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Abstract
AlxCoCrFeNi high- entropy alloys have received excessive significant scientific attention recently due to because of their promising mechanical and corrosion- resistance properties. These alloys tend to form a mixture of FCC fcc and BCC bcc phases, where the latest latter has an important role in material its’ hardening. In many cases, the BCC bcc phase is a mixture of disordered BCC bcc (A2), which is an rich in Fe- and Cr -rich phase, and ordered BCC bcc (primitive cubic, B2), which is rich inan Al-, Ni-, and Co-rich phase. Although phase diagrams above x = 2 are somewhat consistent, they unfortunately do not contain no valuable data concerning about the mole fraction and phases' composition. 
Moreover, Alx>2CoCrFeNi alloys there suffer from is a lack of systematic experimental investigation of into the kinetics of the phase transformation's kinetics in the Alx>2CoCrFeNi alloys. In order tTo clarify these points, the present study investigates the phase relations and precipitationng kinetics of A2 from the B2 matrix in Al2.75CoCrFeNi were studied. The results show that the compositions of the A2 and B2 phases are temperature- dependent and that, with increasing temperature in the B2 phase, the Al content decreases while the Cr content increases, which in the B2 phase with increasing temperature. This finding correlates with the thermodynamic calculations. It was also observed that the reachedIn addition, the equilibrium composition and phase content of phases lead to decreased a reduced lattice distortion parameter compared to with that of the nominal alloycomposition of the alloy.  
Concerning the kinetics of phases transformation, it isthe results suggested that, to that the A2 precipitate in the solid state,ion  the A2 phase within the B2 matrix must overcomes the internal stress that is due to the differentce in llattice parameters of the two phases. The Furthermore, the diffusion activation energy is estimated was estimated and discussits implicationsed discussed in from the perspective of sluggish diffusion related toin multicomponent systems. Finally, the coefficients of thermal expansion CTE of the Al2.75CoCrFeNi alloy and of rich Al-Ni-Co- and rich Cr-Fe- rich alloys (both alloys containing the Al, -Co, -Cr, -Fe, -Ni elements) was were measured and are  discussed in relation to phase transformation as well. 	Comment by ACL: 
Please ensure that this edit maintains the intended meaning.
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Introduction 
High- entropy alloys (HEAs), and specifically the Al0<x<2CoCrFeNi system, have received high scientificsignificant attention due to its their promising mechanical and corrosion- resistance properties [1–-5]. The Alx(0.1<Xx<1.2)CoCrFeNi series contains a mixture of simple structures, such as FCC fcc and BCCbcc, while of which the BCC bcc phase has plays an important vital role in hardening the alloy [6]. T. he volume fraction of the bcc phase increases With with the increasingse of the Al content, the volume fraction of the BCC phase increases.
In many cases, theis BCC bcc phase is a mixture of a disordered BCC bcc phase that is relatively richer in Fe and -Cr (called the “A2” phase) and an ordered BCC bcc phase which that is richer in Al-Ni-Co (primitive cubic, called the “B2” phase) [7]. Nevertheless, the existing published phase diagrams [8,9] give incomplete information concerning about the equilibrium fraction of each phase, the temperature dependence of the phase composition, and the exact precise temperature of the phase transition. Interestingly, for the AlxCoCrFeNi systems, in regions composition ranges where both the A2 and B2 phases exist, as the temperature increases, the volume fraction of the ordered B2 phase volume fraction increases with temperature while whereas the disordered volume fraction of the disordered A2 phase decreases and eventually until it disappears.  	Comment by ACL: 
Please ensure that this edit maintains the intended meaning.
In AlCoCrFeNi-based HEAs, It is claimed that Al reportedly stabilizess both the disordered A2 and ordered B2 structure [8], while provided the latter is favored, and Cr stabilizes the A2 structure and destabilizes both B2 and FCC fcc structures in AlCoCrFeNi-based HEAs [10,11]. Thus, in the present work, we study the mixed A2 and B2 phases mixture in the Al2.75CoCrFeNi alloy by both measuring and calculating, the composition of the two phases is measured and calculated at equilibrium. The results and discussion will present first treat the equilibrium state, assuming that A2 and B2 phases reach compositional equilibrium after prolonged heat- treatments. The experimental results are then compared to with thermodynamic calculations. 
Since the lattice distortion parameter, is unique to multicomponent systems, it isWe also calculated and discuss the latticeed distortion parameter , which is unique to multicomponent systems, in relation to the compositional changes at equilibrium. 
In theThe second part discusses the, kinetics aspects on of the precipitation of the A2 phase from the B2 matrix will be discussed, including the estimation ofestimates of the diffusion activeationactivation energy and the influence ofthe role played by the stresses relation induced between the two phases. The coefficients of thermal expansion (CTEs) of the Al2.75CoCrFeNi alloy and of the rich Al-Ni-Co- and rich Cr-Fe- rich alloys (both alloys containing the Al, -Co, -Cr, -Fe, -Ni elements) was were measured, revealing a and the large significant difference between the CTE of the A2 and B2 phases was demonstrates and, which is discussed in the view of phase- transformation kinetics. 


Experimental 
Sample preparation and heat treatments
[bookmark: _Ref10887993][bookmark: _Ref13329742]Three alloys with different nominal compositions (Table 1) were prepared by a non-consumable electrode arc melting in an ultrahigh-purity argon atmosphere using a Ti -getter and ultra-high purity argon atmosphere. To answer specific questions about the properties of the A2 and B2 phases, tThe composition of the last latter two alloys composition werewas chosen according tobased on the characterization results obtained fromof the Al2.75CoCrFeNi  alloy characterization, in order to clarify specific question concerning properties of the A2 and B2 phases. The raw materials with purities higher greater than 99.9% were melted and turned- over five times for improved homogeneity, and followed by a last final stage of arc-melting usingof a 6- mm- diameter rod. For heat- treatment experiments, the "“as-cast”" Al2.75CoCrFeNi  samples were cut from the casted rod, wrappped in tantalum foil, and sealed in quartzs capsules. The samples then were heat- treated at various temperatures, and time for various durations, as detailed in Table 2. Following heat treatment,, the samples were either water quenched or furnace cooled.  

Table 1.  Nominal compositions. 
	alloyAlloy
	Al [at%]
	Co [at%]
	Cr [at%]
	Fe [at%]
	Ni [at%]

	Al2.75CoCrFeNi
	40.80
	14.80
	14.80
	14.80
	14.80

	Al-Ni-Co rich
	38
	20
	6
	12
	24

	Cr-Fe rich
	22
	7.00
	43
	25
	5



In order toTo assess the heat-treatment conditions, an approximation for the heat- treatment duration was made approximated by using the reported diffusion coefficients of Ni published in for a similar system as reported in [12] and a typical diffusion length of about 1 m (typical dimension of the “"coarsening volume”") based on the transmission electron microscopy (TEM) characterization of the as-cast sample. In order toTo coarsen the microstructure, the dwell time, t, is estimated by usingas ~ ,  where r is the diffusion length and D is the diffusion coefficient. In this case, the estimated dwell time at 800oC, 900oC, 1000oC, 1100oC, 1200oC, and 1300 °oC are is 279 h hours, 15 h hours, 1.5 h hours, 10 min, 1.6 min, and 20 secs, respectively. Much longer heat treatments were made used in practice in order toto ensure sufficiently coarsening of phases. 
 
 Table 2 Heat -treatment parameters (all samples were water quench except unless mentioned) of the Al2.75CoCrFeNi samples. All samples were water quench unless otherwise mentioned. 
	Temperature [o°C]
	800
	900
	1000
	1100
	1200
	1300
	1300*

	Time [hours]
	264
	164
	139
	98
	65
	4
	4


* Furnace cooling.

Characterization
X-ray powder diffraction (XRD) analysis was performed done by using an Empyrean Alpha 1 diffractometer (Malvern Panalytical Ltd, Royston, UK) with Cu- Kα radiation. The operating parameters were 40 kV and 30 mA in and the the 2θ 2θ range spanned fromof 20°o to 120°o, with a step size of 0.02°° and a scan step time of 1 secs. Lattice parameters and phase composition were refined from the obtained diffractions patterns by using a whole- pattern- fitting approach implanted implemented in the MDI Jade 2010 software package (version 2.8.1, 2014, Materials Data, Livermore, CA, USA). 	Comment by ACL: You may want to spell out “MDI.”
 Prior to measurements, the sample was grouind to fine powder by using a mortar and pestleto fine powder using a mortar and pestle. Microstructure and compositional analysis were done by scanning electron microscopy (Extremely- High- Resolution- SEM, Verios XHR 460L, OregonOR, USA) equipped with a Noran energy dispersive spectrometer (EDS) operated, at 15 keV. Samples for SEM characterization were prepared by using following a standard procedure that included a final stage of polishing with 1 µm diamond paste. Transmission electron microscopyTEM (TEM, JEOL JEM-2100F, Peabody, MA, USA) was performed used to imageon selected samples. The TEM samples waeres extracted from the SEM samples by using a focused ion beam (FIB, Helios G4 UC, Thermo-Fisher Scientific, MA, USA). Bright- and dark- field TEM (BF and DF-TEM) were performed used to characterize the sample morphology. A Finally, selected area electron diffraction (SAED) was collected used to characterize the structural phases of the material.   

Thermal expansion 
Thermal expansion experiments were carried done out betweenfrom room temperature RT and to 1350 °oC by, ustilizing a dilatometer (L75 horizontal dilatometer Linseis, Selb, Germany) operating in a continuous mode with an α-Al2O3 push- rod. The temperature was monitored by using an S-type thermocouple. The temperature calibration was calibrated performed during heating by, using the melting of Sn, Ag, and Au standards in alumina crucibles. Measurements were carried outmade in an UHP ultrahigh-purity Ar (99.999%) atmosphere using continuous heating at a rate of 3 °oC/min. Instrumental effects were accounted for by running an Al2O3 reference sample using ASTM E228-17.	Comment by ACL: 
Please ensure that this edit maintains the intended meaning.

Thermodynamic analysis
The thermodynamic analysis was performed usingused the database developed by Hallstedt [13] and the Thermo-Calc software [14]. The calculation takes into account four sub-lattices in the case offor the FCC fcc phase, A2 and B2 BCC bcc phases, and  phase.
   
Results and Discussion
Microstructure and Composition composition and Equilibrium equilibrium State state 
Figure 1a presents aA typical microstructure of an as-cast sample, the BSE analysis of which is presented in Figure 1a reveals a. An homogeneous dendrite structure with a typical length of ~ 25–-50 m was identified using the BSE analysis. According Tthe XRD analysis was unable to ,  it could not be clearly stated determine whether the A2 phase exists sincesbecause it could overlap with the B2 phase (see Figure 1b). 
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Figure 1. As-cast The Al2.75CoCrFeNi alloy: in the as cast condition (a) SEM BSE image of a polished sample and etched for 20 s ec etching usingin aqua regia solution; (b) XRD pattern of the a powder sample, at similar lattice parameters ofshowing the overlap of reflections from the A2 and B2 phases various reflections overlapsdue to the similar lattice parameters of the two phases.   



In order toTo clarify thisthese results, the same sample was an in-depth characterized in depth byation using STEM and EDS Xx-ray mapping were preformed for this sample (Figure 2). The results , and indeed reveal two phases on the nanoscale were reviled:; one an Fe-Cr- rich phase with cubic morphology, and the a second phase is consisting of anthe Al-Ni-Co- rich matrix. 	Comment by ACL: 
Abbreviations and acronyms are often defined the first time they are used within the main text and then used throughout the remainder of the manuscript. You may consider adhering to this convention. Or do you mean “STM”?
According to data in [6,15] who studied independently the microstructure of phases in Al0.9CoCrFeNi, Al1.5CoCrFeNi and AlCoCrFeNi alloys respectively,  According to ref. Based on data from Refs. [6, and 15], which where also studied the microstructure and phase compositions in of Al0.9CoCrFeNi, Al1.5CoCrFeNi, and AlCoCrFeNi alloys were studies, we conclude that the first phase is the disordered BCCbcc (A2) phase, while and the second corresponds phase isto the ordered BCCbcc (B2) phase. Thus, in the as-cast alloy, the A2 nanoparticles with the cubic morphology are incorporated into the B2 matrix. “The fine cubic microstructure and the significant number of A2 precipitates per unit area suggests that spinodal decomposition occurs during solidification. This finding is in agreementconsistent with the works results of Kao et al.et al. [7] and Lv et al.et al. [16]. Kao et al.et al. [7] claim that the wall-shaped microstructure evolved evolves after heat treatment at 1100 °C oC for 24 h in the Al0.875<x<2CoCrFeNi system is as a result of spinodal decomposition. Lv et al.et al. [16] also reported thaton spinodal decomposition occurs in the Alx=0.5,0.75,1CoCrFeNi alloys prepared by arc-melting and suction- casting.“	Comment by ACL: Do you mean “volume”?
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Figure 2. X-ray mapping of (a) Al, (b) Co, (c) Ni, (d) Cr, and (e) Fe elements (a-e) and (f) a dark- field image (f) in from as-cast Al2.75CoCrFeNi using TEM (EDS).

The Figure 3 shows the evolution of the A2 morphology evolution as a function of temperature is seen in Figure 3. The cubic-like A2 morphology of the A2 (bright phase) detected, as found by the STEM analysis (Figure 2) becomes more coarsens and maintains itss' cubic morphology up to 800 °oC. At 900 °oC, the A2 phase looses its cubic-like morphology and the phase islands turns become rounder. 	Comment by ACL: Do you mean “STM”?	Comment by ACL: 
Please ensure that this edit maintains the intended meaning.
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Figure 3 Al2.75CoCrFeNi HRHigh-resolution--SEM BSE images of the equiaxed A2 precipitates in Al2.75CoCrFeNi at (a) 800 °oC, (b) 900 °oC, (c) 1000 ° oC, (d) 1100 °oC, and (e) 1200 °oC. Bright gray phase or particles is the– A2 phase, darker gray matrix is the– B2 phase. Examples of A2 precipitates are highlighted circledby circles.  

Above this temperature900 °C, two types of A2 morphologies were are identified  (Figure 4). One The first A2 morphology appears consists ofas a threads that decorates the grain boundaries, while whereas the second A2 morphology is rounder, and more equiaxed, and is located mainly inat the bulk of the grains. Both A2 morphologies have the same elemental composition. With increasing temperature and \time, both morphologies become coarsecoarsern; , where the bulk-grain A2 phase keeps maintains its rounded shape, and the grain- boundaryies A2 phase gets becomes thicker (Figure 4). Since Because the diffusion coefficient at grain boundaries is orders of magnitude larger greater compared to thethan that one in the bulk, we decided to focus on the inter-inter grains A2 precipitates. 
[image: C:\Users\lab26-ws2\Desktop\michael\275 Al manuscript\1200_1000_25h_1.jpg]
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Figure 4 BSE image of the Al2.75CoCrFeNi alloy after heat treatment at 1200 °oC for 50 hours h followed by a direct treatment at 1000 °oC for 25 hours h as showsan an example of the sub--grain illustration by the A2 phase (bright phase –areas are A2 phase, darker matrix –areas are B2 matrix). Examples of A2 precipitates are highlighted by encircleds. 
The composition and volume fractions of A2 and B2 phases as a function of temperature and \time were also studied, and Table 3 and Figures 5 and 6 summarize the results together with calculated values based on a thermodynamic analysis using the Thermo-Calc software and the new thermodynamic database for HEAs developed by Hallstedt [13] are summarized in Table 3 and Figures. 5-6.


















Figure 5 (a) Al (a) and (b) Cr (b) content in the B2 phase of Al2.75CoCrFeNi alloy as a function of temperature. E, experimental results are compared to with thermodynamic calculationss.














Figure 6 Temperature dependence of the A2, B2, and liquid molar fraction in the Al2.75CoCrFeNi alloy as a function of temperature based on the a thermodynamic analysis using the Thermo-Calc software and the new thermodynamic database for HEAs developed by Hallstedt [13].



Table 3 Measured and calculated composition of A2 and B2 phases in heat-treated Al2.75CoCrFeNi samples. A2 and B2 mole fractions values werewere obtained from a thermodynamically calculationed and volume fractions were extracted obtained from EDS analysis (mole fraction  volume fraction). 
	phasePhase
	Temperature [°oC]
	Al
	Co
	Cr
	Fe
	Ni
	Vol. fraction

	B2
	900
	46.8±0.8
	17.3±0.2
	5.5±1.0
	12.4±0.2
	18.0±0.2
	0.68±0.03

	
	1000
	45.1±0.5
	17.5±0.4
	6.4±0.7
	12.4±0.4
	18.6±0.4
	0.76±0.01

	
	1100
	43.4±0.4
	17.6±0.5
	7.6±0.2
	13.2±0.2
	18.2±0.6
	0.81±0.02

	
	1200
	42.2±0.2
	17.2±0.5
	8.8±0.3
	14.0±0.3
	17.8±0.2
	0.84±0.03

	B2-
Thermo-Calc
	900
	45.75
	17.48
	3.25
	15.84
	17.68
	0.84

	
	1000
	45.03
	17.12
	4.91
	15.44
	17.50
	0.85

	
	1100
	44.13
	16.58
	7.03
	15.14
	17.13
	0.86

	
	1200
	43.02
	15.92
	9.58
	14.94
	16.53
	0.89

	A2
	900
	30.9±1.0
	8.5±0.6
	34.2±0.7
	19.8±0.5
	  6.6±0.6
	0.32±0.03

	
	1000
	22.7±0.5
	5.7±0.8
	44.5±0.5
	23.6±0.7
	3.5±0.6
	0.24±0.01

	
	1100
	16.6±0.5
	6.9±0.4
	46.3±0.2
	27.5±0.3
	2.7±0.1
	0.19±0.02

	
	1200
	21.5±0.1
	5.3±0.3
	47.8±0.2
	23.0±0.3
	2.4±0.4
	0.16±0.03

	A2-
Thermo-Calc
	900
	14.96
	1.08
	74.36
	9.55
	0.05
	0.16

	
	1000
	17.24
	2.21
	69.02
	11.38
	0.14
	0.15

	
	1100
	19.63
	3.83
	63.35
	12.81
	0.37
	0.14

	
	1200
	22.15
	5.79
	57.42
	13.82
	0.82
	0.11

	Alloy ccomposition of the alloy
	900
	40.9±1.0
	14.6±0.4
	15.0±1.0
	14.7±1.6
	14.8±0.8
	

	
	1000
	40.1±1.0
	14.7±0.3
	15.2±0.1
	15.3±0.6
	14.7±0.4
	

	
	1100
	38.1±1.0
	15.6±0.8
	15.6±0.2
	15.5±0.7
	15.2±1.0
	

	
	1200
	38.8±1.0
	15.5±0.2
	14.9±1.0
	15.6±1.0
	15.2±0.6
	







As seen in Table 3 compares, the measured Al and Cr content in the B2 phase as a function of temperature were compared towith the calculated composition (see also Figure 5). The thermodynamic calculations are consistent with the experimental results are in agreement with the thermodynamic calculations:, where the concentration of the aluminum Al decreases with rising temperature while whereas the that of Cr increases with rising temperature. This result has an influence onaffects is the lattice distortion parameter, which is a fundamental parameter in HEAs and is elaborated discussed further below.  
Lattice distortion 
In The data given in Table 3 it was demonstratedreveal that, with increasing temperature, the Al and Cr content in the B2 phase decreases and increases, respectively, with increasing temperature. In tThis paragraphsection, we would like to shows how these results influence affect the lattice- distortion parameter. Previous studies [16, 17] that ,  which aimed to find a single generalizeproperty to characterizestic properties in the multi-component solid- solution systems, suggested using the atomic-size difference, , which is defined as
 ,       (2)
wWhere  is the atomic fraction of the component ith component,   is the atomic radius (143 pm, 125 pm, 129 pm, 126 , pm and 125 pm for Al, Co, Cr, Fe, and Ni, respectively [18]) and     is the average atomic radius,  . 
The atomic-size difference  is proportional to the lattice distortion, so and a large value of implies a large lattice distortion. Figure 7 shows The dependence of as a function ofon the Al composition of Al in AlxCoCrFeNi is present in Figure 7. The calculation is madeconsiders that the where stoichiometries of four elements remain constant, and one element changes its stoichiometry. For example,: when Al changes its stoichiometry from 1 to 4.5, all other elements remain at unity stoichiometry equal to 1. In case otherAs other elements (e.g., Fe, Co, Cr, or and Ni) changes stoichiometry from 1 to 1.5, all other remaining elements remain maintain constant at unity stoichiometry (e.g., Al = 2.75, and  ((Fe, Co, Cr, and Ni) =1).  As the Al content of Al increases,  increases up to a stoichiometry of 3.5 (~47 at.%) and then slightly decreases slightly. Ni and Co have have the same influence effect on  since because they have the sameir atomic radiius is the same, and so they cause  to increase, but in a much less soow manner asthan Al. Adding Cr and/or Fe addition decreases b, but Cr is much more dominant. These observations can qualitatively explain the increase of in Cr and Fe in the precipitated A2 phase during precipitation. Table 4 summarizes Calculated , calculated using based on the composition of A2 and B2 and their volume fractions from Table 3, are summaries in Table 4. The results point outindicate that the atomic-size difference o of the A2 phase is lower less than that of the B2 phase.; Thus, the precipitation of A2 from the B2 matrix will reduce compared to with its nominal value, which. This may suggest that,  despite the stabilization of B2 by the large significant Al content of Al, it remains insufficientis still not enough  to overcome the larger distortion values in the B2 structure, so and a mixture of the A2 and B2 phases still exist up to 1270 °0C (according toas per Figure 6). 	Comment by ACL: 
Please ensure that this edit maintains the intended meaning.	Comment by ACL: 
Please ensure that this edit maintains the intended meaning.
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Figure 7 Lattice distortion (variation as a function of the elements stoichiometryy of the various elements, according to equation Eq. (1).

Table 4 nominal  for Al2.75CoCrFeNi = 0.0626.
	
	900 °oC
	1000 °oC
	1100 °oC
	1200 °oC

	A2
	0.0561
	0.0491
	0.0457
	0.0491

	B2
	0.0651
	0.0647
	0.0645
	0.0641

	 weighted average*
	0.0623
	0.0613
	0.0619
	0.0623


*              where X is the volume fraction of the phase.

Kinetics and non-equilibrium state 
EThe effect of cooling rate on microstructure 
The morphology of A2 depends not only depends on the heat-treatment temperature but also on the cooling rate. Figure. 8 shows the microstructure of two samples after heat- treatment at 1300 °oC for 4 hours:; one sample was water quenched while and the other was furnace cooled to room temperature. In the case of slow cooling (i.e., furnace cooling), two morphologies of the A2 phase are seenappear:; one at the sub-grains boundaries and one within the bulk of the subgrains. At The sub-grains boundaries are decorated by, a continuous A2 phase decorates the boundaries whereas, , and in the vicinity, the area is almost A2 free. Inside Within the sub-grains, the A2 phase presents a submicron needle-like morphology of sub-micron A2 phase is seen. In the case of rapid cooling (i.e., the the water- quenched sample), the BSE image shows a rather uniform composition while whereas the grain boundaries (~ 200–-300 m) are brighter, which means their that their average atomic number is higher than that of the bulk of tregions of the grains. TEM analysis imaging of the quenched sample reveailes the presence of spherical nanoparticles within the B2 matrix (Figure 8d). It could be seenThese results show that standard quenching was does not able to maintainconserve a single solo B2 phase structure as predicted by the thermodynamic analysis. This finding may be correlated due to the large lattice distortion of the B2 phase.  Furthermore, the density of the A2 precipitates implies that there are nonno or little few nucleation barriers for hinder its formation. 
A2 precipitates
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[bookmark: _Ref10890092][bookmark: _Ref13331441]Figure 8 Al2.75CoCrFeNi heat- treated to 1300 °oC samples (a), (b) HRHigh-resolution--SEM, BSE image, furnace cooled (i.e., slow cooling); (c) BSE image of water- the quenched sample (i.e., rapid cooling); (d) TEM dark -field image of water- quenched sample. The highlighted circled reflection () is forbidden for the A2 structure. Examples In panel (b), examples of A2 precipitates (light gray) are highlighted by circlescircled. (c)


Precipitation kinetics
Since Because the precipitate growth is diffusion controlled, we applied the Lifshitz & and Slyozov theorem [19],  concerning the kinetics of precipitation from supersaturated solid solution, was used. According to Lifshitz and Slyozov [19], the average radius of the precipitates, , of the precipitates, where  contains geometrical constants, and weakly- temperature-dependent coefficients in the solid -state such as surface tension, D is the diffusion coefficient, and t is time.  If  is considered constant, then , where  obeys the same Arrhenius relation as :
 ),   (1)
Where where  is the activation energy, – is the universal gas constant, and  is– the absolute temperature.
Using By using the measured average diameter of A2 precipitatesd as a function of the temperature (Table 5), the activation energy (Q) was extracted from the slope of  vs   (Figure 9). The calculated activation energy for A2 precipitation in the Al2.75CoCrFeNi found to beis thus 323 ± 39 kJ/mol. The received result is within the errorthe margin of error of other reported published data in the literature concerningon multicomponent systems, yet our current result is higherbut on the high side. For example, Nadutov et al.et al. [20] reported an activation energy value of (306.9 kJ/mol) for the precipitation of a BCC bcc phase out ofrom a mixture of FCC fcc and BCC bcc phases in the Al(х=1, 1.5, 1.8)  FeNiCoCuCr, and. Vaidya et al.et al. [12] reported the value ofan activation energy of 303.9 ± 8.7 kJ/mol for diffusion in the CoCrFeMnNi FCC fcc phase.

Table 5 Average diameter size of A2 precipitates at after various heat- treatments.
	Temperature [°oC]
	d, Average diameter d [nm]
	t [hr]

	800
	93±28
	264

	900
	450±129
	164

	1000
	560±162
	139

	1100
	1216±462
	98

	1200
	1849±564
	65

















Figure 9 ln(D) as a function of 1/T, where D is the diffusion coefficient and T is the absolute temperature..

Qualitatively A qualitative explanation for the higher activation energy value found obtained in the present work may be related to the lattice distortion in multicomponent systems.  First, there is a general statement that in multicomponent systems, the diffusion rate generally decreases with increasingas the number of components increases, the lower the diffusion rate gets [21] (this is due to a caused by high activation energy or a low pre-exponetialexponential coefficient). However, the, but calculation of the lattice- distortion parameter in the case offor AlхFeNiCoCuCr (Nadutov et al.et al. [20], for Al = 1.8) equals togives δ = 0.0563 (the atomic radius for Cu is 128 pm), which is lower less than the nominal value for the alloy Al2.75CoCrFeNi alloy (Table 4). In the case ofFor the alloy CoCrFeMnNi alloy (Vaidya et al.et al.[12]), since the atomic radius of Mn (137 pm) is lower less than that of Al and its the Mn content in the alloy is also lower less than that of Al in Al2.75CoCrFeNi, so the distortion parameter received is δ = 0.0354, which is significantly lower less than the value of   value for the Al2.75CoCrFeNi alloy. 	Comment by ACL: Do you mean “x = 1.8”?
Beke &and Erdelyi [11]  claim that the sluggish character diffusion is characteristic of HEAs (multicomponent systems where the each content of each component content is in the range of 5-–35 at.%).  Compared to with pure reference metals, this result can mostly beis attributed primarily to the temperature- independent factor in the diffusion coefficients rather than to the higher activation energies. As argued below, this statement is also valid forapplies to the alloy Al2.75CoCrFeNi alloy; moreover, the role of lattice distortion role is demonstrated. 	Comment by ACL: 
Please ensure that this edit maintains the intended meaning.
Assuming If we assume similarities between multicomponent systems and, useing the data of Nadutov et al.et al. [20]   concerningfor the diffusion coefficient, the diffusion coefficient in for the Al2.75CoCrFeNi system at 1200 °oC will would be in the range ofabout .  When compared to with the self-diffusion of  vanidumvanadium (as done in Ref. [11]), which is also a BCC bcc structure,, (as done in [11] )  at the same homological temperature (, , despite its' high activation energy (394 kJ/mole). Actually, the diffusion coefficient should be compared to with the AlNi intermetallic (B2 phase with a lattice parameter of 0.288 nm [22]) since because the B2 phase in this study is an ordered Al-Ni ordered phase. The activation energy in the case offor AlNi is 307 kJ/mole, and the diffusion coefficient at the homological temperature of 0.88 is  , which is again almost 2 two orders of magnitude higher greater than in the case offor the multicomponent system. 
Looking intoIn the diffusion expression, consider now the pre-exponential expression of D,factor D0 , which is a proporsitional to , where with a is being the lattice constant, and  is the Debye frequency. The calculated average weighted lattice parameter of the Al2.75CoCrFeNi is 0.340 nm compared to with 0.287 nm of the BCC bcc phase (this result by itself implies the existence of lattice distortion), which means a reduction of about~ 30% in D. 	Comment by ACL: 
Please ensure that this edit maintains the intended meaning.
Li et al.et al. [23] correlated the increase of Al content in the AlxCoCrFeNi with the increase in lattice distortion and alloy hardness of the alloy and obtained a. According to Li et al. [23], the  hardness ratio for  to  is; of  .  As seen in Figure 7, a decrease in the Al content from 2.75 to 1, reduces  by 15%. As for the average weighted lattice parameter, in the case ofor   (0.317 nm), using given the lattice parameter of the B2 phase [23], D is reduced only by 10%,  which predicts equates to a higher greater diffusivity rate infor lower Al contents (and lower lattice distortion) in the alloy AlxCoCrFeNi alloy.  

Volume changes due to B2- to- A2 phase transformation 
First-order phase transformations in solids is are usually accompanied by volumetric changes. The sign of this change (i.e., expansion or contraction) could affect the transformation kinetics, whether expansion or contraction is involved. In order toTo clarify this point, we extracted the lattice parameter of each phase from the room-temperature XRD pattern (at room temperature), measured the CTE of the alloy Al2.75CoCrFeNi, alloy and made an attempted to synthesize thes single phase in order toto be able to evaluatedetermine the CTE of each phase.  


XRD analysis 
Figure 10 shows aA representative XRD pattern from theof heat-treated samples is presented in Figure 10, clearly revealing b. Both the A2 and B2 phases clearly can be observed. In general, the B2 phase exhibits hasa smaller lattice parameters compares tothan the A2 phase. For example, in the sample after heated to 1200 °oC for 65 h and then rapidly quencheding, aB2= = 0.2882(1) nm and aA2= 0.2898 (1) nm. The B2 lattice parameter of B2 is thus smaller by 0.4% to- 0.5% than with respect to the A2 lattice parameter. The Note that the equilibrium lattice parameters found reported hereinin this work somehow differ from the valuesose reported in the literature;, for example, Tang et al. [24] report that the A2 and B2 phases in the alloy AlCoCrFeNi have the same lattice parameter of a = 0.287 nm. althoughThis difference may be due to the high Al content in the alloy AlxCoCrFeNi, similar to the results of Nair et al. [25], in the case who of Al3CoCrFeNi, reported by Nair et al. [23] that aA2 for the alloy Al3CoCrFeNi is significantly higher greater than aB2 (0.294 and versus 0.287 nm respectively).. Tang et al. [24] reported that in AlCoCrFeNi, the A2 and B2 phases have the same lattice parameter of a=0.287 nm. In addition, Wang et al.et al. [6] and Li et al.et al. [23]  reported that that the lattice parameter of the B2 bcc phases increases with the increasing of Al content in the Alx(1≤x≤3)CoCrFeNi. Thus, although the lattice parameters are the same at x = 1, as the Al content in the alloy increases, the lattice parameter of the A2 phase increases faster than that of the B2 phase, as observed at x = 2.75.. 



[image: ]








Figure 10 XRD pattern of the Al2.75CoCrFeNi sample, heat -treated at 1200 °oC for 65 h and rapidly quenched: (a) general overall plot, (b) whole- pattern fitting showing the calculated pattern of for A2 (red line), B2 (green line), and their sum (black line), which matches the experimental pattern shown below.	Comment by ACL: 
Please ensure that this edit maintains the intended meaning.

In order toTo clarify this deviation from the literature published results and also be able to measure the CTE of each phase, two alloys with a similar composition similar to to that of the B2 (Al-Ni-Co- rich) and A2 (Cr-Fe- rich) phases were prepared (Table 1).  The compositions of each phase was were chosen according to the data given in Table 3 and were close to the reported composition of the B2 phase reported by Tang et al.et al. [24] and Yang et al.et al. [26]. XRD (Figure 11) and TEM analysis analyses approve show that the Al-Ni-Co -rich alloy is a single B2 phase, but in the case ofwhereas the Cr-Fe-rich alloy contains a, small amounts of B2 was found (Figure 11). The lattice parameter of the Al-Ni-Co- rich alloy was is 0.2879(1) nm, which differs by varies about 0.01% from the lattice parameter of the B2 phase in the Al2.75CoCrFeNi. The lattice parameter of the Cr-Fe Fe-rich alloy was is 0.2890(1) nm, which differs by varies about 0.03% from the lattice parameter of the A2 phase in the Al2.75CoCrFeNi. These results confirm that, for the Al2.75CoCrFeNi, the lattice parameter of the A2 phase is larger than the lattice parameter of the B2 phase by about ~0.4%, which means that, in order toto precipitatetion in the solid -state, the A2 phase needs tomust overcome internal stress at the A2/-B2 interface.	Comment by ACL: 
Please ensure that this edit maintains the intended meaning.










Figure 11 XRD pattern of the Al-Ni-Co rich and Cr-Fe rich alloys.

Thermal expansion 
Figure 12 shows tThe CTEs values for the B2 (Al-Ni-Co- rich) and, A2 (Fe-Cr- rich) phases and the alloy Al2.75CoCrFeNi are presented in Figure 12. The Fe-Cr richA2 phase and Al2.75CoCrFeNi alloys exhibithave the same CTEs values between 300 and -1350 °oC and have the CTE-vs-temperature slope changes at 1256 °oC caused bybecause the sample shrinksage in the samples. On the other handConversely, the Al-Ni-Co rich sampleB2 phase has the same CTE as the Fe-Cr richA2 phase and Al2.75CoCrFeNi alloys up to 450 °oC but,. at higher temperatures,Above 450oC the alloy exhibitsB2 phase has a lower smaller CTE, and its the CTE-vs-temperature slope changes at 1033 °oC also due tobecause of shrinkage. Chou et al.et al. [27] studied the thermophysical and electrical properties in of AlxCoCrFeNi (0 ≤ x ≤ 2) high-entropy alloysHEAs and, reporteding that the AlxCoCrFeNi alloys are ferromagnetic and that there is an additional portion of expansion occurs due to magnetic ordering. They also reported that the thermal expansion of the CTE of in the BCC bcc phase in of Alx(1.25≤ x≤2)CoCrFeNi decreases for from 13.35 ×(10-−6 /K−1) to 12.85 ×10−6 K−1((10-6/K) in the temperature rangefrom of 423- to 773 K, which is reasonably close toconsistent with our the present results. These differences would add a a significant amount of about 0.6% to the stresses between the A2 and B2 phases and will contribute to the suppression of the B2-to--A2 phase transformation if upon cooling the alloy is cooled down. In the case where theFor the A2-to-B2 phase transformation is opposite, meaning A2 transforms to B2, thiseses contraction stress will enhancepromotes the phase transformation.	Comment by ACL: 
Please ensure that this edit maintains the intended meaning.	Comment by ACL: 
Please ensure that this edit maintains the intended meaning.










Figure 12 CTE as a function of temperature for ofthe Al2.75CoCrFeNi alloy, the B2 phase (i.e., Al-Ni-Co- rich alloy), and the A2 phase (i.e., Fe-Cr- rich alloy).

The measuredment of the lattice parameters of the B2 and A2 phases show that the B2- to- A2 phase transformation involves a volume expansion, which  and will imposes  compressioven stresses on the A2 phase.   The CTE of the B2 phase is significantly lower smaller than that of the A2 phase. According to the whole- pattern fitting of the XRD data of from the as-cast sample, the initial fraction of the A2 phase in the Al2.75CoCrFeNi alloy is ~ about 22 vol.%. Looking atThe data in Table 3, it can be seen show that, at the lower temperatures of 800 and 900 °oC, during the isothermal heat- treatment, the volume fraction of the A2 phase increases, while whereas infor the higher temperature range of 1000–-1200 °oC, the content fraction of the A2 phase decreases. In the first groupscenario, the B2 phase is surrounded by the A2 phase and is under tensile stresses, which will makefacilitates the B2- to- A2 phase transformation easier. In the second second scenariogroup, in order to reach equilibriumthe  A2 phase must transform into the B2 phase to reach equilibrium. Since the A2 phase is under compressiveon stresses, the phase transformation should be slowed downretarded by the stresses, but since we arethe sample is above the (homological temperature of 0.78, it is reasonable towe assume that thisese stresses isare easily relieved and the transformation occurs fastermore rapidly. In summary, it seems thatthe stresses involved in the phase transformation which takes place in this studied hereiny does not seem toidn't slow downretard the phase transformation during the isothermal heat treatments. YetHowever, if should the A2 should phase precipitate from a supersaturated solid B2 solution, the differences in lattice parameters of between the two phases will would increase with increasing temperature, which will would cause compressiveon stresses on the A2 phase. T and their impact of this stress on the phase- transformation kinetics should not be ignored. 

Summary and Conclusions
Limited studies were have focused heretoforeconducted on  AlxCoCrFeNi alloys with x >1.8 due because of to their high brittleness and lack of applicability of these alloys. Nevertheless, these alloys are scientifically interesting because they contain a mixture of ordered (B2) and disordered (A2) phases which that exist in withthe lower Al contents and in the form of potentially applicable AlxCoCrFeNi alloys. 
[bookmark: _GoBack]In tThe present study investigates, the structure, composition, precipitation kinetics, and CTE of the Al2.75CoCrFeNi alloy and its' phases were studied. The obtained experimental results are in aggrementconsistent with the literature published results and d with thermodynamic calculations, where in which this alloy contains only two phases: the ordered BCC bcc (B2) phase and the disordered BCC bcc (A2) phases. It was is also confirmed both experimentally and thermodynamically that the composition of both phases is temperature- dependent. In the case ofFor the B2 phase, uwith pon the increasing of the temperature, the Al contained content decreases while and the Cr content increases. This compositional change leads to a smaller distortion parameter. Moreover, the lattice parameter of the A2 phase found to beis larger than the onethat of the B2 phase;. aThis finding that is well explained by the invoking the increasing content of Al in the  AlxCoCrFeNi alloy, and it is which is consistent in agreement with the dependence extracted from differentresults of published previous studies..
This investigatione study of the single B2-only alloy and aof a B2 alloy containing a significant fraction of major A2 containing alloy allowsed us to distinguish between the properties of the two alloys. The CTE value ofof the A2 phase found to beis larger greater comparing tothan that the CTE value of the B2 phase. Interestingly, the CTE values of the Al2.75CoCrFeNi found to beis similar to the values ofthe CTE of the A2 phase. This type of behaviorresult can be explained if we assume that, during while heating of athe B2 supersaturated alloy, the B2 phase is under compressiveon stress,es which may enhance facilitate the sluggish B2- to- A2 phase transformation. Thus, the any differences (i.e., lattice parameters and CTEs) between the A2 and B2 phases, could have an impactaffect the on phase- transformation kinetics when both phases are involved. And indeedIn fact, the precipitation kinetics in the Al2.75CoCrFeNi and the estimated diffusion activation energy value (Q = 323 ± 39 kJ/mol) support our assumption and they are in the a range of other similar to that of other multicomponent systems and the AlNi intermetallic materials. 	Comment by ACL: 
Please ensure that this edit maintains the intended meaning.
Acknowledgments
The authors would like to thank Dr. Bengt Bengt Hallstedt for permission to use his new thermodynamic database for HEAs. Gratitude also goes to Mr. Eyal Attal and Mr. Omri Azulai from the Physics Department at NRC-Negev, Israel, for their valuable technical assistance. 
The authors declare that they have no conflict of interest.

References
[1] Chen Y.Y., Duval T., Hung U.D., Yeh J.W., and Shih H.C. (2005) Microstructure and electrochemical properties of high entropy alloys—a comparison with type-304 stainless steel. Corros. Sci. 47(9):2257–2279. 
[2] Tsai C.W., Tsai M.H., Yeh J.W., and Yang C.C. (2010) Effect of temperature on mechanical properties of Al0.5CoCrCuFeNi wrought alloy.  J. Alloys Compd. 490(1-2):160–165. 
[3] Tong C.J., Chen M.R., Chen S.K., Yeh J.W., Shun T.T., Lin S.J., and Chang S.Y. (2005) Mechanical performance of the AlxCoCrCuFeNi high-entropy alloy system with multiprincipal elements. Metall. and Mat. Trans. A 36(5):1263–-1271.
[4] Lu Y.P., Dong Y., Guo S., Jiang L., Kang H.J., Wang T.M., Wen B., Wang Z.J., Jie J.C., Cao Z.Q., Ruan H.H., and Li T.J. (2014) A promising new class of high-temperature alloys: eutectic high-entropy alloys. Sci. Rep. 4:6200. 
[bookmark: bau1][bookmark: bau2][bookmark: bau3][bookmark: bau4][5]  Munitz A.,  Salhov S., Hayun S., and  Frage N. (2016) Heat treatment impacts the micro-structure and mechanical properties of AlCoCrFeNi high entropy alloy. J. Alloys Compd. 683:221–-230. 
[6] Wang W.R., Wang W.L., Wang S.C., Tsai Y.C., Lai C.H., and Yeh J.W. (2012) Effects of Al addition on the microstructure and mechanical property of AlxCoCrFeNi high-entropy alloys. Intermetallics 26:44–-51. 
[7] Kao Y.F., Chen T.J., Chen S.K., and Yeh J.W. (2009) Microstructure and mechanical property of as-cast, -homogenized, and -deformed AlxCoCrFeNi (0 ≤ x ≤ 2) high- entropy alloys. J Alloy Compd. 488(1):57–-64. 
[8] Zhang C., Zhang F., Chen S., and Cao W. (2012) Computational dynamics aided high-entropy alloy design. JOM 64(7):839–-845. 
[9] Zhang C. and, Gao M.C. (2016) CALPHAD Modeling of High-Entropy Alloys.  in: Gao M.C., Yeh J.W., Liaw P.K., and Zhang Y. (eds)  High-Entropy Alloys Fundamentals and Applications. Springer, Switzerland,  pp. 422.  
[10] Tsai K.Y., Tsai M.H., and Yeh J.W. (2013) Sluggish diffusion in Co–Cr–Fe–Mn–Ni high-entropy alloys Acta Mater 61(13):4887–4897 
[11] Beke D.L. and, Erdelyi G. (2016) On the diffusion in high-entropy alloys. Mater. Lett. 164:111–113.
[12] Vaidya M., Trubel S., Murty B.S., Wilde G.,  SV and Divinski S.V. (2016) Ni tracer diffusion in CoCrFeNi and CoCrFeMnNi high entropy alloys. J. Alloys Compd. 688:994–-1001. 
[13] Hallstedt B. (2017), private communication.
[14] Andersson J.O., Helander T., Hoglund L., Shi P.F. and Sundman B. (2002) Thermo-Calc and DICTRA, Computational tools for materials science. Calphad 26(2):273–-312.
[15] Linden Y., Pinkas M., Munitz A., and Meshi L. (2017) Long-period antiphase domains and short-range order in a B2 matrix of the AlCoCrFeNi high-entropy alloy. Scr. Mater. 139:49–52. 
[16] Lv Y., Hu R., Yao Z., Chen J., Xu D., Liu Y., and Fan X. (2017) Cooling rate effect on microstructure and mechanical properties of AlxCoCrFeNi high entropy alloys. Mater. Des. 132: 392–399. 
[16] Zhang Y., Zhou Y.J., Lin J.P., Chen G.L., and Liaw P.K. (2008)  Solid-solution phase formation rules for multi-component alloys. Adv. Eng. Mater. 10(6): 534–-538. 
[17] Qiao J.W., Ma S.G., Huang E.W., Chuang C.P., Liaw P.K., and Zhang Y. (2011) Microstructural Characteristics and Mechanical Behaviors of AlCoCrFeNi High-Entropy Alloys at Ambient and Cryogenic Temperatures. Mater. Sci. Forum 688:419–-425.
[18] Wells A.F. (1984) Structural Inorganic Chemistry 5th ed.n Clarendon Press Oxford.
[19] Lifshitz I.M. and, Slyozov V.V. (1961) The kinetics of precipitation from supersaturated solid solutions. J. Phys. Chem. Solids 19(1-2):35–-50.
[20] Nadutov V.M., Mazanko V.F., and Makarenko S.Y. (2017) Tracer diffusion of cobalt in high-entropy alloys. AlхFeNiCoCuCrMetallofiz. Noveishie Tekhnol. 39(3):337–348. 
[21]  Chang S.Y.,   Li C.E.,   Huang Y.C.,  Hsu H.F.,  Yeh J.W., and  Lin S.J. (2014) Structural and thermodynamic factors of suppressed interdiffusion kinetics in multi-component high-entropy materials.  Sci. Rep.  4:4162.
[22] Hancock G.F. and, McDonnell B.R. (1971) Diffusion in the intermetallic compound NiAl. Phys Stat Sol (a) 4(1):143-150.
[23] Li C, Li JC, Zhao M, and Jiang Q (2010) Effect of aluminum contents on microstructure and properties of AlxCoCrFeNi alloys. J. Alloys Compd. 504S:515–518. 
[24] Tang Z., Senkov O.N., Parish C.M., Zhang C., Zhang F., Santodonato L.J., Wang G., Zhao G., Yang F., and Liawa P.K. (2015) Tensile ductility of an AlCoCrFeNi multi-phase high-entropy alloy through hot isostatic pressing (HIP) and homogenization. Mater. Sci. Eng. A 647:229–240.
[25] Nair R.B., Arora H.S., Mandal P., and Grewal H.S. (2018) Complex concentrated coatings: effect of processing route on microstructural and mechanical properties. Mater. Lett. 230:100–104.
[26] Yang T., Xia S., Liu S., Wang C., Liu S., Fang Y., Zhang Y., Xue J., Yan S., and Wang Y. (2016) Precipitation behavior of AlxCoCrFeNi high entropy alloys under ion irradiation. Sci. Rep. 6:32146. 
[27] Chou H.P., Chang Y.S., Chen S.K., and Yeh J.W. (2009) Microstructure, thermophysical and electrical properties in AlxCoCrFeNi (0 ≤ x ≤2) high-entropy alloys. Mater. Sci. and Eng. B 163(3):184–189. 

1

image3.wmf
40

60

80

100

120

0

2000

4000

6000

B2

B2

A2+B2

A2+B2

A2+B2

A2+B2

A2+B2

B2

 

 

Counts

2

q


oleObject1.bin

image32.wmf
40

60

80

100

120

0

2000

4000

6000

B2

B2

A2+B2

A2+B2

A2+B2

A2+B2

A2+B2

B2

 

 

Counts

2

q


oleObject2.bin

image4.jpeg




image5.jpeg




image6.jpeg
———— 100 nm




image7.jpeg
———— 100 nm

CoK




image8.jpeg
———— 100 nm

CrK




image9.jpeg
———— 100 nm

Fe K




image10.jpeg




image11.jpeg
———— 100 nm




image12.jpeg
———— 100 nm

CoK




image13.jpeg
———— 100 nm

CrK




image14.jpeg
———— 100 nm

Fe K




image10.png
lilyy

gy





image11.tiff
det | mode WD rﬁag o] HFW tilt : um
MD | None | 20 mm | 10000x | 12.7 pm | 0° verios

% HV ‘ curr
5.00 kV | 0.20 nA




image16.tiff
det | mode WD rﬁag o] HFW tilt : um
MD | None | 20 mm | 10000x | 12.7 pm | 0° verios

% HV ‘ curr
5.00 kV | 0.20 nA




image12.tiff
[ '?ﬂ"‘l’
7.'0:3';!&’





image17.tiff
[ '?ﬂ"‘l’
7.'0:3';!&’





image15.jpeg




image18.jpeg




image18.tiff
N

még O] ! 7 4 pym
10 000 x verios





image19.tiff
N

még O] ! 7 4 pym
10 000 x verios





image19.jpeg




image20.jpeg




image21.jpeg
&%

RV curr det
15.00 kV | 0.20 nA | CBS

WD
6.5 mm

mag @
2 000 x

HFW
63.5 ym

tilt
0°

20 ym

Verios





image210.jpeg
&%

RV curr det
15.00 kV | 0.20 nA | CBS

WD
6.5 mm

mag @
2 000 x

HFW
63.5 ym

tilt
0°

20 ym

Verios





image22.wmf
800

900

1000

1100

1200

1300

2

4

6

8

10

12

14

Thermo-calc

 Experimental

 

 

 

at% Cr - ordered phase B2

Temperature [C] 

(b)


oleObject3.bin

oleObject4.bin

image23.wmf
800

900

1000

1100

1200

1300

41

42

43

44

45

46

47

48

 

 

at% Al - ordered phase B2

Temperature [C] 

Thermo-calc

 Experimental

(a)


oleObject5.bin

image230.wmf
800

900

1000

1100

1200

1300

41

42

43

44

45

46

47

48

 

 

at% Al - ordered phase B2

Temperature [C] 

Thermo-calc

 Experimental

(a)


oleObject6.bin

image24.emf
800 900 1000 1100 1200 1300 1400 1500 1600

0.00

0.25

0.50

0.75

1.00

liquid

A2

 

 

molar fraction

T [

o

C]

B2


oleObject7.bin

image240.emf
800 900 1000 1100 1200 1300 1400 1500 1600

0.00

0.25

0.50

0.75

1.00

liquid

A2

 

 

molar fraction

T [

o

C]

B2


oleObject8.bin

image25.emf
0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.063

0.064

0.065

0.066



 

(

Al

)

Al

Ni

Co

Fe



(

Co, Cr, Fe, Ni

)

Stoichiometry (Co, Cr, Fe, Ni)

Cr

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

0.056

0.060

0.064

Stoichiometry (Al)

 


image250.emf
0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.063

0.064

0.065

0.066



 

(

Al

)

Al

Ni

Co

Fe



(

Co, Cr, Fe, Ni

)

Stoichiometry (Co, Cr, Fe, Ni)

Cr

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

0.056

0.060

0.064

Stoichiometry (Al)

 


image26.jpeg
& o 2

W | | det | mode TR
1000 kv | 0200A | s | Al |56mm | 2500 |S08um |05 | vemes ]




image27.jpeg
% det mag © [
cBS 15000 x





image28.jpeg
k‘i?%?inpy - “4




image29.jpeg




image30.jpeg
& o 2

W | | det | mode TR
1000 kv | 0200A | s | Al |56mm | 2500 |S08um |05 | vemes ]




image31.jpeg
% det mag © [
cBS 15000 x





image32.jpeg
k‘i?%?inpy - “4




image33.jpeg




image30.wmf
6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

-52

-50

-48

-46

-44

-42

-40

-38

1100

1330

T [K]

 

 

 

ln(D

*

)

1/T *10

4

 [1/K]

Q/R = 38810 ± 4697


oleObject9.bin

image34.wmf
6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

-52

-50

-48

-46

-44

-42

-40

-38

1100

1330

T [K]

 

 

 

ln(D

*

)

1/T *10

4

 [1/K]

Q/R = 38810 ± 4697


oleObject10.bin

image31.wmf
60

65

70

75

80

85

90

0

400

800

1200

1600

 

 

Counts

2

q

 

A2

 

B2

 

Sum

Al

2.75

CoCrFeNi

1200

o

C 65hq

(b)


oleObject11.bin

oleObject12.bin

image32.emf
30 45 60 75 90

0

1000

2000

3000

4000

 

 

   

A2+B2

A2+B2

B2

B2

B2

Counts

2



A2+B2

(a)

 


image33.wmf
30

31

42

43

44

45

46

0

1000

2000

3000

4000

5000

6000

2

q

 

 

Counts

 

Al-Ni rich

 

Cr-Fe rich


oleObject13.bin

image37.wmf
30

31

42

43

44

45

46

0

1000

2000

3000

4000

5000

6000

2

q

 

 

Counts

 

Al-Ni rich

 

Cr-Fe rich


oleObject14.bin

image35.wmf
60

80

100

120

400

800

1200

 

Al-Ni rich

 

Cr-Fe rich

 

 

Counts

2

q


oleObject15.bin

image38.wmf
60

80

100

120

400

800

1200

 

Al-Ni rich

 

Cr-Fe rich

 

 

Counts

2

q


oleObject16.bin

image36.emf
400 600 800 1000 1200 1400

0

5

10

15

20

25

1056

o

C

 

 

CTE, E-6/

o

C

Temperature  [

o

C]

 Al

2.75

CoCrFeNi

 Al-Ni rich

 Fe-Cr rich

1033

o

C


oleObject17.bin

oleObject18.bin


1


 


 


Precipitation Kinetics, 


Microstructure


,


 


and Equilibrium 


State 


of 


A2 and B2 phases in 


Multi


c


omponent 


Al


2.75


CoCrFeNi 


Alloy 


 


M. Aizenshtein 


a,b


,*


, E. Strumza 


a


, 


E. Brosh 


b


, 


S. Hayun 


a


 


 


a) Department of Materials Engineering, Ben Gurion University of the Negev, Israel


 


b) NRCN


-


Negev, Israel


 


* Corresponding author: aizensht@post.bgu.ac.il


 


 


Abstract


 


Al


x


CoCrFeNi high


-


entropy alloys 


have 


received 


s


ignificant


 


attention 


recently 


b


ecause of 


th


eir 


promising mechanical and corrosion


-


resistance properties. These alloys 


tend to form


 


a 


mixture 


of 


f


cc


 


and 


b


cc


 


p


hase


s


,


 


w


h


ere the 


l


at


t


er


 


has an important role in 


material 


hardening. In 


many cases


, 


the 


b


cc


 


phase is a mixture of


 


disordered 


b


cc


 


(A2), 


which is 


a


n


 


Fe


-


 


and Cr


-


rich


 


phase


,


 


and ordered 


b


cc


 


(primitive cubic, B2)


,


 


which is


 


a


n


 


Al


-


, N


i


-


,


 


and Co


-


rich


 


phase


.


 


Although phase diagrams 


above 


x


 


=


 


2 are 


somewhat 


consistent, they 


unfortunately 


contain 


no


 


valuable data 


a


bout


 


the 


mole


 


fraction and 


phase


 


composition


.


 


Moreover, 


Al


x


>2


CoCrFeNi


 


alloy


s


 


s


uffer from 


a lack of


 


systematic experimental investigation 


into


 


the 


kinetics


 


of


 


the 


phase transformation


. 


T


o clarify 


these points,


 


the present study investigates 


the 


phase relations and 


precipitati


on


 


kinetics of A2 


from the B2 matrix


 


in Al


2.75


CoCrFeNi


.


 


T


he results show that the 


compositions of


 


the


 


A2 and B2 


phases are 


temperature


 


dependent and 


that


,


 


with increasing temperature


 


i


n the B2 phase


,


 


the Al 


content decreases


 


while the Cr content increases


, which


 


correlates with 


thermodynamic


 


calculation


s


.


 


I


n addition, the


 


equ


i


librium composition and 


phase


 


content


 


lead to 


a


 


reduced


 


lattice 


distortion parameter compared 


w


ith


 


that of


 


the nominal 


alloy


.


 


Concerning


 


the


 


kinetics of phase


 


transformation, 


t


he results


 


suggest


 


that


, to


 


precipitat


e in the solid state,


 


the A2 phase 


within the 


B2 matrix 


must 


overcome


 


the


 


internal stress


 


that is 


due to 


the 


differen


t


 


l


attice parameter


s


 


of the 


two phases.


 


Fu


r


thermore, t


he 


diffusion 


activation energy 


is estimated 


and 


its implications


 


discuss


ed


 


f


rom


 


the perspective of sluggish


 


diffusion 


i


n


 


multi


componen


t systems


. 


Finally, the 


coefficient


s


 


of thermal expansion


 


of


 


Al


2.75


CoCrFeNi 


alloy 


and 


of 


Al


-


Ni


-


Co


-


and 


Cr


-


Fe


-


rich 


alloys 


(both alloys containing 


Al


, 


Co


, 


Cr


, 


Fe


, 


Ni


) 


w


ere


 


measured


 


and


 


are 


discussed in relation to


 


phase transformation


. 


 


 




1     Precipitation Kinetics,  Microstructure ,   and Equilibrium  State  of  A2 and B2 phases in  Multi c omponent  Al 2.75 CoCrFeNi  Alloy    M. Aizenshtein  a,b ,* , E. Strumza  a ,  E. Brosh  b ,  S. Hayun  a     a) Department of Materials Engineering, Ben Gurion University of the Negev, Israel   b) NRCN - Negev, Israel   * Corresponding author: aizensht@post.bgu.ac.il     Abstract   Al x CoCrFeNi high - entropy alloys  have  received  s ignificant   attention  recently  b ecause of  th eir  promising mechanical and corrosion - resistance properties. These alloys  tend to form   a  mixture  of  f cc   and  b cc   p hase s ,   w h ere the  l at t er   has an important role in  material  hardening. In  many cases ,  the  b cc   phase is a mixture of   disordered  b cc   (A2),  which is  a n   Fe -   and Cr - rich   phase ,   and ordered  b cc   (primitive cubic, B2) ,   which is   a n   Al - , N i - ,   and Co - rich   phase .   Although phase diagrams  above  x   =   2 are  somewhat  consistent, they  unfortunately  contain  no   valuable data  a bout   the  mole   fraction and  phase   composition .   Moreover,  Al x >2 CoCrFeNi   alloy s   s uffer from  a lack of   systematic experimental investigation  into   the  kinetics   of   the  phase transformation .  T o clarify  these points,   the present study investigates  the  phase relations and  precipitati on   kinetics of A2  from the B2 matrix   in Al 2.75 CoCrFeNi .   T he results show that the  compositions of   the   A2 and B2  phases are  temperature   dependent and  that ,   with increasing temperature   i n the B2 phase ,   the Al  content decreases   while the Cr content increases , which   correlates with  thermodynamic   calculation s .   I n addition, the   equ i librium composition and  phase   content   lead to  a   reduced   lattice  distortion parameter compared  w ith   that of   the nominal  alloy .   Concerning   the   kinetics of phase   transformation,  t he results   suggest   that , to   precipitat e in the solid state,   the A2 phase  within the  B2 matrix  must  overcome   the   internal stress   that is  due to  the  differen t   l attice parameter s   of the  two phases.   Fu r thermore, t he  diffusion  activation energy  is estimated  and  its implications   discuss ed   f rom   the perspective of sluggish   diffusion  i n   multi componen t systems .  Finally, the  coefficient s   of thermal expansion   of   Al 2.75 CoCrFeNi  alloy  and  of  Al - Ni - Co - and  Cr - Fe - rich  alloys  (both alloys containing  Al ,  Co ,  Cr ,  Fe ,  Ni )  w ere   measured   and   are  discussed in relation to   phase transformation .     

