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Abstract: To obtain a balance between strength and ductility in NiFeCoCrMn high-entropy alloy, the degree of 
dislocation strengthening was tuned via partial recrystallization during traditional thermomechanical processing (cold 
rolling and recrystallization). The tensile properties in each state were then examined. Significant improvements in 
uniform elongation and work hardening rate, with decrease in yield strength and ultimate tensile strength, are associated 
with increase in the recrystallized fraction, i.e., reductions in the degree of strain hardening. In particular, recrystallized 
fractions of 37% and 74% are obtained by annealing at 650 °C for 10 min and 15 min, respectively, which results in 
yield strengths of 1003 MPa and 742 MPa and uniform elongations of 4% and 24%, respectively. The strengthening is 
due to the unrecrystallized grains with a high density of dislocations, whereas the ductility benefits from the presence of 
recrystallized strain-free grains. 
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1 Introduction 
 

High-entropy alloys (HEAs) containing four or 
more elements in equiatomic concentrations are 
referred to as multi-principal-element alloys and 
have received significant attention in recent   
years [1−5]. The equiatomic NiFeCoCrMn high- 
entropy alloy with a face-centered cubic (FCC) 
structure was first reported by CANTOR et al [6] 
and has attracted extensive attention recently due to 
its excellent ductility and fracture toughness at 
room and cryogenic temperatures [7−16]. It has, 
therefore, been considered as a base for the 

development of engineering applications.  
Although the NiFeCoCrMn HEA has good 

ductility in a wide temperature range, its room- 
temperature strength is insufficient for engineering 
applications. Thus, it is critical to incorporate 
strengthening mechanisms in this alloy; extensive 
research has been conducted into well-known 
mechanisms, such as solid solution, grain boundary, 
dislocation, and second-phase strengthening. For 
example, HE et al [17] added Al to the 
NiFeCoCrMn HEA and produced both solid 
solution strengthening at low Al concentrations  
and body-centered-cubic (BCC) second-phase 
strengthening at high Al concentrations. The results 
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indicate that the strengthening provided by the  
solid solution of Al is relatively slight, while the 
second-phase precipitation strengthening is 
remarkable. Other efforts have been attempted to 
significantly enhance the strength of this HEA by 
modifying the second-phase precipitations. The 
nano-sized L12 and D022 precipitations have been 
proven to be effective in providing extraordinary 
hardening [18−20]. Nevertheless, elaborate 
compositional design and complex heat treatment 
procedures are generally required to obtain the 
desired hardening with these strengthening methods. 
In contrast, dislocation strain hardening is a simple 
and effective approach with an easy process; it only 
requires cold deformation and a certain degree of 
annealing. For instance, dislocation strengthening in 
Al-containing NiFeCoCrMn HEAs has been 
reported by XU et al [21], who suggested that early 
small strain produces low-density dislocation arrays 
and bowed dislocations in FCC grains, while the 
dislocation climb and shearing mechanisms 
dominate inside BCC grains. BAE et al [22] 
cold-rolled and recrystallized NiFeCoCrMn HEAs 
for 1 h at various temperatures from 650 to 1000 °C 
and found that a trade-off between mechanical 
properties and stretch formability could be  
achieved by partial recrystallization. Some other 
works have also explored partial recrystallization of 
HEAs; however, they have either focused on 
CrFeCoNiAl0.1 HEA or the carbon effect and 
cryogenic-temperature properties, but not on the 
recrystallization fraction adjustment of 
NiFeCoCrMn HEA [23−28]. There is a lack of 
research on specific adjustment of the 
recrystallization fraction to achieve a balance 
between strength and ductility in NiFeCoCrMn 
HEA. The NiFeCoCrMn HEA has many unique 
properties and is worth revisiting to determine the 
optimal balance between strength and ductility via 
simple partial recrystallization using traditional 
room-temperature cold rolling and annealing. 

In the present study, NiFeCoCrMn HEA 
microstructures with various degrees of dislocation 
strain hardening were formed by conventional cold 
rolling and partial recrystallization. Quasi-static 
tensile tests of four different recrystallized fractions 
(0%, 37%, 74% and 100 %) at room temperature 
were conducted. Furthermore, related mechanisms 
of strengthening and toughening are discussed. 

 
2 Experimental 
 

The NiFeCoCrMn ingots were prepared by 
arc-melting a mixture of pure metals 
(purity >99.9 wt.%) except Mn (>99 wt.%) in a 
high-purity argon atmosphere. An additional of 
1 wt.% Mn was added to compensate for its 
evaporation similar to the previous work [29,30]. 
After the raw materials were loaded in the arc 
melter, the chamber was first evacuated to 
~5×10−2 Pa, backfilled with pure Ar, then evacuated 
twice to dilute the residual air inside the chamber, 
and finally backfilled to a pressure of ~5×104 Pa. 
Before the materials were melted, a small piece of 
pure Ti was melted to getter any residual air that 
might be present in the chamber. The buttons were 
remelted and flipped five times to ensure chemical 
homogeneity before they were drop-cast into a 
rectangular copper mold with the dimensions of 
10 mm × 17 mm × 70 mm. After solidification, the 
ingots were cleaned and dried, encapsulated in 
evacuated quartz tubes, and homogenized for 48 h 
at 1200 °C to minimize any casting-related 
segregation. Then, the homogenized samples were 
cold-rolled along the longitudinal ingot direction to 
sheets with a final thickness of ~1.2 mm, 
corresponding to a reduction in thickness of ~88%. 
The rolled sheets were annealed for 10 and 15 min 
at 650 °C and for 10 min at 800 °C to obtain 
partially and fully recrystallized microstructures 
(referred to as as-rolled, H650-10, H650-15 and 
H800-10 samples, respectively, afterwards). 

Phases present in the alloys were identified by 
X-ray diffraction (XRD) using a SHIMADZU 
XRD−7000S diffractometer (Cu Kα target, λ= 
0.154 nm, voltage 40 kV, 2θ range from 20° to 90°, 
and scanning speed 3 (°)/min). Microstructures 
were analyzed by electron back-scatter diffraction 
(EBSD) with a field emission scanning electron 
microscope (Zeiss GeminiSEM 300) on the cross 
sections of samples and the data were interpreted 
using an HKL Channel5 analysis software. The 
recrystallized fraction was characterized by EBSD 
which has been a widely-adopted method for this 
aim [31]. The microstructures were also examined 
by using a Nova 400 NanoSEM scanning electron 
microscopy (SEM) equipped with an energy 
dispersive X-ray spectroscopy (EDX). Specimens 
were ground with SiC paper to a grit size of 7 μm 
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and then electrochemically polished using Struers 
LectroPol−5 for 10 s in a mixture of 10 vol.% 
perchloric acid and 90 vol.% ethanol at room 
temperature and an applied voltage of 40 V. 

Flat dog-bone-shaped specimens (gage length 
12 mm, gage width 2.5 mm, and thickness  
~1.2 mm) were cut by electrical discharge 
machining (EDM) from the sheets and ground 
through 1000-grit SiC paper. The tensile tests were 
performed using a SHIMADZU AG−100 kN testing 
machine at an engineering strain rate of 1×10−3 s−1 
in air at room temperature. 

 
3 Results and discussion 
 
3.1 Microstructures 

The XRD analysis of the four HEAs with 
different recrystallized fractions (as shown in   
Fig. 1) shows peaks corresponding to the FCC 
structure, which is consistent with other reports [32]. 
Since phases with a low volume fraction or with the 
same crystallographic structure and a slightly 
different lattice parameter cannot be differentiated 
by XRD, further analysis is needed. The diffraction 
peaks shift according to different recrystallized 
fractions. It has been found in other alloys that cold 
working can lead to a change in the lattice 
parameter that is reflected by a shift in the XRD 
diffraction peaks [33,34]. Deformation introduces 
changes in the internal structure within the grains, 
causing the formation of substructures (domains) 
and leading to broadening of the diffraction   
peaks of the deformed alloys. During cold rolling, a 
large number of dislocations are introduced into the 
 

 

Fig. 1 XRD patterns of as-rolled, H650-10, H650-15 and 
H800-10 specimens of NiFeCoCrMn HEAs 

material but they are not randomly distributed. 
These dislocations are accommodated in a variety 
of ways, including creation of internal boundaries. 

The microstructures of the NiFeCoCrMn 
HEAs after cold rolling and recrystallization 
annealing are strongly temperature- and time- 
dependent on the annealing parameters. Figure 2 
shows EBSD inverse pole figure (IPF) maps of  
the as-rolled and annealed samples. Cold rolling 
induces a large amount of plastic deformation and 
the grains become elongated along the rolling 
direction. It is known that the deformed 
microstructure includes a high density of 
dislocations and even deformation twins in the 
grain interior in alloys with low stacking fault 
energy [35]. Although EBSD cannot detect 
deformation twins clearly, the existence of 
deformation twins in the NiFeCoCrMn HEA during 
room-temperature cold rolling has been proven 
previously [22]. This is ascribed to the fact that the 
stress level during cold rolling reaches the critical 
resolved shear stress for twinning onset [36]. A 
typical FCC rolling texture is also detected and the 
details are described in Ref. [22]. The micro- 
structure of Sample H650-10 is composed of 
recrystallized equiaxed grains with a recrystallized 
fraction (frec) of ~37%, with the rest deformed 
microstructure. The average grain size of the 
equiaxed grains is ~1.1 µm. Recrystallization 
occurs nonuniformly, as evidenced by equiaxed 
grains distributed in certain regions. This is related 
to the varied storage energy in the grains during the 
cold rolling process, which is the driving force of 
recrystallization [37]. By prolonging the duration to 
15 min at 650 °C, the frec is significantly increased 
to ~74% and the average size of equiaxed grains 
increases slightly to ~1.3 µm. It should be noted 
that the EBSD analysis shows the sigma phase in 
both H650-10 and H650-15 HEAs with fractions 
≤0.4%, as indicated by the black arrows. To observe 
the sigma phase more clearly, SEM-BSE 
observations were conducted in the H650-15 HEA. 
The observation results in Fig. 3 show that 
submicron sigma-phase particles are distributed on 
the grain boundaries of the recrystallized regions. 
This is consistent with a previous study in which 
sigma phase particles were found to be <2% and 
were distributed near recrystallized regions after 
annealing of a NiFeCoCrMn cold-rolled sheet at  
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Fig. 2 EBSD inverse pole figure (IPF) maps of as-rolled (a), H650-10 (b), H650-15 (c) and H800-10 (d) samples of 
NiFeCoCrMn HEAs 
 

 
Fig. 3 SEM-BSE microstructure of H650-10 HEA (a) and zoom-in image of recrystallized region showing sigma-phase 
particles distributed on grain boundaries (b) 
 
650 °C for 1 h [22]. In the sample annealed at 
800 °C for 10 min, the IPF map clearly reveals   
fully recrystallized microstructures composed of 
equiaxed grains of ~3.2 µm with abundant 
annealing twins. 
 
3.2 Tensile properties 

Engineering stress–engineering strain curves 
for the four studied HEAs are depicted in Fig. 4(a). 
The yield strength (σy), ultimate tensile strength (σu), 
uniform elongation (εu) and elongation to fracture 
(εf) of these HEAs are listed in Table 1. It is known 
that εf is composed of uniform and non-uniform 

elongation components (starting from necking to 
fracture). In as much as a significant proportion of 
the plastic deformation at fracture is confined to the 
neck region, εf depends on the specimen gauge 
length. To show the plastic deformation ability of 
the NiFeCoCrMn HEA at different states clearly, 
both uniform elongation and elongation to fracture 
are listed here. The flow stress of the as-rolled  
HEA reaches ~1256 MPa immediately after elastic 
deformation and then decreased without obvious 
strain hardening and uniform elongation. Note that 
although its εf-value is perceptible, the εu-value is 
negligible. This is consistent with other research, 
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Fig. 4 Engineering stress–engineering strain curves (a), 
true stress–true strain curves (b) and work hardening rate 
(derivative of true stress–true strain curves, dσ/dε) 
plotted as function of true stress (c), for as-rolled and 
annealed NiFeCoCrMn HEAs (The grey area in (c) 
shows the necking region according to Considere’s 
criterion) 
 
e.g., a Ti−15Mo−1Fe alloy showed local 
deformation soon after yielding (i.e., no significant 
uniform elongation), even with a total elongation of      
20% [38] and, after subsequent annealing, both σy 
and σu decreased, accompanied by elongation 
recovery at an increased annealing temperature and/ 
or prolonged duration. The σy of Sample H650-10  

Table 1 Recrystallized fraction (frec), average size of 
recrystallized grains (drec) and tensile properties of 
as-rolled and annealed NiFeCoCrMn alloys 
Sample frec/% drec/μm σy/MPa σu/MPa εf/% εu/%

As-rolled 0 − 1188 1256 4 −

H650-10 37 0.8 1003 1010 9 4 

H650-15 74 1.1 742 840 31 24

H800-10 100 2.5 511 738 57 49
 
remains very high slightly over 1 GPa, while εu 
recovers to ~4%. By increasing the duration to 
15 min at 650 °C, σy-value decreases to ~742 MPa 
while εu increases to a considerable value of ~24%. 
Ulteriorly, after full recrystallization at 800 °C for 
10 min, the σy-value reduces to ~511 MPa but εu 
increases significantly up to ~49%. The true stress–
true strain curves in Fig. 4(b) are calculated from 
the corresponding engineering stress–engineering 
strain curves in Fig. 4(a) up to the point at which 
geometric instabilities start to form. Based on these 
curves, the derivatives (dσ/dε) are plotted as a 
function of the true stress σ, as shown in Fig. 4(c). 
The grey area indicates the region in which necking 
is predicted to occur according to Considere’s 
criterion. The strain hardening rates of the as-rolled 
and H650-10 samples drop steeply to reach the 
instability values with a small stress increment due 
to the lack of dislocation accumulation by 
recrystallized grains [39−41]. However, with 
increase in frec to 74% and 100%, the strain 
hardening rate shows conspicuous prolonged stages, 
which predicts higher strains for the onset of 
necking. 
 
3.3 Fractography 

Representative fracture surfaces of NiFeCo- 
CrMn HEAs with different recrystallized fractions 
are shown in Fig. 5. The fracture surface of the 
as-rolled HEA exhibits nonuniformly-sized coarse 
dimples, which are likely to be originated from 
inclusions. The fractography seems different from 
that of the cleavage feature in brittle alloys, which 
can probably be ascribed to a certain amount of 
strain in the necking region before failure, with 
deformation occurring mainly in the subgrains. 
Dimples are also observed on the tensile fracture 
surface of the NiFeCoCrMn HEA sample treated by 
high-pressure torsion prior to tensile testing, which 
appears rather brittle [42]. Further study is needed 
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Fig. 5 Morphologies of fracture surfaces of as-rolled (a), H650-10 (b), H650-15 (c) and H800-10 (d) specimens of 
NiFeCoCrMn HEAs 
 
to clarify the specific fracture mechanism of the 
as-rolled sample. After the formation of equiaxed 
grains by recrystallization, ductile dimples are 
clearly present, with some large ones surrounded by 
small ones. Some of these dimples (especially the 
large ones) are also likely to be originated from 
inclusion sites, which is a common phenomenon in 
metals [43,44]. The inclusions in the present 
samples are mainly oxides, as indicated by the EDX 
spectra. The presence of such inclusions has been 
previously observed in this alloy [45], which is 
probably the result of reactions between the 
constituent elements and the impurities introduced 
through the raw materials and melting. It is 
considered that the considerably larger dimples  
are initiated at the remaining inclusions, as they  
are found in very pure materials elongated to 
fracture [42]. The average dimple size in the 
recrystallized samples increases with the increase in 
the recrystallized fraction and is accompanied by an 
increase in the mean size of the recrystallized grains. 
Also, the increase in average dimple size is 
consistent with the improved ductility (Fig. 4). 
These phenomena have been observed before [46]. 
 
3.4 Discussion 

Dislocations can become greatly accumulated 
after cold work, which produces strengthening by 

hindering the movement of other dislocations. In 
the current NiFeCoCrMn HEA with a low stacking 
fault energy, deformation twins can also be induced 
by cold work [22]. The presence of the deformation 
twins is due to the fact that the critical resolved 
shear stress required for twinning onset is attained 
at certain strains during cold work [36]. After 
subsequent annealing, recrystallization occurs; i.e., 
a new set of strain-free and equiaxed grains are 
formed, the extent of which depends on both 
temperature and duration. In the current case, the frec 
is adjusted to ~37%, 74% and 100% in H650-10, 
H650-15 and H800-10 samples, respectively. The 
different tailored microstructures determine their 
resultant mechanical properties. 

Here, the possible strengthening mechanisms 
in the investigated HEAs include grain boundary 
strengthening (Δσgb), dislocation strengthening 
(Δσdis) and precipitation strengthening (Δσp), which 
can be expressed as  
σy=σA+Δσgb+Δσdis+σp                                 (1) 
 
where σA is the lattice friction stress (125 MPa for 
NiFeCoCrMn HEA [47]). In general, precipitation 
strengthening occurs by either dislocation shearing 
or the Orowan dislocation bypass mechanism.  
The shearing mechanism is active for coherent 
precipitates with small radius, whereas the Orowan 
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bypass mechanism occurs when the precipitates  
are relatively large or incoherent. Sigma phase with 
tetragonal structure has been found to be incoherent 
with the FCC matrix, not only due to their  
structural difference but also their lattice parameter 
difference [48]. Therefore, the Orowan mechanism 
plays a role in strengthening. 

When precipitates are bypassed through the 
Orowan dislocation looping mechanism, the 
increment in yield strength, Δσor, can be expressed 
as [49]  

or
0.4 ln(2 / )

π 1
Gb r bMσ

λυ
Δ =

−
                 (2) 

 
where M(=3.06) is the Taylor factor for poly- 
crystalline FCC materials [50], G is the shear 
modulus of the matrix, 80 GPa [51], b is the 
magnitude of the Burgers vector of the matrix, 
0.255 nm, υ is Poisson’s ratio of the matrix,    
0.26 [51], ( 2 / 3 )r r=  is the mean radius of a 
circular cross section in a random plane for a 
spherical precipitate, r is the mean precipitate radius, 
and λ is the edge-to-edge inter-precipitate spacing. 
Here, r is approximate to be 125 nm, with a similar 
range to previous studies [23,52]. Assuming that 
spherical precipitates are distributed on a cubic grid, 
which is valid simplification for a small volume 
fraction of precipitates, then 2 ( π/(4 ) 1)r fλ = − , 
where f is the volume fraction of precipitates, about 
0.4% determined by the EBSD analysis. By 
inserting data into the equation, the increment of 
yield strength due to sigma-phase precipitates is 
about 23 MPa. As expected, the precipitation 
strengthening is very week and could be neglected. 

Dislocation strengthening is attributed to the 
interaction between dislocations, which is closely 
linked with the dislocation density, as described by 
the Bailey−Hirsch formula [53]. In the completely 
recrystallized state, the dislocation density is 
considered to be very low compared with that in the 
severely deformed state [54]. The dislocation 
density can be roughly estimated by the 
Williamson−Hall method [55,56], which is widely 
used to evaluate the effects of lattice strain (εstr) and 
grain size (d). For FCC materials, the dislocation 
density (ρ) is derived as follows [57]:  

2 2
str16.1 /bρ ε=                             (3) 

 
The crystallite size and lattice strain, which are 

two main sources contributing to peak broadening 

(Δβhkl), can be calculated by Williamson−Hall 
equation [58]:  
Δβhkl=βS−βinst=βsize+βstrain                         (4)  
Δβcos θ=λ/d+4εstrsin θ                     (5)  
where βS is an integral breadth of Bragg peak, βinst, 
βsize and βstrain are the integral breadths dependent  
on instrumental, grain size and strain effects, 
respectively. θ is the diffraction angle and λ is the 
wave length of radiation used. The term (Δβcos θ), 
i.e., (βS−βinst)cos θ can be plotted with respect to 
(4sin θ), and accordingly, the slope and y-intersect 
of the fitted line represent lattice strain (εstr) and 
grain size (d), respectively. 

Considering that the crystallite size is >100 nm, 
the term (βsize) should be ignored [59]. Inserting the 
fitted values into Eq. (3) shows that the dislocation 
densities of the as-rolled and H800-10 HEAs are 
3.82×1013 m−2 and 1.47×1012 m−2, respectively. The 
dislocation density of the as-rolled sample is an 
order of magnitude larger than that of the 
recrystallized sample, which is consistent with the 
previous estimation [60]. It can be concluded that 
dislocation hardening results from the deformed 
microstructure containing high-density dislocations. 

In the view of the duplex microstructures of 
the partially recrystallized HEAs, it can be simply 
assumed that the yield strength is proportional to  
frec [22]:  
σy=σA+frecΔσrec+(1−frec)Δσdef                         (6) 
 
where Δσdef is the σy increment of the cold-rolled 
samples and Δσrec is the σy increment of the 
recrystallized samples, which is attributed to Δσgb 
being mainly based on the Hall−Petch relationship. 
The strengthening coefficient (k) in the Hall−Petch 
relationship (σ=σ0+kd−1/2) was calculated to be 
494 MPa/m1/2 [47]. Assuming that the deformed 
microstructures are unchanged during annealing, 
the Δσgb values based on the Hall−Petch 
relationship are somewhat higher than those 
calculated by Eq. (2) for the H650-10 and H650-15 
HEAs. This is probably because the residual 
unrecrystallized deformed microstructures are 
recovered, even though they are not fully 
recrystallized during heating, while the interior 
dislocation density is reduced by a certain degree. 
The recovery of ductility attributed to recrystallized 
equiaxed grains with a certain frec is significant for 
the integrated performance of HEAs. Thus, through 



Hui DU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 947−956 

 

954

microstructural adjustment by means of partial 
recrystallization, a trade-off between strength and 
ductility can be obtained. 
 
4 Conclusions 
 

(1) The microstructure of the sample annealed 
at 650 °C for 10 min is composed of recrystallized 
equiaxed grains with a recrystallized fraction of 
~37%. It is significantly increased to ~74% by 
prolonging the duration to 15 min. Full 
recrystallization in sheets can be attained by 
annealing at 800 °C for ≥10 min. 

(2) Partially recrystallized microstructures 
composed of elongated deformed grains and 
strain-free equiaxed grains with a negligible 
fraction of sigma phase are obtained by annealing 
the sheets at 650 °C. 

(3) With increase in the recrystallized fraction, 
the yield strength decreases, accompanied by 
increased ductility. The strengthening is due to the 
unrecrystallized grains remaining a high density of 
dislocations, whereas the ductility benefits from the 
presence of recrystallized strain-free grains. 
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摘  要：为了调控 NiFeCoCrMn 高熵合金强度和塑性之间的平衡关系，采用传统的热力学加工技术(冷轧和再结

晶)，通过不同的再结晶退火工艺得到不同程度的位错强化，并对具有不同再结晶比例的合金进行拉伸性能测试。

随着再结晶比例的增加，即应变硬化程度的下降，合金的均匀伸长率和加工硬化率显著提高，但屈服强度和抗拉

强度降低。尤其在 650 ℃分别退火 10 min 和 15 min 时，获得的再结晶比例分别为 37%和 74%，相应的屈服强度

为 1003 MPa 和 742 MPa，均匀伸长率为 4%和 24%。强化主要来源于含高密度位错的未再结晶组织，而塑性则是

由无应变的再结晶晶粒产生。 
关键词：高熵合金；部分再结晶；显微组织；拉伸性能；强化机制 

 (Edited by Bing YANG) 


