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Abstract  

The annealing-induced phase transformation was investigated in coarse-grained 

and severely deformed nanocrystalline face-centered cubic (FCC) high entropy alloys 

(HEA). Increasing temperature leads to phase transformations from the FCC phase to an 

L12 phase and finally to a B2 phase in the coarse-grained HEA. By contrast, direct 

transformation from the FCC phase to the B2 phase was observed in the nanocrystalline 

HEA at a lower temperature.  

Keywords: High entropy alloy; Nanocrystalline; Annealing; Phase transformation 
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1. Introduction 

High entropy alloys (HEAs) are multi-component materials consisting of five or 

more principal elements with each elemental concentration between 5 at. % and 35 

at. % [1]. Exhibiting a high mixing entropy, an HEA predominantly tends to form a 

simple solid solution with a face-centered cubic (FCC) phase, a body-centered cubic 

(BCC) phase or a mixture of the two phases rather than more complex intermetallic 

compounds [2]. HEAs are promising candidates for many structural applications due 

to their unusual properties, including high strength at ambient and elevated 

temperatures, reasonable ductility, excellent thermal stability and excellent resistance 

to oxidation [2-7]. These excellent properties are closely related to the structure and 

microstructure of HEAs that can be manipulated through various methods including 

heat treatments. Therefore, microstructural evolution and phase transformations 

induced by heat treatments in coarse-grained (CG, ≥1 m) HEAs have been 

extensively investigated [8-13]. 

Refining grain sizes to the ultrafine (< 1 m) and nanometer (< 100 nm) scales 

may lead to superior materials properties including a combination of high strength and 

reasonably good ductility [14, 15]. Severe plastic deformation (SPD) techniques 

including high-pressure torsion (HPT) have been widely used to produce 

ultrafine-grained (UFG) and nanocrystalline (nc) structures [16, 17]. It was reported 

that the grain size plays a significant role in affecting the phases and the phase 

transformations of these materials [18-20]. For example, a CG BCC 
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Ti-36Nb-2.2Ta-3.7Zr-0.3O alloy transformed to a hexagonal phase when it was 

deformed by HPT under a pressure of 3 GPa at room temperature. However, a reverse 

phase transformation from a hexagonal phase to a BCC phase occurred under the same 

deformation conditions when the grain sizes were less than 100 nm [18]. While a CG 

CoCrFeMnNi HEA with an FCC structure exhibits excellent high-temperature stability 

[21-24], the same alloy with an average grain size of ~50 nm produced by HPT would 

decompose at 723 K into three phases [5]. In an earlier report [25], it was shown that 

annealing of an HPT HEA with a composition of Al0.3CoCrFeNi at 673 K for 1 h led to 

the formation of an ordered BCC secondary phase, which strengthens the material. 

However, the formation pathway of the secondary phase was not clearly defined and 

also it was not determined whether the grain size of the material affects the formation 

pathway. Accordingly, the present investigation was designed to compare the phase 

transformation processes of the HEA with CG and nc structures. The results show that 

a reduction in grain size to the nanometer scale significantly affects its heat 

treatment-induced phase transformation pathway. 

2. Experimental procedures 

An Al0.3CoCrFeNi HEA ingot was prepared by vacuum induction melting of the 

constituent elements having at least 99.9 wt.% purity. The alloy was melted five times 

to improve its chemical homogeneity. The as-cast alloy was machined into discs with a 

diameter of 10 mm and a thickness of ~0.8 mm for HPT processing. The processing 

was performed at room temperature using a quasi-constrained HPT facility [26] under 
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an applied pressure of 6.0 GPa and a rotation rate of 1 rpm for 8 revolutions. 

Specimens with a diameter of 3 mm were cut from the edges of HPT discs for further 

investigation. Thermal analyses was performed using a NETZSCH 200F3 differential 

scanning calorimeter (DSC) over the temperature range of 308 to 843 K with a heating 

rate of 10 K/min in an Ar atmosphere. To investigate the microstructural evolution, 

samples were annealed for 1 h at temperatures determined by the DSC results. A 

transmission electron microscopy (TEM) investigation was performed using a 

JEM-2100 TEM operating at 200 kV equipped with an x-ray energy dispersive 

spectrometer (EDS). Compositional analysis was conducted using EDS by focusing 

the electron beam to a size much smaller than the sizes of the measured grains located 

at thin edges of the TEM foils. The count numbers in the EDS experiments were larger 

than 3000, implying that the statistical errors for compositional analysis were smaller 

than 1.8%. The grain sizes of the as-cast HEA measured from optical micrographs 

ranged from 100 um to 1100 um with the average size of ~ 350 um. The average grain 

size of the HPT HEA, which was obtained from bright-field TEM images by counting 

at least 200 grains along two orthogonal axes, was ~ 30 nm. 

3. Results 

Reducing the grain size from the micrometer to the nanometer scale leads to 

distinct differences in the DSC curves, as shown in Fig. 1. For the CG HEA, there is a 

small exothermic reaction starting from 600 K and with a peak at 639 K, followed by no 

significant change in heat flow over a broad temperature range. For the nc HEA, there is 
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a deep exothermic reaction starting from 593 K. To investigate the details of the heat 

treatment-induced phase transformations, the CG and nc HEA were annealed at 639 and 

593 K, respectively. Although the DSC curves terminate at 843 K, annealing at a higher 

temperature was also conducted and the results are presented for both the CG and nc 

HEA annealed at 1123 K for 1 h. 

Figs. 2 and 3 show microstructural evolution in CG samples induced by thermal 

annealing. The as-cast CG HEA contains only a single FCC phase. Figure 2a presents a 

typical [001]FCC selected-area electron diffraction (SAED) pattern of the FCC phase. 

The lattice constant measured from the SAED pattern is ~ 0.36 nm which is consistent 

with an earlier report of ~ 0.359 nm obtained from X-ray diffraction (XRD) [3]. Figure 

2b shows a typical SAED pattern along the same direction from a sample annealed at 

639 K. The appearance of {100} additional weak diffraction spots indicates the 

formation of an L12 ordered structure [8, 9]. A typical high-resolution TEM (HRTEM) 

image (Fig. 2c) of the annealed sample reveals a high density of spherical particles with 

dark contrast and a mean diameter of ~2 nm. The fast Fourier transformation (FFT) 

pattern and inverse FFT (IFFT) image inset in Fig. 2c in the upper left and right corners, 

respectively, were obtained from a spherical particle and its surrounding area 

highlighted by a white square in Fig. 2c. The {100} diffraction spots from the ordered 

L12 phase are circled in the FFT pattern and were used for the IFFT imaging. Note that 

the bright two-dimensional periodic lattice at the center of the IFFT image is from the 

L12 phase, while the surrounding dim lattice is artifact caused by the assumption of an 

infinite periodic lattice array in the IFFT calculation. The FFT and IFFT confirm that 
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the spherical particles in the annealed sample are of the L12 structure. As the spherical 

particles (the L12 phase) are distributed randomly and uniformly in the FCC matrix, it is 

believed that the L12 phase formed through a homogeneous nucleation process. This 

result indicates that the exothermic process with the DSC peak at 639 K in Fig.1 is 

caused by the formation of the L12 phase.  

With increasing annealing temperature to 1123 K, the average size of the spherical 

particles increased significantly to ~ 20 nm and lath-like particles with lengths of ~ 44 

nm and widths of ~ 15 nm were formed, as shown in Fig. 3. The SAED pattern in Fig. 

3b suggests the L12 phase of the spherical particles, while the SAED pattern in Fig. 3c 

demonstrates that the lath-like particles are of a B2 ordered BCC structure with a lattice 

constant of ~ 0.29 nm which is consistent with the reported XRD data of ~ 0.288 nm for 

the B2 NiAl phase in AlxCoCrFeNi HEA [4].  

Figure 4 shows a typical microstructure of the nc HEA. The nc HEA is of equiaxed 

grains with a grain size range of ~ 10 to ~ 80 nm and an average grain size of ~30 nm. 

Only grains showing clear grain boundaries in TEM images were counted for the grain 

size measurement and multiple TEM images from the same area were taken under 

different specimen tilting conditions to include as many grains with clear boundaries as 

possible. The SAED pattern inset in Fig. 4 shows fairly uniform rings that are indexed 

based on the single FCC structure. The average grain size of the nc HEA remains 

unchanged after annealing at 593 K. An HRTEM image of a nanograin in Fig. 5a 

reveals Moiré fringes with spacing of ~ 1.7 nm in the vicinity of the grain boundaries. 
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The FFT pattern in Fig. 5b, taken from the area marked by the white square in Fig. 5a, 

presents two sets of reciprocal space lattices that are indexed as a <011>FCC and a 

<111>BCC, respectively, based on the interplanar distances and planar orientations 

deduced from the diffraction spots. This means that these Moiré fringes in Fig. 5a are 

caused by the overlapping of two crystal lattices with FCC and BCC structures along 

the electron beam direction. Indexing of the FFT pattern suggests the Kuridjumov-Sachs 

orientation relationship of <110>FCC//<111>BCC and {111}FCC//{110}BCC [27]. Annealing 

at 1123 K led to significant grain growth. The average grain sizes of the FCC and the 

BCC phases reached ~ 840 nm and ~ 250 nm, respectively, as shown in Fig. 6. No new 

phase was formed. The SAED pattern inset in Fig. 6 reveals that the secondary phase 

with black contrast is of the B2 ordered BCC structure which is consistent with earlier 

results [25]. 

Careful examination of the nc HEA annealed at 593 K showed no evidence for the 

L12 phase. Extra annealing experiments at 523 K and 573 K, which are slightly lower 

than the exothermic starting temperature, showed only the FCC phase in this alloy. Thus, 

it is clear that the formation of the B2 phase is the major contributor for the exothermic 

process in the nc HEA starting from 593 K. No L12 phase formed during the annealing 

process of the nc HEA. 

Table 1 lists the chemical compositions of phases in the CG and nc samples. The 

measured composition of the FCC phase in the as-cast CG sample matches very well 

with the nominal composition of the HEA, thereby suggesting reasonably good 
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accuracy for the EDS analysis. Both the L12 and B2 phases in the CG sample annealed 

at 1123 K contain more Al and Ni but less Co, Cr and Fe than the FCC matrix. 

Comparing the compositions in the FCC matrix, the L12 and B2 phases show that the 

content of each element in the three phases increases or decreases monotonously, 

suggesting that less elemental diffusion is needed for the formation of the L12 phase 

than for the formation of the B2 phase. The compositions of the FCC matrix and the B2 

phase in nc HEA annealed at 1123 K are similar to those in the CG materials annealed at 

1123 K (see table 1).  

4. Discussion 

For the CG HEA, an annealing-induced phase transformation occurs through the 

following sequence: the supersaturated FCC phase the L12 phase the B2 phase. 

Increasing the annealing temperature involves in part a decomposition of the 

supersaturated solid solution which commences with the formation of the L12 phase. At 

higher temperatures, the L12 phase is replaced by the formation of the B2 phase. For the 

nc HEA, the annealing-induced phase transformation does not include the formation of 

the L12 phase and the formation of the B2 phase occurs directly from the supersaturated 

FCC phase at a lower temperature compared with the CG HEA. It is worth noting that 

the FCC phase is still available in both CG and nc HEA after annealing.  

The difference in the phase transformation pathway may be correlated with the 

phase formation mechanism. The formation of the L12 phase in a CG FCC-based HEA 

effectively reduces the lattice distortion caused by the atomic size difference among the 
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constituent elements [9] since the CG HEA reported here comprises five elements with 

different atomic radii (Al, 0.143 nm; Co, 0.128 nm; Cr, 0.130 nm; Fe, 0.128 nm; and Ni, 

0.128 nm) [28]. The formation of the L12 phase, which started from a short-range 

elemental rearrangement [29] followed by some long-range elemental diffusion that 

leads to the formation of the B2 phase, is kinetically more favorable at relatively low 

annealing temperatures than the formation of the B2 phase.  

The ordering in the FCC phase originates from the selective occupation of Al to 

form an M3Al-type L12 phase where M denotes the mixture of multicomponents in the 

HEA by randomly substituting Ni atoms in the typical L12 compound Ni3Al [9]. The 

lowest mixing enthalpy of Al-Ni among all the atomic pairs in the HEA provides a 

thermodynamic driving force for the formations of phases rich in Al and Ni atoms. In 

addition, the oversized substitutional element of Al imposes strain in its vicinity and 

introduces additional stress energy. Therefore, Al segregation from the FCC matrix 

minimizes the system free energy. Because the formation of the B2 phase requires 

significant long-distance atomic diffusion and because HEAs usually possess a sluggish 

diffusion effect [22], the formation of the B2 phase in the CG HEA occurs only at 

elevated temperatures when the kinetic condition is fulfilled. By contrast, the large grain 

boundary volume fraction in the nc HEA provides a pathway for rapid long-distance 

elemental diffusion along grain boundaries even at relatively low temperatures, as 

reported in Ref. [5]. This allows the direct formation of the B2 phase at or near grain 

boundaries at a relatively low temperature that would allow only relatively 

short-distance diffusion for the L12 formation in CG HEAs. Thus, at temperatures that 
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kinetically allow short-distance diffusion for the formation of the L12 phase in CG 

HEAs, long-distance diffusion occurs already through the grain boundaries and this 

permits the formation of the B2 phase without introducing the L12 phase. Finally, 

although the density of vacancies in severely deformed materials is very high, this will 

not affect the phase transformation in the nc HEA as the annealing temperature of 593 K 

is sufficiently high that non-equilibrium vacancies are annihilated.  

5. Conclusions 

The annealing-induced phase transformation processes are different in the CG and 

nc HEA. This is due to the difference in elemental diffusivity in CG and nc materials. 

The grain boundaries in the nc HEA provide a pathway for rapid elemental diffusion 

that allows the formation of a high-temperature stable B2 phase at a relatively low 

temperature and therefore suppresses the formation of the L12 phase.  
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Figure captions 

Fig. 1 DSC curves for the CG and nc HEA 

Fig. 2 (a) An SAED pattern obtained from the as-cast HEA; (b) an SAED pattern 

obtained from the CG HEA annealed at 639 K; (c) an HRTEM image from the CG HEA 

annealed at 639 K; the white square in (c) indicates the area from which the inset FFT 

pattern and IFFT image were obtained. 

Fig. 3 (a) A TEM image from the CG HEA annealed at 1123 K; (b) an SAED pattern 

obtained from a spherical particle; (c) an SAED pattern obtained from a lath-like 

particle. 

Fig. 4 A typical TEM image and its corresponding SAED pattern of the nc HEA. 

Fig. 5 (a) An HRTEM image of a nanoscale grain from the nc HEA annealed at 593 K; 

(b) FFT patterns corresponding to the white square area in (b). 

Fig. 6 A TEM image from the nc HEA annealed at 1123 K, the inset SAED pattern was 

obtained from a particle with black contrast.
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Table 1 Chemical compositions of phases in the HEA obtained by EDS (at.%) 

Sample Phase Al Co Cr Fe Ni 

Nominal 

Composition 
 6.96 23.26 23.26 23.26 23.26 

CG (as-cast) FCC 6.8 23.7 22.6 23.1 23.8 

CG (1123 K) FCC 4.3 23.2 27.6 23.5 21.4 

L12 11.8 19.2 10.7 16.2 42.1 

B2 30.9 11.4 6.1 9.3 42.3 

nc (1123 K) FCC 3.1 24.5 27.1 25.3 20.0 

B2 34.5 12.7 5.8 9.7 37.3 
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Highlights 

 Grain size affects annealing-induced phase transformations in Al0.3CoCrFeNi. 

 Coarse-grained alloy transforms from FCC to L12 and finally to B2. 

 Nanocrystalline alloy transforms from FCC directly to B2. 

 Rapid elemental diffusion via grain boundaries in nanocrystalline alloy suppresses 

L12 formation. 


