all three 

deformation mechanisms, and hence enables a systematic investigation of the temperature-governing behavior of MPEAs through a 
relatively small number of well-defined parameters. The specific material properties for single-phase, equiaxed Cantor alloy MPEA are 
discussed and provided in Section 3. 

2.1.2. Short-range order in the crystal plasticity framework 
The influence of SRO on the mechanical behaviour of grains (Bu and Wang, 2021; Cao et al., 2020; Chen et al., 2022; Li et al., 2023) 

can be incorporated into the multi-mechanism CP framework by considering the local variations in mechanical properties, such as 
modulus, slip strength, activation energy etc., at finite element integration points. Given the complexity of SRO effect, the present 
study confines the overall SRO effect to a statistical distribution of intrinsic slip strength τc0 (as seen in Eq. (6)) with a mean value τc0 
and a standard deviation over a specified length scale. The mean value and standard deviation, which represents the homogeneous part 

Fig. 1. The full three-dimensional representative volume element (RVE) model for validating the proposed CPFE framework and calibrating the 
temperature-dependent material properties of CrMNFeCoNi MPEA. (a) The microstructure of the polycrystalline cubic RVE and crystals with 
different orientations are coloured differently. (b) The pole figures of the RVE showing a weak texture. (c) Schematic showing the boundary 
conditions and uniaxial loading imposed on the RVE. (d) The two loading rates and two ambient temperatures applied to the RVE. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(non-SRO affected) and the local fluctuation part (SRO affected) of the slip strength, respectively, are determined by calibrating the 
macroscopic response and the results are detailed in Section 3.1 below. In the calibration, a specified length scale of 25 μm was selected 
and the details of the calculation can be found in Fig. A3. The selection of the length scale is to reflect on the experimental charac
terization (Li et al., 2019a) of dislocation line movement velocity (vdis=25 m•s − 1) within a typical CP time increment (Δt=10−6 s). It 
is worth noting that this estimated length scale is comparable with the representative grain sizes observed in both the Cantor alloy 
(Gludovatz et al., 2014; Li et al., 2022b) and the CrCoNi MEA (Liu et al., 2022) after heat treatment. 

2.2. Representative volume element model and parameters identification 

A full three-dimensional representative volume element (RVE) CPFE model is developed to validate the newly proposed SRO- 
enhanced multi-mechanism CPFE framework and to calibrate material properties against experimental measurements. The poly
crystalline finite element model adopted herein contains 50 grains, as illustrated in Fig. 1(a). The various colours in the figure 
represent different crystallographic orientations within the microstructure. The investigated CrMnFeCoNi MPEA normally has a weak 
texture (Gludovatz et al., 2014; Kumar et al., 2023; Liu et al., 2022) such that a random set of grain crystallographic orientations are 
assigned to the grains, as depicted in the pole figures shown in Fig. 1(b). The RVE is discretized into 10 × 10 × 10 C3D8R elements, 
which are hexagonal-shaped reduced integration continuum elements. This element arrangement ensures that the mesh size is suf
ficiently fine to diminish grid size sensitivity (Lu et al., 2020b; Zhang et al., 2022b), and the mesh sensitivity study is shown in Fig. A2. 
Boundary conditions are applied to the RVE, as illustrated in Fig. 1(c), to simulate both strain-controlled uniaxial tension loading and a 
generalized plane strain scenario. Specifically, the left, bottom and back faces of the RVE are constrained along the X-, Y- and Z-di
rections, respectively. Displacement is imposed onto the front face (i.e. Z=ZMax) along the Z-direction. Two typical loading rates are 
realized by applying the desired maximum strain level (2%) within the corresponding loading period, and two typical ambient 
temperatures (namely room temperature 293 K and liquid nitrogen temperature 77 K) are set up (Fig. 1(d)), respectively, to extract the 
parameters governing strain-rate sensitivity and temperature sensitivity of the CrMnFeCoNi MPEA RVE model. 

Another quasi-3D RVE model is developed to understand the cyclic behaviour of CrMnFeCoNi MPEA at the following three tem
peratures, 293 K, 77 K and 20 K. The quasi-3D RVE contains 100 single-phased equiaxed FCC grains with an average grain size of d=21 
μm, and the crystallographic orientations of the 100 grains follow a random distribution. The microstructure of the RVE model, as 
depicted in Fig. 2, more accurately represents the essential microstructure features observed in the specimen in independent tests 
(Gludovatz et al., 2014; Liu et al., 2022), which are summarized in Fig. 2(a) and (b). The fact that the grain orientations remain 
unchanged throughout the thickness aligns with the experimental observations of the thin cross-sectioning (Liu et al., 2022). A plane 
strain boundary condition is applied to the RVE (sketched in Fig. 2(c)) for simulating the response of the material near the mid-section 
plane. The RVE is discretised into 20,000 C3D20R finite elements (i.e. the 2nd order, hexagonal-shaped, reduced integration con
tinuum element). The loading is realized through imposing a displacement along the right-hand-side face (i.e. X=XMax) of the RVE. The 
displacement follows a low cycle fatigue (LCF) profile with a period of 4000 s, and five consecutive cycles are simulated at the 
following three isothermal temperatures: 293 K, 77 K and 20 K. The loading and temperature histories for the cyclic loading are 
schematically shown in Fig. 2(d). 

Fig. 2. The quasi three-dimensional Representative Volume Element (RVE) model for understanding the cyclic behaviour of CrMnFeCoNi MPEA 
under three typical temperatures. (a) The microstructure information of the RVE model with comparison to the experimental characterization 
(Gludovatz et al., 2014; Liu et al., 2022). (b) The pole figures of the RVE showing a weak texture. (c) Schematic illustration of the boundary 
conditions and strain-controlled loadings imposed on the RVE. (d) The cyclic loading history and three ambient temperatures applied. 
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2.3. Mechanistic driver for crack nucleation 

In this study, stored energy density (SED) is employed to assess the fatigue damage and crack nucleation of the CrMnFeCoNi MPEA 
under cyclic loading. SED serves as a micro-mechanical metric that takes into account the damage resulting from dislocation slip and 
interaction within a local dislocation structure where dislocation-associated energy is stored (Xu et al., 2021b). It quantifies the energy 
required for the initiation of two crack surfaces, akin to the Griffith criterion. 

The stored energy density G is defined as: 

G =

∫
ξσ : dεp
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρssd + ρgnd

√ , (13)  

where ξ is the fraction of plastic work stored in a dislocation structure and estimated as 0.05 (Kamlah and Haupt, 1997). SED has been 
shown to be a faithful microstructure-sensitive measure to predict the potential crack nucleation sites (Wan et al., 2023) and the short 
crack propagation in different ductile alloys (Long and Dunne, 2023). 

Fig. 3. The monotonic uni-axial tension stress-strain response of the three-dimensional cubic RVE subject to (a) two different loading rates at room 
temperature and (b) four temperatures at the loading rate ϵ̇ = 10−5s−1. The black dashline indicates the 0.2% yield stress, and the experimental data 
was gleaned from a tensile test with strain rates as ϵ̇ = 10−5s−1 and ϵ̇ = 10−3s−1 at room temperture. 
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3. Results and discussion 

3.1. Temperature-dependent mechanical behaviours 

The identification of material parameters and the resulting stress-strain curves of the polycrystal CrMnFeCoNi MPEA RVE (depicted 
in Fig. 1) subject to different loading rates and temperatures are shown in Fig. 3. The fundamental mechanical properties, including 
moduli (Laplanche et al., 2015), critical resolved stress (Kawamura et al., 2021; Laplanche et al., 2016; Otto et al., 2013), activation 
energy and activation volume (Laplanche et al., 2018; Xie et al., 2020) and their dependence on temperature are obtained from 
literature, while the hardening related parameters are calibrated against experimental data (Gali and George, 2013). Fig. 3(a) shows 
the stress-strain response of the RVE subject to two distinct strain rates ϵ̇ = 10−5s−1 and ϵ̇ = 10−3s−1 at room temperature, 293 K. The 
strain-rate sensitivity (SRS) at room temperature is shown to be extremely low for CrMnFeCoNi as the stress discrepancy is limited. The 
reason for the low SRS is consistent with experimental analysis (Laplanche et al., 2018), and is mechanistically rationalized by the 
large value of activation volume at room temperature in the CPFE model (see the discussion in (Zhang and Dunne, 2017)). The 
temperature-dependent stress-strain curves at four typical temperatures, 293 K, 200 K, 77 K and 20 K, are reported in Fig. 3(b) subject 
to the low strain rate. The model captures the stress level at 2% and its dependence on temperatures ranging from 20 K to 293 K with 
comparison to experimental data (Gali and George, 2013; Gludovatz et al., 2014; Ming et al., 2020; Naeem et al., 2020), which scatter 
due to different grain sizes, heat treatment and loading conditions. The model predicts a much-strengthened stress response of 
CrMnFeCoNi MPEA at low temperatures. The discussion of deformation mechanisms, as well as the contributions arising from the 
increased elastic modulus, shear modulus and the critical resolved shear stress for dislocation slip at low temperatures, will be pre
sented in more details in the following section (see Table 1). The temperature-dependent material properties of CrMnFeCoNi MPEA for 
the CPFE modelling are tabulated in Table 1. Low-scale calculations such as Discrete Dislocation Dynamics (Fang et al., 2022) and 
Molecular Dynamics (Rao et al., 2017) could potentially be adopted in the future to provide more physics-based approaches to 
determine parameters in the current multi-mechanism framework. 

The temperature-dependence of the individual deformation mechanisms, dislocation slip, deformation twinning and phase 
transformation, with applied strain are reported in Fig. 4 in terms of dislocation density, volume fraction of twinning and martensitic 
phase transformation at the three investigated temperatures (293 K, 77 K and 20 K). Dislocation slip is observed in the RVE at all three 
temperatures, and the dislocation density increases with temperature due to the thermal activation effect. Deformation twinning is 
seen at 77 K and 20 K as the strain level at 2% but not at 293 K (Laplanche et al., 2016). Martensitic phase transformation is predicted to 
take place at 20 K only, and the amount of the phase transformation is quite limited (less than 2% as the volume fraction averaged all 
through RVE). The temperature-dependence of the individual deformation mechanisms is well consistent with experimental findings 
(Tirunilai et al., 2020). The activation sequence of the deformation mechanisms is shown to be dislocation slip, followed by defor
mation twinning and martensitic phase transformation at 20 K, which are associated with their CRSS values. The monotonic tensile 
results validate the temperature-sensitivity of individual deformation mechanisms in CrMnFeCoNi MPEA, thereby providing the basis 
for investigating the cyclic behaviour at different temperatures, which will be discussed in the following sections. 

The effect of SRO on the mechanical behaviour of CrMnFeCoNi MPEA is investigated via the uniaxial tension case at room tem
perature (293 K) and a low loading rate (10−5s−1). The incorporation of the SRO effect into the multi-mechanism CPFE framework is 
illustrated in Fig. 5(a). In cases with SRO, material points exhibit an intrinsic slip strength characterized by a Gaussian distribution, in 
contrast to a constant value in those without SRO. The mean value of this distribution is chosen to match that extracted from cor
responding tensile experiments (tabulated in Table 1). Meanwhile, the standard deviation is calibrated against independent experi
mental results (Gali and George, 2013), particularly when the strain is large enough to show apparent plastic strain. The stress versus 
strain response is shown in Fig. 5(b) for the RVE with and without the SRO effect. In this case, the standard deviation of the slip 
strength, set at 18% of the mean value, effectively captures the observed increase in yield stress due to SRO, as reported in experiments 
(Zhang et al., 2020). The introduction of statistical intrinsic slip strength results in additional deformation heterogeneity, alongside the 

Table 1 
Temperature-dependent material properties for CrMnFeCoNi MPEA polycrystal samples (valid from 20K-293 K). The temperature T is given in 
Kelvin.  

Symbol Physics description Value 

E Elastic modulus 214 − 35/(exp(416 /T−1)) GPa 
μ Shear modulus 85 − 16/(exp(448 /T−1)) GPa 
τc0 Critical resolved shear stress for dislocation slip 169exp(−0.0048T) MPa 
τctw Critical resolved shear stress for twinning 235 MPa 
τctr Critical resolved shear stress for phase transformation 405 MPa 
λ1 Hardening coefficients 300 μm−2 

λ2 5 μm−2 

ρini Initial dislocation density 0.1 μm−2s−1 

k Boltzmann constant 1.38 × 10−23 J•K − 1 

ΔF Activation energy* 280 kJ•mol−1 

ΔV Activation volume* 37.95exp(0.0071T) b3  

* The activation energy and volume for dislocation slip, deformation twinning and phase transformation are considered to be identical as the 
corresponding apparent values that were measured in the macroscopic experimental tests (Laplanche et al., 2018; Xie et al., 2020). 
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crystallographic orientation, grain size and grain boundary morphology within the polycrystal RVE. This added heterogeneity leads to 
the generation of GNDs due to the presence of additional strain gradient. The overall GND density, which represents the average 
density throughout the RVE model, is compared in Fig. 5(b) for the cases with and without SRO. In the case with SRO, there is a 9% 
higher GND density, attributed to the heterogeneity introduced by the local fluctuations in deformation. Therefore, we propose that 
the enhancement in the yield stress (Antillon et al., 2020; Zhang et al., 2022a) and micro-hardness (Wu, 2023) in the MPEAs can be 
attributed to the formation of additional GNDs through SRO-induced local variations in mechanical properties. The difference in GND 
density as shown in Fig. 5(c) is not substantial, given that the polycrystal RVE itself contains grain-scale inhomogeneity such as 
crystallographic orientation and grain size. Hence, in the following, a single crystal case is adopted to decouple the fundamental 
grain-scale inhomogeneity from the model to further investigate the SRO effect. The macroscopic stress response does not show 
stochastic features, unlike those modelled using discrete dislocation dynamics (Xu et al., 2023). This absence of stochastic behaviour 
can be attributed to the large number of elements and the small fraction of standard deviations obtained here. 

The SRO effect is investigated in a single crystal that has no grain-scale inhomogeneity at room temperature. The single crystal 
CrMnFeCoNi MPEA is loaded in tension along its [001] orientation. A comparison of the stress vs. strain response, as depicted in Fig. 6 
(a), reveals an enhancement in the yield stress due to the presence of SRO, despite the mean values of the intrinsic slip strength being 
identical for both cases, with and without SRO. The inset in Fig. 6(a) displays the GND distribution at 2% strain, where the single 
crystal with SRO exhibits a significant GND density, while the one without SRO shows no GND through the grain and the deformation 
remains completely homogenous. Fig. 6(b) shows the statistical distribution of plastic strain within the single crystals with and without 
SRO. In contrast to one single value observed in the case without SRO, the case with SRO shows a much wider distribution of plastic 

Fig. 4. Overall evolution of the (a) dislocation density, (b) volume fraction of deformation twinning and (c) volume fraction of phase transformation 
within the cubic RVE under the three investigated temperatures subject to the loading rate ϵ̇ = 10−5s−1 of uniaxial tension. 

Fig. 5. The short-range order (SRO) effect on the response of the cubic RVE at room temperature and loading rate ϵ̇ = 10−5s−1. (a) A schematic 
illustration of the SRO effect on the nucleation strength of dislocations along slip systems. (b) The stress strain responses of the cubic RVE with and 
without considering the SRO effect. (c) The geometrically necessary dislocation (GND) development in the RVE with and without considering the 
SRO effect. 
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strain due to local inhomogeneity. This distribution closely resembles the Gaussian distribution observed in direct measurements of 
local strain distribution in a similar MPEA (Chen et al., 2021b). The notable difference in GND density observed in the single crystal 
cases clearly demonstrates the impact of the SRO effect through inhomogeneity and associated enhancement of yield stress in MPEA. 
This finding sheds light on the underlying mechanism responsible for the increase in yield strength observed in MPEAs and offers a 
mechanistic explanation for the experimental observation that deformation twinning activities are enhanced (Jian et al., 2020; Li et al., 
2022b) when SRO is stronger, which could be attributed to the rise of local stresses induced by SRO. 

3.2. Cyclic behaviours under three typical temperatures 

The evolution of effective plastic strain, stress and stored energy density (SED) within the RVE (see Fig. 2) that reflects a realistic 
microstructure of CrMnFeCoNi MPEA polycrystal sample is shown in Fig. 7 at four instants, namely half-load, peak load, half-unload 
and fully unload, during the 1st cycle at 293 K. The direct stress (2nd row) achieves a maximum at the peak load instant, and residual 
stresses are developed at the unload instant due to back stress and GND effect (Lu et al., 2020b). As the plastic strain accumulates 
progressively during the whole cycle, a large portion (~10%) of residual plastic strain becomes highly localized (indicated by the 
black-framed circle) due to the microstructural inhomogeneity. As a consequence of both the residual stress and plastic strain, SED is 
also localized within this region; recall the definition of SED in Eq. (13). 

The cyclic behaviour of plastic strain, stress and SED of the RVE is recorded at the peak load instant during each loading cycle and 
reported in Fig. 8 for the initial five cycles. With each cycle, both the plastic strain and stress show a progressive increase, which 
reflects the synergistic feature of strength and elongation of CrMnFeCoNi MPEA (Zhang et al., 2014). However, compared to the 
instantaneous plastic strain and stress distributions, the SED accumulation exhibits a more localized feature, and the location is 
indicated by the circled area, where a fatigue crack would eventually nucleate as a result of the build-up of SED, causing the opening of 
two micro-facets (Chen et al., 2018). The underlying mechanisms for the localization of plastic strain, stress and SED will be detailed in 
the following figure and discussion. The stress levels experienced during the 1st to 5th cycles are still not high enough to activate 
deformation twinning or phase transformation, which is consistent with experimental findings (Gludovatz et al., 2014). 

The localization of the cyclic SED developed at room temperature within the RVE is analysed in Fig. 9 at the peak load instant of the 
5th cycle. A close-up view of the effective plastic strain distribution within the region, where the SED is highly localized in the whole 
RVE (see Fig. 9(a)), is shown in Fig. 9(b), and a large portion of plastic strain (up to 30%) is seen near the grain boundaries and triple 
junctions among grains G2-G6 (labelled in Fig. 9(b)), while the strain level at the grain boundary between G7 and G8 is relatively low. 
The GND distribution along with the activated slip planes (indicated with white dashed lines) is plotted in Fig. 9(c) for the investigated 
set of grains. Multiple slip systems are activated within G2-G6, resulting in an increase in the GND density (Cao, 2022; Lu et al., 2020a). 

Fig. 6. The SRO effect on the response of a single crystal ((001) with respect to the loading direction) at room temperature. (a) The stress strain 
responses of a single crystal with and without considering SRO effect. (b) The plastic strain developed in the single crystal with and without 
considering SRO effect. 

Y. Xu et al.                                                                                                                                                                                                              



Journal of the Mechanics and Physics of Solids 185 (2024) 105549

11

Fig. 7. The evolution of plastic strain, stress and stored energy density (SED) in the quasi 3D RVE during the 1st cycle of a R = 0 cyclic loading at 
room temperature (293 K). The volume fractions of deformation twinning and phase transformation remain zero. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. The cyclic evolution of plastic strain, stress and stored energy density (SED) in the quasi 3D RVE for the first 5 cycles at room temperature. 
The volume fractions of twinning and phase transformation remain zero for the cycles investigated here. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 9. (a) The localization of SED within the RVE at the peak load instant of the 5th cycle, which is caused by the strong strain gradient nearby (b) 
and the multi-slip system activation with GND distribution (c). The strong localization of SED could eventually lead to fatigue crack nucleation. The 
unit cells in (c) illustrate the crystallographic orientations of the specific grains. 

Fig. 10. The cyclic evolution of plastic strain, stress, stored energy density (SED) and the volume fraction of deformation twinning within the quasi 
3D RVE for the first 5 cycles at 77 K. The volume fraction of martensitic phase transformation remains zero for the cycles investigated here. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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This leads to highly localized strain and SED as shown in Fig. 9(a) and (b), which could potentially result in local damage and fatigue 
crack nucleation (Suresh, 2012). The unit cells in Fig. 9(c) visually highlight the large difference in crystallographic orientations of 
some of the grains, which leads to the activation of multiple slip systems to accommodate the inhomogeneity. In contrast, the grain 
orientations of G7 and G8 are similar, resulting in the activation of a single slip system. This similarity helps reduce the plastic strain 
gradient and SED. 

The cyclic behaviour of plastic strain, stress, SED and the twinning volume fraction of the RVE at liquid nitrogen temperature (77 K) 
are recorded at the peak load instant during each loading cycle and shown in Fig. 10 for the first five cycles. It is seen that the plastic 
strain accumulation slows down and the direct stress achieves a saturated status with cycles. The slowdown of plastic strain accu
mulation is due to the nucleation and progressive growth of deformation twins, which is represented in terms of its volume fraction in 
the 4th row of Fig. 10. Therefore, although the stress level is much higher than that at 293 K, the SED (the 3rd row) accumulation rate is 
not seen to considerably surge, reflecting the influence of the dynamic Hall-Petch effect (De Cooman et al., 2018). In addition, the 
plastic strain and SED distribution are seen to be more homogenous rather than highly localized at certain regions due to the 
competitive interaction between dislocation slip and deformation twinning (Woo et al., 2023), which could potentially delay fatigue 
crack nucleation (Zhang et al., 2015). Therefore, the activation of deformation twinning at 77 K facilitates the damage tolerance of the 
CrMnFeCoNi MPEA (Lam et al., 2020) through depressing dislocation glide and stored energy localization (Wu and Fan, 2020), which 
agrees with the experimental observation (Gludovatz et al., 2014, 2016). 

The cyclic behaviour of plastic strain, stress, SED, twinning, and the phase formation volume fraction of the RVE at near liquid 
helium temperature (20 K) are recorded at the peak load instant of each loading cycle and shown in Fig. 11 for the first five cycles. 
Compared to the results predicted at 77 K (see Fig. 10), a limited but notable amount of martensitic phase transformation is observed. 
The nucleation and growth of transformed martensite further hardens (Lu et al., 2020b; Niu et al., 2018) CrMnFeCoNi MPEA as the 
stress continues to increase. The increase in plastic strain and SED during cyclic loading at 20 K, however, is not significant compared 
to those at 293 K and 77 K. This is due to the additional amount of deformation twinning taking place at 20 K compared to that at 77 K 
and the addition of martensitic phase transformation. Therefore, the excellent damage resistance of CrMnFeCoNi MPEA at 20 K can be 
attributed to the slow accumulation of SED over cycles, which is facilitated by the phase transformation along with extra deformation 
twinning, which also strengthens the stress response. It is worth noting that the volume fraction of martensitic phase transformation 
under cyclic loading is higher than that under monotonic loading (see Fig. 4(c)). 

The temperature-dependent plastic strain, stress and stored energy developed within the RVE are compared in Fig. 12 for the three 
temperatures at the peak load instant of 5th Cycle. Compared to the case of room temperature 293 K, the effective plastic strain and 
localization do not exhibit significant increases at 77 K, despite the significant rise in stresses due to continued hardening (Li et al., 
2019b). The saturated plastic strain and its distribution (leading to GND distribution through plastic strain gradient) at lower tem
peratures alleviate the accumulation of SED over cycles. This effect can be attributed to the activation of deformation twinning and 
limited amount of martensitic phase transformation in CrMnFeCoNi MPEA. Therefore, the CPFE analysis provides a mechanistic 
understanding for the excellent damage tolerance of CrMnFeCoNi MPEA at low (Gludovatz et al., 2014, 2016) and extremely low 
temperatures (Liu et al., 2022). 

The individual contribution from each deformation mechanism to the overall plastic deformation is shown in Fig. 13(a) at the peak 
load instant of the 5th cycle at the three investigated temperatures. The contribution is quantified as the average value through the 
whole RVE using Eq. (12). Dislocation slip carries all plastic deformation at room temperature (293 K) as there is no deformation 
twinning or phase transformation up to the 5th cycle (see also Fig. 8 above). At 77 K, a considerable amount of deformation twinning is 
activated, leading to a contribution of 35% to the overall plastic deformation. Deformation twinning becomes even more pronounced 
at 20 K, accounting for more than 50% of the total plastic deformation, while a limited portion (~4%) of martensitic phase trans
formation occurs in the RVE at this temperature. The cyclic crystal plasticity analysis reflects the experimental characterization of the 
sequence of the hardening mechanisms in CrMnFeCoNi MPEA at cryogenic temperatures (Gludovatz et al., 2014; Kawamura et al., 
2021; Liu et al., 2022). Hence the present study sheds light on the synergistic relationship between strength and toughness of 
CrMnFeCoNi MPEA. Specifically, the nucleation and growth of deformation twinning and martensitic phase transformation play a 
major role in delocalizing the stored energy at lower temperatures. The evolution of the fraction of individual contributions with the 
number of cycles is reported in Fig. 13(b) at the temperature 20 K. Dislocation slip initially dominates the total plastic strain, but its 
contribution is overtaken by deformation twinning at the 5th cycle, and the contribution of phase transformation continues to rise 
within the first 5 cycles. Further investigation on the competition and/or cooperation among the three deformation mechanisms in 
MPEA has the potential to further enhance the synergy between strength and ductility through microstructure optimization. 

4. Conclusions 

A temperature-dependent, multi-mechanism crystal plasticity framework which incorporates dislocation slip, deformation twin
ning and martensitic phase transformation at the grain scale is proposed with a unified constitutive law accounting for all three 
deformation mechanisms. Comprehensive simulations using representative volume element (RVE) models applied to the Cantor alloy- 
like MPEAs under both uniaxial tension and cyclic loading conditions were analysed at three typical temperatures. Key findings 
include:  

• The rate- and temperature-sensitivity of the stress-strain response is captured using the material properties calibrated against 
experimental tests. In addition, the occurrence and sequence of twinning and martensitic phase transformation reflect the defor
mation mechanisms observed experimentally at lower temperatures; 
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• The enhancement of the mechanical response of Cantor alloy-like MPEAs due to the SRO effect has been linked to the generation of 
GNDs resulting from local material property variations; 

• The excellent fatigue and fracture resistance of Cantor alloy-like MPEAs at low temperatures can be attributed to the homogeni
zation of SED within the microstructure. Such homogenization is a result of the development of deformation twinning and 
martensitic phase transformation, as revealed by the present study. 
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Fig. 12. The comparison of plastic strain, stress and SED developed within the RVE at the peak load instant of the 5th cycle at the three temperatures 
investigated here. 

Fig. 13. The contribution of the individual deformation mechanisms of dislocation slip, deformation twinning and phase transformation to the 
overall plastic deformation of the RVE model. The results are recorded at the peak load instant under the three investigated temperatures at the 5th 

cycle (a) and with the number of loading cycle at 20 K (b). 
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Appendix 

Fig. A1, A2, A3, A4 

Fig. A1. Schematic illustration of the deformation twinning and martensitic phase transformation sytems in a FCC unit cell.    
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Fig. A2. Mesh sensitivty study on the calibration RVE.   

Fig. A3. The estimation of the length-scale of short-range order effect on the mechanical properties of MPEA, which is based on the dislocation 
gliding along lattices that were characterized by in-situ experiments.  
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Fig. A4. The stress-strain responses of the RVE model used for cyclic loading analysis subject to the monotonic loadings along X and Y directions, 
respectively. The maximum discrepancy is limited up to 5 MPa (at strain level ϵ=2%), and hence the RVE is able to effectively capture and reflect the 
weak-textured microstructure features of the sample as shown in the experimental test (Liu et al., 2022). 
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