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A B S T R A C T   

Experiments were conducted for the study of the evolution of the microstructure in a nanocrystalline CoCrFeNi 
multi-principal element alloy during annealing. The nanocrystalline state was achieved by high-pressure torsion 
(HPT) which is a well-defined severe plastic deformation technique. The heat treatment of the nanocrystalline 
CoCrFeNi alloy was performed in a differential scanning calorimeter (DSC). It was found that the thermogram 
contains two exothermic peaks with maxima at about 680 and 870 K. For further analysis, a different set of the 
samples were annealed to temperatures below and above the two DSC peaks. It was revealed the first exothermic 
peak was related to the decrease of the density of lattice defects (dislocations and twin faults) while the grain size 
remained consistent. The comparison of the measured and the calculated released heat values suggested that 
during this recovery a high concentration of excess vacancies was annihilated (about 10− 3). The second 
exothermic peak corresponded to the recrystallization of the microstructure when the grain size increased from 
about 60 nm to about 660 nm. It was revealed that the hardness of the nanocrystalline CoCrFeNi alloy remained 
unchanged during recovery (first DSC peak) while recrystallization (second DSC peak) caused a decrease of the 
hardness from about 5100 MPa to about 3200 MPa.   

1. Introduction 

Multi-principal element alloys (MPEAs) or complex concentrated 
alloys (CCA), including high-entropy alloys (HEAs), are designed with 
multiple principal elements of equal or near equal molar ratios [1,2]. 
This is in contrast with conventional alloys involving one principal 
element with a minor amount of additional constituents. As a result, 
MPEAs offer an increased variety of elemental combinations. Further
more, these advanced materials exhibit improved properties, such as 
high strength at room and elevated temperatures [3–5], high fatigue and 
wear resistance [6,7], superior corrosion resistance [8], etc. One of the 
core effects [9] that differs MPEAs from conventional alloys is the high- 
entropy effect, which contributes to phase stabilization in solid solution 
MPEAs [10]. However, in order to achieve a high-entropy configuration, 
the materials would ideally maintain a single-phase solid solution state, 
which is not always present in MPEAs. For instance, CoCrFeMnNi be
comes unstable after prolonged exposure to intermediate temperature 
[11], and severely deformed HfNbTiZr decomposes into multiple phases 
after annealing [12]. Both theoretical and experimental studies [13–16] 

reported that CoCrFeNi alloy remained a single phase state even if the 
equi-molar fraction condition was not fulfilled (with atomic composi
tions varying between 20% and 40%) [14], and this observation sug
gests a good stability of the single phase state in the MPEA. Furthermore, 
the CoCrFeNi alloy possesses exceptional mechanical properties [16], 
which can be further improved by the addition of other minor elements 
[17–20]. 

Besides modifying the chemical composition, another way to tune 
the mechanical properties of MPEAs is tailoring of the microstructure. 
From the Hall-Petch equation [21,22], it is known that the hardness of a 
metallic material increases with decreasing grain size. In order to ach
ieve smaller grain size, severe plastic deformation (SPD) is commonly 
used with great success [9,16,19,23]. For instance, nanocrystalline (NC) 
CoCrFeNi powder has been produced successfully by mechanical 
alloying and then consolidated by spark plasma sintering (SPS). How
ever, annealing of this material resulted in the formation of chromium- 
carbide precipitates due to carbon contamination introduced by the 
milling process [24,25]. High-pressure torsion (HPT) is an SPD method 
capable of producing bulk nanocrystalline HEAs without contamination, 
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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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1200, 2500 and 4000 grit SiC abrasive papers, and continued with a 
colloidal alumina suspension with a particle size of 1 μm. Then, me
chanical polishing was finished using a colloidal silica suspension (OP-S) 
with a particle size of 40 nm. The surface preparation was completed 
with electropolishing at 25 V and 1 A. The composition of the electrolyte 
was 70% ethanol, 20% glycerine and 10% perchloric acid (in vol%). 

The X-ray line profile measurements were performed by a diffrac
tometer using monochromatic CoKα1 radiation (wavelength: 0.1789 
nm) and a single crystal Ge monochromator. The X-ray diffraction pat
terns were evaluated for the microstructure using the Convolutional 
Multiple Whole Profile (CMWP) fitting method [37]. In this procedure, 
all the peaks in the measured diffraction pattern are fitted simulta
neously with theoretically calculated profiles, and each theoretical 
reflection is obtained as the convolution of peaks related to the 
diffraction domain size, dislocations and twin faults. The anisotropic 
strain broadening of the diffraction profiles caused by dislocations was 
handled using the dislocation contrast factors [37]. For CoCrFeNi MPEA 
with an face centered cubic (fcc) structure, the dislocation contrast 
factors depend on parameters Ch00 and q. The former quantity has the 
values of 0.32 for both edge and screw dislocations while the theoretical 
values of q for edge and screw dislocations are 1.72 and 2.49, respec
tively, for CoCrFeNi MPEA as determined in a former study [16]. The 
CMWP method gives the area-weighted mean diffraction domain size 
(<x>), the dislocation density (ρ), the parameter describing the edge/ 
screw character of dislocations (q) and the twin-fault probability (β). 

2.5. Hardness test 

Hardness of the HPT-processed and the annealed samples was 
inspected using a Zwick Roell ZHμ indenter with an applied load of 500 
g and 10 s dwell time. A surface treatment similar to that applied for 
XRD investigation (see section 2.4) was carried out before hardness 
testing. Each sample was indented 10 times, and then the estimated 
hardness values were averaged to achieve the final mean microhardness. 

3. Results 

3.1. DSC scan on the CoCrFeNi sample processed by HPT 

The DSC curve measured at a heating rate of 40 K/min for the 
CoCrFeNi MPEA processed by HPT is shown in Fig. 1. Two distinct 
exothermic peaks can be seen in the thermogram. The first peak starts at 
~620 K and reaches a maximum at ~680 K. At ~750 K, the first peak 
ends and a second peak begins. The second peak has its maximum at 

~870 K and ends at ~920 K. These peaks are probably related to the 
recovery and/or recrystallization of HPT-processed nanocrystalline 
microstructure since phase transformation was not observed in the 
studied temperature range (discussed later). The integrations of the 
separate peak areas yield the values of 4.4 J/g for the first peak and 6.5 
J/g for the second peak. 

3.2. Microstructure evolution during annealing 

The evolution of the microstructure during annealing was studied for 
the HPT-processed CoCrFeNi MPEA by XLPA and TEM. The XRD pattern 
of the sample annealed to 500 K, which is typical for all samples, can be 
seen in Fig. 2. The diffractogram reveals that the CoCrFeNi alloy 
maintains a single fcc phase throughout the heat treatment process. The 
XRD patterns were fitted using the CMWP method to quantitatively 
characterize the diffraction domain size, the dislocation density and the 
twin fault probability of the HPT-processed sample and the annealed 
specimens. The results obtained from the CMWP evaluation are shown 
in Table 1, and also are plotted along with the DSC curve in Fig. 3 to 
display the correlation between the evolution of the microstructure 
during annealing and the exothermic signal. Fig. 4 shows the bright and 
dark field (BF and DF) images of the HPT-processed samples (a)-(c) 
before annealing and after annealing towards (d)-(e) 500 K, (f)-(g) 750 K 
and (h) 1000 K. The average grain size was determined directly from the 
several TEM images and is shown in Table 1, as well as plotted with the 
DSC curve in Fig. 5 to compare the evolution of grain sizes during 
annealing to the appearance of the exothermic peaks. 

Immediately after HPT-processing, the grain size was about 60 nm 
and the CoCrFeNi MPEA contained a very high defect density as seen in 
Fig. 4a–b, namely the dislocation density was 140 × 1014 m− 2 while the 
twin fault probability was about 3% as determined by XLPA. The latter 
value corresponds to an average twin fault spacing of about 7 nm 
calculated as 100d111/β where d111 is the spacing between the {111} 
planes [38]. The presence of nanotwins in the HPT-processed sample is 
confirmed by the TEM image in Fig. 4c. The diffraction domain size of 
~32 nm was about half of the grain size obtained by TEM. The difference 
can be explained by the hierarchical microstructure of the HPT- 
processed material. In practice, grain subdivision into subgrains is a 
general observation for SPD-processed metals and alloys [39]. Since 

Fig. 1. DSC thermogram obtained for the sample cut from the edge of a disk 
processed by 10 turns of HPT. 

Fig. 2. CMWP fitting for the diffractogram taken on the HPT-processed sample 
heated up to 500 K. The black open circles and the red solid line show the 
measured and the fitted patterns, respectively. The difference between them is 
shown by the blue line at the bottom of the figure. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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XRD is sensitive to small crystallographic misorientations, the diffrac
tion domain size characterizes the subgrain size rather than the grain 
size [38]. The heat treatment up to 500 K did not yield any significant 
exothermic or endothermic DSC signal which is in accordance with the 
practically unchanged microstructure as seen in Table 1 as well as Figs. 3 
and 5. 

The first exothermic DSC peak finished at 750 K, therefore the 
microstructure was studied at this temperature. Fig. 3 reveals that after 
annealing up to 750 K both the dislocation density and the twin fault 
probability were reduced to about half of the values measured imme
diately after HPT as also seen in Table 1, while there were no noticeable 
changes in the average diffraction domain and grain sizes as described in 
Figs. 3 and 5, respectively. 

The microstructure development during the second exothermic DSC 
peak can be described by comparing the XLPA and TEM results obtained 
for 750 and 1000 K. Between these two temperatures, the average grain 

Table 1 
Microstructure parameters obtained after heating up to different temperatures in 
DSC. The mean diffraction domain size (<x>), the dislocation density (ρ), the 
parameter describing the edge/screw character of dislocations (q) and the twin- 
fault probability (β) were determined by XLPA while the grain size (d) was ob
tained from TEM.  

Temperature 
[K] 

d [nm] <x >
[nm] 

ρ [1014 

m− 2] 
q β [%] 

300 59 ± 3 32 ± 3 140 ± 20 2.2 ±
0.1 

3.1 ±
0.3 

500 60 ± 3 33 ± 4 137 ± 18 2.4 ±
0.1 

2.6 ±
0.2 

750 57 ± 3 34 ± 5 62 ± 8 2.3 ±
0.1 

1.6 ±
0.2 

1000 660 ± 20 170 ± 20 0.8 ± 0.1 1.7 ±
0.1 

0 ± 0.1  

Fig. 3. The diffraction domain size, the dislocation density and the twin-fault 
probability obtained by XLPA as well as the heat flow measured by DSC as a 
function of the annealing temperature. 

Fig. 4. BF (a,c,d,f,h) and DF (b,e,g) TEM images obtained on the HPT-processed specimen and the samples annealed up to different temperature in DSC. The 
temperature of heat treatment can be seen on the images. The white arrows in (c) indicate twin faults. 

Fig. 5. The grain size determined by TEM and the heat flow measured by DSC 
as a function of the annealing temperature. 
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size and the diffraction domain size increased drastically, while dislo
cation density and twin fault probability diminished to very small values 
as visualized in Figs. 3 and 5. Namely, the average grain size increased 
by over an order of magnitude, from about 60 nm to ~660 nm as shown 
in Fig. 4a–h, while the diffraction domain size also increased five folds, 
from ~34 nm to ~170 nm. In addition, the dislocation density decreased 
to ~0.8 × 1014 m− 2 and the twin fault probability fell under the 
detection limit of XLPA method (~0.1%). The latter observation is not in 
contradiction to the appearance of twins in the TEM image of Fig. 4h. 
The average twin spacing in the BF image is about 200 nm which cor
responds to the lower detection limit of twin fault probability in XLPA. 

The elemental distributions of all the four constituents in the present 
CoCrFeNi MPEA were homogeneous immediately after HPT as shown in 
Fig. 6, and it remained unchanged during annealing up to 1000 K. 
Therefore, development of chemical heterogeneities, segregation or 
phase decomposition were not observed in the studied material. 

3.3. Change of the hardness during annealing 

Fig. 7 shows the change of the hardness value versus annealing 
temperature, as well as its correlation to the exothermic peaks for the 
HPT-processed CoCrFeNi MPEA sample. The hardness after HPT was 

Fig. 6. EDS elemental maps for Co (a), Cr (b), Fe (c) and Ni (d) obtained for the HPT-processed sample by TEM.  

Fig. 7. The hardness and the heat flow measured by DSC as a function of the 
annealing temperature. 
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about 5100 MPa and it did not change significantly up to 750 K, i.e., the 
structural changes related to the first DSC peak did not yield softening. 
On the other hand, the heat treatment between 750 and 1000 K led to a 
considerable reduction in hardness from >5000 to ~3200 MPa, i.e., the 
material softened during the second exothermic peak. 

4. Discussion 

The present study revealed an excellent phase stability of the CoCr
FeNi MPEA processed by HPT since neither decomposition nor forma
tion of chemical heterogeneities was observed. Thus, the stability of the 
CoCrFeNi MPEA is better than the most frequently studied CoCrFeMnNi 
HEA. Indeed, former studies have shown that compositional in
homogeneities were developed in CoCrFeMnNi alloy immediately after 
processing by casting without any annealing [16,40]. Namely, the 
interdendritic regions were enriched in Mn and Ni since these elements 
have the lowest melting points in pure form (1519 and 1726 K, 
respectively). Moreover, two-component Mn–Ni alloy with equal molar 
fractions solidifies at even lower temperatures of about 1300 K. There
fore, during cooling the firstly crystallized regions are enriched in Cr, Fe 
and Co since these elements have relatively high melting points (be
tween 1768 and 2180 K), while the interdendritic volumes are solidified 
later during cooling. Chemical heterogeneities in CoCrFeMnNi HEA 
were observed even if an additional rolling and a subsequent homoge
nization heat treatment were applied after casting [40]. It seems that the 
absent of Mn with a relatively low melting point significantly improved 
the homogeneity of CoCrFeNi even after heating up to 1000 K. It is 
worth noting that the addition of other elements to CoCrFeMnNi HEA 
may even result in a multiple phase microstructure. For instance, in 
Al0.5CoCrFeMnNi HEA a Ni-rich fcc phase and an Al-rich B2 phase were 
developed in the initial material before HPT [41]. Annealing after HPT- 
processing at 800 ◦C for 1 h resulted in the formation of an additional 
(Fe,Cr) rich σ-phase which significantly improved the hardness of the 
material. Nevertheless, the HPT-processed CoCrFeNi MPEA studied in 
this paper maintained a single phase without formation of such 
annealing-induced σ-phase. 

The results of the present microstructure investigations evidently 
proved that the first exothermic DSC peak corresponds to recovery in the 
HPT-processed CoCrFeNi MPEA, as only reduction of the lattice defect 
density without any change in grain size occurred as shown in Figs. 3–5. 
During the second exothermic peak, recrystallization was also observed. 
This separate processes of recovery and recrystallization during DSC 
annealing has also been observed for conventional nanocrystalline 
metallic alloys processed by HPT at room temperature [42,43]. For 
conventional alloys, the reason of the clearly separated structural evo
lution during annealing is attributed to the stronger retarding effect of 
solute atoms and secondary phase particles on recrystallization (e.g., on 
the movement of grain boundaries) than on recovery (i.e., on the 
annihilation of dislocations and vacancies). In the case of solid solutions, 
the segregation of solute atoms to grain boundaries can also contribute 
to the stabilization of the as-processed grain structure. If the alloying 
element concentration was not very high or HPT-processed ultrafine- 
grained (UFG) pure fcc metals were studied by DSC, only a single 
exothermic peak was observed, and this peak appeared at the homolo
gous temperature of about 0.33–0.36 [39,42,43]. This single peak cor
responded to a simultaneous occurrence of recovery and 
recrystallization [39,42]. For HPT-processed UFG and nanocrystalline 
fcc alloys with considerable solute concentrations (e.g., for Ni – 5 at.% 
Mo), two DSC peaks were observed at the homologous temperatures of 
about 0.4–0.45 and 0.55–0.60 [42,43]. For the present nanocrystalline 
CoCrFeNi MPEA, the first and second peaks appeared at the homologous 
temperatures of ~0.4 and ~ 0.5, respectively. Therefore, the stability of 
the nanocrystalline microstructure of the CoCrFeNi MPEA processed by 
HPT are reasonable consistent with the conventional alloys deformed 
plastically in a similar way. It is worth noting that the value of the 
stacking fault energy (SFE) also influences the occurrence of 

recrystallization [18]. Namely, for low SFE metallic materials recrys
tallization is promoted by the easy formation of low energy twin 
boundaries. The present study suggests that although the SFE of CoCr
FeNi MPEA is relatively low (20 mJ/m2), the homologous temperature 
of recrystallization is only slightly lower than that for traditional alloys 
with higher SFE, and in addition recovery precedes recrystallization in 
the DSC thermogram. The retarded recrystallization can be explained by 
the distorted MPEA lattice as discussed in the next paragraph. 

The stability of the present HPT-processed fcc CoCrFeNi MPEA is 
worth to compare to that obtained for Ni since this is the only compo
nent in this alloy which has also fcc structure in pure form. For 99.99% 
purity Ni processed by five turns of HPT at room temperature, a single 
exothermic DSC peak appeared at the homologous temperature of 0.33 
and the released heat was 1.8 J/g [44]. This value is about six times 
smaller than the total heat released in the two DSC peaks for the present 
CoCrFeNi MPEA. The much higher released heat was caused by the six 
times higher dislocation density and the three times smaller grain size. 
Since the melting points of Ni and CoCrFeNi are very close (about 1700 
K), therefore the different defect density can not be attributed to the 
difference in the homologous temperature of HPT processing. Rather, 
the annihilation of defects in CoCrFeNi alloy was hindered by the higher 
resistance of the distorted MPEA lattice against the motion of disloca
tions and grain boundaries [45]. The much larger stored energy in the 
HPT-processed CoCrFeNi alloy gave a higher driving force for recovery 
and recrystallization compared to Ni. However, despite this fact the 
homologous temperatures of recovery and recrystallization were higher 
for CoCrFeNi MPEA than for pure Ni. This observation suggests that the 
retarding effect of the lattice on recovery and recrystallization in 
CoCrFeNi is higher than the promoting effect of the higher driving force. 

It is worth to compare the measured heat released in the two DSC 
peaks and the change in the stored energy calculated from the micro
structural parameters obtained by XLPA and TEM. The stored energy per 
unit mass before and after the DSC peaks is considered as the sum of the 
lattice defect energies. The energy stored in grain boundaries (GBs) can 
be determined using the following equation [46]: 

EGB =
3γGB

dρm
, (1)  

where γGB is the GB energy per unit area, d is the average grain size 
determined by TEM and ρm is the mass density of CoCrFeNi (7.53 g/cm 3 

[47]). For the first exothermic peak, the grain size remained reasonably 
consistent as shown in Table 1 and there was no remarkable contribu
tion of GBs to the released heat. During the second DSC peak, the grain 
size increased by more than one order of magnitude, and the corre
sponding change of the stored energy was 4.9 ± 0.3 J/g as obtained by 
Eq. (1). In this calculation, the GB energy per unit area was taken as 0.77 
J/m2 where the value is valid in the temperature range of the second 
exothermic peak at 800–900 K [48]. The estimated changes of the stored 
energies for different defects are listed in Table 2 and the detail calcu
lations are described in here. 

The contribution of dislocations to the stored energy is given as [49]: 

Edisl = AGb2 ρ
ρm

ln

(
1

b ̅̅̅ρ√

)

, (2)  

where G is the shear modulus (84 GPa for CoCrFeNi MPEA [50]), b is the 
magnitude of the Burgers vector (0.263 nm, derived from the lattice 
constant obtained in a former study [16]), ρ is the dislocation density, 
and A is a factor depending on the edge/screw character of dislocations. 
For pure screw and edge dislocations, A equals (4π)− 1 and (4π (1 - ν))− 1, 
respectively, where ν is the Poisson’s ratio (0.25 for CoCrFeNi MPEA 
[51]). For a sample having dislocations with a mixed character, A can be 
obtained from parameter q determined by XLPA using the rule of 
mixtures: 
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A =
q − qedge

qscrew − qedge

1
4π +

qscrew − q
qscrew − qedge

1
4π(1 − ν), (3)  

where qedge and qscrew are the q parameters for pure edge and screw 
dislocations, respectively. For CoCrFeNi MPEA, qedge = 1.72 and qscrew 
= 2.49. The experimentally determined values of q for the different 
samples are listed in Table 1. Using Eqs. (2) and (3), the contributions of 
dislocations to the stored energy in the first and second exothermic 
peaks were obtained as 1.4 ± 0.8 and 1.6 ± 0.2 J/g, respectively. 

For twin faults in fcc materials, the stored energy can be calculated 
using the following equation [52]: 

Etwin =
γtwinβ
d111ρm

, (4)  

where γtwin is the twin fault energy per unit area (taken as 10 mJ/m2, 
since for fcc materials the twin fault energy is about half of its SFE of 
about 20 mJ/m2 for CoCrFeNi [53]), β is the twin fault probability, and 
d111 is the spacing between the neighbouring {111} planes. For the first 
and second DSC peaks, the changes in twin fault energy are 0.06 ± 0.02 
and 0.10 ± 0.02 J/g, respectively. The sum of the changes in the 
different stored energy contributions is 1.46 ± 1.32 J/g for the first DSC 
peak while it is 6.60 ± 0.52 J/g for the second peak (see also Table 2). 

The contribution of GB energy to the heat release is zero in the first 
DSC peak, but it has the major contribution to the second one. The 
changes in the energies stored in dislocations and twin faults are similar 
for the first and second exothermic peaks, while the twin faults energy 
plays an insignificant role in the total stored energy. The change of the 
total stored energy calculated from the evolution of lattice defects is in 
accordance with the measured heat released for the second exothermic 
peak. By contrast, there is a noticeable deficit in the case of the first 
exothermic peak, i.e., the calculated change in the stored energy is much 
less than the measured released heat. This difference can be explained 
by the annihilation of vacancies or vacancy clusters. Former studies have 
indicated that after SPD-processing, a very high vacancy concentration 
developed in the deformed materials [49,54]. Taking the assumption 
that the difference between the calculated and measured released heats 
is due to vacancy annihilation, the excess vacancy concentration (cv) in 
the HPT-processed CoCrFeNi MPEA is estimated as follows. The energy 
stored in vacancies (Evac) can be related to the vacancy concentration as 
[49]: 

Evac = evaccv
NA

M
, (5)  

where evac is the vacancy formation energy (~1.7 eV for CoCrFeNi 

[55,56]), NA is the Avogadro’s number (6 × 1023 mol− 1), and M is the 
molar mass of CoCrFeNi (56.37 g/mol). Hence, the change of the va
cancy concentration (∆cv) during the first DSC peak can be obtained 
from Eq. (5) with the assumption that the energy released by vacancy 
annihilation (∆Ev) corresponds to the difference between the measured 
released heat and the change of the sum of the stored energies of other 
defects. This calculation yields the change of the vacancy concentration 
in the first DSC peak of about (1.0 ± 0.7) × 10− 3, which is similar to the 
values obtained previously for conventional nanocrystalline metals and 
alloys where there is a summary of the excess vacancy concentrations for 
SPD-processed materials [39]. For instance, at the highly deformed re
gion in a 99.95% purity Cu disk after 10 turns by HPT at room tem
perature an excess vacancy concentration of ~2 × 10− 3 was obtained 
and the majority of vacancies were agglomerated into clusters consisting 
of 7–9 vacancies [54]. For a Ni-0.3 at.% Mo processed by 20 turns of HPT 
at room temperature, the vacancy concentration was obtained in the 
range of 0.7–1.2 × 10− 3 [57]. When the Mo content increased to 5 at.% 
in Ni, HPT-processing for 20 turns led to a vacancy concentration of 
1.6–2.1 × 10− 3. Thus, it can be concluded that the concentration of 
excess vacancies formed in the HPT-processed CoCrFeNi HEA does not 
differ considerably from the values determined in conventional pure 
metals and alloys after HPT. 

It is worth noting that for the heats released at the first and second 
exothermic peaks the main contributors were vacancies and grain 
boundaries, respectively. Namely, 67% of the released heat was related 
to vacancies and 32% was caused by the annihilation of dislocations at 
the first peak. In the case of the second DSC peak, 74% of the heat was 
released due to the decrease of the grain boundary area and 24% was 
related to dislocation annihilation. 

The comparison of Figs. 3, 5 and 7 reveal that the hardness was not 
sensitive to the reduction of the density of defects (dislocations and twin 
faults) at the first DSC peak, and softening was observed only when the 
grain size increased significantly at the second exothermic peak. Similar 
results were obtained formerly for HPT-processed Ni – 5 wt% Mo alloy 
and 316 L stainless steel [58,59]. There may be two reasons behind this 
effect. The first one is that annealing can also yield a relaxation of the 
grain boundaries, therefore the emission of dislocations from the 
boundaries becomes more difficult [60]. This hardening effect can 
compensate the softening caused by the defect annihilation. The second 
reason may be that hardness testing results in an 8% plastic strain in the 
probed material, yielding local defect multiplication. The corresponding 
strain hardening in the annealed samples can increase the hardness back 
to a similar level as observed before the heat treatment. Thus, it can be 
concluded that the hardness of the nanocrystalline CoCrFeNi MPEA 
remained stable up to 750 K and considerable softening can be observed 
only at the second exothermic DSC peak. 

5. Summary and conclusions 

The thermal stability of the nanocrystalline microstructure in a HPT- 
processed CoCrFeNi MPEA was studied. The evolutions of the defect 
density and grain size were monitored by XLPA and TEM as a function of 
the annealing temperature. The following conclusions were drawn from 
the results:  

1. Two exothermic DSC peaks were developed during heating up to 
1000 K. In the temperature range corresponding to the first peak, 
only the lattice defect density decreased while the grain size 
remained about 60 nm. Indeed, the dislocation density decreased 
from ~140 × 1014 m− 2 to ~60 × 1014 m− 2 and the twin fault 
probability (~3%) was also reduced to about half. The maximum of 
this first exothermic peak was measured at the temperature of about 
680 K. The second DSC peak has a maximum at ~870 K and this peak 
was related to recrystallization since the grain size increased by an 
order of magnitude to ~660 nm. The homologous temperatures of 
the two DSC peak maxima were ~ 0.4 and ~ 0.5 which are 

Table 2 
Comparison of the change of the stored energies as calculated from the defect 
densities and the heat released during the two DSC peaks for the CoCrFeNi 
sample processed by HPT. ΔEdisl, ΔEtwin and ΔEGB are the changes of the energies 
stored in dislocations, twin faults and grain boundaries, respectively. H is the 
heat released in the exothermic DSC peak. ΔEvac is the change of the energy 
stored in vacancies as estimated from the difference between the sum of the 
calculated stored energies and the measured released heat, and Δcv is the change 
of vacancy concentration calculated from ΔEvac (see the text for more details).   

Calculated change of stored energy 
[J/g] 

Measured heat released [J/ 
g] 

1st DSC peak ΔEGB = 0 ± 0.5 H = 4.4 ± 0.6 
ΔEdisl = 1.4 ± 0.8 
ΔEtwin = 0.06 ± 0.02 
Sum = 1.46 ± 1.32 
ΔEvac = 2.94 ± 1.92 
Δcv [10− 3] = 1.0 ± 0.7 

2nd DSC 
peak 

ΔEGB = 4.9 ± 0.3 H = 6.5 ± 0.7 
ΔEdisl = 1.6 ± 0.2 
ΔEtwin = 0.10 ± 0.02 
Sum = 6.60 ± 0.52  
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reasonably consistent with the values obtained for conventional fcc 
alloys processed by HPT at room temperature.  

2. For the second exothermic peak, the experimentally determined 
released heat was in good agreement with the change of the stored 
energy calculated from the evolutions of the defect densities and the 
grain size. At the same time, for the first DSC peak the measured 
released heat was about three times higher than the calculated stored 
energy. The difference can be explained by the annihilation of excess 
vacancies and vacancy clusters formed during HPT. From this dif
ference, the estimated vacancy concentration annihilated during the 
detection of the first DSC peak was ~10− 3. This value is similar to the 
excess vacancy concentrations annihilated in other conventional 
nanocrystalline alloys.  

3. The hardness was not sensitive to the recovery observed at the first 
DSC peak. By contrast, the hardness decreased from about 5100 MPa 
to ~3200 MPa when recrystallization occurred at the second 
exothermic peak. This result reveals that the hardness of the nano
crystalline CoCrFeNi alloy remains stable up to the temperature of 
750 K which corresponds to the end of the first DSC peak. 
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