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1.1.1.1. IntroductionIntroductionIntroductionIntroduction    

Conventional alloy design involves the development and optimization of alloys consisting of a 

major element together with alloying additions. In recent years, a new type of alloys called 

high-entropy alloys (HEAs) or complex concentrated alloys (CCAs) was developed by rethinking 

this paradigm [1–3]. HEAs are the combination of several elements mixed in almost equimolar 

proportions to form concentrated blends. While Gibbs’ phase rule would predict a large 

number of stable phases due to the presence of a large number of constituents, it has been 

shown that alloys of this new family very often leads to simple microstructures and can even 

be single-phase [1,2]. This particular feature has been explained by considering their high 

configurational entropy resulting in the stabilization of single-phase disordered solid solutions 

over intermetallics [4]. However, this explanation is not shared by the whole community and is 

largely debated [5–7]. 

Cantor’s alloy, of composition CoCrFeMnNi, is one of the most widely studied high-entropy 

alloys so far, which is at least partly due to its remarkable properties when tensile tested down 

to cryogenic temperatures. Indeed, from 20°C to -196°C, both its strength and ductility 

increase [8]. While the strengthening of the material is a typical consequence of the decrease 

in temperature, the increase in ductility is rarely encountered. In the best cases, cryogenic 

steels have constant ductility from ambient to cryogenic temperatures [9–13]. These 

remarkable properties at cryogenic temperatures are attributed to its single-phase face 

centred cubic (FCC) microstructure [1] and to the intensification of mechanical twinning when 

the temperature decreases [14]. 
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It has been shown on conventional alloys that the presence of a second phase could lead to 

significant mechanical property improvements when the microstructure is optimized [15–18]. 

Following this strategy, several studies report the effects of modifying the chemical 

composition of Cantor’s alloy. The strategies implemented so far are numerous: non-

equiatomic compositions [19–22]; small additions of interstitial elements like carbon or boron 

leading to solid solution strengthening and to the precipitation of inclusions [23–27]; or small 

additions of new elements in substitution like copper or titanium resulting in the stabilization 

of new phases [28–31]. Nevertheless, the strategy the most implemented is the addition of 

aluminium which leads to the stabilization of the ordered B2 phase [32–46,46–60]. The 

presence of the B2 phase induces a strengthening of the material that can be at the expense of 

ductility when its formation is not well controlled. While many studies have focused on as-cast 

materials [1,23,25,28,30,32,43,46,49–51,55,61–70,70–73], several recent studies used 

thermomechanical treatments with the objective of better controlling their final 

microstructures [31,74–88]. For example, the recent work of R. Banerjee et al. [81–87] on the 

Al0.3CoCrFeNi composition, containing 7 at.% of aluminium, resulted in a wide range of tensile 

properties with yield strengths ranging from 160 MPa to 1800 MPa depending on the thermal 

history after cold rolling [83]. Similarly, the Al0.5CoCrFeMnNi composition, containing 9 at.% of 

aluminium, presents mechanical properties that are directly linked to its thermomechanical 

history [89]. Moreover, when tensile tested at cryogenic temperatures, its ductility is constant 

for microstructures containing up to 11 vol.% of B2 precipitates [90]. 

All studies cited above are interested in the final microstructures obtained after completion of 

the thermomechanical treatments. They often use large deformation levels, e.g. cold rolling 

reductions of 90% [81,82], in order to reach in the shortest annealing times the desired 

microstructures and to ensure their homogeneity. Then, the microstructure and mechanical 

properties are analysed. Complementing these papers, the present study focuses on the 

microstructure formation sequence resulting in these final microstructures. The different 
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microstructure transformation mechanisms activated during the annealing treatment, and 

their interactions, will be detailed. More specifically, this study focuses on the 

Al0.32CoCrFeMnNi composition, including 6 at.% of aluminium, referred as C6Al (for Cantor + 6 

at.% of aluminium) hereafter. This composition was kept as close as possible to Cantor’s to 

benefit from the wide literature on this alloy as a base reference. 6 at.% of aluminium were 

added to ensure the precipitation of B2 during thermomechanical treatment [34]. Two 

thermomechanical routes characterized by two cold rolling levels are studied. The fist route 

results in slow rates in the microstructure evolution. It is used to identify clearly the different 

mechanisms involved, including recrystallization and precipitation, and to understand their 

interactions. The influence of the annealing temperature and time are analysed based on this 

thermomechanical route. Then, a second route resulting in faster rates enables to analyse the 

influence of cold rolling strain. The respective roles of the involved mechanisms and the 

importance of their interactions will be discussed on the basis of thermodynamic calculations. 

2.2.2.2. Materials and methodsMaterials and methodsMaterials and methodsMaterials and methods    

2.1. Material composition 

ThermoCalc software with inputs from the TCHEA4 thermodynamic database was used to 

predict the phase equilibria in Cantor’s alloy as a function of aluminium addition (Fig. 1). The 

calculated isopleth shows that the addition of 6 at.% of aluminium results in the formation of 

the B2 phase below 1100°C in agreement with the observations from the literature. The σ 

phase is also predicted to form below 920°C. In addition, the composition allows a full FCC field 

to be maintained between 1150 and 1290°C. This is consistent with the need to carry out hot 

working of these potential industrial alloys in the FCC phase.  

 

Fig. 1 CoCrFeMnNi + Al phase diagram. The studied composition Al0.32CoCrFeMnNi corresponds 

to an addition of 6 at.% of aluminium. The solid circle indicates the hot rolling temperature. The 

open circles indicate the three annealing temperatures considered in this study : 620, 900 and 

1000°C. 
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Two 1kg ingots were cast in a vacuum induction furnace. Their compositions were analysed by 

inductively coupled plasma linked to optical emission spectroscopy (ICP-OES). The results are 

reported in Table 1 together with the targeted composition. The two ingots present identical 

compositions. As will become clear, each ingot will be submitted to different cold rolling 

reduction, i.e. 58% and 80% (denoted CR58 and CR80) for ingots 1 and 2, respectively. 

Table 1 Chemical compositions of the investigated ingots measured with ICP-OES along with 

the targeted composition, in atomic percent. 

 Al  Co  Cr  Fe  Mn Ni  

Theoretical (at.%) 6  18.8  18.8  18.8  18.8  18.8 

ICP (at.%) – CR58 6.1 ± 0.1  18.8 ± 0.1  18.1 ± 0.5  19.2 ± 0.4  19.1 ± 0.2  18.8 ± 0.1  

ICP (at.%) – CR80 5.8 ± 0.1  19.1 ± 0.2  17.9 ± 0.1  18.8 ± 0.1  19.1 ± 0.2  19.3 ± 0.1  

2.2. Material processing 

The material was submitted to the processing routes presented in Fig. 2 consisting first of a 

hot rolling step at 1200°C for a total reduction of 70% (εVM=1.4) followed by water quenching. 

The first route consisted of a homogenization step at 1200°C for 24 hours and of cold rolling 

(CR) for a total reduction of 58%, which corresponds to a true Von  Mises strain of εVM=1.0. This 

route is called route CR58 according to the applied cold rolling reduction. The material was 

then annealed at various temperatures ranging from 620 to 1000°C for 50 hours. At the 

annealing temperature of 900°C, additional annealing times from 5 minutes to 750 hours have 

also been investigated. The second route called route CR80 consists of a cold rolling step to a 

reduction of 80% (εVM=2.0) directly after hot rolling.  It was then annealed at 900°C for times 

ranging from 5 minutes to 750 hours. All the annealing steps, following both CR58 and CR80, 

were performed under argon atmosphere and followed by air cooling. 

 

Fig. 2 Schematics of the two thermomechanical schedules chosen for processing of C6Al. 

2.3. Microstructure characterization 

Microstructure characterization was performed on the sections containing the RD and ND 

directions. The samples were conventionally prepared. They were first polished down to 3 µm 
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using diamond paste. The last polishing step was then performed during 30 minutes using OPU 

solution containing a 40 nm colloidal silica suspension.  

The recrystallized fraction was determined using optical microscopy, by systematic manual 

point counting [91] using ImageJ software. A minimum of ten images were acquired for each 

set of processing parameters. SEM characterization was conducted using a Hitachi SU70 

FEG-SEM coupled with energy dispersive spectroscopy (EDS) and electron backscattered 

diffraction (EBSD), operated at a voltage of 20 kV. The EBSD data were recorded with a step of 

0.15 µm and analysed with TSL® OIM AnalysisTM software. They were always cleaned before 

being used for quantification. First, a grain dilation step was conducted with a grain tolerance 

angle of 5° and a minimum grain size of 5 pixels. The same parameters were used for the 

confidence index standardization. Finally, the grains presenting a confidence index lower than 

0.1 were removed. Phase identification and quantification were conducted by X-ray diffraction 

(XRD) using a Cu Kα source. The crystallographic texture was measured by XRD using a Mo Kα 

source. The (111), (200), (220) and (331) pole figures were measured and treated with 

DIFFRAC.TEXTURE software. The samples were also characterized using TEM. For this purpose, 

the samples were mechanically thinned to approximately 100 µm and electrochemically 

thinned by a twinjet electropolisher. The electrolytical thinning process was performed by 

immersing the samples in a mixture of 10 vol.% perchloric acid in ethanol at 30 V and −15°C. 

Hardness was measured with a Vickers indenter using a load of 500g. The results of ten 

randomly spread indentations were averaged. All those observations are coupled with 

thermodynamic simulations performed by using the CALPHAD method with inputs from the 

TCHEA4 thermodynamic database from ThermoCalc software. 

2.4. Mechanical characterization 

Dog-bone-shaped tensile specimens with gauge length of 3 mm and width of 6 mm were 

machined from the rolled and annealed sheets after route CR80. Both sides of specimens were 
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ground using SiC paper to achieve final thickness of 1.28 – 1.4 mm. Tensile tests were 

performed at an engineering strain rate of 2.10-3 s-1. 

2.5. Nomenclature 

In what follows, the different samples are referred to using their thermomechanical schedule. 

For example, the sample submitted to a cold rolling reduction of 58% with an additional 

annealing treatment at 900°C for 50 hours is referred to as CR58-900°C/50h. 

 

We will now turn to the results. The results corresponding to the heat-treatments carried out 

on the samples cold rolled to a reduction of 58% will be presented first. The results on the 

larger reduction of 80% will then be presented. 

3.3.3.3. ResultsResultsResultsResults    

3.1. Microstructures before and after cold rolling 

The microstructure before cold rolling in route CR58 is homogeneous and consists of equiaxed 

grains containing annealing twins. The grain size is 410 ± 150 µm. The material is fully FCC. 

 

Fig. 3 Before cold rolling in route CR58. (A) IPF map, (B) phase map. 

After cold rolling to a reduction of 58%, the material presents elongated grains as long as 

1 millimetre in length. Intragranular misorientations are observable with strong colour 

gradients on the IPF map (Fig. 4a). The hardness is 341 ± 12 HV0.5. Deformation twins are 

observed in most grains. They are characterized by 60° misorientation boundaries as shown on 

the misorientation profile measured along the black line in Fig. 4a. The microstructure of the 

alloy is a single-phase solid solution with FCC structure (Fig. 4b). Fig. 4c presents the Phi2=45° 

section of the orientation density function (ODF) measured by XRD. The crystallographic 

texture consists of the α fibre with the <110> direction parallel to ND. This texture is spread 
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from Goss (Phi1=90°) to A (Phi1=40°) texture components (TCs). It exhibits a maximum for the 

Goss component with a value of 5.7 times random. 

 

Fig. 4 CR58. (A) IPF map, (B) phase map, (C) deformation texture, Phi2=45° ODF section. 

3.2. Annealing treatments after CR58 

The following results will focus first on the microstructures obtained after annealing 

treatments at 900°C for 50 hours and then for shorter times. The microstructures obtained 

after annealing treatments at 620°C for 50 hours and 1000°C for 15 minutes will be detailed 

next. 

The sample CR58-900°C/50h consists of two zones with distinct microstructures (Fig. 5). First, 

the region located in the middle of the EBSD maps is composed of equiaxed and strain free 

FCC, BCC and  σ grains. As will become clear later, the BCC phase is the B2 phase, consistent 

with the calculated phase diagram. The mean grain sizes are 8 ± 0.3 and 1.5 ± 0.3 µm for the 

FCC and the second phases, respectively. The second phases are mainly present on the grain 

boundaries. Interestingly, the σ grains are always located next to at least one B2 grain. 

Secondly, on the sides of the maps, larger FCC grains are present with occasional deformation 

twins inherited from cold rolling. Precipitation of elongated B2 grains is observable within this 

zone. These B2 grains show a mean length of 1 ± 0.5 µm for a width of 0.3 ± 0.1 µm. The 

zoomed view in Fig. 5b highlights the alignment of the B2 needles with the {111} plane traces 

depicted by the 4 black lines. In addition, the FCC/B2 interfaces respecting the 

Kurdjumov-Sachs (K-S) orientation relationship (OR) are highlighted in yellow in Fig. 5b. It is 

interesting to note that the intragranular B2 grains present K-S OR on all their boundaries. It is 

visible in the zoomed view in Fig. 5b. Unlike intragranular B2 grains, the B2 grains formed on 

recrystallized FCC grain boundaries present a K-S OR with only one of its FCC neighbours. The 

centre region containing equiaxed grains will be called recrystallized zones (RXZs) as opposed 
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to the non-recrystallized zones (nRXZs) consisting of the larger FCC and elongated B2 grains. 

The RXZs and nRXZs present hardness values of 250 ± 6 HV0.5 and 281 ± 5 HV0.5, respectively. 

 

Fig. 5 CR58-900°C/50h. (A) IPF map, (B) phase map. The black lines on the phase map 

correspond to grain boundaries with misorientation angles larger than 15°. The yellow lines 

correspond to the grain boundaries between two grains obeying the K-S OR. 

Two regions have been analysed by TEM in order to precise the nature of, first, the B2 and FCC 

phases (Fig. 6a) and of the σ phase (Fig. 6b). Fig. 6c-e presents the corresponding diffraction 

patterns. The B2 phase is ordered as shown by the sublattice spots encircled in Fig. 6c. This is 

the B2 phase in agreement with CALPHAD predictions. The matrix corresponds to a FCC lattice 

structure (Fig. 6d). The diffraction pattern of Fig. 6e corresponds to primitive tetragonal which 

is typical of the lattice structure of the σ phase. The chemical compositions of these three 

phases were measured by averaging 10 EDS data points (Table 2). 

 

Fig. 6 TEM observations of a recrystallized zone. (A-B) bright field images, (C-E) diffraction 

patterns recorded in (C) a B2 grain (red circle) with sublattice spots encircled in yellow ([001] 

zone axis), (D) a FCC grain (green circle) ([011] zone axis), (E) a sigma grain (blue circle) ([110] 

zone axis). 

Table 2 Chemical compositions measured with EDS of the different phases present after 

50 hours at 900°C in atomic percent. 

 Al (at.%) Co (at.%)  Cr (at.%)  Fe (at.%) Mn (at.%) Ni (at.%)  

FCC  5 ± 1  19 ± 1  20 ± 1  20 ± 1  20 ± 1  17 ± 1  

B2  22 ± 2  13 ± 1  7 ± 3  8 ± 2  20 ± 1  31 ± 3  

σ 2 ± 2  17 ± 1  41 ± 3  19 ± 1  16 ± 1  6 ± 2  

BSE SEM micrographs of CR58-900°C/5min and CR58-900°C/15min samples are presented in 

Fig. 7. The microstructure of  CR58-900°C/5min is divided between RXZs and deformed grains 

(Fig. 7a). The RXZs are located mostly on the right-hand side and composed of equiaxed FCC 

grains in grey with a mean grain size of 1 ± 0.3 µm. The B2 grains in black and σ grains in white 

present a similar mean grain size of 0.5 ± 0.3 µm. The deformed grains are composed of 

deformed FCC grains in shades of grey. When the annealing time is increased to 15 minutes, 

black needles of B2 lattice structure appear in the deformed grains located on the left-hand 
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side of Fig. 7b. These needles present a length of 130 ± 70 nm and a width of 60  ± 20 nm at 

this stage of the annealing treatment. 

 

Fig. 7 Backscattered electron (BSE) micrographs acquired after annealing treatments at 900°C 

for (A) 5  minutes and (B) 15 minutes. 

The microstructure of CR58-620°C/50h is also composed of both RXZs and nRXZs (Fig. 8a-b). 

nRXZs consist of elongated FCC grains longer than the scan. RXZs consist of equiaxed grains 

organized in bands spread heterogeneously in the sample (Fig. 8a). The zoomed view in Fig. 8b 

depicts two of these bands. These grains are FCC, B2 or the σ phase. The mean grain size of the 

FCC grains is 1.2 ± 0.3 µm while it is 0.5 ± 0.3 µm for the two second phases. The mean 

hardness was measured to be 486 ± 14 HV0.5 – compared to the hardness of 341 ± 12 HV0.5 

after cold rolling –, accounting mainly for the nRXZs because of the small size and proportion 

of the RXZs. 

The microstructure of CR58-1000°C/15min is composed of strain free FCC grains with a mean 

grain diameter of 8.0 ± 9.0 µm (Fig. 8c-d). A small proportion (1%) of B2 precipitates is spread 

randomly in the material. Those B2 grains are much smaller than the FCC grains with an 

average diameter of 0.50 ± 0.08 µm. The σ phase does not form at this annealing temperature. 

The hardness level is 168 ± 10 HV0.5. 

 

Fig. 8 EBSD maps. (A, C) are IPF maps and (B, D) phase maps measured on CR58-620°C/50h (A-

B) and CR58-1000°C/15min (C-D). The black lines on phase maps correspond to grain 

boundaries with misorientation angles larger than 15°. 

Fig. 9a presents the evolution of the volume fraction of recrystallized FCC grains with the 

annealing temperature, for a constant annealing time of 50 hours. Annealing temperatures of 

620, 700, 800, 900 and 1000°C were studied. The recrystallized fraction is 14% after 50 hours 

at 620°C and then increases with the annealing temperature until reaching complete 

recrystallization after 50 hours at 1000°C. Fig. 9b shows four XRD diffractograms measured 

after cold rolling and further annealing treatments at 620, 900 and 1000°C for 50 hours. The 
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FCC phase is present in all samples. A BCC phase appears during annealing treatments at 620°C 

and 900°C. This phase is identified as the B2 phase as was observed by TEM. The peaks 

corresponding to the σ phase are also present under these two annealing conditions. Fig. 9c 

presents the volume fractions of the B2 and σ phases quantified with Topas software after 

annealing treatments of 50 hours at 620, 700, 800, 900 and 1000°C. The second phase 

fractions calculated using ThermoCalc are also shown. The fractions of the B2 and σ phases 

reach the maxima of 28% and 5% after annealing treatments at 700°C and 800°C, respectively. 

It is interesting to note that the evolution of B2 fraction agrees well with thermodynamic 

calculations whereas it is not the case for the σ phase. 

 

Fig. 9 Measurements performed after annealing treatments of 50 hours at various 

temperatures. (A) Evolution of the recrystallized FCC fraction. (B) XRD diffractograms. (C) 

Experimental and calculated evolutions of the volume fractions of the B2 and σ phases with the 

annealing temperature. 

3.3. Effect of cold rolling strain 

The evolution of the recrystallized volume fraction during annealing at 900°C is reported in Fig. 

10 for both thermomechanical routes. It is clear that the recrystallization kinetics is much 

faster after a cold rolling reduction of  80%.  Indeed, 50% of  the microstructure is 

recrystallized after 20 hours for CR58 specimens while it takes 5 minutes for CR80 specimens. 

Complete recrystallization is achieved in CR80 after 20 hours of annealing while it is never 

reached for CR58 even after 744 hours of annealing. It saturates at a recrystallization fraction 

of 70%.  

 

Fig. 10 Recrystallized fractions versus annealing time at 900°C after CR58 and CR80. 

The microstructure of CR80-900°C/50h is composed of recrystallized and equiaxed FCC grains 

along with equiaxed B2 and σ grains (Fig. 11). The mean grain sizes are 5 ± 0.3 µm and 

1.4 ± 0.3 µm for the FCC and the second phases, respectively. The hardness is 227 ± 3 HV0.5. 
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Fig. 11 EBSD maps of CR80-900°C/50h. (A) IPF map, (B) phase map. 

Fig. 12a presents the microstructure of CR80-900°C/5min. Fig. 12a is divided in two partitions 

corresponding to RXZs (Fig. 12c) and deformed grains (Fig. 12e). These partitions are separated 

according to their grain orientation spread (GOS). This index is calculating for each grain the 

intensity of the deviation in orientation from its mean orientation. When this index is larger 

than 4°, the corresponding grain is considered as unrecrystallized. Fig. 12b, d and f present the 

crystallographic textures (ϕ2=45° ODF sections) calculated for the whole microstructure, for 

the RXZs (more than 30,000 grains) and nRXZs (400 grains), respectively.  All three textures are 

similar with maxima close to Goss and Brass. The corresponding maximum intensities are 10.8, 

7.5 and 48.0. The texture of deformed grains is six times stronger than the texture of RXZs. 

 

Fig. 12 CR80-900°C/5min. (A-B) correspond to the whole microstructure. (C-D) are limited to 

RXZs. (E-F) are limited to deformed regions (with the threshold GOS>4°). (A, C and F) IPF maps, 

(B, D and F) crystallographic textures, Phi2=45° ODF section. 

3.4. Tensile properties 

Fig. 13 presents the tensile curves for three microstructure states of C6Al. The true stress – 

true strain curves are given in solid lines while the work-hardening rates are shown in dotted 

lines. The corresponding microstructure features are given in Table 3 along with the 

corresponding tensile properties. 

The blue curve corresponds to a supersaturated FCC solid solution with a mean grain size is 

72 ± 2 µm. It was obtained after CR80-1200°C/2min to ensure the absence of any precipitation. 

It presents the largest uniform elongation of 56% and the lowest yield strength of 300 MPa. Its 

work-hardening rate stabilizes and even increases during plastic deformation before 

decreasing until necking.  

The red curve corresponds to a fully recrystallized microstructure containing 15% of B2 and 5% 

of σ grains that formed on FCC grain boundaries. The mean grain sizes are 3.7 ± 0.3 µm and 

0.9 ± 0.2 µm for FCC and B2 grains, respectively. This microstructure was obtained after 
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CR80-900°C/6h. It presents a uniform elongation of 20% with a yield strength of 620 MPa. Its 

work-hardening rate steadily decreases until necking. 

The orange curve corresponds to a heterogeneous microstructure composed of 60% of RXZs 

and 40% of nRXZs. It was obtained after CR80-900°C/5min. An IPF map of the corresponding 

microstructure is presented in Fig. 12a. The RXZs consist of FCC grains and intergranular B2 σ 

grains with mean grain sizes of 1.4 ± 0.3 µm and 0.5 ± 0.1 µm for FCC and the second phases, 

respectively. The nRXZs are composed of elongated and deformed FCC grains with length 

exceeding 100 µm containing fine and elongated B2 grains. These B2 grains present length of 

135 ± 70 nm and width of 50 ± 15 nm measured from SEM images. The overall second phase 

fractions are 11% of B2 and 2% of σ. The corresponding true stress – true strain curve presents 

a uniform elongation of 7% with a yield strength of 1050 MPa. As for the red curve, the work-

hardening rate constantly decreases during plastic deformation until failure. 

 

Fig. 13 Tensile curves for three microstructure states of C6Al. The true stress – true strain curves 

are shown in solid lines while the work-hardening rates are given with dotted lines. The blue 

curve corresponds to a supersaturated FCC solid solution. The red curve corresponds to a fully 

recrystallized microstructure containing B2 grains. The orange curve corresponds to a 

heterogeneous microstructure containing RXZs and nRXZs. The reader is referred to Table 3 for 

further details on the corresponding microstructure features and tensile properties. 

Table 3 Microstructure features of the three microstructure states of C6Al characterized in 

tension. The tensile properties of each states are also given. 

Microstructure RXZ 

fraction 

Volume 

fractions 

RXZ FCC 

grain size 

Yield 

strength 

Tensile 

strength 

Uniform 

elongation 

B2 σ 

   (µm) (MPa) (MPa)  

Single phase microstructure (blue curve) 

 

1 0 0 72 ± 2 300 630 0.56 

Precipitation strengthened microstructure (red curve) 

 

1 0.15 0.05 3.7 ± 0.3 620 870 0.20 
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Heterogeneous microstructure (orange curve) 

 

0.6 0.11 0.02 1.4 ± 0.3  1050 1215 0.07 

4.4.4.4. DiscussionDiscussionDiscussionDiscussion    

4.1. Deformed state 

The microstructure after cold rolling (Fig. 4a) consists of elongated grains presenting (i) large 

orientation gradients and (ii) mechanical twins. The formation of orientation gradients is 

typical of a material deforming by dislocation glide. Although the exact nature and structure of 

dislocations in HEA is still the topic of fundamental research [92], it is natural to compare the 

present alloy to austenitic stainless steels, especially in view of its Cr content and its FCC 

structure [93,94]. Unlike most austenitic stainless steels, C6Al does not undergo strain-induced 

martensitic transformation (Fig. 4b). It rather deforms by mechanical twinning. This makes the 

present alloy comparable to Twinning-Induced Plasticity (TWIP) steels [95]. Those comparisons 

are further supported by the deformation texture presented in Fig. 4c consisting of the α fibre 

with a maximum close to the Goss component. Such rolling texture are commonly reported in 

both austenitic stainless steels [94] and TWIP steels [95,96]. 

The activation of mechanical twinning is commonly attributed to a low stacking fault energy 

(SFE), as it is the case in TWIP steels [97]. In those steels, SFE values ranging between 20 and 

50 mJ/m² are often reported [98,99]. In the case of Cantor’s alloy, Zaddach et al. calculated 

using ab initio calculations a SFE between 18 and 27 mJ/m² [100] while the presence of twins 

after deformation was also confirmed experimentally [8]. 

The influence of Al content on the SFE of AlxCoCrFeMnNi alloys can be calculated based on the 

thermodynamic modelling approach proposed by Olson and Cohen [101] and adopted by 

several authors [102,103]. In this model, the SFE represents the Gibbs energy required to 
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create two layers of hexagonal close-packed (����) phase separated from the face-centred 

cubic (����) matrix by two interfaces: 

�� = 2
∆�
→� + 2�
/� 

where �� is the ideal SFE (mJ/m2), 
 is the surface density of atoms in the {111} planes, �
/� is 

the surface energy of the interface �/�, and ∆�
→� is the difference in Gibbs free energy of 

the FCC and HCP phases. The term ∆�
→� can be calculated from the Gibbs energy 

descriptions of the involved phases using the TCHEA4 database. However, large extrapolations 

from the thermodynamic models in the central region of the compositional space (e.g. 

CoCrFeMnNi) may lead to inaccurate evaluations of the Gibbs energies [104]. To overcome this 

problem, the present study utilizes the SFE value determined by Zaddach et al. for the 

CoCrFeMnNi alloy as a reference to adjust the estimate from CALPHAD for the 

Al0.32CoCrFeMnNi. The result of the calculation suggests that Al addition increases the SFE by 

60% for the Al0.32CoCrFeMnNi (~30-40 mJ/m2) as compared to the Cantor alloy (18-27 mJ/m²). 

Liu et al. measured experimentally the SFE of another alloy close to CoCrFeMnNi: 

Al0.1CoCrFeNi. He reported a value around 30 mJ/m² [65] which is slightly larger than the SFE of 

CoCrFeNi reported at 28 mJ/m² [100]. The authors linked the presence of deformation twins 

after cold rolling with this low SFE [65]. This experimental result agrees with the calculation 

performed above on C6Al about the increase in SFE due to the addition of aluminium. 

Nevertheless, the addition of aluminium in CoCrFeMnNi, until at least 6 at.%, does not seem 

sufficient to suppress mechanical twinning during rolling at ambient temperature. 

4.2. Microstructure evolution during annealing 

4.2.1. A bird’s eye view 

Three situations can be observed according to the annealing temperature. Below 900°C, the 

microstructure evolution is governed by precipitation. At 900°C, precipitation and 
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recrystallization occur simultaneously. Above 900°C, recrystallization is the main phenomenon 

taking place. 

Below 900°C, precipitation is governing the microstructure evolution of the material. In CR58-

620°C/50h, the precipitation fraction was measured at 25%, close to the value predicted by 

CALPHAD (Fig. 9c). Precipitation is coupled to a limited recrystallization. In the same sample, 

the recrystallization fraction is below 20% after 50 hours of annealing treatment (Fig. 9a). 

Recrystallization happens where the stored energy is the largest, i.e. along grain boundaries 

and shear bands (Fig. 8a). Co-precipitation of B2 and σ phases is also observed there (Fig. 8b). 

The overall precipitation fraction, exceeding the recrystallized fraction, infers that a large 

fraction of B2 grains is present inside nRXZs. However, most likely due to their small size, they 

were not observed with SEM. 

The limited recrystallization coupled to the precipitation of fine B2 grains in nRXZs result in a 

hardening of 145 HV compared to the cold rolled state after 50 hours of annealing treatment 

at 620°C. 

Above 900°C, recrystallization is the main phenomenon taking place. Compared to lower 

annealing temperatures where 50 hours is not sufficient to recrystallize completely the 

material (Fig. 9a), it is completed after less than 15 minutes at 1000°C (Fig. 8c). This increased 

rate can be correlated to the negligible precipitation (Fig. 8d). The B2 fraction was measured 

by both EBSD and XRD to be below 3% (Fig. 9c). The negligible precipitation also results in 

significant grain growth inducing a decrease of the hardness level of about 170 HV after 15 

minutes at 1000°C compared to the cold rolled state. 

At 900°C, both recrystallization and precipitation are activated. The microstructure sequence 

can be summarized in three steps: (i) recrystallization, (ii) precipitation and (iii) interactions 

between these two phenomena. As both mechanisms activate and interact, the description of 
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this microstructure sequence at 900°C is more complex. It is studied in detail in the next 

section.  

4.2.2. Recrystallization and precipitation behaviour at 900°C 

We will focus first on recrystallization. 

Recrystallization is activated first where the stored energy is the highest, i.e. along grain 

boundaries [105] and shear bands [106]. Recrystallized grains form in bands following these 

defects as observed after 5 minutes of annealing in Fig. 7a. 

After recrystallization occurred on these defects, it activates in the inside regions of grains. Fig. 

14 shows that GOS and Taylor factors (M) are correlated. Grains with high M present high GOS, 

meaning large misorientation gradients. These grains recrystallize during the annealing 

treatment and become RXZs. Grains with low M present low GOS meaning low misorientation 

gradients. These grains do not recrystallize during the annealing treatment and become nRXZs.  

 

Fig. 14 (A) Mean GOS (M) and (B) mean Taylor factor (M) in deformed grains vs annealing time 

in CR58- 900°C. The evolution of the recrystallized fraction is given for comparison purposes. (C) 

Correlation between Taylor factor and GOS for the deformed grains at the beginning of 

annealing and for the nRXZs. 

The measures of the crystallographic textures of Fig. 12 indicate that the grains that did not 

yet recrystallize (Fig. 12e) present orientations spreading from Goss to Brass (Fig. 12f). 

According to literature, these orientations correspond to low values of M, i.e. 2.4 ‒ 3.3 

[107,108]. This is consistent with the results of Fig. 14. Grains presenting orientations between 

Goss and Brass present a delay or an absence of recrystallization. 

Interestingly, although their intensities differ in a large way, the deformed (Fig. 12f) and 

recrystallized (Fig. 12d) textures are very similar. This is consistent with literature on 

multicomponent alloys presenting low SFE, such as Cantor’s alloy [109] and CoCrFeNi [110], as 

well as in TWIP steels [111]. These similarities were attributed to the absence of preferential 

nucleation and growth during recrystallization. 
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We will now turn to precipitation. It occurs in two steps. 

First, precipitates form on the new recrystallized grain boundaries. This precipitation on grain 

boundaries is observed after 5 minutes of annealing (Fig. 7a). The precipitates consist of 

equiaxed B2 and σ grains, the latter sharing a boundary with at least one B2 grain (Fig. 5b). To 

precise the precipitation sequence, it is interesting to look at the onset driving forces for 

nucleation (ODFN) of the precipitates. ODFN is the molar Gibbs energy change for the 

formation of the precipitate of the critical composition from the supersaturated matrix. The 

maximum driving force for precipitation is obtained by finding the parallel tangent surfaces 

passing through the alloy composition of the matrix and the precipitate Gibbs free energy 

curves. Positive values of ODFN indicate that precipitation is thermodynamically possible. The 

ODFN from the supersaturated FCC solid solution of both B2 (red line) and σ (blue line) phases 

were calculated using the CALPHAD method (Fig. 15a). 

 

Fig. 15 (A) Onset driving forces for nucleation (ODFN) calculated with CALPHAD from the 

supersaturated FCC matrix of composition Al0.32CoCrFeMnNi for the B2 (red line) and σ (blue 

line) phases. The open circle corresponds to the ODFN of the σ phase under the local chemical 

equilibrium in the FCC matrix at the B2 interface. (B) Summary of the nucleation process of the 

σ phase. 

These calculations show that, at 900°C, there is no driving force for the precipitation of the σ 

phase from the supersaturated FCC matrix (of composition Al0.32CoCrFeMnNi) while the driving 

force for the B2 phase is high. This explains the large discrepancy between measured and 

calculated fractions of sigma phase under equilibrium conditions (Fig. 8c). Therefore, (Ni, Al)-

rich B2 precipitates are very likely to appear first, leading to an enrichment in chromium of the 

surrounding matrix. This argument along with the B2/σ proximity infers a coupling between 

the nucleation of B2 and σ phases. Such coupling was already reported in austenitic stainless 

steels where the σ phase appears much faster, by almost two orders of magnitude, from δ-

ferrite (which is B2 as is B2) than from austenite (or γ which is FCC as is the supersaturated 
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matrix of C6Al) [112]. Such phenomenon is attributed to the large surface energy of the γ/σ 

interface and to the slow diffusion of substitutional elements, such as chromium, in γ [113]. 

Interestingly, several studies identified the δ/γ interfaces as beneficial sites for heterogeneous 

nucleation of the σ phase [114,115]. In order to test the possibility of heterogeneous 

nucleation of σ at the FCC/B2 interface, we have calculated the ODFN of the σ phase under the 

local equilibrium solute content in the FCC matrix at the B2 interface (mainly an increased 

chromium content). As shown in the zoomed view in Fig. 15a, at 900°C, under the local 

equilibrium chemical conditions in the FCC matrix at the B2 interface, there is a 

thermodynamic driving force for the σ phase precipitation (open blue circle). This result is 

further supported by the increased σ precipitation rate that was observed in chromium 

enriched regions in austenitic stainless steels [116]. 

The complete nucleation process of the σ phase is summarized in Fig. 15b. The positive ODFN 

of the B2 phase, amongst with other elements cited above, indicates that it forms first from 

the supersaturated FCC solid solution of composition Al0.32CoCrFeMnNi. Its formation results in 

a modification of the chemical composition of its surroundings, mainly an enrichment in 

chromium (upper sketch). The ODFN of the σ phase calculated under this new local equilibrium 

chemical composition becomes positive. The variation of the ODFN of the σ phase is depicted 

by a grey arrow in the zoomed view in Fig. 15a and in the middle sketch of Fig. 15b. Its ODFN 

being positive, the σ phase can form locally at the FCC/B2 interface (lower sketch). 

In a second step, intragranular precipitation occurs in unrecrystalliized regions. It is observed 

after 15 minutes of annealing in Fig. 7b. The zoomed view in Fig. 5b shows that these 

intragranular precipitates are of the B2 phase. However, almost no σ phase is present. This 

discrepancy is attributed to the low diffusion in the bulk of FCC grains of solute elements [113], 

such as chromium in which the sigma phase is enriched. This low diffusion also limits the local 

chromium enrichment at FCC/B2 interfaces resulting in the local positive ODFN of the σ phase. 

Jo
urn

al 
Pre-

pro
of



20 

 

Hence, it is proposed that the formation of the sigma phase requires two necessary but not 

sufficient conditions: a dense network of grain boundaries and a positive ODFN. The diffusion 

being limited in nRXZs, the σ phase does not form there. Furthermore, it was observed in 

duplex stainless steels that the σ phase is less prone to form on boundaries presenting specific 

orientation relationships, especially K-S [117,118]. As shown by the zoomed view in Fig. 5b, 

most of the B2 precipitates in deformed grains formed with K-S ORs on all their boundaries. 

Hence, the absence of the σ phase in deformed regions could also be due to the presence of 

these specific boundaries. The large inconsistency between measured and calculated σ 

fractions below 900°C (Fig. 9c) is explained based on the same reasoning. 

 

Although recrystallization and precipitation were detailed separately, they do not occur 

subsequently. Their simultaneous activations result in interactions that will be detailed here. 

 As discussed previously, intragranular precipitation occurs in unrecrystallized regions after 15 

minutes of annealing (Fig. 7b). Yet, at this stage of the annealing treatment, only 7% of the 

material is recrystallized compared to 71% after 744 hours (Fig. 10). Hence, 64% of the 

material recrystallized while containing intragranular B2 precipitates. The small size of these 

precipitates results most probably in the pinning of grain boundaries. A significative coarsening 

of the precipitates is then needed to decrease the pinning pressure exerted by precipitates and 

allow the movement of grain boundaries. This coarsening happens via the Oswald ripening 

mechanism: the growth of B2 grains being linked to a decrease in the precipitate density. As 

previously observed during the recrystallization of aluminium alloys, this process can be 

accompanied by a spheroidization of precipitates [119]. These modifications in the B2 grain 

size, density and shape are observed when comparing RXZs and nRXZs, as in Fig. 5b for 

example. Because recrystallization rate is determined by the precipitation coarsening rate, 
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generally considered slower than boundary migration rate, this phenomenon results in the 

slow recrystallization kinetics observed in C6Al (Fig. 10). 

While recrystallization proceeds, grain growth is activated within RXZs. However, the co-

precipitation of B2 and σ phases on recrystallized grain boundaries limits the growth of 

recrystallized grains, which is also limiting the recrystallization kinetics. 

4.3. Influence of rolling strain 

The recrystallization kinetics are directly linked to the strain level applied by cold rolling as 

highlighted in Fig. 10. It is observed from the same figure that recrystallization is not 

completed after CR58 while it is the case after CR80. Indeed, when the applied strain is larger, 

even the grains with lower M would have a sufficient stored energy to recrystallize, limiting 

the fraction of nRXZs. Nonetheless, 50 hours are required to achieve complete recrystallization 

after a 80% cold rolling reduction. As a matter of comparison, Cantor’s alloy, remaining FCC 

during annealing, is completely recrystallized after less than 1 hour at 900°C following a cold 

rolling for 80% [120]. De la Cuevas et al. reported that a 22% Mn-0.6% C (in weight %) TWIP 

steel recrystallizes entirely in one second at 900°C after cold rolling for 60% and above [121]. 

These comparisons confirm the slow recrystallization kinetics of the present C6Al alloy. 

Apart from the difference in kinetics, the two thermomechanical routes result in similar 

microstructures. It is highlighted when comparing the RXZs obtained after the two routes 

including the same annealing treatment at 900°C for 50 hours (Fig. 5 and Fig. 11). Both present 

equiaxed FCC, B2 and σ grains. The grain sizes after route CR80 are smaller which is mainly 

caused by the larger rolling strain leading to a larger nucleation rate. These similarities confirm 

that the microstructure formation sequence detailed above remains valid whatever the cold 

rolling strain. The slower kinetics induced by the lower cold rolling strain allowed the different 

mechanisms and their interactions to be clearly identified in the present study. 
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Fig. 16 summarizes with sketches the microstructure evolution at annealing temperatures of 

620, 900 and 1000°C after cold rolling reduction of 58% and at 900°C after cold rolling 

reduction of 80%.  

 

Fig. 16 Matrixes summarizing the microstructure evolutions after cold rolling reductions of (A) 

58% with annealing at 620, 900 and 1000°C, and of (B) 80% with annealing at 900°C. The local 

stored energy in the FCC phase is depicted with shades of green. The darkest green indicates 

the largest stored energy while the recrystallized strain free grains are depicted in white. The 

second phases are shown in red for the B2 phase and blue for the σ phase. 

4.4. Tensile properties 

Fig. 13 shows the wide range of tensile properties that can be achieved through 

thermomechanical treatments from the single chemical composition C6Al. According to the 

microstructure states, yield strength values from 300 to 1050 MPa were recorded along with 

elongations from 7 to 56% (Table 3). 

The supersaturated FCC solid solution (in blue) presents a large elongation and low yield 

strength that can be correlated to the hardness of the FCC phase. Moreover, this 

microstructure presents a remarkable work-hardening with a doubling of strength from the 

yield point to the tensile strength. This feature can be attributed to the activation of 

mechanical twinning during plastic deformation as suggested by the increasing work-

hardening rate [97]. 

The precipitation strengthened alloy (red curve) presents a yield strength of 620 MPa, twice 

that of the supersaturated solid solution (in blue) of 300 MPa. This increase is mainly due to 

the presence of 20% of B2 and σ grains resulting in precipitation strengthening. It is also due to 

the decrease in grain size from 72 µm to 4 µm, resulting in grain boundary strengthening, also 

known as the Hall-Petch effect. These two factors along with the absence of mechanical 

twinning, as suggested by the steady decrease in work-hardening rate, result in the decrease in 

work-hardening and uniform elongation compared to the supersaturated solid solution. 
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The heterogeneous alloy (orange curve) presents a yield strength of 1050 MPa, increasing of 

400 MPa compared to the precipitation strengthened alloy (red curve). The corresponding 

microstructure is composed of 60% of RXZs and 40% of nRXZs. Its RXZs are similar to the 

microstructure of precipitation strengthened alloy (in red). A small increase in precipitation 

fractions and a small decrease in grain size must still be noted (Table 3). Nonetheless, the 

significative strengthening of the heterogeneous microstructure is attributed to the presence 

of nRXZs. As seen previously, these regions are constituted of large and deformed FCC grains 

containing a fine dispersion of B2 grains. Their work-hardened state along to the significative 

precipitation strengthening provided by the fine intragranular B2 grains are expected to result 

in an increased hardness of nRXZs compared to RXZs. This is supported by the increase of 

30 HV in nRXZs compared to RXZs measured in CR58-900°C/50h. The difference in hardness 

between juxtaposed RXZs and nRXZS could result in back-stress strengthening, contributing to 

the strengthening of the heterogeneous alloy. Additional tests, such as loading-unloading-

reloading cyclic tensile tests [122], should be undertaken to confirm this hypothesis and to 

quantify its contribution. Although the yield strength of the heterogeneous alloy is as high as 

1050 MPa, it does not present any sign of brittleness with a gain of 165 MPa until tensile 

strength and a uniform elongation of 7%. The work-hardening of CR80-900°C/5min could also 

benefit from the juxtaposition of two phases with different deformation behaviours, softer 

RXZs and harder nRXZs, as was reported previously on titanium alloys [123] or on Q&P steels 

[16]. 

5.5.5.5. Summary and conclusionsSummary and conclusionsSummary and conclusionsSummary and conclusions    

A modified high-entropy Cantor alloy containing 6 at.% of Al was submitted to cold rolling and 

annealing. Two cold rolling reduction levels were studied. Small rolling reduction (58%) 

resulted in slow microstructure transformation rates allowing the different mechanisms 
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involved to be decorrelated. The annealing temperature is shown to be the key parameter 

determining the governing microstructure transformations.  

At annealing temperatures below 900°C, precipitation is the main phenomenon taking place. 

Above 900°C, recrystallization is governing the evolution of the microstructure. At 900°C, both 

mechanisms are occurring simultaneously. The energy stored in grains is the main parameter 

influencing the microstructure transformations. It determines where recrystallization occurs. 

In recrystallized regions, B2 and σ grains precipitate on newly formed grain boundaries. As 

previously reported in austenitic stainless steels, a coupling between the nucleation of these 

two phases was observed. The formation of the σ phase was explained by a local chromium 

enrichment at the B2/FCC interface. This was confirmed by thermodynamic calculation. Where 

recrystallization does not occur, fine intragranular B2 is observed. It was shown that these 

precipitates do not suppress recrystallization but delay it. After considerable annealing times, 

only the grains presenting the lowest stored energy, i.e. the grains with orientations close to 

Goss and Brass texture components, do not recrystallize. These grains correspond to a volume 

fraction around 30%. Moreover, it was shown that this microstructure sequence remains valid 

with an increase of the cold rolling strain up to 80%. Larger cold rolling strain results in 

accelerated recrystallization rates and enables a complete recrystallization of the material. 

A wide range of tensile properties was achieved through thermomechanical treatments from 

the single chemical composition C6Al. According to the microstructure states, yield strength 

values from 300 to 1050 MPa were recorded along with uniform elongations from 7 to 56%. 

These results give a new understanding of the microstructure sequence occurring after cold 

rolling in Al0.32CoCrFeMnNi. It also gives an overview of the wide range of microstructures and 

mechanical properties that can be achieved from this single chemical composition by adapting 

the thermomechanical route. 
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• Al0.32CoCrFeMnNi deforms by cold rolling like other FCC materials with low SFE 

• During annealing, recrystallization and/or precipitation occur hinging on temperature 

• The microstructures might be tuned easily by varying the processing route 

• Yield strengths from 300 to 1050 MPa are obtained from a single chemical composition 
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