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Abstract:  

During high temperature processing, the Ni61Fe10Cr10Al17Mo2 high entropy alloy (HEA) 

often encounters problems with uneven stress distribution and grain size, which limits its industrial 

application. This study carried out high-temperature compression tests between 1100°C and 1200°C 

to investigate the behavior and influence of dynamic recrystallization (DRX) during thermal 

deformation. Using electron backscatter diffraction (EBSD) technology, microstructural changes at 

strain levels of 0.2 and 0.7 were thoroughly analysed, with particular attention to how temperature 

influences stress distribution and texture evolution, as well as differences in stress response between 

FCC and BCC phases. Additionally, thermodynamic analysis has been integrated into a dislocation 

density-based dual-phase crystal plasticity constitutive model, effectively describing the stress 

inhomogeneity and grain refinement during high-temperature processing. The findings demonstrate 

variations in the DRX mechanisms among different phases and illustrate their synergistic effects 

with deformation temperatures on microstructural evolution, thereby inducing localised stress 

concentrations. These insights provide valuable theoretical understanding of the thermal 

deformation behaviour in complex dual-phase alloy systems and offer a theoretical foundation for 

optimising processing parameters and enhancing the mechanical properties of HEAs. 

Keywords: High entropy alloy, crystal plasticity, dual phase, dynamic recrystallisation, 

displacement density.   
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1. Introduction 

High-entropy alloys (HEA) have attracted widespread attention for their outstanding 

properties[1]. Since CoCrFeMnNi HEAs were first proposed by Cantor et al. [2], single-phase 

HEAs with face-centred cubic (FCC), body-centred cubic (BCC), and hexagonal closed-packet 

(HCP) solid solutions have been extensively studied [3-7]. However, balancing strength and 

ductility in single-phase HEAs remains a significant challenge[5-7]. To address this issue, more 

dual-phase HEAs have been designed, and the use of dual-phase structures consisting of an FCC 

and a BCC / HCP phase is a promising approach to strike a balance between the strength and 

ductility of HEAs[5,8-10]. Among these, Jia et al. [9] proposed a Ni61Fe10Cr10Al17Mo2 HEA 

composed of the FCC phase and the BCC / B2 phase, showing a yield strength of 831 MPa and a 

14.5% ductility. 

Although HEA exhibit excellent room temperature properties, they are typically employed 

under high temperature conditions, making it crucial to understand their performance at elevated 

temperatures [11]. Research on thermal deformation behaviour has focused mainly on the 

AlxCoCrNiFe [12-14] and CoCrFeMnNi [15,16] series of HEA. Guo et al.[17] subjected the 

AlCoCrFeTi0.5Ni2.5 HEA to high temperature compression and observed strain softening above 

700°C, yet the material maintained high strength, showing dense dislocation entanglements in the 

BCC phase. Jeong et al. [18]studied the hot deformation of CoCrFeMnNi HEA in the temperature 

range of 1173 to 1373 K and observed different dynamic recrystallisation (DRX) mechanisms in the 

FCC and BCC phases, leading to an uneven distribution of DRX grains. Stepanov et al. [19] 

performed an examination of the CoCrFeNiMn HEA microstructure under uniaxial compression in 

the temperature range 600 to 1100°C. Their findings indicated that discontinuous dynamic 

recrystallisation (DDRX) occurred along with the microstructural changes observed across all the 

temperatures analysed. However, research on the thermomechanical behaviour of the NiFeCrAl 

series alloys is limited. Wang et al. [20] determined the optimal hot working parameters for 

Ni61Fe10Cr10Al17Mo2 HEA during isothermal compression tests to be 1150-1175°C at 0.15-1.0 

s−1. Despite these findings, in-depth discussions on the stress contributions of different phases and 

the variations in DRX mechanisms within the NiFeCrAl series have not been thoroughly explored. 

Clarifying the mechanisms of high-temperature plastic deformation and the underlying 
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microstructural evolution is vital for metal forming processes such as hot rolling, forging, and 

extrusion [21]. This necessitates further investigation of the thermomechanical behaviour of dual-

phase HEA through a combination of numerical predictions and experimental results. 

Simulation methods such as molecular dynamics (MD), the finite element method (FEM), and 

the crystal plasticity finite element method (CPFEM) are effective in studying DRX behaviour and 

have been extensively used to investigate the thermomechanical deformation of dual-phase HEA. 

Rahul et al. [22]used FEM to investigate the distribution of the strain field and the flow of material 

in AlCoCrFeNi2.1, determining its optimal thermomechanical processing conditions. Qiao et al. [23] 

employed FEM and MD to explore the deformation mechanisms of Fe2Ni2CrAl under compression 

at various temperatures, analysing the nucleation mechanisms of dislocation at an atomic level at 

high temperatures. In predicting the plastic deformation behaviour of HEA, CPFEM is one of the 

most widely used and effective simulation tools[24-26]. Lu et al. [27] used CPFEM based on 

dislocation density to reveal the relationships between microstructural evolution, deformation 

mechanisms, and the cyclic deformation response in iHEA. Zhang et al. [28] constructed a 

polycrystalline representative volume element (RVE) that more closely matches the actual grain 

morphology and used CPFEM for in situ tensile modelling, revealing the reasons behind complex 

stress and strain distributions. However, these studies have primarily focused on using CPFEM for 

room temperature plastic deformation of single-phase HEA. There is a notable lack of research using 

CPFEM to explore the thermomechanical deformation of dual-phase HEA at high temperatures, 

which hampers progress in studying the evolution of DRX in HEA. 

In this study, hot compression tests were performed at various temperatures with strain levels 

of 0.2 and 0.7 to investigate the DRX behaviour of the Ni61Fe10Cr10Al17Mo2 HEA. 

Microstructural characterisations revealed the evolution of stress and microstructure during the 

DRX process. Using the DRX evolution model proposed by An et al. [29]. and the crystal plasticity 

solver by Hardie et al.[30], a dislocation density-based CPFEM was developed to predict thermal 

deformation behaviours. The comparative analysis of the experimental and simulation results 

validates that the model precisely predicts stress softening, grain refinement, and dislocation 

annihilation induced by DRX. Additionally, this study meticulously examined the extent of DRX in 

dual-phase HEAs at different temperatures and the effects of DRX mechanisms in various phases 

on grain boundaries (GBs) and texture evolution.  
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2. Material and Experiment 

2.1. Material and high-temperature compression 

The material used in this work is a Ni61Fe10Cr10Al17Mo2 HEA, prepared using the vacuum 

induction melting process. To eliminate the influence of precipitate strengthening phases on the 

original material, the ingot was subjected to a heat treatment at 1200°C for 12 hours. 

To study the rheological stress and microstructural evolution characteristics of the samples 

under different deformation parameters, high-temperature compression tests were conducted using 

a Gleeble-3500 thermo-simulation machine at downward pressures of 20% and 50%, corresponding 

to true strains of approximately 20% and 70%. The temperatures were set at 1100°C, 1150°C, and 

1200°C, with strain rates at each temperature set to 0.001, 0.1, and 1 s-1. After compression, the 

specimens were quenched in water to preserve the transient states during compression. Fig.1 is a 

diagram of the experimental procedure in this study, showing the specific rates of temperature 

change and heating times. 

 

Fig 1 Schematic diagram of the experimental setup. 

 

2.2. Microstructural Analysis 

Cutting samples from the centre of compression specimens using electric discharge machining 

(EDM). The samples are initially wet ground using 800#, 1200#, 1500#, and 2000# sandpaper, 

followed by polishing with 1.5 and 1.0μm diamond pastes to achieve a mirror finish. Subsequently, 
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electrolytic polishing is performed in a solution consisting of 10% perchloric acid and 90% ethanol 

(vol%) to obtain high-quality surfaces. Electron backscatter diffraction (EBSD) analysis is 

performed using a FEI NOVA NANOSEM 450 field emission scanning electron microscope, with 

a configuration of a 2μm scan step, 20 kV voltage and a working distance of 15 mm. The collected 

area is 600μm × 600μm, and crystal orientation and texture analysis are performed using TSL OIM 

analysis software and the Matlab toolbox MTEX. 

2.3. Initial microstructure results 

The microstructure of Ni61Fe10Cr10Al17Mo2 HEA in its initial state (before deformation) is 

illustrated in Fig.2. EBSD analysis confirms the coexistence of FCC and BCC/B2 phases in the 

alloy, as depicted in the inverse pole figure (IPF) in Fig.2(a), where the larger grains mainly belong 

to the FCC phase. The BCC phase is distributed in a dendritic and interdendritic pattern, scattered 

within and along the boundaries of the FCC grains, demonstrating a noneutectic arrangement. 

Fig.2(b) displays the pole figures (PFs) for both phases, reflecting their crystallographic orientations. 

Fig.2(c) indicates that the average grain size of the FCC phase is approximately 293 μm, while the 

grains of the BCC phase are significantly finer, averaging 23.7 μm. 

 

Fig. 2 (a) EBSD IPF map. (b) PF of the FCC phase and the BCC phase. (c) The grain sizes of 

the FCC phase and the BCC phase. 
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2.4. Phase Transformation of FCC and BCC Phases After Deformation 

Furthermore, to elucidate the size, morphology, and distribution of the phases more 

comprehensively, Fig.3 presents the phase distribution maps before and after deformation. In the 

initial state, the area fraction of the FCC phase is 0.837, while that of the BCC phase is 0.163. After 

high-temperature deformation to a strain of 0.7 at three different temperatures, the volume fractions 

of the FCC and BCC phase remain essentially unchanged from their initial state, indicating that 

there is no phase transformation during high-temperature deformation of the material. 

 

Fig 3 Phase distribution maps at (a)the initial state, (b)1100°C, (c)1150°C, and (d)1200°C. (e) 

Area fractions of the FCC phase and BCC phase in different states. 

3. Modelling and Simulation Methods 

3.1 Crystal-Plasticity Modelling 

3.1.1 Finite deformation framework 

In the finite-strain framework of elastoplastic deformation, the total deformation gradient 𝑭 

denotes the mapping of material points from the reference configuration to the current configuration. 

It is multiplicatively decomposed into elastic 𝑭𝒆  and plastic 𝑭𝒑  components [31], with the 

constraint 𝒅𝒆𝒕(𝑭𝒑) = 11: 

𝑭 = 𝑭𝒆𝑭𝒑 (1) 

The generalised Hooke's law establishes the correlation between the elastic Green-Lagrange 

 
1  Scalar quantities are indicated with normal fonts. Vector and tensor quantities of higher order are 

denoted with small and capital bold fonts, respectively: 𝒂 =  𝑎𝑖,  𝑨 =  𝐴𝑖𝑗, and ℂ =  ℂ𝑖𝑗𝑘𝑙 . 
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strain tensor 𝑬𝐞 and the Cauchy stress tensor 𝑆 through an elastic stiffness tensor, represented as: 

𝑺 = ℂ: 𝑬𝐞 (2) 

where ℂ is a fourth-order anisotropic elastic stiffness tensor at the deformed configuration. 

The elastic Green-Lagrange strain tensor 𝑬𝐞 is defined as follows: 

𝑬𝐞 =
1

2
(𝑭𝒆
𝑇𝑭𝒆 − 𝑰) (3) 

where 𝑰  is the second-order identity tensor. The evolution law for the plastic deformation 

gradient is as follows:  

𝑭𝒑̇ =∑ 𝛾̇𝛼 ⋅ (𝒎𝟎
𝜶⊗𝒏𝟎

𝜶)
𝑁𝑆

𝛼
𝑭𝒑 (4) 

is the plastic velocity gradient, 𝛾̇𝛼 is the plastic shearing rate on the 𝛼th slip system, 𝒎𝟎
𝜶 

and 𝒏𝟎
𝜶 are slip direction and slip plane normal, respectively, of the slip system α at the intermediate 

configuration [32]; It should be noted that, due to the absence of deformation twinning and phase 

transformation in the investigated HEA at high-temperatures, the primary plastic deformation 

mechanism is governed by dislocation slip, where 𝑁𝑆 is the total number of sliding systems in the 

material. 

3.1.2 Dislocation-density-based crystal plasticity constitutive model 

The crystal plasticity constitutive model used in this research is based on dislocation density. 

The relationship between the plastic shearing rate 𝛾̇𝛼  and the average velocity 𝑣𝛼  can be 

expressed through Orowan's equation[33]: 

𝛾̇𝛼 = 𝜌𝛼𝑏𝑣𝛼 (5) 

where 𝜌𝛼 is the mobile dislocation density of the slip system α, and 𝑏 is the Burgers vector. 

the average velocity 𝑣𝛼 as [34]: 

𝑣𝛼 = 𝑣0𝑒𝑥 𝑝 (
−Δ𝐺

𝑘𝐵𝑇
) (6) 

𝑘𝐵  is the Boltzmannss constant, and T is the absolute temperature, 𝑣0  is the reference 

dislocation slip velocity; 𝛥𝐺 is the average activation energy required to overcome the short-range 

barrier, can be expressed as: 

𝛥𝐺 = 𝛥𝑄 [1 − (
|𝜏α|

𝜏𝑐
α )

𝑝

]

𝑞

(7) 

where 𝛥𝑄  is activation energy for mobile dislocations to overcome short-range barrier, 𝑝 

and 𝑞 are the material parameters related to the barrier profile, 𝜏αis the resolved shear stress of 

https://www.sciencedirect.com/topics/engineering/identity-tensor
https://www.sciencedirect.com/topics/engineering/velocity-gradient
https://www.sciencedirect.com/topics/engineering/resolved-shear-stress
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the α slip system which can be calculated by Schmid law[35], and 𝜏𝑐
α is the critical resolved shear 

stress(CRSS). Insert Eq.(7) and (8) into Eq.(6) to obtain: 

𝛾̇𝛼 = 𝜌𝛼𝑏𝑣0𝑒𝑥 𝑝 (−
𝛥𝑄

𝑘𝐵𝑇
[1 − (

|𝜏α|

𝜏c
α )

𝑝

]

𝑞

)𝑠𝑔𝑛(𝜏α) (8) 

It should be noted that, in crystal plasticity, most implicit schemes are based on the Newton-

Raphson "predictor-corrector" method, commonly used to minimise stress errors[36,37]. However, 

the effectiveness of conventional solvers is limited by their narrow convergence intervals, especially 

when dealing with materials characterised by nonlinear slip laws and low sensitivity to strain rate. 

Hardie et al.[30] proposed that the efficiency of the solution process can be accelerated by utilizing 

the reverse form of the slip law, where shear stress 𝜏c
α is expressed as a function of plastic shear 

strain rate, transforming the equation from 𝛾̇ 
α = 𝑓(𝜏) to 𝛾̇ 

α: 𝜏 = 𝑓(𝛾̇ 
α). 

The inverted form of the enthalpy-based slip law is: 

𝜏v
α =

(

 
 
𝜏c
α [1 − (−l n(

|𝛾̇𝛼|

𝜌𝛼𝑏𝑣0
)
𝑘𝐵𝑇

𝛥𝑄
)

1
𝑞

]

1
𝑝

)

 
 
sgn(𝛾̇𝛼) (9) 

The derivatives of Eq. (9) with respect to shear stresses solved in the forward case is: 

𝑑𝛾̇𝛼

𝑑𝜏α
=
|𝛾̇ 
α|𝛥𝑄𝑞𝑝

𝑘𝐵𝑇𝜏c
α [1 − (

|𝜏α|

𝜏c
α )

𝑝

]

𝑞−1

(
|𝜏α|

𝜏c
α )

𝑝−1

(10) 

and the derivative of Eq. (10) with respect to the slip rates solved in the reverse case is: 

𝑑𝜏v
α

𝑑𝛾̇𝛼
=
𝑘𝐵𝑇𝜏c

α

|𝛾̇𝛼|𝑄𝑞𝑝
[1 − (−ln (

|𝛾̇𝛼|

𝜌𝛼𝑏𝑣0
)
𝑘𝐵𝑇

𝛥𝑄
)

1
𝑞

]

1−𝑝
𝑝

(−l n(
|𝛾̇𝛼|

𝜌𝛼𝑏𝑣0
)
𝑘𝐵𝑇

𝛥𝑄
)

1−𝑞
𝑞

 for |𝛾̇𝛼| > 0 (11) 

The slip shear rate of the slip system α including temperature effects is expressed by a modified 

Orowan equation [24,33]: 

𝜏𝑐
α(𝜀, 𝑇) = 𝜏0

𝛼 + 𝜏𝐻𝑃
α (𝜀, 𝑇) + 𝜏𝑓𝑜𝑟

α (𝜀, 𝑇) (12) 

is contributed by the intrinsic frictional resistance 𝜏0
𝛼 and the other hardening sources, 𝜏𝐻𝑃

𝑎  

is a barrier term that reflects the effect of grain size on metal yield stresses, as described by the Hall-

Petch relationship[38]. This relationship emphasises the role of grain boundaries (GBs) in 

obstructing dislocation slip, which significantly impacts the strength of nanocrystalline 

materials.

𝜏𝐻𝑃
𝑎 (𝜀, 𝑇) =

𝑘𝐻𝑃𝜇√𝑏

√𝑑
(13) 

https://www.sciencedirect.com/topics/engineering/critical-resolved-shear-stress
https://www.sciencedirect.com/topics/engineering/critical-resolved-shear-stress
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where 𝑑 is the grain size, 𝑘𝐻𝑃 is a parameter influenced by the CRSS of the material, and 𝜇 

is the shear modulus. 𝜏𝑓𝑜𝑟
α  reflects the impact on slip resistance evolution from the accumulation 

of forest dislocation density 𝜌for
𝑎  , as characterised by the traditional Taylor's law. The geometric 

factor 𝜒 is typically represented in the form of a diagonal matrix[39], here, it is simplified to a 

value of 0.25: 

𝜏𝑓𝑜𝑟
𝑎 (𝜀, 𝑇) = 𝜇𝑏

√
𝜒2𝜌for

𝑎
⏟  

cut-through

(14)
 

The evolution of the slip system for the overall dislocation density 𝜌̇ 
α is: 

𝜌̇ 
α = (𝑘1√𝜌for

α − 𝑘2(𝜀, 𝑇)𝜌
𝛼) |𝛾̇α| (15) 

The relationship between the rate-insensitive coefficient for dislocation storage 𝑘1  and 

coefficient for dislocation dynamic recovery 𝑘2(𝜀, 𝑇) is[40]: 

𝑘2(𝜀, 𝑇) = 𝑘1
𝜉𝑏

𝑔𝑎
(1 −

𝑘𝐵𝑇

𝐷𝑎(𝑏)3
l n
𝜀

𝜀0
) (16) 

where 𝜉, 𝑔𝑎, 𝐷𝑎, 𝜀0  are dislocation interaction parameter, effective activation enthalpy, drag 

stress and reference strain rate. 

3.1.3 The effect of DRX on dislocation density 

DRX decreases dislocation density by eliminating and rearrangement of dislocations. 

Integrating this mechanism into Eq.(15) yields the modified dislocation density evolution equation: 

𝜌̇ 
α = (𝑘1√𝜌for

α − 𝑘2(𝜀, 𝑇)𝜌
𝛼) |𝛾̇α| − 𝜌̇DRX

α (17) 

𝜌̇𝐷𝑅𝑋
𝛼  represents the rate of dislocation density evolution caused by DRX, with dislocation 

density evolving with deformation and gradually approaching saturation. A series of experimental 

analyses of DRX [29,41] have resulted in a numerical formula that reflects this mechanism, leading 

to the proposition of the following equation for DRX-induced dislocation density evolution: 

𝜌̇𝐷𝑅𝑋
𝛼 =

𝑘𝐷𝑅𝑋
𝜇𝑏2

(1 −
𝑑

𝑑0
)𝑊𝑝̇ (1 −

𝜌min
𝜌𝛼
)
2

(18) 

where 𝑘𝐷𝑅𝑋 is the evolution parameter for dislocation density, 𝜌min is the critical residual 

dislocation density in grains after DRX. In Eq.(18), the evolution of dislocation density due to DRX 

includes both microstructure evolution and energy transformation during deformation. The grain 

size serves as the primary metric for quantifying the impact of DRX on microstructural changes. 

Throughout the DRX process, as plastic deformation progresses, grains are progressively refined, 
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evolving towards a saturation size 𝑑𝑠. Moreover, once the grain size reaches this saturation point, 

the DRX process halts and, consequently, the evolution of dislocation density induced by DRX 

ceases. The equation for grain size evolution is formulated as follows: 

𝑑̇ = 𝛿
𝑘𝑑
𝜇
𝑊𝑝̇(𝑑𝑠 − 𝑑) (19) 

𝑊𝑝̇ is the rate of plastic work done obtained by the double dot product of the stress tensor 𝜎 

and the plastic strain tensor 𝜀𝑃̇, representing the energy generated in plastic deformation. 𝛿 s the 

nucleation indicator of DRX. 

In hot deformation processes, significant plastic deformation or dislocation activity facilitates 

the nucleation and subsequent growth of DRX. Thus, the critical values of accumulated plastic strain 

or dislocation density are deemed indicative of the onset of DRX. It is essential, however, to 

recognise that for metals with diverse textural characteristics or even within the same specimen, a 

uniform critical strain may not reliably predict the onset of DRX. Research by Rittel et al. [42] has 

elucidated that the genesis of DRX is intrinsically related to dynamic energy stored throughout the 

deformation process. An et al.[29]have advocated for the delineation of DRX nucleation using an 

energy threshold criterion, stipulating that DRX commences when the energy sequestered within 

the crystal lattice exceeds a predetermined energy threshold 𝜙0:  

𝛿 = {
1 𝜙 > 𝜙0
0 𝜙 ≤ 𝜙0

(20) 

𝜙 is the plastic work stored in the lattice, as derived from the equation 𝜙 = (1 − 𝛽)𝑊𝑝. The 

Taylor-Quinney coefficient 𝛽  excludes the portion of the plastic work 𝑊𝑝  dissipated as heat 

energy. When it exceeds the critical energy threshold 𝜙0, the indicator 𝛿 equals 1, signifying the 

nucleation of DRX. 

3.2 Dual-phase RVE model and boundary conditions   

Simulations of crystal plastic compression deformation were conducted by integrating the user 

material subroutine (VUMAT) into the finite element software ABAQUS. A polycrystalline RVE 

was created with DREAM.3D[43] based on the volume fractions of the FCC and BCC phases and 

the crystal orientations, resulting in models with 3375, 8000,27000 and 64000 C3D8 elements as 

depicted in Fig.4(a). The volume fraction of the BCC phase was set at 0.1, with 0.9 located in the 

GBs, generated in proportion to the actual EBSD-measured phase grain sizes, accurately reflecting 

the structure of the material. 
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Studies on model optimisation reveal that polycrystalline RVE simulations are insensitive to 

the number of grains, showing that as few as 50 grains can adequately represent the macroscopic 

homogenised deformation of polycrystalline alloys[44,45]. However, in terms of the number of 

elements, polycrystalline RVE simulations exhibit high sensitivity, where finer meshes yield better 

accuracy[46,47], and differences diminish as a certain mesh density is reached [25]. Fig.4(b) shows 

that beyond 27000 elements, there is almost no difference in the macroscopic stress-strain curves, 

but at the yield point, more elements align more closely with actual experimental data. Fig.4(c) 

further illustrates the stress comparison curves for FCC and BCC structures at the microscale with 

different mesh numbers, including Von Mises stress and axial stress. The compressive axial stress 

consistently exceeds the Von Mises stress, and this difference becomes more pronounced at higher 

strains. The results for 27,000 and 64,000 meshes are quite consistent, clearly reflecting this 

disparity. Therefore, to optimize computational accuracy, the polycrystalline model was meshed 

using 27000 (30×30×30) elements, containing 18 FCC phase grains and 449 BCC phase grains. 

 

Fig 4 (a) RVE with different mesh refinements. (b) True stress-strain curves based on 

different mesh refinements. (c) Micro scale stresses curves on different mesh refinements. 

The constructed dual-phase RVE is shown in Fig.5(a). Boundary conditions were applied to 

this model as shown in Fig.5(b), where the Y-direction degree of freedom (𝑈𝑌 = 0) was set for the 
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bottom surface ABCD as a fixed face, the line AD constrained by the X-direction degree of freedom 

(𝑈𝑋 = 0), and the line DC by the Z-direction degree of freedom (𝑈𝑍 = 0) to prevent rigid body 

displacement during compression. The load was applied to the top surface EFGH, investigating the 

model's compression deformation at temperatures of 1100℃, 1150℃, and 1200℃, with high-

temperature diffusion not considered and temperature maintained constant during the deformation 

process. 

 

Fig. 5 (a) Dual phase RVE. (b) Schematic of the boundary conditions applied to the RVE. 

 

3.3 Constitutive Model Parameters 

The grain size and dislocation density parameters were quantified through EBSD analysis. The 

initial dislocation density, 𝜌0
α , was experimentally determined to be 11.5 μm-2, while the minimum 

dislocation density 𝜌𝑚𝑖𝑛
α  after DRX was 5 μm-2. The parameters 𝑝, 𝑞 are fitting parameters used 

to adjust the temperature sensitivity of the constitutive model, which in this work are set to 0.96 and 

1.2, respectively, based on the analysis of experimental data. Subsequently, hardening-related 

parameters 𝑘1, 𝜉, 𝑔𝑎, D𝑎, 𝜖0̇ were derived by fitting experimental stress-strain curve data. 

In this study, the Young's modulus 𝐸 of the Ni61Fe10Cr10Al17Mo2 HEA was measured to 

be 160.02 GPa, and the Poisson's ratio 𝑢, based on the research by Jia et al.[9], was determined to 

be 0.43, with the Burgers vector 𝑏 reported as 0.255 nm. The shear modulus 𝐺 was calculated using 

the formula 𝐺 = 𝐸/[2(1 + 𝑢)] . For the FCC phase, the elastic constants by Gao and Wang et 

al.[24,48] are referenced, while for the BCC phase, the elastic constants 𝐶11 , 𝐶12 , and𝐶44 were 
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calculated based on the variations in Young's modulus and Poisson's ratio between different 

phases[49,50]. Simulations were conducted at temperatures of 1100°C, 1150°C, and 1200°C, during 

which the parameters 𝑘𝐻𝑃  and 𝑘𝐷𝑅𝑋  varied according to phase and temperature[9,29]. These 

parameters were differentiated on the basis of the described dependencies, with 𝑘𝐷𝑅𝑋 calculated as 

1.5 + 7.5 × 10−3 × (𝑇 − 1100) , resulting in values of 1.5, 1.875, and 2.25, respectively. The 

parameters of the related material of the HEA are listed in Table 1. For the BCC phase, except for 

the parameters specified in Table 2, all other parameters are consistent with those of the FCC phase. 

Table 1 Constitutive parameters of the FCC phase. 

Parameter Describe Value and unit Origin 

𝐶11 Elastic moduli parameter 271×103 MPa [24,48] 

𝐶12 Elastic moduli parameter 175×103 MPa [24,48] 

𝐶44 Elastic moduli parameter 189.3×103 MPa [24,48] 

𝑣0 Reference dislocation glide velocity 1×10-4 m/s [27] 

𝛥𝑄 Activation energy 3.5×10-19 J [27] 

𝑘𝐵 Boltzmann constant 1.38×10-23 J/K [27] 

𝑏 Magnitude of Burgers vector 0.255 nm [9] 

𝑝, 𝑞 Exponents in glide velocity 0.96/1.2 (This work) 

𝜏0
𝛼 Peierls stress 10 MPa [9] 

𝑘𝐻𝑃 Hall-Petch slope 60 MPa·μm1/2 [9] 

𝑘1 Hardening constant 733 (This work) 

𝜉 Dislocation interaction parameter 0.9 (This work) 

𝑔𝑎 Effective activation enthalpy 1.5×10-3 (This work) 

D𝑎 Drag stress 300 (This work) 

𝜖0̇ Reference slip rate 1×10-3 (This work) 

𝑑0 Initial grain size 293 μm (This work) 

𝑑𝑠 Saturation grain size 10 μm (This work) 

𝜙0 
The threshold of stored energy density 

for DRX 
95 mJ/mm3 [29] 

𝑘𝑑 Grain evolution parameter 2×103 [29] 

𝜌0
α Initial dislocation density 11.5 μm-2 (This work) 

𝜌𝑚𝑖𝑛
α  The dislocation density after DRX 5 μm-2 (This work) 

 

Table 2 BCC phase constitutive parameters. 

Parameter Describe Value and unit Origin 

𝐶11 Elastic moduli parameter 315.5×103 MPa [49,50] 

𝐶12 Elastic moduli parameter 215.4×103 MPa [49,50] 

𝐶44 Elastic moduli parameter 148.7×103 MPa [49,50] 

𝑘𝐻𝑃 Hall-Petch slope 21 MPa·μm1/2 [9] 

𝑑0 Initial grain size 23.7 μm (This work) 
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The RVE was compressed to a strain of 0.7 at temperatures of 1100°C, 1150°C, and 1200°C, 

with strain rates of 0.001 s-1, 0.1 s-1 and 1 s-1, respectively. Fig.6 compares the experimental and 

simulated true stress-strain curves of the Ni61Fe10Cr10Al17Mo2 HEA under hot compression. The 

initial decrease in stress values at the start of plastic deformation is attributed to the consumption of 

a significant number of dislocations due to the generation and evolution of DRX in the first 

stage[20,51], while the second stage of DRX-induced softening, occurring near a strain of 0.2, leads 

to a continuous decline in stress. The crystal plasticity simulation captures this phenomenon, and 

showing a generally good agreement with the experimental results indicates that DRX is the primary 

cause of material softening at high temperatures. Notably, in Fig.6(b), the simulation accuracy at 

1150°C is better than at 1100°C and 1200°C. At a strain rate of 0.001 s-1, discrepancies between the 

simulated and actual values arise when the strain exceeds 0.5. The actual stress remains relatively 

constant with temperature at low rates, at a strain rate of 1 s-1, the observed stress drop at the onset 

of plastic deformation is not significantly captured in the simulation. It is evident that the best 

agreement is achieved when the strain rate is 0.1 s-1 at all temperatures. It should also be noted that 

the minimum strain required to achieve significant softening effects varies with temperature; 

experimental and simulation results show that as the temperature increases, the softening from the 

second stage of DRX occurs increasingly later. 

To further confirm and establish the dependability of the crystal plasticity model, both the 

correlation coefficient (R) and the root mean square error (RMSE) were utilised to assess the stress-

strain curves: 

RMSE = √
1

𝑁
∑(𝑥𝑖 − 𝑦𝑖)2
𝑁

𝑖=1

(21) 

𝑥𝑖   is the stress value obtained in the experiment and 𝑦𝑖  is the stress value obtained in the 

simulation, acquisition of 10 data points at each temperature. The calculated R and RMSE are shown 

in Table 3.  

Table 3 R and RMSE for different temperatures 

 1100 1150 1200 

R 0.984 0.991 0.976 

RMSE 5.82 4.56 6.79 

Across the three temperature conditions, the R values exceeded 0.97, indicating a high 
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correlation between the simulated and experimental values with minimal error. At 1150°C, the R 

value reached 0.006, and the RMSE was 4.56, presenting the best fit to the experimental data, the 

RMSE values at 1100°C and 1200°C are also low. The overall correlation coefficient map is depicted 

in Fig.6(d), illustrates that the crystal plasticity model is capable of predicting the key attributes of 

the Ni61Fe10Cr10Al17Mo2 HEA with the level of precision required for accurate simulations. 

 
Fig. 6 Comparison of experimental data and simulation results for true stress-strain curves 

at (a)1100°C, (b) 1150°C, and (c) 1200°C, (d) Correlation coefficient map. 

4. Results and Discussion 

4.1 Variations in hardening rate and stress concentration during DRX 

Research on Ni61Fe10Cr10Al17Mo2 HEA during high-temperature deformation has revealed 

a complex interaction between the hardening rate of work and the strain. At a temperature of 1150°C, 

the variations in the hardening rate displayed in Fig.7 align with the phenomena observed in Fig.6(b): 

a significant softening mechanism occurs when the strain reaches approximately 0.2, during which 

the hardening rate transitions from positive to negative, clearly indicating a close connection 
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between DRX-induced softening and strain. 

Initially, DRX occurring in the first phase leads to a reduction in the work hardening rate. As 

plastic deformation progresses, however, the work hardening rate continues to rise and remains 

above zero. At the same time, the dislocation density increases with plastic deformation and 

gradually saturates in areas of concentration of strain. Fig.7(a) illustrates the distribution of von 

Mises stress, highlighting the variations in hardening contributions between different phases, 

particularly in region P1 where the stress in the BCC phase is noticeably higher than that in the FCC 

phase, and the stress at the GBs is higher than within the grain interiors. This phenomenon is 

observed in the stress-strain curves depicted in Fig.7(b) and is generally attributed to differences in 

crystal structures, resulting in different deformation modes of the phases and generating larger strain 

gradients[52,53]. This further indicates that the grains in the BCC phase are not only smaller but 

also harder. Additionally, due to the microstructural arrangement of the BCC phase surrounding the 

FCC phase, these areas of high stress concentration are primarily located near the phase boundaries. 

However, in the dislocation density distribution maps, the correlation between dislocation density 

and stress distribution in region P1 is not significant. 

When the true stress exceeds 0.2, a stress drop occurs and the work hardening rate falls further 

to negative values revealing itself as a strain softening effect. This rapid decline in hardening rate 

marks the nucleation and expansion of DRX, as new areas of stress concentration begin to form 

with the increase in the amount of deformation. Under high strain rates, this localised stress 

concentration manifests itself as shear bands[29], while under the low strain rate conditions of this 

study, the observed stress concentrations appear primarily around the slip bands in region P2 [54]. 

These slip bands traverse the grain interiors, displaying lower dislocation density and stress levels 

on the bands, while high stress concentrations emerge at the edges of the bands. This indicates that 

the softening effects and hardening mechanisms of DRX are not balanced in different strain regions.  

The stress concentrations produced at the edges of the slip bands gradually replace the original 

stress concentration patterns at the GBs. The crystal plasticity model accurately captures the 

dynamic changes in the hardening rate caused by DRX. 

 



17 

 

 

Fig. 7 (a) Comparison of experimental data and simulation results for work hardening rate 

curves. (b) Simulation of stress-strain curves for the FCC and BCC phases at 1150°C. 

 

4.2 Predicting temperature-affected DRX behaviour through CPFEM models 

4.2.1 Experimental analysis of microstructural characteristics 

To further investigate the influence of varying temperatures on the DRX mechanism and its 

effect on stress, grain size, and dislocation density, Fig.8 shows the IPF and grain orientation spread 

(GOS) map for high-temperature compression up to a strain of 0.2 and 0.7 below 1100℃, 1150℃, 

1200℃. 

In Figs. 8(a1)-(f1), GOS was utilised to assess the distribution of DRX, quantifying the average 

orientation difference between grains to characterise the dispersion of grain orientation. Grains with 

GOS values ranging from 0 to 1° were identified as having undergone DRX, while those with GOS 

values above 1° were classified as unrecrystallized, deformed grains. It is evident that the 

distribution of DRX varies significantly under different levels of strain and temperatures. 

As illustrated in Figs. 8(a), (c), and (e), DRX is observed at a strain of 0.2, particularly at 

1150°C where significant grain refinement is evident, the proportion of DRX, 𝑓𝐷𝑅𝑋, reaches 40.7%. 

This phenomenon can be attributed to elevated temperatures that enhance atomic diffusion rates, 

which, in turn, promote the nucleation and growth of new grains. The formation of these new grains 

typically results in a reduction in dislocation density and refinement of the grain structure [41]. 

Although the most pronounced DRX process occurs at 1150°C, where the FCC phase grains are 

refined into numerous equiaxed grains with reduced sizes, there are still large unrecrystallized grains 

with subgrain boundaries alongside smaller DRX grains. At this temperature, the 𝑓𝐷𝑅𝑋 for the FCC 
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phase is 43.9%, while the 𝑓𝐷𝑅𝑋 for the BCC phase is 8.6% nearly non-existent, indicating that grain 

refinement is uneven and the DRX process is not yet complete at a strain of 0.2. 

 

Fig. 8 IPF maps and GOS maps of Ni61Fe10Cr10Al17Mo2 HEA at different temperatures 

and strains: (a-a1) 1100°C, ε = 0.2; (b-b1) 1100°C, ε = 0.7; (c-c1) 1150°C, ε = 0.2; (d-d1) 

1150°C, ε = 0.7; (e-e1) 1200°C, ε = 0.2; (f-f1) 1200°C, ε = 0.7. 

At temperatures of 1100°C and 1200°C, as shown in Fig.8(a) and (e), temperature significantly 

affects the DRX driving forces. 𝑓𝐷𝑅𝑋 are respectively 10.7% and 7.2%, lower than 1150°C. At 

1100°C, the lower temperature decelerates the migration and reorganisation of the subgrain 

boundaries, requiring more accumulation to reach the critical strain for DRX. The IPF map shows 

numerous subgrain boundaries within the FCC phase, where increased local dislocation density does 

not fully reorganise into new grains, leading to slower and less pronounced DRX. On the contrary, 

at 1200°C, the higher temperature accelerates the migration of GBs [55]. Rapid elimination and 

reorganisation of subgrain boundaries aid in the migration and coalescence of boundaries, and the 

nuclei formed at these boundaries grow rapidly. This rapid growth leads to the fusion of new grains, 

as reflected in the IPF map by FCC grains with nearly identical crystal orientations merging into 

large grains. Other studies [56] have also shown that the initiation of DRX is highly sensitive to 
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temperature. These findings indicate that temperature primarily dictates grain refinement or growth 

trends by affecting DRX nucleation and boundary migration rates, resulting in significant variations 

in the critical strain levels for DRX during high temperature deformation at different temperatures. 

Upon reaching a true strain of 0.7, significant DRX was observed at all temperatures. The 

original grains were elongated perpendicular to the compression direction and surrounded by 

numerous fine equiaxed DRX grains in the GBs, forming a "necklace" structure [20] as shown in 

Fig.8(f). At 1100°C, the grains are more uniformly equiaxed, 𝑓𝐷𝑅𝑋 reaches 49.8%, indicating a 

thorough DRX process. The DRX process at this strain level is more pronounced due to increased 

plastic deformation and dislocation accumulation, resulting in notable grain refinement and uniform 

distribution. At 1150°C, since the DRX process had already significantly occurred at strain of 0.2, 

the 𝑓𝐷𝑅𝑋  Only increases to 53.1%, but remains higher than the 38.6% observed at 1200°C, 

indicating that higher temperatures result in a lower volume fraction of complete DRX. Notably, 

the 𝑓𝐷𝑅𝑋 in the BCC phase increases to 44.1% at a strain of 0.7, less than the 54.2% in the FCC 

phase, indicating different DRX mechanisms between phases. 

The impact of temperature on DRX is particularly evident in the changes in grain size. To 

further investigate the effect of temperature on DRX and the differences in DRX proportions 

between two phases, Fig.9 displays the variations in grain size during the DRX deformation process. 

Experimental measurements indicate that the reduction in grain size in the FCC phase with 

increasing true strain is more pronounced than in the BCC phase. This is attributed to the initially 

larger grain size in the FCC phase, where the DRX effect is more significant. From 1100°C to 

1200°C, the grain size after DRX increases with temperature, with the average DRX grain sizes at 

a strain of 0.7 for the FCC phase being 16.8 μm, 23.7 μm, and 30.3 μm, respectively.  

A similar correlation between temperature and recrystallized grain size is also observed in the 

BCC phase in Fig.9(b). At 1150°C, the initial average grain size in the BCC phase is 23.7 μm, with 

about 67.5% of the grains having diameters below 25 μm. This size reduces to 10.9 μm at a strain 

of 0.2 and further to 9.6 μm at a strain of 0.7 after DRX, indicating a refinement degree of 40.5%, 

which confirms that the impact of DRX is weaker on the BCC phase, which inherently has smaller 

grains. At other temperatures, the average DRX grain sizes in the BCC phase do not significantly 

decrease at a strain of 0.2, with average DRX grain sizes at a strain of 0.7 being 9.1 μm and 9.94 

μm, consistent with the phenomenon of increasing DRX grain size as temperature rises. 
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Fig 9 Grain size variations in (a, b) FCC and BCC Phases at 1100°C, 1150°C, and 1200°C; 

Grain size changes for (a) the FCC phase and (b) the BCC phase at temperatures of 1100°C, 

1150°C, and 1200°C. Grain sizes of (c) the FCC phase and (b) the BCC phase at 1150°C with 

ε = 0.2. Grain sizes of (e) the FCC phase and (f) the BCC phase at 1150°C with ε = 0.7. 

It is noteworthy that in Fig.9(c), the distribution of FCC grain sizes at a strain of 0.2 shows that 

a majority of grains have not undergone refinement, with sizes remaining above 210 μm, indicating 

incomplete DRX at this stage. This observation underscores how temperature influences the grain 

refinement induced by DRX, which is why stress decreases as temperature increases. Grain 

refinement is achieved through the formation of new nuclei and the consumption of old grains. At 
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higher temperatures, new nuclei form more easily and grow faster. As the number of new nuclei 

increases and the size of the grains decreases, the dislocation density within the crystal is reduced, 

thereby decreasing the stress concentration of the material and ultimately leading to a reduction in 

overall stress levels [57]. 

4.2.2 CPFEM simulation analysis 

The impact of hot deformation temperatures on DRX, as well as the related mechanical 

properties and microstructural changes, can be simulated using CPFEM. In Fig. 10, the distribution 

of von Mises stress across different temperatures shows a decrease in stress values for both phases 

as the temperature increases, a phenomenon that is corroborated by the stress-strain curves presented 

in Fig. 6. Furthermore, at all temperatures, the stress values of the BCC phase are consistently higher 

than those of the FCC phase. Fig. 7(region P2) is discussed how under varying strain conditions at 

the same temperature, stress concentrations caused by slip bands at high strains replace those arising 

from uneven stress distributions due to phase stress. In the stress distribution plots at 1100°C, the 

stress difference between the slip bands and their edges is smaller than at 1200°C. This indicates 

that as the temperature increases, the stress values between the FCC and BCC phases converge more 

closely. The historically higher BCC/FCC stress ratio, caused by phase structures, gradually 

approaches unity and is replaced by stress concentrations induced by uneven slip deformation. 

The distribution map of dislocation density shows that dislocation annihilation occurs in 

regions of high deformation, while accumulation of dislocation density occurs primarily near the 

BCC phase. This is attributed to phase boundaries that impede the movement of dislocations and 

cause them to accumulate at these boundaries. As strain increases, the overall dislocation density 

decreases, but the dislocation annihilation zones become more pronounced (see Fig. 7(a)). However, 

as the temperature increases, the phenomenon of dislocation annihilation weakens at the same strain 

level of 0.7, due to the dislocation density in the FCC phase not decreasing rapidly enough during 

the DRX process, maintaining a balance between dislocation generation and annihilation. 

At any temperature, the grain refinement process in the FCC phase is stronger than in the BCC 

phase. Using the grain size of the FCC phase as the sole predictive indicator in the grain size 

distribution chart, it can be observed that the size of the DRX grains tends to increase with increasing 

temperatures, a phenomenon that corresponds to the experimental results. However, in areas of 

significant deformation, the grain sizes are significantly smaller than those in areas of lower strain, 
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with the difference being most pronounced at 1200°C.  

 

Fig. 10 Crystal plasticity simulation of von Mises stress, dislocation density, and grain size 

distribution at 1100°C, 1150°C, and 1200°C. 

Higher temperatures increase the diffusion rate of the atoms, facilitating the rearrangement and 

annihilation of dislocations, which in turn promotes the recrystallisation and growth of grains, 

leading to a softening of the stress [58]. In areas of significant deformation, high stress and 

dislocation density reduce grain size, resulting in finer structures. Taking into account slip systems, 

dislocation dynamics, and grain interactions, the CPFEM model accurately captures the complex 

relationship between grain size, dislocation density, and stress. The high consistency of the model 

with experimental data confirms its precision in predicting the microstructural and mechanical 

behaviour of materials during hot deformation. 

To better understand the relationship between mechanical responses and microstructural state 

variables, data points were taken from regions of high stress (slip bands) in the model. Fig.11 shows 

the von Mises stress, grain size, and dislocation density curves as a function of true strain. 
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Fig. 11 (a) Curves of changes in dislocation density and grain size at different temperatures. 

(b) Curves of the relationship between von Mises stress, grain size, and dislocation density 

with true strain at 1150°C. 

Figure 11(a) illustrates the effects of hot deformation temperatures on dislocation density and 

grain size. The modelss predictions of grain size changes align with experimental results, showing 

an increase in DRX grain size with increasing temperatures. Consequently, the dislocation density 

increases with temperature, and the strain corresponding to the peak dislocation density shifts to 

higher values as the temperature increases. These observations confirm that the critical strain to 

initiate the DRX process varies with temperature. 

When plastic deformation begins and stress collapse has not yet occurred, the grain size 

remains stable because DRX has not yet begun, and at this stage, the dislocation density shows 

almost linear growth during the stress recovery phase following initial recrystallisation. As true 

strain increases, the collapse of stress signals the onset of DRX, leading to a rapid decrease in both 

grain size and dislocation density, with dislocation annihilation lagging behind the reduction in grain 

size, as illustrated in Fig. 11(b). In particular, according to the Hall-Petch law, the flow stress should 

increase when the grain size decreases due to DRX [59]. However, in this study, stress consistently 

shows a softening, which is due to the softening mechanisms from intense dislocation annihilation 

during DRX outweighing the hardening effects of grain refinement[57], resulting in a concurrent 

downward trend in stress, dislocation density, and grain size. 

 

4.3 Influence of DRX on deformation behavior: Interactions with GBs and texture evolution 

4.3.1 GBs and DRX mechanisms in dual phase  

It is well known that DRX plays a crucial role in the high-temperature deformation of HEA. 
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The occurrence of DRX gradually replaces grains under high stress with those under lower stress, 

effectively reducing the deformation forces in HEA and resulting in material softening. Additionally, 

different DRX mechanisms have varying impacts on GBs. 

 

Fig 12 GB maps in different phases for ε = 0 , 0.2 and 0.7 and schematic illustration of the 

DDRX and CDRX mechanisms. 

Figure 12 presents a GB map after hot deformation, distinguishing the FCC and BCC phases 

with two different colours. During the deformation process, it is evident that high-angle grain 

boundaries (HAGBs, >15°, shown with red lines) and low-angle grain boundary clusters (LAGB, 

2-15°, shown with blue lines) appear, with most LAGBs densely forming within the grains of the 

BCC phase. Under high-temperature deformation, strain-induced dislocations are polygonized to 

form recovery subgrains. Dislocation networks on adjacent subgrain boundaries, which have small 

orientation angles, can dissociate, separate, and migrate to other subgrain boundaries, thus 

facilitating the merging of subgrains. These newly formed subgrain boundaries absorb dislocations 

and gradually transform LAGBs into HAGBs, thereby forming DRX. This is a typical characteristic 

of continuous dynamic recrystallisation (CDRX)[60], as illustrated in the schematic in Fig.12. This 

indicates that the predominant recrystallisation mechanism in the BCC phase is CDRX. 

In metals with low or medium stacking fault energy (SFE), the main recrystallisation 
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mechanism is DDRX [60]. Its characteristics include slow grain growth; when the critical strain is 

reached, new grains form along GBs, triple junctions, and phase boundaries, leading to the 

formation of new DRX grains with HAGBs. The "necklace" nucleation and the low SFE in the FCC 

phase of HEAs found in other studies[61-63] indicate that DDRX is the predominant active 

mechanism during the hot deformation process of the FCC phase. This also explains why the DRX 

softening and grain refinement processes are not consistent between the two phases. 

 

Fig 13 KAM diagrams of Ni61Fe10Cr10Al17Mo2 HEA after deformation at (a) 1100°C, (b) 

1150°C, and (c)1200℃. The GB maps at (a1) 1100°C, (b1) 1150°C, and (c1)1200℃. 

Corresponding misorientation distributions for ε = 0.2 and 0.7 at (a2) 1100°C, (b2) 1150°C, 

and (c2)1200℃. 

While the different SFE in the FCC and BCC phases might be one of the reasons affecting the 

DRX mechanism, variations in deformation temperature have also been suggested to lead to 

transitions between DDRX and CDRX [64]. In Fig.13(a1), (b1), and (c1), GB maps at different 

temperatures are respectively depicted. Since HAGBs are gradually transformed from LAGBs, 
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HAGBs formed by CDRX are typically surrounded by LAGBs with MAGBs. (The orientation error 

range is 10° to 15°)[65]. Regardless of the temperature, clusters of misoriented LAGBs are found 

near HAGBs in the BCC phase. Meanwhile, in the FCC phase, HAGBs resulting from DRX grain 

nucleation still appear near GBs, indicating that DRX mechanisms do not vary with temperature. 

Additionally, the increase in DRX grain size during deformation is not commonly observed for 

DDRX. The DRX grains in the FCC phase do not exhibit significant growth, even after complete 

DRX at 1200°C, with grain sizes remaining below 35 μm (see Fig.9). These observations validate 

the effectiveness of the multiphase nature of Ni61Fe10Cr10Al17Mo2 HEA in inhibiting GB 

migration during DRX processes, leading to slow grain growth and reduced grain size. 

As shown in Fig.13(a2), (b2), and (c2), with strain increases from 0.2 to 0.7, the proportion of 

HAGBs 𝑓HAGBs at 1100°C increases from 33.6% to 74.1%, at 1150°C it increases from 53.1% to 

73.3%, and at 1200°C it increases from 36% to 65.7%. 𝑓HAGBs  increases with increasing 

deformation at all temperatures, indicating that the influence of GBs increases with increasing 

volume fraction of DRX.  

As temperature increases, 𝑓HAGBs decreases after complete DRX, with the lowest impact of 

GBs observed at 1200°C, reflected in Fig.6 as the lowest stress during hot compression. Larger DRX 

grains indicate faster dislocation annihilation, suggesting a lower dislocation density. However, in 

the KAM map, the dislocation density at 1200°C is larger. Combining this phenomenon with the 

increase in 𝑓LAGBs with rising temperature, it can be inferred that subgrain boundary generation 

within newly formed DRX grains. The CPFEM simulations support this observation (see Fig. 11). 

4.3.2 Texture evolution of the FCC and BCC phases 

DRX can influence the macroscopic texture of materials and alter subsequent deformation 

behaviour. Fig. 14 shows experimental and simulated PFs of different phases with a strain of 0.7 for 

orientations (001), (011) and (111). The robust alignment between the simulated and experimental 

textures validates the modelss ability to accurately predict the texture evolution of 

Ni61Fe10Cr10Al17Mo2 HEA during high-temperature deformation processes. Furthermore, the 

initiation of DRX at a strain of 0.7 not only decreases the texture strength, but also systematically 

organises the crystal orientations within the deformed structure. Among these, in the (111) PF of the 

FCC phase, a typical Goss texture {110}<100> appears. This is due to the activity of the {111}<110> 

slip system, where unstable crystal orientations gradually rotate toward the stable <111> and <001> 
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directions, which have high and low Taylor factors, respectively. This rotation contributes to the 

development of the Goss texture. In the BCC phase, a multitude of random orientations form, 

resulting in a more complex texture. This complexity is attributed to the activity of various slip 

systems[12]. 

 

Fig 14 Comparisons of the experimental and simulated (001), (011) and (111) PFs of 

Ni61Fe10Cr10Al17Mo2 HEA at 1150°C and ε = 0.7. 

Texture significantly influences the evolution of yield strength and flow stress during hot 

compression processes. Due to differences in the activation capabilities of slip systems, various 

textures exhibit distinct soft and hard orientations during compression deformation. For example, 

grains with Cube texture {100}<001> display a softer response, while those with Goss {110}<100> 

and Brass {110}<112> textures reveal stiffer response [29,66]. Fig.15 further illustrates changes in 

texture at different temperatures; the texture strength of the FCC phase increases with temperature, 

reaching 8.491 at 1200°C. The original Goss texture {110}<100> transitions to the more stable Cube 

texture {100}<001>. This transition reveals that as the deformation temperature increases, DRX 

accelerates the evolution of the alloy's crystal structure, effectively eliminating some of the textural 

heterogeneity caused by deformation. 
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Fig 15 Comparison of (001), (011) and (111) PFs for deformed texture at different 

temperatures and ε = 0.7. 

5. Conclusions 

This study analysed the behaviour of DRX in dual-phase HEAs under high temperature 

compression between 1100 to 1200°C and its impact on flow stress and microstructural organisation. 

The evolution of microstructures at strains of 0.2 and 0.7 was thoroughly examined, and differences 

in stress response and DRX mechanisms between FCC and BCC phases were analysed. Additionally, 

a material model for dual-phase HEA was developed in a CPFEM framework to predict the stress 

softening and grain size changes caused by DRX, further enhancing our understanding of the impact 

of DRX behavior in dual-phase HEAs. The main conclusions of this work are as follows: 

1、 At low strain, stress concentrations in Ni61Fe10Cr10Al17Mo2 HEA occur at phase 

boundaries due to higher stress in the BCC phase encircling the FCC phase. At 0.7 strain, stress 

concentrates in slip bands, replacing the dual-phase boundary stress distributions. 

2、 The degree of DRX 𝑓𝐷𝑅𝑋is highest at 1150°C being 53.1%. The DRX grain size increase 

with rising temperature. In the FCC phase, the average size of the DRX grains is largest at 1200°C, 

measuring 30.3 µm. 

3、 A crystal plasticity model for dual phase HEA has been established, which can effectively 
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predict the evolution of stress and microstructure. This model incorporating the DRX and its effects 

on dislocation structure, grain size and crystallographic texture has promising potentials for further 

applications that involve thermomechanical processes or applications. 

4、 The rate of DRX evolution differs between the two phases, with minimal growth after the 

DRX grains are fully refined. This is attributed to the multiphase nature of the 

Ni61Fe10Cr10Al17Mo2 HEA and the dominant recrystallisation mechanisms: DDRX mainly in the 

90% FCC phase and CDRX in the BCC phase. 

5、 The Goss texture {110}<100> is a principal texture of the FCC phase, with its texture 

strength increasing as the temperature increases. However, when the temperature reaches 1200°C, 

the Goss texture {110}<100> transitions to the Cube texture {100}<001>. 
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