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and has been successfully applied on different HEAs [12,19,20]. For a 
CoCrFeNi MPEA, HPT resulted in the formation of nanocrystalline grains 
through a reduction in grain size by three orders of magnitude and a 
hardness increase from ~1400 MPa to ~5100 MPa [16]. The high level 
of hardening is mainly caused by the high density of lattice defects, such 
as twin faults. The average twin fault spacing was about 7 nm in the 
CoCrFeNi MPEA after 10 turns of HPT. 

Nanocrystalline materials, while these generally have outstanding 
strength, often have limited ductility as a major drawback [26–28]. Post 
deformation annealing for these materials usually offers a better balance 
in mechanical properties, by a decrease in strength and an increase in 
ductility. However, the softening of nanocrystalline MPEAs can be less 
significant than conventional metals, as many reports showed slower 
grain growth in MPEAs [29]. This effect is often explained as a contri
bution of the sluggish diffusion kinetics, one of the core effects of MPEAs 
[9]. At the same time, annealing-induced decomposition of MPEAs at 
intermediate temperatures (between 400 and 800 ◦C) may be facilitated 
by the small grain size since grain boundaries are the preferable sites for 
nucleation of new phases. The decomposition of MPEAs has already 
been observed in former publications [11,30–32]. For instance, 
annealing of CoCrFeMnNi HEA at 450 ◦C resulted in the formation of 
NiMn- and Co-rich phases even after 5 min [31]. Further increase of 
annealing time to 15 h introduced an additional FeCo-rich phase. If the 
temperature increased above 800 ◦C, a homogeneous solid solution 
phase state was achieved again due to the high entropy effect. The 
decomposition of CoCrFeMnNi HEA yielded hardening [31] where, for 
100 h of annealing at 450 ◦C, a relative hardness increase reached about 
70%. 

The effect of heat treatment on the microstructure and mechanical 
behavior of MPEAs has been extensively studied since the recovery of 
the microstructure and the decomposition of the solid solution phase can 
significantly influence the strength and ductility of these materials. For 
example, He et al. using CALPHAD method calculated that CoCrFeNi has 
a stable single phase state at room temperature (RT), even when the 
atomic concentrations of Co, Fe and Ni were varied between 20% and 
40% [14]; however, another study demonstrated that at elevated tem
peratures and long annealing times, even though CoCrFeNi alloy has a 
single phase state, a small addition of Al made the material unstable and 
precipitates were formed [33]. For CoCrFeMnNi HEA, three different 
phases precipitated after 500 days of annealing at 500 ◦C [32]; however, 
if processed by HPT before annealing, after heat treatment at 450 ◦C for 
15 h, three different precipitates were observed and two of them 
appeared even after 5 min of annealing [31]. Bloomfield et al. reported 
that increasing Co content stabilized the single phase state of CoxCr
FeMnNi MPEA [34]; on the other hand, Mn had the opposite effect, and 
CoCrFeMnxNi with low Mn ratio showed contamination-related pre
cipitates at elevated temperatures [35]. Although, the phase stability in 
MPEAs was extensively investigated, the evolution of the lattice defects 
(e.g., dislocations and twin faults) in nanocrystalline MPEAs during 
annealing was only rarely studied (see e.g., [12]). 

In this paper, an investigation is conducted for revealing the thermal 
stability of nanostructure in a CoCrFeNi MPEA. A sample processed by 
10 turns of HPT was annealed by means of DSC and the characteristic 
temperatures of the microstructure evolution were determined from the 
thermogram. Then, specimens were heated up to specific temperatures 
and the changes of the lattice defect density and the grain size were 
determined. The influence of the microstructure evolution on hardness 
is also investigated and discussed in detail. To the knowledge of the 
authors, this is the first DSC study revealing the thermal stability of 
CoCrFeNi MPEA processed by HPT. In the literature, annealing of 
CoCrFeNi alloy has been studied without detecting the released heat, 
therefore the stored energy, and its correlation with the detailed 
microstructural and hardness evolution. In practice, simultaneous study 
of the lattice defect density during annealing is shown for the first time 
in this report. This investigation also describes the correlations of the 
defect evolutions with the heat released during annealing of CoCrFeNi 

MPEA. 

2. Material and methods 

2.1. Processing of the material 

Vacuum induction melting and drop casting of a mixture of four pure 
components (purity >99.9 wt%) was used for synthesizing Co25Cr25

Fe25Ni25 MPEA. The initial cast ingot of ~39 mm in thickness was hot- 
rolled to a thickness of ~14 mm at 1050 ◦C, followed by a homogeni
zation heat treatment at 1100 ◦C for 1 h. The cast material was machined 
into cylindrical billets with a diameter of 10 mm, and these billets were 
sliced by electric discharge machining (EDM) into disks with a final 
thickness of ~0.85 mm. A conventional HPT facility with quasi- 
constrained set-up was utilized for the HPT process [36]. HPT process
ing was conducted for 10 turns at room temperature under a pressure of 
6.0 GPa at a rotational speed of 1 rpm. 

2.2. Differential scanning calorimetry 

The thermal stability of the CoCrFeNi MPEA was studied at the edge 
of the disk sample processed by HPT for 10 turns. The HPT-processed 
disk was cut using a diamond saw into small specimens with about 1 
mm width. The edge part of the HPT disk where the torsional strain is 
the higest was used for the characterization; hence the examination was 
conducted between the radii of 4 and 5 mm having accumulated 
equivalent strains of 200–250. The annealing process was carried out in 
a differential scanning calorimetry (DSC) by using a Perkin Elmer 
(DSC2) calorimeter. First, the characteristic temperatures of the micro
structure evolution were identified from the thermogram obtained by 
heating up a specimen up to the maximum testing temperature of 1000 K 
under an Ar atmosphere at a heating rate of 40 K/min. Afterward, these 
temperatures were set as target temperatures, and are reached by 
heating individual samples at a rate of 40 K/min. Then, to inspect the 
microstructure of these samples, they were quenched to room temper
ature at a cooling rate of about 300 K/min. 

2.3. Microstructure study by electron microscopy 

Transmission electron microscopy (TEM) was utilized to characterize 
the microstructures of the HPT-processed as well as the annealed sam
ples. A focused ion beam (FIB) technique with Ga+ ions was used for 
cutting thin TEM-lamellae from the edge of the disk processed by 10 
turns of HPT. First, a trench around the lamella was dug using 30 keV 
and 30 nA until a lamella thickness of about 4 μm was obtained. Then, a 
thinning process was performed at a voltage of 30 keV and a current of 7 
nA until a lamella thickness of 1.5 μm was achieved. Finally, the lamella 
was cut and transferred to a grid, where it was further thinned at 16 keV 
and 50 pA, followed by polishing at 5 keV and 48 pA, and finished at 2 
keV and 27 pA to remove a damaged layer. 

TEM and energy-disperse X-ray spectroscopy (EDS) examinations 
were conducted using a Titan Themis G2 200 scanning transmission 
electron microscope (STEM). A four-segment Super-X EDS detector was 
equipped with the microscope. The spherical aberration was corrected 
at the imaging part, but probe-correction was not applied. The image 
resolution in STEM Z-contrast image mode was 0.16 nm, and these 
images were recorded using a Fishione high-angle annular dark-field 
(HAADF) detector. Together with the HAADF signal, the EDS data 
were measured in spectrum-image mode. 

2.4. Microstructure characterization by X-ray diffraction 

The microstructure of the CoCrFeNi samples was investigated by X- 
ray line profile analysis (XLPA). The surfaces of the HPT-processed and 
the annealed specimens were treated by mechanical polishing and a 
subsequent electropolishing. The mechanical polishing was started with 
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A. Hocini, Microstructural investigation of plastically deformed 
Ti20Zr20Hf20Nb20Ta20 high entropy alloy by X-ray diffraction and transmission 
electron microscopy, Mater. Char. 108 (2015) 1–7. 

[46] F.J. Humphreys, M. Hatherly, Recrystallization and Related Annealing Phenomena, 
Elsevier, 2012. 

[47] R.B. Mane, B.B. Panigrahi, Sintering mechanisms of mechanically alloyed 
CoCrFeNi high-entropy alloy powders, J. Mater. Res. 33 (2018) 3321–3329. 

[48] M. Vaidya, K. Pradeep, B. Murty, G. Wilde, S. Divinski, Radioactive isotopes reveal 
a non sluggish kinetics of grain boundary diffusion in high entropy alloys, Sci. Rep. 
7 (2017) 1–11. 

[49] E. Schafler, G. Steiner, E. Korznikova, M. Kerber, M. Zehetbauer, Lattice defect 
investigation of ECAP-Cu by means of X-ray line profile analysis, calorimetry and 
electrical resistometry, Mater. Sci. Eng. A 410 (2005) 169–173. 

[50] Z. Wu, H. Bei, G.M. Pharr, E.P. George, Temperature dependence of the mechanical 
properties of equiatomic solid solution alloys with face-centered cubic crystal 
structures, Acta Mater. 81 (2014) 428–441. 
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