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The influence of simple thermo-mechanical processing such as cold rolling and subsequent annealing on the microstructure and mechanical properties of the single phase Al0.25CoCrFeNi high-entropy alloy is systematically investigated. Experimental results obtained from ten different processing parameters indicate that the microstructure and mechanical properties of the alloy can be comprehensively tuned in a wide range. The grain size can be reduced from hundreds of micrometer size to several tens micrometer size, and the yield and tensile strength can be enhanced from 173 MPa and 425 MPa to 1050 MPa and 1160 MPa, respectively, while the alloy still owns large tensile ductility above 10%. Based on detailed microstructure analysis, the strength mechanism is shown to be related with both the refined grain size, nanoscale precipitation in the grain boundaries and recrystallized grains. This research shows that with simple multistep cold rolling and annealing, the mechanical properties of face-centered-cubic single phase high-entropy alloy can be highly tailored for different engineering applications.

Introduction

High-entropy alloys (HEAs) are designed based on completely new alloy design concept which break the tradition routine for alloys mainly contain one or two principle alloy components [START_REF] George | High-entropy alloys[END_REF][START_REF] Zhang | Science and technology in high-entropy alloys[END_REF]. After the birth of the concept high-entropy since 2004, the investigation of these alloys arose rapid inflation due to its unique solid solution based structure and excellent properties compared with other materials. Among all the research topics, seeking the efficient methods to improve the mechanical properties is always the front-burner topic [START_REF] Yeh | Nanostructured High-Entropy Alloys with Multiple Principal Elements: Novel Alloy Design Concepts and Outcomes[END_REF][START_REF] Yang | Multicomponent intermetallic nanoparticles and superb mechanical behaviors of complex alloys[END_REF][START_REF] Wei | Novel Co-rich high performance twinning-induced plasticity (TWIP) and transformation-induced plasticity (TRIP) high-entropy alloys[END_REF][START_REF] Li | Mechanical properties of high-entropy alloys with emphasis on face-centered cubic alloys[END_REF][START_REF] Zhang | Microstructures and properties of high-entropy alloys[END_REF].

Face-centered cubic (fcc) HEAs have exhibited a promising combination of strength and ductility. Notable examples include CoCrFeNi, CoCuFeNiMn, or with minor solute additions such as Al element to an equiatomic base HEAs, i.e., AlxCoCrFeNi, AlxCoCrFeNiMn or AlxCoCrFeNiCu [START_REF] Zhang | Microstructures and properties of high-entropy alloys[END_REF][START_REF] Liu | The effect of Al content on microstructures and comprehensive properties in AlxCoCrCuFeNi high entropy alloys[END_REF][START_REF] Chen | Temperature effects on the serrated behavior of an Al0.5CoCrCuFeNi high-entropy alloy[END_REF][START_REF] Kim | The effect of addition of Al to high-temperature deformation mechanisms and processing maps of CoCrFeMnNi high entropy alloy[END_REF][START_REF] Macdonald | Influence of phase decomposition on mechanical behavior of an equiatomic CoCuFeMnNi high entropy alloy[END_REF]. The addition of Al element has a noticeable impact on the microstructures and properties of HEAs. Liu et al. [START_REF] Liu | The effect of Al content on microstructures and comprehensive properties in AlxCoCrCuFeNi high entropy alloys[END_REF] attributed the enhancement of the hardness, friction and wear resistance, and corrosion property to the addition of Al element in CoCrCuFeNi-based alloys.

Chen et al. [START_REF] Chen | Temperature effects on the serrated behavior of an Al0.5CoCrCuFeNi high-entropy alloy[END_REF] reported that in the high-temperature range of 673 K~873 K with a strain rate of 5 × 10 -5 s -1 , the serrated behavior of Al0.5CoCrCuFeNi is associated with the stress vs. strain, stress vs. time, and strain vs. time, as well as the interactions among dislocations, atoms, and nanoparticles. Kim et al. [START_REF] Kim | The effect of addition of Al to high-temperature deformation mechanisms and processing maps of CoCrFeMnNi high entropy alloy[END_REF] found that by adding Al to CoCrFeMnNi, the hot workability can be greatly improved thus increasing the power dissipation efficiency notably. The AlxCoCrFeNi HEAs [START_REF] Zhang | Microstructures and properties of high-entropy alloys[END_REF][START_REF] Masako Ogura | Structure of the high-entropy alloy AlxCrFeCoNi : fcc versus bcc[END_REF][START_REF] Cheng | Pressure-induced phase transition in the AlCoCrFeNi high-entropy alloy[END_REF][START_REF] Chen | Strength-ductility synergy of Al0.1CoCrFeNi high-entropy alloys with gradient hierarchical structures[END_REF][START_REF] Wang | Phases, microstructure and mechanical properties of AlxCoCrFeNi high-entropy alloys at elevated temperatures[END_REF][START_REF] Basu | BCC-FCC interfacial effects on plasticity and strengthening mechanisms in high entropy alloys[END_REF][START_REF] Hou | Ultrafine-grained dual phase Al0.45CoCrFeNi high-entropy alloys[END_REF][START_REF] Zhang | Temperature dependent deformation mechanisms of Al0.3CoCrFeNi high-entropy alloy, starting from serrated flow behavior[END_REF][START_REF] Wang | Effect of Cold Rolling on the Phase Transformation Kinetics of an Al0.5CoCrFeNi High-Entropy Alloy[END_REF][START_REF] Wang | The FCC to BCC phase transformation kinetics in an Al0.5CoCrFeNi high entropy alloy[END_REF][START_REF] Niu | The characteristics of serration in Al0.5CoCrFeNi high entropy alloy[END_REF][START_REF] Brechtl | Towards a greater[END_REF] have attracted a great deal of attention owing to their specific features and potential applications. The inherent crystal structure evolution can be modulated from fcc to bcc with the varying of Al concentration. When x is smaller than about 0.3, the single fcc phase alloys exhibit superior ductility but poor strength. Besides, Al content has obvious effects on the critical pressure for transformation to hexagonal close-packed (hcp) phases [START_REF] Cheng | Pressure-induced phase transition in the AlCoCrFeNi high-entropy alloy[END_REF][START_REF] Wang | Phases, microstructure and mechanical properties of AlxCoCrFeNi high-entropy alloys at elevated temperatures[END_REF]. With higher Al content, the bcc phase is more amenable to pressure-induced phase modification than the fcc phase. Thus, changes of phase structure and mechanical properties can be induced by the addition of Al, making the alloy a perfect candidate material for structural materials with improved material strength.

Many methods have been adopted to tune the microstructure, phase transitions and thus to improve the properties, such as solid-solution strengthening [START_REF] Yang | Designing solid solution hardening to retain uniform ductility while quadrupling yield strength[END_REF][START_REF] Coury | Solid-solution strengthening in refractory high entropy alloys[END_REF], grain-refinement strengthening [START_REF] Cao | Bulk ultrafine grained/nanocrystalline metals via slow cooling[END_REF][START_REF] Yang | Evolution of microstructure and hardness in a dual-phase Al0.5CoCrFeNi high-entropy alloy with different grain sizes[END_REF], second-phase strengthening [START_REF] Gwalani | Influence of ordered L12 precipitation on strain-rate dependent mechanical behavior in a eutectic high entropy alloy[END_REF][START_REF] Yang | Fully Recrystallized Al0.5CoCrFeNi High-Entropy Alloy Strengthened by Nanoscale Precipitates[END_REF], etc. Through cyclic dynamic torsion, gradient hierarchical structure was produced in Al0.1CoCrFeNi HEA with the enhancement in tensile yielding strength and acceptable plasticity [START_REF] Chen | Strength-ductility synergy of Al0.1CoCrFeNi high-entropy alloys with gradient hierarchical structures[END_REF]. The coupling of various strengthening methods often results in the matching for strength and toughness. For real engineering applications, cold rolling (CR) and annealing are the most used methods for the purpose of microstructure and properties controlling [START_REF] Chen | Strength-ductility synergy of Al0.1CoCrFeNi high-entropy alloys with gradient hierarchical structures[END_REF][START_REF] Hou | Strengthening in Al0.25CoCrFeNi high-entropy alloys by cold rolling[END_REF][START_REF] Ma | Dynamic shear deformation of a CrCoNi medium-entropy alloy with heterogeneous grain structures[END_REF][START_REF] Xu | Transmission electron microscopy characterization of dislocation structure in a face-centered cubic high-entropy alloy Al0.1CoCrFeNi[END_REF]. Through cold rolling and annealing treatment, a CoCrNi medium-entropy alloy (MEA) with heterogeneous structures shows a combination of high dynamic shear strength and large uniform dynamic shear strain [START_REF] Ma | Dynamic shear deformation of a CrCoNi medium-entropy alloy with heterogeneous grain structures[END_REF]. A recent article by Chen et al. [START_REF] Chen | Strength-ductility synergy of Al0.1CoCrFeNi high-entropy alloys with gradient hierarchical structures[END_REF] showed an effective way to enhance the strength by introducing gradient hierarchical structures. Good combinations of high strength, good ductility, active nano-twinning behavior, and excellent strain-hardening capability were obtained, due to the synergetic strengthening mechanism of gradient grains. Many people reported that precipitation hardening was also an available method to tune the phase structure and the properties. By controlling the formation of the complex intermetallic compounds (e.g. L12, B2, σ phases), tunable tensile properties can be further achieved in a large range [START_REF] Gwalani | Role of copper on L12 precipitation strengthened fcc based high entropy alloy[END_REF][START_REF] Gwalani | Modifying transformation pathways in high entropy alloys or complex concentrated alloys via thermo-mechanical processing[END_REF][START_REF] Chen | Synergistic effect of Ti and Al on L12-phase design in CoCrFeNi-based high entropy alloys[END_REF]. Therefore, it is reasonable to hypothesize that a superior strength-ductility synergetic effect can be achieved in single-phase fcc HEAs via the strategy of cold rolling and subsequently annealing.

Motivated by the recent researches, a single fcc structure Al0.25CoCrFeNi alloy was chosen for the current study, and simple thermo-mechanical processing technologies are incorporated to check the microstructural evolution and their influence on mechanical properties. The treatments with ten different processing parameters were designed to reveal the combined effect of the grain boundary strength and the precipitation strength. The research shows that with simple multistep cold rolling and annealing, the mechanical properties of fcc single phase high-entropy alloy can be highly tailored for different engineering applications.

Experimental

The Al0.25CoCrFeNi alloy ingot with a weight about 8 kg was prepared by induction-melting with the mixture of high purity elements (purity larger than 99.9%) in a vacuum of 0.05 MPa backfilled with pure argon. The vacuum induction melting process was held at 1550 °C for 15 min at the condition of 0.05 MPa argon pressure in the furnace, and the liquid metal was then casted into a steel mold with inner diameter of 100 mm, and a length of 170 mm. Then the ingot was homogenized at 1200 °C for 24 h followed by furnace cooling.

The plates with dimensions of 50 × 20 × 10 mm 3 obtained from the alloy ingot by Wire cut Electrical Discharge Machining (WEDM) were cold rolled to a thickness reduction of 60%.

Afterwards, the samples processed under different conditions, as shown in Fig. 1. The samples taken from different processing steps (marked as No.1 to No. 10) are used for microstructure and mechanical tests. Alloys solutionized at 1100 °C/10 min and 950 °C/5 min, respectively, followed by air cooling. The annealing parameter was "(650 °C) + furnace cooling to 300 °C + natural air cooling" for the No.6-10 samples. Microstructures of all the samples were studied from the longitudinal plane (Rolling Direction (RD) × Normal Direction (ND)) by scanning electron microscope (TESCAN VG3) equipped with energy dispersive X-ray spectrometry (EDS, FEI, Helios G4 CX, America) and electron backscattered diffraction (EBSD) detectors. The grain sizes were measured using the TSL OIM™ software for analyzing grain maps obtained from EBSD data. Phase structures were characterized using X-ray diffractometer (XRD, Shimadzu, MAXima XRD-7000, Japan) in the θ-2θ configuration with Cu Kα (λ = 1.5418 Å) radiation. The voltage and current applied to the Cu target were 40 kV and 30 mA, respectively. Standard dark-field images were obtained with a FEI Tecnai G2 F30 Transmission Electron Microscope (TEM). Dog bone-shaped tensile specimens were prepared along the RD direction for room temperature tensile test with a gauge length of 14 mm, a width of 2 mm and a thickness around 1.5 mm. Uniaxial tensile tests were carried out with a MTS SANS CMT5105 testing machine at room temperature with strain rate of 10 -3 s -1 . To ensure the accuracy of data, three tensile tests were carried out for each condition.

Results and discussion

Fig. 2 exhibits the engineering tensile stress-strain curves of Al0.25CoCrFeNi high-entropy alloy processed under 10 different conditions shown in Fig. 1. It can be evidenced that the as cast alloy produced from big ingots (No.1) owns quite low yield strength at about 173 MPa, but very good plastic strain above 75%. After 1 st 60% CR reduction (No.2), the yield strength of the HEA is about 1080 MPa at the cost of plasticity. The 1 st CR plus recrystallization annealing condition (No.3) has the yield strength at ∼260 MPa with the increase of plastic strain to ∼55%. Then, 2 nd 60% CR reduction (No.4) is carried out, and the yield strength is further increased to ~1150 MPa, 6.6 times that in the case of as-cast, indicating that cold rolling is an effective method for enhancing the strength of Al0.25CoCrFeNi alloy with a loss of plasticity. After different treatments on No.4 sample, in combination of cold rolling and annealing, the yield strength, tensile strength and plastic strain can be tailored in a wide range. The yield strength is above 490 MPa (No.6 and 7) which can be obtained after 2 nd CR and recrystallization annealing plus aging. However, if the twice cold rolling is followed by direct aging without recrystallization annealing (No.8-10), the ultra-high strength can be retained to a large extent, and the plasticity can be remained more than 10% plastic strain.

The XRD results obtained from Al0.25CoCrFeNi alloy after different treatment parameters are shown in Fig. 3. All samples mainly consist of fcc structure. Based on numerous transmission electron microscopy (TEM) images, precipitates such as ordered L12 phase and B2, σ phases exist in the matrix and near the grain boundaries after aging, as we will show hereinafter. The XRD failed to detect the precipitates in the Al0.25CoCrFeNi HEA mainly due to the small amounts of these precipitates. Characterization of the microstructure was executed then. Fig. 4 shows the microstructures of the samples processed under four different conditions, i.e., the as cast (No.1), 1 st cold rolled (No.2), 1 st cold rolled plus recrystallization (No.3) and 2 nd cold rolled plus recrystallization (No.5).

The No.1 sample (Fig. 4a) possesses coarse grains since the sample is taken from big ingot that produced by normal induction melting with low cooling rate. The EBSD analysis the samples in the as cast and homogenized conditions are given in Fig. 5, indicating that in both conditions, the alloy exhibits a single-phase structure consisting of fcc phase. Microstructure of cold rolled sample shows that the grains are elongated, as shown in Fig. 4b. At the cost of ductility reduction, cold rolling greatly increases the tensile strength. The yield strength changes from 173 MPa of the No.1sample to 1080 MPa of the No.2 sample. Hou et al. [START_REF] Hou | Strengthening in Al0.25CoCrFeNi high-entropy alloys by cold rolling[END_REF] thinks that with the increasing CR reduction, the deformation mechanism changes from dislocation slip to shear band slip in Al0.25CoCrFeNi alloys. Numerous dislocation cells are formed during cold rolling, which improves the hardness, yield strength and tensile strength. The effect of cold rolling on tensile strength is mainly caused by the work hardening from dislocation activities. Dislocation density rises with descend in grain size, thus elevating the strength.

Recrystallization annealing was conducted after the 1 st and 2 nd cold rolling, respectively. In Within the current range of grain sizes, the strength increment due to fine-grained strengthening obeys the Hall-Petch relationship [START_REF] Hall | The deformation and ageing of mild steel: III Discussion of results[END_REF] as shown in Fig. 6a, and can be expressed as follows:

= + (1) 
where σo = 114.19 MPa is the initial friction stress of the alloy, d is the average grain size and Kσ = 784.39 MPa•μm 1/2 is the strengthening coefficient. Hall-Petch plot reported for Al0.1CoCrFeNi

HEA [START_REF] Yang | Revealing the Hall-Petch relationship of Al0.1CoCrFeNi high-entropy alloy and its deformation mechanisms[END_REF] also with a single fcc structure, which shows a strength coefficient, Kσ = 464 MPa•μm 1/2 .

For the reported Al0.3CoCrFeNi HEA [START_REF] Gwalani | Optimizing the coupled effects of Hall-Petch and precipitation strengthening in a Al0.3CoCrFeNi high entropy alloy[END_REF], the Kσ value is 824 MPa•μm 1/2 . The increase of the Hall-Petch coefficient indicates that slip transfer between different grains becomes much harder. Chen et al. [START_REF] Chen | Hall-Petch and inverse Hall-Petch relations in high-entropy CoNiFeAlxCu1-x alloys[END_REF] revealed that the dominant deformation mechanisms in the Hall-Petch regime of fcc structured CoNiFeAl0•3Cu0.7 HEA were dislocation slip and deformation twinning, both depending on the stacking fault energy. Due to relatively low stacking fault energy, full dislocations were more easily decomposed into partial dislocations and stacking faults, resulting in the formation of deformation twins. With the increasing strain, both the grain boundaries and deformation twins could act as barriers to prevent the propagation of dislocations. He et al. [START_REF] He | Solid solubility, precipitates, and stacking fault energy of micro-alloyed CoCrFeNi high entropy alloys[END_REF] claimed that adding Al to the CoCrFeNi-based HEA decreased the stacking fault energy and cause the occurrence of nano-twins after deformation [START_REF] Xu | Transmission electron microscopy characterization of dislocation structure in a face-centered cubic high-entropy alloy Al0.1CoCrFeNi[END_REF][START_REF] Kumar | High strain-rate compressive deformation behavior of the Al0.1CrFeCoNi high entropy alloy[END_REF][START_REF] Choudhuri | Enhancing strength and strain hardenability via deformation twinning in fcc-based high entropy alloys reinforced with intermetallic compounds[END_REF]. Therefore, it might require more energy for a dislocation to propagate through the grain boundaries/ twin boundaries, resulting in the increase of the Hall-Petch coefficient.

Since even the multi-component alloys which are initially single phase after solidification, however, are unstable and tend to form second-phase precipitates when annealed at intermediate temperatures [START_REF] George | High-entropy alloys[END_REF][START_REF] Masako Ogura | Structure of the high-entropy alloy AlxCrFeCoNi : fcc versus bcc[END_REF][START_REF] Wang | Phases, microstructure and mechanical properties of AlxCoCrFeNi high-entropy alloys at elevated temperatures[END_REF][START_REF] Otto | Relative effects of enthalpy and entropy on the phase stability of equiatomic high-entropy alloys[END_REF]. The phase stability of studied Al0.25CoCrFeNi HEA thought to be single phase solid solution is then carefully evaluated, considering for its potential applications in vulnerable temperature range. Subsequent aging at 650 ℃ is adopted after 2 nd cold rolling and 2 nd cold rolling plus recrystallization conditions, respectively, both of which lead to the occurrence of the precipitation of the nanophase, further enhancing the strength of the alloys. Fig. 7 shows the microstructure of the samples processed under two different conditions, i.e., the 2 nd cold rolling plus recrystallization and aging (No.7, Fig. 7a and7b), 2 nd cold rolling plus aging (No.10, Fig. 7c and7d). Aging after fully recrystallization, nanoscaled precipitation marked with blue arrows can be observed in the grain boundaries; see Fig. 7b. Such precipitates are further examined via TEM. Finally, when the same alloy is annealed at 650 °C directly after cold-rolling (No.10), the microstructure revealed new additional features as compared to the No.7 sample: even finer scale grains marked with red arrows, and cubic-like fine and dispersed precipitates marked with blue arrows as shown in Fig. 7d. The results of the phase structure evolution of the directly aged sample (No.10) are shown in Fig. 10. Aging after 2 nd cold rolling, concurrent recrystallization and precipitation take place in the direct annealing process. Fine-scale nanocrystalline with a grain size of ~500 nm is generated within the fcc matrix through isothermal aging at 650 ℃ (Fig. 10a).

Cubic and lath-like phase rich in Al and Ni, and nanometer-scale Cr rich precipitates distributes evenly in the matrix (Fig. 10b-10f). In Fig. 10g and 10h, a dark field image recorded from the (1 1 0) super-lattice reflection of the [1 12]fcc zone axis indicates the existence of the L12 nanoprecipitates. The ordered L12 particles with a size of ~20 nm reveal an inhomogeneous distribution within the fcc matrix (see Fig. 11). The [011] zone axis from B2 phase precipitated in the matrix is also shown in Fig. 10k and 10l, while the Cr-rich σ phase is identified by the [001] zone axis (Fig. 10i and10j).

The two conditions of No.7 and No.10 exhibit consciously different precipitation behavior.

From above experiments, the B2 precipitates preferentially form at grain boundaries of the recrystallized grains and therefore it is likely to have a higher nucleation barrier as compared to the intra-granular homogeneously dispersed L12 precipitates. Gwalani et al. [START_REF] Gwalani | Modifying transformation pathways in high entropy alloys or complex concentrated alloys via thermo-mechanical processing[END_REF] have calculated the nucleation barrier of the L12, B2 and σ phase in Al0.3CoCeFeNi alloy, which is coherent, semi-coherent and incoherent with the fcc matrix, respectively. And the results show that the nucleation barrier of the L12 phase is the lowest among three phases, and the σ phase is the highest.

Therefore, in the matrix which is consisted of the fully recrystallized fcc grains, homogeneous nucleation of the B2 and σ phase is much more complicated than the L12 phase. With lower nucleation barrier compared with σ phase, the B2 phase tends to form in the grain boundaries which can provide the heterogeneous nucleation sites for the precipitates and also accelerate the diffusion ability of atom. However, in the case of direct annealing after 2 nd cold rolling, extensive dislocations introduced by the plastic deformation, as well as the grain boundaries between the nanocrystalline, can both act as the heterogeneous nucleation sites for the B2 and σ phase [START_REF] Wang | Atomic scale structural characterization of B2 phase precipitated along FCC twin boundary in a CoCrFeNiAl0.3 high entropy alloy[END_REF],

hence reducing the nucleation barrier.

The influence of such precipitation on further strengthening of this alloy has been investigated afterwards. The recrystallization annealing plus aging conditions (No.6 and 7) show a substantial improvement in yield strength, while maintaining a high ductility (~43%); see Fig. 2.

The yield stress increased from ~350 MPa to ~500 MPa in case of the 650 °C/48 h aging after recrystallization. It can be assumed that the increased yield stress value which equals to 150 MPa, corresponding to the precipitation of the intermetallic precipitates. Thus, further reducing the fcc grain sizes combined with subsequently precipitation hardening resulting from the nano-scale L12 and B2 precipitates, could potentially lead to higher yield and ultimate tensile strengths.

The precipitation-strengthening mechanism can be shearing or Orowan by-passing, mainly based on the interaction between the precipitates and dislocations [START_REF] Vo | Creep properties and microstructure of a precipitation-strengthened ferritic Fe-Al-Ni-Cr alloy[END_REF]. The shearing mechanism will be active when the precipitates are coherent and small, while the Orowan by-pass mechanism will occur when the precipitates are large or incoherent with the matrix. The isothermal annealing at 650 ℃ after fully recrystallization resulted in a microstructure consisting of an fcc matrix, together with intra-granular nanoscale ordered L12 precipitates, and grain boundary B2

precipitates. As shown in Fig. 8a and Fig. 9, fine-scale L12 particle keeps coherent with the matrix, therefore, particle shearing is expected to take the control. Dislocations in the solid solution need to cut through these nano-sized precipitates with small size, generating residual defect around the precipitate. In order to continue plastic deformation, the relatively high stresses will be needed, thus strengths the alloy [START_REF] Fu | A high-entropy alloy with hierarchical nanoprecipitates and ultrahigh strength[END_REF][START_REF] He | A precipitation-hardened high-entropy alloy with outstanding tensile properties[END_REF][START_REF] Ming | Realizing strength-ductility combination of coarse-grained Al0.2Co1.5CrFeNi1.5Ti0.3 alloy via nano-sized, coherent precipitates[END_REF]. The intermetallic B2 particles at the grain boundaries, which share the K-S orientation relationship with the fcc grains, are expected to further enhance the strength of Al0.25CoCrFeNi alloy. During plastic deformation, low stacking fault energy face-centered-cubic alloys are particularly susceptible to deformation twinning. Though SFE of the fcc phase in currently studied alloy was not measured, plentiful literature reports on the AlxCoCrFeNi (x=0-0.3) have suggested that SFE would be reduced due to Al addition and form twins during deformation [START_REF] Xu | Transmission electron microscopy characterization of dislocation structure in a face-centered cubic high-entropy alloy Al0.1CoCrFeNi[END_REF][START_REF] He | Solid solubility, precipitates, and stacking fault energy of micro-alloyed CoCrFeNi high entropy alloys[END_REF][START_REF] Kumar | High strain-rate compressive deformation behavior of the Al0.1CrFeCoNi high entropy alloy[END_REF][START_REF] Choudhuri | Enhancing strength and strain hardenability via deformation twinning in fcc-based high entropy alloys reinforced with intermetallic compounds[END_REF][START_REF] Choudhuri | Investigation of plastic deformation modes in Al0.1CoCrFeNi high entropy alloy[END_REF]. Choudhuri et al. [START_REF] Choudhuri | Enhancing strength and strain hardenability via deformation twinning in fcc-based high entropy alloys reinforced with intermetallic compounds[END_REF] have reported the formation of stacking faults near the fcc/B2 interfaces. Furthermore, the K-S orientation relationship between fcc matrix and B2 particles could promote the twinning to a certain extent, thus improving the local stress level during deformation. Therefore, it can be concluded that formation of the deformation twins in the fcc matrix could be influenced by the B2 precipitates, which can act as impediments to dislocation motion. A recent study on the deformation behavior of Al0.3CoCrFeNi

HEA has also revealed such B2 precipitates with the [111]fcc and [011]B2 zone axes parallel could provide additional strength by effectively blocking mobile dislocations on slip planes [START_REF] Choudhuri | Crystallographically degenerate B2 precipitation in a plastically deformed fcc-based complex concentrated alloy[END_REF].

Directly annealing the cold-rolled alloys (No.8-10) introduce finer-scale nanocrystalline embedded with nanoparticles, showing a rather high yield strength (~1060 MPa), and ultimate tensile strength (~1150 MPa); see Fig. 2. During the heating process, the recovery process occurs while nucleation of the recrystallized grain initiates in the grain boundaries with a high dislocation density. With increasing holding time, the grain boundary strengthening is weakened as the spread of the nano-scale grains introducing the elevation of the ductility. Combined strengthening can contribute to the strength enhancement, considering the refined nanograins, precipitates and dislocations introducing by the cold rolling processing [START_REF] Macdonald | Influence of phase decomposition on mechanical behavior of an equiatomic CoCuFeMnNi high entropy alloy[END_REF][START_REF] Wu | Enhancement of strength-ductility trade-off in a high-entropy alloy through a heterogeneous structure[END_REF][START_REF] Gwalani | Tensile yield strength of a single bulk Al0.3CoCrFeNi high entropy alloy can be tuned from 160 MPa to 1800 MPa[END_REF]. While the No.3, 5 and 7

samples have relatively coarse fcc grains (~10-50 μm), the No.10 sample has a highly refined fcc grains (~500 nm), indicating the more potentially effective contribution of grain boundary strengthening in the alloy. Different from the recrystallization treated plus aged sample with fcc + L12 + B2 microstructure, an additional hard σ phase is introduced by maintaining the same level of cold rolling but directly annealing at 650 °C, which is expected to further increase the strength.

Such incoherent σ phase can further increase the local stress levels compared to the fcc-B2 microstructure [START_REF] Choudhuri | Enhancing strength and strain hardenability via deformation twinning in fcc-based high entropy alloys reinforced with intermetallic compounds[END_REF][START_REF] Liu | Ductile CoCrFeNiMox high entropy alloys strengthened by hard intermetallic phases[END_REF] and microcracks nucleated associated with the fine particles could confine within the σ grains during plasticity deformation, indicating that the propagation has been blunted and sustained by the relatively ductile fcc matrix. Consequently, in addition to the finer fcc grains, the intermetallic B2 and σ precipitates present in the No.10 sample lead to additional strengthening of this alloy.

The rather different phase structure evolution leads to the distingushed tensile properties. The increasing yield strength of the No.7 sample mainly results from the precipitation of the L12 ordering. The B2 phase pinning in the grain boundaries suppresses the grain growth, appear to have semi-coherent interfaces with the matrix. While the No.10 sample contains a nanometer-scale distribution of both the B2 phase and σ phase, which are hard and brittle comparing to the fcc matrix, leading to the additional strengthening. Consequently, the No.10 sample process a much higher strength than the as-cast alloy with ductility of 19% remained.

Conclusions

By cold rolling and subsequent annealing, the microstructure, tensile stress and strain of fcc single phase Al0.25CoCrFeNi high-entropy alloy can be tailored in a wide range. The main conclusions are as follows:

(1) The grain size of the as cast ingot, can be reduced from mm size to about 10-50 μm after cold rolling and recrystallization annealing. The enhanced yield strength follows the classical Hall-Petch relationship where the Hall-Petch coefficient in this work is determined to be 784.39

MPa•μm 1/2 , suggesting that the fine-grained strengthening could be a potential method for alloy strengthening.

(2) By twice cold rolling combines with recrystallization and long-term aging, the yield stress, ultimate tensile strength of the alloy can be enhanced from 173 MPa and 425 MPa to 500 MPa and 860 MPa, respectively. The main reason is due to the grain refinement and some nanoscale precipitation in the grain boundaries.

(3) The best balance of stress and strain is obtained by twice cold rolling combines with long term aging, and the yield stress and ultimate tensile strength can be up to 1060 MPa and 1150 MPa, and the alloy still owns 19% plastic strain. The main reason is by the combination of recrystallized grain and nanoscale precipitation. 

Figure captions

Fig. 4c and

  Fig. 4c and 4d, both the alloys exhibit fully refined recrystallized microstructure. A single fcc phase with the formation of annealing twins, indicated by yellow arrow, is obtained after recrystallization as shown in Fig. 4d. The grain is strongly reduced from 230 μm in No.1 sample to about 21.7 μm in No.3 sample, and decreased again to about 13.1 μm in No.5 sample according to statistics of grain sizes distribution shown in Fig. 6b-6d. The reduced grain size is responsible for the enhanced mechanical properties shown in Fig. 2. The yield stress increased from 173 MPa (No.1) to 260 MPa (No.3) and 350 MPa (No.5), and the tensile stress increased from 425 MPa (No.1) to 645 MPa (No.3) and 720 MPa (No.5). What is more, all the samples own the tensile plastic strain above 55%. By cold rolling and recrystallization, fully recrystallized microstructure can be obtained, and the alloy can be strengthened by grain refinement.

Fig. 8a and

  Fig. 8a and 8b show the [011 ]fcc zone axis with the extra (1 10) super-lattice reflection marked by the yellow circle. The dark field image recorded from the (1 10) super-lattice reflection confirms the presence of the L12 ordering. Fig. 8a shows the high-resolution TEM (HRTEM) image of the fcc matrix containing L12-type nanoprecipitates in No.7 sample. Fig. 8b shows the FFT of the Region 1, corresponding to an SAED pattern along the [011] zone axis of a ordered L12 structure with a lattice parameter of ~3.564 Å. Fig. 8c shows the FFT of the Region 2, which corresponds to an SAED pattern along the [011] zone axis of a disordered fcc structure with a lattice parameter of ~3.557 Å. Hence, the fcc matrix and the ordered L12 phase are coherent and exhibit similar crystal structures, indicating a very low lattice mismatch between matrix and precipitate.Further, detailed characterization of the grain boundary of No.7 sample is shown in Fig.8c and 8d. The B2 precipitates appear to nucleate at the matrix grain boundaries and then grow into the top grain are further examined with a selected area diffraction pattern from the [1 11 ]B2 zone axis (Fig.8c), and is noted to have the [011 ]fcc and [1 11 ]B2 zone axes parallel, which is satisfying the Kurdjumov-Sachs (K-S) orientation relationship. Further analysis indicates that the concentration of Al, Ni atoms is enriched in the precipitates, while depleted with Cr, Co and Fe atoms (Fig.8e).
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 1234 Fig. 1. Schematic diagram shows the parameters for the thermo-mechanical processing of Al0.25CoCrFeNi high-entropy alloy. The No.1-10 stand for the samples that treated using the certain parameters shown in the blocks.Fig. 2. The engineering tensile stress strain curves of Al0.25CoCrFeNi high-entropy alloy processed under differenced conditions shown in Fig. 1.Fig. 3. XRD patterns of Al0.25CoCrFeNi alloy after different thermo-mechanical processing technologies. Fig. 4. Microstructures of Al0.25CoCrFeNi high-entropy alloy processed under different condition: (a) as cast (No.1), (b) after 1 st cold rolling (No.2), (c) fully recrystallization after 1 st cold rolling (No.3) with the IPF image shown in the inset, and (d) fully recrystallization after 2 nd cold rolling, along with the bright field image and the fcc [110] zone axis diffraction pattern shown in the inset (No.5).
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 5 Fig. 5. EBSD analysis of the microstructures of the as-cast and homogenized HEAs. (a, b) IPF map and phase map showing fcc phase from the EBSD scan of the as-cast HEA. (c) IPF map and phase map showing fcc phase from the EBSD scan of the homogenized HEA.
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 6 Fig. 6. (a) Yield strength as a function of grain size, and (b-d) grain sizes distribution of No.1, No.3 and No.5 samples, respectively.
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 789 Fig. 7. Microstructure of the samples processed under four different conditions, (a, b) 2 nd cold rolling plus recrystallization and aging (No.7), and (c, d) 2 nd cold rolling plus aging (No.10).Fig. 8. Microstructure of Al0.25CoCrFeNi high-entropy alloy processed after 2 nd cold rolling aging after recrystallization (No.7): (a, b) dark field image and SADP from [011 ]fcc, (b, c) dark field image and SADP from [1 11 ]B2, and (e) image of HADDF microstructure within the fcc matrix and element distribution of Al, Co, Cr, Fe, Ni, respectively.Fig. 9. HRTEM images of the fcc matrix containing nanoparticles of No.7 sample: (a) HRTEM image of the fcc matrix and L12 precipitates, (b) corresponding FFT of the L12 precipitates, and (c) corresponding FFT of the fcc matrix.
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 10 Fig. 10. Microstructure of Al0.25CoCrFeNi high-entropy alloy processed after 2 nd cold rolling aging cold rolling (No.10): (a) bright field image, (b-f) element distribution of Al, Co, Cr, Fe, Ni, respectively, (g, h) dark field image and SADP from [1 12]fcc, (i, j) dark field image and SADP from [001]σ, (g, h) dark field image and SADP from [011]B2.
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 11 Fig. 11. Microstructure of Al0.25CoCrFeNi high-entropy alloy processed after 2 nd cold rolling aging cold rolling (No.10): (a) image of HADDF microstructure, (b) dark field image made from the superlattice spot highlighted showing the lighted-up L12 precipitates.
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 2 Fig. 2. The engineering tensile stress strain curves of Al0.25CoCrFeNi high-entropy alloy processed under differenced conditions shown in Fig. 1.
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 34 Fig. 3. XRD patterns of Al0.25CoCrFeNi alloy after different thermo-mechanical processing technologies.
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 5 Fig. 5. EBSD analysis of the microstructures of the as-cast and homogenized HEAs. (a, b) IPF map and phase map showing fcc phase from the EBSD scan of the as-cast HEA. (c) IPF map and phase map showing fcc phase from the EBSD scan of the homogenized HEA.
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 6 Fig. 6. (a) Yield strength as a function of grain size, and (b-d) grain sizes distribution of No.1, No.3 and No.5 samples, respectively.

Fig. 7

 7 Fig. 7 Microstructure of the samples processed under two different conditions, (a, b) 2 nd cold rolling plus recrystallization and aging (No.7), and (c, d) 2 nd cold rolling plus aging (No.10).

Fig. 8 .

 8 Fig. 8. Microstructure of Al0.25CoCrFeNi high-entropy alloy processed after 2 nd cold rolling aging after recrystallization (No.7): (a, b) dark field image and SADP from [011 ]fcc, (b, c) dark field image and SADP from [1 11 ]B2, and (e) image of HADDF microstructure within the fcc matrix and element distribution of Al, Co, Cr, Fe, Ni, respectively.

Fig. 9 .

 9 Fig. 9. HRTEM images of the fcc matrix containing nanoparticles of No.7 sample: (a) HRTEM image of the fcc matrix and L12 precipitates, (b) corresponding FFT of the L12 precipitates, and (c) corresponding FFT of the fcc matrix.

Fig. 10

 10 Fig. 10 Microstructure of Al0.25CoCrFeNi high-entropy alloy processed after 2 nd cold rolling aging cold rolling (No.10): (a) bright field image, (b-f) element distribution of Al, Co, Cr, Fe, Ni, respectively, (g, h) dark field image and SADP from [1 12]fcc, (i, j) dark field image and SADP from [001]σ, (g, h) dark field image and SADP from [011]B2.

Fig. 11

 11 Fig. 11 Microstructure of Al0.25CoCrFeNi high-entropy alloy processed after 2 nd cold rolling aging cold rolling (No.10): (a) image of HADDF microstructure, (b) dark field image made from the superlattice spot highlighted showing the lighted-up L12 precipitates.
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