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A B S T R A C T   

CoCrFeNi and CoCrFeNiAl0.3 high entropy alloys reinforced with in-situ oxide nanoparticles have been suc
cessfully fabricated by mechanical milling in combination with hot pressing and hot extrusion. The as-fabricated 
CoCrFeNi samples exhibited an ultrafine grained microstructure with in-situ Cr2O3 oxide nanoparticles formed 
during hot pressing and extrusion process and distributed both on grain boundaries and in grain interiors. 
Increasing extrusion temperature from 1000 to 1100 ◦C caused a significantly increase of grain size from 700 nm 
to 2.5 μm owing to recrystallization and growth of the recrystallized grains, as well as the coarsening of Cr2O3 
nanoparticles with their mean size increasing from 57 to 140 nm. When adding Al elements, finer Al2O3 
nanoparticles (mean size: 30 nm) formed in the CoCrFeNiAl0.3 high entropy alloy, leading to refinement of the 
grains (mean size: 504 nm) due to their pinning effect on grain boundary immigration. After T6 heat treatment, 
the CoCrFeNiAl0.3 high entropy alloy demonstrated improved mechanical properties with yield strength of 1335 
MPa, ultimate tensile strength of 1346 MPa and an elongation to fracture of 7.9%. With quantitative analysis 
based on the current models, it was concluded that grain boundary strengthening and Orowan strengthening 
acted as the dominant strengthening mechanisms.   

1. Introduction 

High entropy alloys (HEAs) have been developed to be a novel alloy 
design concept to break the conventional alloy design strategy [1]. 
Owing to the high configurational entropy, the HEAs are endued with 
many specialized characteristics such as [2–4]: high entropy effect, se
vere lattice distortion effect, sluggish diffusion effect and cocktail effect 
to stabilize solid-solution phase and impede the dislocation movement, 
therefore they normally exhibit excellent mechanical properties. Among 
the HEAs, the CoCrFeNi and CoCrFeNiMn HEAs have demonstrated 
unprecedented strength and toughness at cryogenic temperature, 
attracting an increasing number of interests [5]. However, the relative 

low room temperature strength of these alloys restricts their potential 
engineering applications. 

It is well recognized that the strength of an alloy can be improved 
significantly when refining grain size to ultrafine or nano scale owing to 
grain boundary strengthening. Sun et al. [6] found that the CoCrFeMnNi 
HEA demonstrated a significantly increase of yield strength from 225 
MPa to 798 MPa when reducing the grain size from 105 μm to 650 nm. 
Xie et al. [7] reported an ultrafine grained CoCrFeNiMn HEA with a high 
yield strength of 819 MPa, and concluded that grain boundary 
strengthening played the most contribution to the improved strength. 
Shahmir et al. [8] fabricated a nanocrystalline CoCrFeNiMn HEA 
(average grain size: 10 nm) by high-pressure torsion. It was found that 
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this material demonstrated a high yield strength of 1.4 GPa with elon
gation to fracture of 4%. Similarly, Schuh et al. [9] reported a nano
crystalline CoCrFeMnNi HEA with an ultimate tensile strength of 1950 
MPa but an apparent loss of ductility due to the lack of work hardening 
ability [10,11]. 

It was reported that the ultrafine grained (UFG) and nanocrystallined 
(NC) structure was thermodynamically unstable due to the high grain 
boundary density, which brought about a high driving force for grain 
growth [12,13]. Kinetic stabilization by second phase dispersoids 
dragging the grain boundaries, which is called Zener pinning, was pro
posed to stable the UFG/NC structure [14]. Praveen et al. [15] synthe
sized NC CoCrFeNi HEA via mechanical alloying and spark plasma 
sintering, and found that this material demonstrated a sluggish grain 
growth in the annealing process at 900 ◦C for 600 h. They attributed this 
to the Zener pinning of the grain boundaries by Cr-rich carbide and 
oxide particles. In addition, it was believed that the dispersed particles 
also contribute to the increase in strength of the HEA. Xie et al. [16] 
added Ti and Nb into CoCrFeNiMn alloy to form dispersed Ti(C,O) and 
NbC particles in grain interiors. It was found that these dispersed par
ticles could provide Orowan strengthening which is comparable to the 
grain boundary strengthening [16]. Liu et al. [17] introduced Nb into 
CoCrFeNi HEAs to form fine Laves phase in the FCC matrix, leading to an 
apparently increase of yield stress from 147 MPa to 637 MPa. Gwalani 
et al. [18] acquired B2 and σ phases in Al0.3CoCrFeNi HEAs in various 
temperature based on phase diagram, and consequently increased the 
yield stress from 160 MPa to 1.8 GPa. However, most of the second 
phases are detrimental to the ductility because of their brittleness and 
large size. The γ′-L12 type nanoprecipitates, which have been proven to 
be a ductile and low-misfit coherent with FCC structured matrix such as 
Ni based superalloys [19], are usually used to obtain a good balance of 
strength and ductility. He et al. [20] fabricated the CoCrFeNi HEAs with 
a high density of γ′-L12 nanoprecipitates by adding Ti and Al elements 
via thermomechanical treatment, obtaining an increment in yield stress 
from 200 MPa to 1 GPa with good elongation of 17%. Similar results 
about good balance of strength and ductility have been demonstrated in 
other γ′ nanoprecipitates hardened high/medium entropy alloys 
[21–23]. 

Up to now, most of works concentrated on only one specific type of 
strengthening mechanism because of the difficulty in the control of 
microstructure containing two or above variables such as grain size, 
second-phase particles, precipitates, etc. Moreover, the interaction be
tween different variables makes it a great challenge to correlate the 
microstructure to mechanical properties. In this study, we have suc
cessfully synthesized CoCrFeNi and CoCrFeNiAl0.3 HEAs with micro
structure consisting of UFG matrix and oxide nanoparticles by high 
energy ball milling in combination with hot pressing, hot extrusion and 
heat treatment. We also systematically controlled the variables such as 
grain size, oxide nanoparticles and nanoprecipitates. The purpose of this 
study is to investigate the evolution of microstructure and to identify the 
effect of each variable on mechanical properties via calculating various 
strengthening mechanisms. 

2. Materials and methods 

In this study, elemental powders of Co, Cr, Fe, Ni (purity > 99.5 wt%, 
mean particle size < 75 μm) were used as raw materials. The powders 
were firstly mixed by the planetary ball milling machine (QM-3SP4, 
Nanda Instrument Plant, China) with a rotation speed of 200 rpm for 6 h, 
and then they were milled at 300 rpm for 60 h with a ball to material 
weight ratio of 5:1. The milled powders were consolidated into a 
compact by die-pressing at 450 ◦C with a holding time of 5 min. The 
CoCrFeNi HEA compacts were heated using an induction foil to two 
different temperatures: 1000 ◦C (sample HE1000) and 1100 ◦C (sample 
HE1100). The samples were then extruded with a ratio of 9:1. The die- 
pressing, induction heating and extrusion were performed under an Ar 
protection atmosphere. The FeAl (50:50) alloy powder (purity > 99.5 wt 

Table 1 
Sample details and fabrication process of the CoCrFeNi and CoCrFeNiAl0.3 HEAs.  

Samples Constitute 
Elements 

Fabrication Process 

HE1000 Co, Cr, Fe, Ni Ball mill + Hot press + Hot extursion at 1000 ◦C 
HE1100 Co, Cr, Fe, Ni Ball mill + Hot press + Hot extursion at 1100 ◦C 
AlHE1000 Co, Cr, Fe, Ni, 

Al 
Ball mill + Hot press + Hot extursion at 1000 ◦C 

AlHE1000HT Co, Cr, Fe, Ni, 
Al 

Ball mill + Hot press + Hot extursion at 1000 ◦C 
+ Solution at 1150 ◦C + Quenching + Aging at 
550 ◦C  

Table 2 
The chemical compositions (at. %) of the extruded samples.   

Co Cr Fe Ni Al 

Nominal 25 25 25 25 0 
HE1000 26.2 24.7 24.9 24.2 0 
HE1100 25.1 25.5 25.3 24.1 0 
Nominal 23.25 23.25 23.25 23.25 7 
AlHE1000 23.5 23.9 22.8 22.6 7.2 
AlHE1000HT 23.1 23.6 23.6 22.8 6.9  

Fig. 1. X-ray diffraction patterns of (a) the mechanical milled CoCrFeNi HEA 
powders with different milling time and (b) the as-extruded CoCrFeNi and 
CoCrFeNiAl0.3 HEA samples. 
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%, mean particle size < 75 μm) was also milled with Co, Cr, Fe, Ni 
powders to fabricate the CoCrFeNiAl0.3 (Al: 7 at.%) HEA sample 
extruded at 1000 ◦C, named as AlHE1000. The as-extruded CoCrFe
NiAl0.3 HEA sample was solution treated at 1150 ◦C for 1 h, followed by 
water quenching and aging at 550 ◦C for 80 h. The heat-treated sample 
was named as AlHE1000HT. The sample details and fabrication process 
have been listed in Table 1. 

The chemical compositions of the extruded CoCrFeNi and CoCrFe
NiAl0.3 samples were determined by an X-ray fluorescence spectrometer 
(XRF-1800, Shimadzu, Japan) and were listed in Table 2. The as-milled 
powders were characterized by X-ray diffraction (XRD, D8Adcance, 
Bruker AXS, Germany) with Cu kα radiation. The as-fabricated HEA 
samples were characterized by XRD, electron back scattering diffraction 
(EBSD, Aztec HKL Max, Oxford, UK) on scanning electron microscope 
(SEM, TESCAN Mira3, Czech), transmission electron microscope (TEM, 
JEM-2100F, JEOL, Japan) and scanning transmission electron micro
scope (STEM, JEM-ARM200F, JEOL, Japan). Approximately 80–150 
nanoparticles in 3 different STEM images were measured by ImageJ 
software to determine the size and volume fraction. The EBSD samples 
were prepared by grounding, mechanical polishing and vibration pol
ishing. The TEM and STEM samples were prepared by double jet elec
tron polishing using an electrolyte of 80% methanol +20% nitric acid 
with a current of 100 mA at -30 ◦C and followed by ion milling. The 
tensile test specimens were cut along the longitudinal direction of the as- 
fabricated samples. Dog-bone shaped specimens with gauge length of 12 
mm and cross section dimensions of 3.0 × 1.5 mm2 were used for the 
tensile test. The tensile test was performed using a Zwick/Roell Z100 
testing machine at room temperature with a strain rate of 5 × 10-4 s-1. 
Three tensile specimens were tested for each HEA sample. 

3. Results 

Fig. 1(a) shows the XRD patterns of the milled powders with different 
milling time. It can be found that with increasing milling time from 0 to 
84 h, the diffraction peaks of Co, Cr, Fe and Ni disappeared gradually 
and the strong FCC and weak BCC diffraction peaks were detected, 
suggesting that the CoCrFeNi solid solution was formed. The apparent 
broadening and left-shift of the FCC diffraction peaks were also observed 
with the increase of milling time, which is likely due to grain refinement 
and the increase of the degree of lattice strain caused by severe plastic 
deformation during mechanical milling. The crystalline size and lattice 
strain were calculated based on the XRD results using Williamson-Hall 
equation [24]: 

β cos θ=
0.9λ

D
+ ε sin θ (1)  

where β is the half full width of corresponding diffraction peak, θ is the 
angle of diffraction peak, λ is the wavelength of Cuα1, ε is the lattice 
strain. 

The insert figure in Fig. 1(a) showed the changes of crystalline size 
and lattice strain with milling time. It can be seen that the crystalline 
size decreased gradually from 167 (±2) nm to 74 (±1) nm, while the 
lattice strain increased from 0.54% (±0.01%) to 1.22% (±0.02%) with 
milling time increasing from 12 to 84 h. Fig. 1(b) shows the XRD pat
terns of the as-extruded and as-heat treated HEAs samples. It was clearly 
observed that a CoCrFeNi solid-solution with single phase FCC structure 
was formed after extrusion. In addition, it was also found that for the 
CoCrFeNi HEAs with increasing extrusion temperature from 1000 to 
1100 ◦C the intensity of the major peak (1 1 1) became weaker, while the 
intensity of the minor peak (1 0 0) increased, indicating that increasing 

Fig. 2. EBSD IPF images and the corresponding grain size distributions, misorientation angle distributions and inverse pole figures IPF of (a) HE1000, (b) HE1100, 
(c) AlHE1000, (d) AlHE1000HT. 
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Fig. 3. TEM bright field images and the corresponding Cr2O3 particle size distribution of the as-fabricated CoCrFeNi HEA samples: (a) HE1000; (b) HE1100.  

Fig. 4. TEM bright field images and Al2O3 particle size distribution of the as-fabricated CoCrFeNiAl0.3 HEA samples: (a) AlHE1000; (b) AlHE1000HT.  
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extrusion temperature has brought about a change in microtexture. 
Fig. 2 shows the EBSD images, the corresponding grain size distri

butions and inverse pole figures of the HEA samples. It can be observed 
that the HE1000 exhibited a microstructure consisting of equiaxed 
grains with an average size of 700 nm, as shown in Fig. 2(a). With 
increasing the extrusion temperature from 1000 to 1100 ◦C, a hetero
geneous microstructure consisting of coarse grains and fine grains was 
formed. The corresponding grain size distribution result showed that the 
average grain size was 2.5 μm, as shown in Fig. 2(b). When adding Al 
element, the AlHE1000 sample demonstrated a finer equiaxed grain 
with mean size of 504 nm, as shown in Fig. 2(c). After heat treatment, 

the grain size increased slightly to 532 nm, indicating a good thermal 
stability at high temperature, as shown in Fig. 2(d). 

Fig. 3(a) is the TEM bright field image of the HE1000 sample. It can 
be found that fine nanoparticles were observed in the CoCrFeNi HEA 
matrix. The high magnification TEM image indicated that the nano
particle was nearly spherical with a diameter of about 60 nm. The cor
responding selected area diffraction pattern was acquired with the 
electron beam paralleling to Cr2O3 [2 4 1] zone axis, confirming that the 
nanoparticle was Cr2O3. The particle size distribution of the Cr2O3 
nanoparticles indicated that the mean size was 57 nm. With increasing 
extrusion temperature to 1100 ◦C, the Cr2O3 nanoparticles coarsened, as 
illustrated in Fig. 3(b), showing that the mean size of the Cr2O3 nano
particles was 140 nm. 

As shown in Fig. 4 (a), the TEM BF image of the AlHE1000 sample 
indicated that finer nanoparticles were detected both in grain interiors 
and on grain boundaries. The corresponding SAED pattern indicated 
that these nanoparticles were likely α-Al2O3. It is noted that no Cr2O3 
diffraction signals were detected in the SAED pattern, illustrating that 
the formation of Cr2O3 nanoparticles were totally suppressed. Based on 
the average particle size distribution of α-Al2O3 nanoparticles, the mean 
particle size of the α-Al2O3 nanoparticles was 30 nm. After heat treat
ment, the Al2O3 nanoparticle size did not change, suggesting a good 
thermal stability, as displayed in Fig. 4(b). 

Fig. 5 presents the STEM HAADF images and the corresponding EDS 
elements mapping of the HE1000 and AlHE1000 samples. It can be 
observed that Co, Cr, Fe and Ni elements are distributed homogeneously 
in the CoCrFeNi matrix, as shown in Fig. 5(a). In addition, the Cr and O 
rich nanoparticles were also detected in the HEA matrix, confirming that 
they are Cr2O3 particles. Similar observations were also made in 
AlHE1000 sample, confirming the formation of Al2O3 nanoparticles, as 
demonstrated in Fig. 5(b). 

Fig. 6 shows the STEM results of the AlHE1000HT sample. As shown 
in Fig. 6(a) and (b), the nano-sized precipitates were observed in grain 
interior of the AlHE1000HT sample. These precipitates are nearly 
spherical with a mean diameter of about 4.5 nm. Fig. 6(c) displays the 
high resolution TEM image of the AlHE1000HT sample, which indicated 
that the precipitates were fully coherent with the matrix. This was 
confirmed by the corresponding SAED pattern acquired along the [0 1 
1]fcc zone axis, exhibiting super lattice reflections at (0 1 1) and (1 0 0) 
positions of the [0 1 1]fcc diffraction pattern, as shown in Fig. 6(c). Based 
on the SAED result, it can be determined that the precipitates are L12 
structured γ′-Ni3Al. The corresponding inverse fast Fourier trans
formation (IFFT) showed that dramatic lattice distortion was observed 
around the precipitates. 

Fig. 7 shows the tensile engineering stress-strain curves of the 
HE1000, HE1100, AlHE1000 and AlHE1000HT samples. The corre
sponding tensile properties are shown in Table 3. It can be seen that the 
yield strength (YS), ultimate tensile strength (UTS) and elongation to 
fracture (EL) of the HE1000 and HE1100 samples were 884 and 540 
MPa, 1070 and 854 MPa, and 21.8% and 23.9%, respectively, suggesting 
that increasing extrusion temperature from 1000 to 1100 ◦C caused a 
significant strength decrease and a slight ductility increase. For the 
AlHE1000 samples, the YS, UTS and EL were 1231 MPa, 1283 MPa and 
6.1%, suggesting that adding Al element caused an apparent strength 
increase and ductility decrease. It is noted that, after heat treatment, the 
YS, UTS and elongation to fracture increased simultaneously to 1335 
MPa, 1346 MPa and 7.9%, respectively. 

4. Discussion 

4.1. Microstructure evolution 

The HE1000 samples demonstrate a microstructure consisting of fine 
equiaxed grains and dispersed Cr2O3 nanoparticles. The equiaxed grains 
may result from dynamic recrystallization caused by plastic deformation 
during extrusion. This is confirmed by the EBSD IPF result showing the 

Fig. 5. STEM high angle annular dark field (HAADF) images and the corre
sponding EDS element mappings of the HEA samples: (a) HE1000; 
(b) AlHE1000. 
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presence of major <001> recrystallization texture in the HE1000 

sample. With increasing the extrusion temperature from 1000 to 
1100 ◦C, the further recrystallization and non-uniform growth of the 
recrystallized grains occur, leading to a significant increase of grain size 
from 700 nm to 2.5 μm. The observation of the increased degree of 
recrystallization is strongly supported by the improved intensity of 
<001> recrystallization texture indicated by the XRD patterns (Fig. 1 
(b)) and EBSD IPF image (Fig. 2(b)). 

The formation of dispersed Cr2O3 nanoparticles in the CoCrFeNi HEA 
samples may associate with the reaction between Cr powders and oxy
gen coming from the oxide layer on the surface of the starting powders. 
It was reported that comparing with Co, Fe and Ni elements, Cr has the 
lowest Gibbs free energy of formation with oxygen (Cr2O3: -1355 kJ/ 
mol, CoO: -356 kJ/mol, FeO: -400 kJ/mol, NiO: -337 kJ/mol at 1000 ◦C 

Fig. 6. (a) STEM bright field (BF), (b) HADDF and (c) high resolution TEM images of the AlHE1000HT sample.  

Fig. 7. Engineering tensile stress-strain curves of the HEA samples.  

Table 3 
Tensile properties of the CoCrFeNi and CoCrFeNiAl0.3 HEA samples.  

Samples YS (MPa) UTS (MPa) Elongation to fracture (%) 

HE1000 884 ± 14 1070 ± 16 21.8 ± 0.8 
HE1100 540 ± 3 854 ± 4 23.9 ± 3.2 
AlHE1000 1231 ± 39 1283 ± 13 6.1 ± 0.5 
AlHE1000HT 1335 ± 9 1346 ± 2 7.9 ± 0.4  

Z. Zhang et al.                                                                                                                                                                                                                                   
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[25]) and the most rapid diffusion rate (Cr: 1.69 × 10-13 m2/s, Co: 0.98 
× 10-13 m2/s, Fe: 1.30 × 10-13 m2/s, Ni: 0.95 × 10-13 m2/s in CoCr
FeMnNi [26]). Hence, it can be envisaged that the reaction between Cr 
and O occurred quickly during heating and extrusion. With increasing 
extrusion temperature from 1000 to 1100 ◦C, the size of Cr2O3 nano
particle increases from 57 to 140 nm. This is probably owing to the 
Ostwald ripening caused by increased extrusion temperature. When 
adding Al into CoCrFeNi HEA, instead of Cr2O3 particles the Al2O3 
nanoparticles formed due to two reasons: (1) the lower Gibbs free energy 
of formation of Al2O3 than that of Cr2O3 (Al2O3: -1837 kJ/mol, 
Cr2O3:-1355 kJ/mol at 1000 ◦C [25]); (2) the lower diffusivity of Al than 
that of Cr in high entropy alloy (DAl: -14.00 m2/s > DCr: -15.34 m2/s 
[27]). 

It is well recognized that grain size is closely related to the migration 
of grain boundaries which decreases grain boundary energy by 
providing driving force for grain growth. Buker et al. deduced the 
following equation to estimate driving force for grain growth [12,13], 

Pgb =
2αγgb

Dg
(2)  

where α is the geometric constant, γgb is the grain boundary energy and 
Dg is the diameter of grain size. The grain boundary energy γgb is the 
temperature dependence which was given by Gupta et al. [28], Borisov 
et al. [29] and Vaidya [30]: 

γgb =
RT

2a0
2NA

ln
(D0gb

D0v

)

+
1

2a0
2NA

(
Qv − Qgb

)
(3)  

where a0 is the lattice parameter, NA is the Avogadro’s number, R is gas 
constant, T is the temperature, Qv is the bulk diffusion parameter and 
Qgb is the grain boundary diffusion parameter. All values of above pa
rameters are listed in Table 4. Based on above, the γgb is given as, 

γgb = 0.62+
(
1.52 * 10− 4)*T (4) 

Furthermore, the second phase particles can exert pinning effects, 
known as Zener pinning [14], on grain boundaries to restrict grain 
growth by competing with the driving force for grain growth. The Zener 
pinning pressure is relating to diameter and volume fraction of particles, 
which is given as, 

PZ =
3Fvγgb

Dp
(5)  

where γgb is the grain boundary energy, Fv and Dp are the volume 
fraction and diameter of particles, respectively. 

Therefore, the driving force for grain growth, when considering the 
Zener pinning effects, can be estimated by the equation as, 

ΔP=Pgb − Pz (6) 

Based on the equation above, the calculated ΔP for HE1000 and 
AlHE1000 are 3.05 MPa and 1.98 MPa, which can explain the reason for 
the apparent reduction of grain size when adding Al element into the 
CoCrFeNi HEA, as shown in Fig. 2 (a) and (c). 

It was reported [21,31] that fine spherical continuous precipitates 
and coarse discontinuous precipitates form respectively in grain 

interiors and at grain boundaries of the CoCrFeNi-based HEAs fabricated 
by casting and heat treatment. The spherical intragranular precipitates 
are coherent [20–23] with the HEAs matrix to reduce the barrier for 
homogeneous nucleation [32,33] and decrease the free energy of pre
cipitate/matrix interface [34]. The large lamellar-like discontinuous 
precipitates may result from heterogenous nucleation associating with 
the segregation of Al or Ti solute atoms near grain boundaries [21,35], 
which could reduce the grain boundary energy. It is believed that grain 
boundaries can act as heterogenous sites for discontinuous precipitation, 
and atom diffusion along grain boundary is faster than that in matrix 
lattice [31]. This could facilitate the formation of coarse discontinuous 
precipitates at grain boundaries. It is interesting to note that in this study 
the discontinuous precipitates are not observed at grain boundaries. This 
is likely due to the homogeneous dissolution of Al solute atoms in HEA 
matrix caused by high energy ball milling, which inhibits the occurrence 
of Al atoms segregation on grain boundaries. Hence the precipitates can 
nucleate homogeneously in grain interiors. Moreover, the growth of 
discontinuous precipitates usually accompanied with grain boundary 
migration [35], whilst in this study the boundary migration is inhibited 
by the dispersed Al2O3 nanoparticles at grain boundaries, which elimi
nates the occurrence of discontinuous precipitation. 

4.2. Mechanical properties 

Comparing with the HE1100 sample, the HE1000 exhibit a signifi
cant strength increase with a slightly lower ductility, as reflected by the 
increase of YS and UTS from 540 and 854 MPa to 884 and 1070 MPa, 
and the decrease of EL from 23.9% to 21.8%, respectively. This finding 
shows that the decrease of ductility caused by grain refinement (from 
2.5 μm to 700 nm) could be compensated by reducing nanoparticle size 
(from 140 nm to 57 nm). It was reported [11] that when the grain size 
was reduced to the ultrafine/nano scale, the dislocation source shifted 
from grain interiors to grain boundaries gradually. This could cause the 
lack of movable dislocations in grain interior and weaken the work 
hardening ability of materials, reducing the ductility of the materials. 
Interestingly, the finer nanoparticles (with mean size of 57 nm) in the 
HE1000 sample could accumulate dislocation by pinning effect, which is 
contributed to the improvement of the work hardening ability, sus
taining the ductility of the materials [22,36,37]. 

When adding Al in the HEA samples, it demonstrates further strength 
increase and ductility reduction, with the YS and UTS being increased 
from 884 and 1070 MPa to 1231 and 1283 MPa respectively and the EL 
largely reduced from 21.8% to 6.1% (HE1000 vs. AlHE1000). This 
significantly decrease in ductility indicates that the loss of work hard
ening ability caused by the further reduction of grain size from 700 to 
504 nm could not be compensated by the pinning effect of fine nano
particles on dislocations. It is reported that the “Frank-Read” dislocation 
sources in grain interiors are very limited or even disappeared with the 
decrease of grain size, and they finally transit from grain interiors to 
grain boundaries [11]. Grain boundaries can act as the dislocation 
sources and sinks where the emission and absorption of dislocations are 
in very high rate, and the movable dislocations cannot accumulate. The 
lack of movable dislocations in grain interior destroys the work hard
ening ability, and eventually reflects with a short uniform deformation 
and poor ductility of the materials. The significant decline of work 
hardening ability with decreasing grain size was reported in ultrafine 
grained 1100-Al and IF steel [38], which has a well agreement with our 
observation. Other similar results have also been reported by Xu et al. 
[39], Sun et al. [40] and Yoshida et al. [41]. Furthermore, the Al2O3 
nanoparticles demonstrate smaller particle size and higher volume 
fraction than those of the Cr2O3 nanoparticles, which could facilitate the 
dislocation accumulation by the pinning effect. It can be envisaged that 
the smaller grain size and finer oxide particles led to the work hardening 
rate lower than the flow stress which is nearly close to the ultimate stress 
the materials can sustain, leading to necking occurs immediately after 
yielding. It is noted that the work hardening ability is retained after heat 

Table 4 
Parameters for the calculation of grain boundary energy of 
the CoCrFeNi and CoCrFeNiAl0.3 HEA samples.  

Related Parameters Values 

a0 (nm)  0.358 
NA  6.02 × 1023 

R (J/mol K) 8.314 
Qv (kJ/mol) [31]  258 
Qgb (kJ/mol) [31]  158  
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treatment, as confirmed by the simultaneously increase of strength and 
ductility (YS: 1231 MPa–1335 MPa, EL: 6.1%–7.9%). This may associate 
with the presence of coherent γ′-Ni3Al nanoprecipitates and the decrease 
of dislocation density, which are contributed to the dislocation storage 
in grain interior. 

In this study, the improved strength may be attributed to the con
tributions from several strengthening mechanisms: grain boundary 
strengthening, nanoparticle strengthening, precipitate strengthening, 
solid solution strengthening, dislocation strengthening [42]. The yield 
strength σy can be quantitatively analyzed by arithmetic model which 
simply calculating the sum of these four strengthening contributions, 

σy = σ0 + σss + σdis + σg + σor + σp (7) 

The σ0, σss, σdis, σg, σor, σp are strengthening contributions of lattice 
friction, solid solution, dislocation, grain boundary, nanoparticles and 
precipitates, respectively. 

For high entropy alloys, the definition of solvent and solution is not 
clear since they are the equiatomic and concentrated solid solution. 
Hence the traditional solid solution strengthening model cannot be used 
in such a complicated solid-solution system. Recently, a simple way to 
define solvent and solution in (FeCoNiCr)94Ti2Al4 and Al0.1CoCrFeNi 
high entropy alloy (i.e. Ti and Al as the solute atoms and CoCrFeNi as the 
solution matrix) have been reported [20,39]. In this study, we similarly 
treat the CoCrFeNi as the solution matrix and Al as the solute atom so 
that the solid solution strengthening can be described based on the 
traditional theory [20,39,43]: 

Δσss =
(
MGε3/2

s c1/2) / 700 (8)  

εs ≈

⃒
⃒
⃒
⃒

εG

1 + 0.5|εG|
− 3εa

⃒
⃒
⃒
⃒ (9)  

εa =
1
a

∂a
∂c

(10)  

εG =
1
G

∂G
∂c

(11)  

where M is the Taylor factor, G is the shear modulus, c is the atomic ratio 

of Al in the matrix (7 at.% for the CoCrFeNiAl0.3), εa is the fraction 
change in lattice parameter per unit concentration of solute atom, εG is 
the fraction change in shear modulus. εG is usually ignored in calcula
tion. All the values of related parameters are provided in Table 5. Ac
cording to XRD results, three peaks of each sample are measured to 
determine the lattice parameters based on Bragg’s law, which are 0.357 
nm, 0.357 nm, 0.358 nm and 0.358 nm respectively for the HE1100, 
HE1000, AlHE1000 and AlHE1000HT samples. It can be found that the 
addition of Al does not change the lattice parameter too much. This is 
likely due to that the content of Al is only 7 at.% and most of the Al 
atoms were consumed by reacting with O and Ni elements to form Al2O3 
and Ni3Al. Therefore, the strengthening contribution from solid-solution 
of Al into the matrix is estimated to be 4 MPa in AlHE1000, as shown in 
Table 6. For the AlHE1000HT sample, we assume that all the Al solute 
atoms have been precipitated out after heat treatment, so the solid so
lution strengthening of Al solute atoms is ignored. 

It is believed that a number of dislocations are produced during hot 
extrusion of the CoCrFeNi HEA samples, which are contributed to the 
dislocation strengthening by interacting with each other during plastic 
deformation. The dislocation strengthening can be estimated by Balley- 
Hirsch formula which is given as [42]: 

Δσ =MαGbρ1/2 (12)  

where M is the Taylor factor, α is the strength coefficient of the dislo
cation network, G is the shear modulus, b is the Burgers vector, and ρ is 
the dislocation density, which can be estimated through the Williamson- 
Hall method [24,44], 

ρ= 2
̅̅̅
3

√
ε

Dgb
(13)  

β cos θ=
Kλ
Dg

+ (4 sin θ)ε (14)  

where ε is the microstrain, Dg is the grain size, K is a constant ~0.9, β is 
the full width at half maximum of a diffraction peak, λ is the wavelength 
of Cu Kα radiation taken as 0.15405 nm, and θ is the Bragg angle of the 
certain peak. The estimated dislocation strengthening contributions of 
HE1100, HE1000, AlHE1000 and AlHE1000HT are 15 MPa, 41 MPa, 51 
MPa and 13 MPa, respectively, as summarized in Table 6. 

To evaluate the contribution of grain boundaries strengthening to the 
increment of strength, the Hall-Petch relationship is used, which is given 
as [45,46]: 

Δσg =
KHP
̅̅̅̅̅̅
Dg

√ (15)  

where KHP is the Hall-Petch coefficient, Dg is the grain size. The calcu
lated strengthening contributions of grain boundaries for the HE1100, 
HE1000, AlHE1000 and AlHE1000HT samples are 312 MPa, 590 MPa, 
696 MPa and 677 MPa, respectively, as summarized in Table 6. 

As to the estimation of nanoparticle strengthening, the Orowan 
mechanism and shearing mechanism can be used. Owing to the inco
herence relationship between the Cr2O3/Al2O3 nanoparticles and HEA 
matrix, it can be determined that the Orowan mechanism dominates the 
strengthening of Cr2O3/Al2O3 nanoparticles. For the coherent γ′-Ni3Al 
precipitates, the strength contribution is governed by either the shearing 

Table 5 
Parameters for the calculation of strengthening mechanisms of the CoCrFeNi and 
CoCrFeNiAl0.3 HEA samples.  

Parameters Alloys 

HE1100 HE1000 AlHE1000 AlHE1000HT 

M [16] 3.06 3.06 3.06 3.06 
G (GPa) 80 80 80 80 
a (nm) 0.357 0.357 0.358 0.358 
c (at.%) 0 0 7 0 
α [16]  0.16 0.16 0.16 0.16 
b 0.252437 0.253568 0.253929 0.253074 
ρ(m-2)  2.35 × 1012 1.7 × 1013 2.7 × 1013 1.8 × 1012 

ε (%) 0.043 0.079 0.1 0.007 
Dg (nm) 2500 700 504 532 
KHP (MPa

̅̅̅̅
m

√
) [7]  0.494 0.494 0.494 0.494 

Dp (nm) 140 57 30 33 
f (%) 2.59 2.12 2.58 2.58 
V [16] 0.26 0.26 0.26 0.26  

Table 6 
Contributions of various strengthening mechanisms to yield stress of the CoCrFeNi and CoCrFeNiAl0.3 HEA samples (Unit:MPa).  

Samples σ0  σss  σg  σdis  σor  σp  YSarithmetic YSquadratic YSexperimental 

HE1000 125 0 590 41 202 0 958 890 884 
HE1100 125 0 312 15 109 0 561 521 540 
AlHE1000 125 4 696 51 489 0 1365 1261 1231 
AlHE1000HT 125 0 677 13 452 220 1490 1427 1335  
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or Orowan mechanisms, depending on which holds a smaller strength 
increment [42]. For Orowan mechanism, the strengthening contribution 
can be estimated by the following equation [47]: 

Δσor =M
0.4Gb

πλ

ln

(
̅̅̅
2
3

√
Dp
b

)

̅̅̅̅̅̅̅̅̅̅̅
1 − v

√ (16)  

λ=
̅̅̅
2
3

√

Dp

( ̅̅̅̅̅π
4f

√

− 1
)

(17)  

where λ is the particle distance, Dp is the particle diameter, v = 0.26 is 
the Possion’s ration, f is the volume fraction of intragranular particles. 
Here the presence of γ′-Ni3Al precipitates between adjacent Al2O3 par
ticles is not taken into account for the interparticle distance, as the 
analysis in next paragraphs showed that dislocation shearing is likely the 
operative mechanism for the γ′-Ni3Al precipitates. The relative data of 
every terms in the equations are listed in Table 5. The strengthening 
contributions of the Cr2O3/Al2O3 nanoparticles are 109 MPa, 202 MPa, 
489 MPa and 452 MPa, respectively, for the HE1100, HE1000, 
AlHE1000 and AlHE1000HT samples, as shown in Table 6. 

To calculate the strengthening contribution of the γ′-Ni3Al pre
cipitates, firstly we assume that dislocation shearing mechanism is 
operative due to the coherent relationship between the precipitate and 
matrix. Three contribution factors including ordering strengthening ΔσO 
(occurs during shearing), coherency strengthening ΔσC and modulus 
strengthening ΔσM (make contributions before shearing) should be 
considered [20,21], the equations for these two factors have been 
summarized as [20,48,49]: 

ΔσO =M⋅0.81
γAPB

2b

(
3πf
8

)1/2

(18)  

ΔσC =Mαε(Gε)3/2
(

Df
Gb

)1/2

(19)  

ΔσM =M0.0055(ΔG)
3/2
(

2f
G

)1/2(D
2b

)3m/2− 1

(20)  

where M is the Taylor factor, γAPB is the antiphase boundary (APB) en
ergy (0.12 J/m2 for the Ni3Al precipitates in Ni-based superalloy [20]), b 
is the Burger vector, f = 12% is the volume fraction of γ′-Ni3Al pre
cipitates (calculated using the mass of residual Al after oxidation and 
suppose that all the residual Al atoms reacted with Ni to form Ni3Al), αε 
= 2.6 is a constant for FCC structure, G is the shear modulus, ε is the 
constrained lattice parameter mismatch, ε ≈ 2/3(Δa /a) (Δα is the dif
ference of lattice constant between γ′-Ni3Al and FCC matrix calculated 
by XRD results [20], D is the mean diameter of precipitates, ΔG is the 
shear modulus mismatch between the precipitates and the matrix, m =
0.85 is a constant [48]. The calculated values of ΔσO ΔσC and ΔσM are 
220, 31 and 11 MPa, respectively. Since the ΔσO > ΔσC + ΔσM, the 
ordering strengthening during shearing dominated the contribution [20, 
21]. The experimental strength increment contributed by precipitation 
hardening was 202 MPa (dislocation annihilation and change of grai
n/Al2O3 size during heat treatment have been considered), which is 
closed to the calculation result. The overestimated value is possibly due 
to the unknown γAPB of Ni3Al in high entropy alloys. In Orowan mech
anism, the calculated value of strength increment is 4289 MPa based on 
equations (16) and (17), which demonstrated a significant deviation 
from our experiment result (YS: 1335 MPa), implying that dislocation 
shearing is likely the operative mechanism for the γ′-Ni3Al precipitates. 
Several studies on γ′-type precipitation hardening CoCrFeNi based HEAs 
have been reported in literatures, which exhibited excellent YS and UTS 
after T6 treatment, for instance, 490 MPa and 850 MPa in Al0.3CoCrFeNi 
HEA [50], 1005 MPa and 1273 MPa in (FeCoNiCr)94Ti2Al4 HEA [20], 
and 863.5 MPa and 1285.9 MPa in Al0.3FeCoCrNi HEA [51]. This 

illustrates that the result of 1335 MPa and 1346 MPa in this work is 
competitive with the other studies in the literature. 

For clarity, a column chart is produced to show the individual 
strengthening contribution directly, as shown in Fig. 8. It is apparently 
that grain boundary strengthening and Orowan strengthening dominant 
the strengthening mechanisms of the materials. In addition, it can also 
be seen that the calculated yield stress values of all samples based on the 
arithmetic model are bigger than the experimental results, as shown in 
Table 6. This may associate with the interaction between grain bound
aries and intergranular nanoparticles. It is reported [16] that the num
ber of intergranular nanoparticles is large in ultrafine grained 
nanocomposites due to the improved grain boundary density. This could 
increase the particle-matrix interface and reduce the number of dislo
cations emitted from grain boundaries where the dislocation sources are 
formed, which should be taken into account to affect the Hall-Petch 
coefficient and grain boundaries strengthening. Except for that, we 
just added up various strengthening iterms based on the arithmetic 
model, while the superposition relationship among them was not 
considered (e.g. dislocation strengthening and grain boundary 
strengthening). It is believed that traditional dislocation pile-up theory 
is not applicable in ultrafine/nano-grained materials as the dislocations 
possibly emit from the grain boundaries. Therefore, the grain boundary 
dislocation theory based on Taylor relationship could be employed. Due 
to the existence of high density of grain boundaries in 
ultrafine/nano-grained materials, the number fraction of the inter
granular nanoparticles increases. This could increase particle-matrix 
interface and reduce the number of dislocations emitted from grain 
boundaries, which consequently affect the Hall-Petch coefficient and 
grain boundary strengthening. In the light of these considerations, a new 
strengthening model has been established based on the quadratic mode 
[16,52], and the superposition between dislocation and grain boundary 
strengthening as well as the modified Hall-Petch coefficient can be 
estimated by the model, which is expressed as: 

σ′

y = σ0 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Δσd
2 + Δσ′

g
2

√

+ Δσ′

or + Δσp (21)  

Δσ′

g = αMGb

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

3m
(

1 −
finterDg

2Dinter

)

+ mpie
6finterDg

Dinter

√

Dg
− 1/2 =KHP

′ Dg
− 1/2 (22)  

Δσ′

or =
M 0.4Gb

π

ln

(
̅̅
2
3

√
Dintra

/

b

)

̅̅̅̅̅̅
1− v

√

̅̅
2
3

√
Dintra

( ̅̅̅̅̅̅̅̅
π

4fintra

√
− 1
) (23)  

where finter and fintra are the volume fraction of intergranular and 

Fig. 8. Various strengthening contributions to yield stress of the HEA samples.  
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intragranular particles, Dinter and Dintra are the diameter of intergranular 
and intragranular particles. Based on this model, the strengthening 
contributions are recalculated in this work (Table 6 and Fig. 9), indi
cating that the estimated results are in well agreement with the exper
imental results. 

5. Conclusions 

In this study, CoCrFeNi and CoCrFeNiAl0.3 high entropy alloys were 
fabricated via thermomechanical consolidation of mechanical-alloyed 
powders. The microstructural evolution and mechanical properties 
were investigated, and the following conclusions were drawn: 

(1) The as-extruded CoCrFeNi HEAs showed a microstructure con
sisting of fine equiaxed grains and dispersed Cr2O3 nanoparticles. 
With increasing the extrusion temperature from 1000 to 1100 ◦C, 
the further recrystallization and growth of the recrystallized 
grains occurred, leading to a significantly increase of grain size 
from 700 nm to 2.5 μm.  

(2) Introducing Al elements into the HEA matrix not only changed 
the constitute of oxide particles from Cr2O3 to Al2O3 but also 
refined the particles from 57 nm to 30 nm. The finer Al2O3 
nanoparticles brought about more Zener pinning force to inhibit 
grain boundary migration, leading to reduction of grain size from 
700 to 504 nm.  

(3) After heat treatment, the YS, UTS and EL increased from 1231 to 
1335 MPa, 1283–1346 MPa and 6.1–7.9%, respectively. This 
simultaneously increase of strength and ductility may associate 
with the reduction of dislocation density and formation of 
coherent γ′-Ni3Al nanoprecipitates in grain interiors.  

(4) Based on the calculation of various strengthening mechanisms, it 
can be found that grain boundary strengthening and Orowan 
strengthening are mostly contributed to the increase of yield 
strength. 
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