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Abstract: The phase constituent and microhardness of the arc-melted 20Co-Cr-Fe-Ni alloys, in both
as-cast state and after annealing at 1000 ◦C for 30 days, were experimentally investigated by scanning
electron microscopy (SEM) and X-ray diffraction (XRD). Experiment results indicated that a uniform,
stable, single Face-Center Cubic (FCC) phase can be obtained in as-cast 20 Co-Cr-Fe-Ni alloys with
less than 30 at.% Cr. Annealing at 1000 ◦C has no effect on their phase composition and microhardness.
When the Cr content is above 40 at.%, the σ phase forms and its volume fraction increases with the Cr
content, which leads to an increase in microhardness. Annealing at 1000 ◦C for 30 days can slightly
decrease the volume fraction of the σ phase and slightly decrease the alloy microhardness. Except for
the Fe-rich alloys, the alloy microhardness increases with the Cr content when the Co and Ni or the
Co and Fe contents were fixed. Moreover, comparing with the thermodynamically calculated phase
diagram based on the TCFE database, it has been proved that the calculation can predict the phase
stability of the FCC phase and the 1000 ◦C isothermal section. However, it fails to predict the stability
of the σ phase near the liquidus. The present results will help to design and process treatment of the
Co-Cr-Fe-Ni based high entropy alloys.
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1. Introduction

Recently, high-entropy alloys (HEAs), or named as multi-component alloys, have been widely
concerned [1–3]. Among them, CoCrFeNi-based alloys are the most popular [4,5]. Because the
equal-atomic CoCrFeNi alloy can keep stable FCC (Face-Center Cubic) single-phase at different
annealing temperature [6]. Adding one or two elements into the CoCrFeNi alloy can promote
its strength [7–12], such as CoCrFeNiMn [5,13–16], AlxCoCrFeNi [17,18], CoCrCuFeNiTix [19,20],
CoCrFeNiTi0.5 [19,20], CrFeCoNiCu [21,22]. Of course, the phase constituent, microstructure and
mechanical properties also change with the element addition.

As a basic alloy system, some Co-Cr-Fe-Ni alloys, either equal molar or non-equal molar, were
investigated [23–26]. Non-equal molar HEAs also have a good performance. However, the phase
constituent at the center of the Co-Cr-Fe-Ni system has not been well investigated. He et al. [27]
calculated the single FCC phase existed in the central region by the CALPHAD (CALculation of PHase
Diagrams) method. Fang et al. [28] proved that the non-equal molar CoxCr50−xFe25Ni25 (x = 20–35 at.%)
alloys was single FCC phase and had a better strength-ductility combination when the Co content
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reached 35 at.%. However, the prediction of the Co-Cr-Fe-Ni alloys was based on the available Fe-based
or Ni-based thermodynamic database, and the phase boundary in the central of the system still needs
to be checked.

Moreover, HEAs have good application prospects at high temperature. However, there is
no information about the long-time annealed Co-Cr-Fe-Ni alloys at high temperature. Long-time
annealing at high temperature can uniform the alloy, promote nanoscale precipitation and reduce the
defeats [29–34], and also can check the phase stabilities. Moreover, heat treatment can also improve
mechanical properties of HEAs. The annealing can also separate the oversaturated elements in solid
solution and stabilize the phase [35] and create entire recrystallization to promote the growth of
grains [36,37]. Wang et al. [38] found that the σ phase formed in the AlxCoCrFeNi alloys with FCC
plus BCC (Body-Center Cubic) phases after annealing at over 600 ◦C, which can harden the alloys.
Recently, Guo et al. [39] have concluded that cold rolling combining subsequent annealing is a valid
method to refine the Al0.5CoCrFeNi alloys.

At present, much works are focused on the as-cast or short time annealed alloys. The phase
stability and mechanical property of the alloys after annealing at high temperature for a long time
are unclear. Moreover, the phase boundary of the Co-Cr-Fe-Ni system is still not well investigated.
Therefore, the phase constituent and microhardness of the Co-Cr-Fe-Ni alloys at both as-cast and
annealing states will be investigated in the present work. It will help to design and process treatment
of the Co-Cr-Fe-Ni based high entropy alloys.

2. Materials and Methods

To study the effect of composition and long-time annealing on the phase constituent and
microhardness of the Co-Cr-Fe-Ni alloys. Three series of Co-Cr-Fe-Ni alloys were designed in the
present work, i.e., Co2CrxFe7−xNi, Co2CryFe6−yNi2, Co2CrzFeNi7-z. The Co content was fixed at 20 at.%.
All of the metal elements (Cr, Fe, Co, Ni) used for casting have the purities higher than 99.9 wt.%.
The designed alloys with a total mass of 10 g were prepared by the arc-melting casting method in an
atmosphere of purified argon. It is necessary to repeated melting for at least four times to ensure the
chemical homogeneity. The weight loss is less than 0.1% and can be ignored. These specimens in the
shape of flying saucers with a diameter of 10 mm and high of 5 mm were then cut into two pieces: one
part was analyzed in as-cast state, and another one was sealed in an evacuated quartz tube and then
annealed at 1000 ◦C for 30 days. At the end of the treatment, the alloys were quenched in cold water.
Differently from the as-cast alloys, the 1000 ◦C annealed alloys were noted as A’#.

To conduct the observation of microstructures, the specimen was ground using silicon carbide
papers with #400–#2000 grit, and finally, a 1 µm diamond suspension was used to perform
surface polishing. The specimens without etching were examined by JSM-6510 scanning electron
microscope (SEM, JEOL, Tokyo, Japan) equipped with an Oxford INCA energy dispersive spectrometer
(EDS, Oxford Instruments, Abingdon, UK). The structure of the alloys was characterized by X-ray
diffraction (XRD) using a D/max 2500 PC X-ray diffractometer (Rigaku, Tokyo, Japan) with Cu Kα

radiation and a 2θ step size of 0.02◦. Microhardness measurements were conducted using a Vicker’s
hardness tester (HXD-1000TMC/LC, Sanfeng, Shanghai, China) under a load of 1.96 N and stayed
for 20 s.

3. Results and Discussion

Firstly, the chemical composition of each alloy was checked by SEM-EDS. The results indicated
that the difference between the actual composition and the designed composition is less than 1%, which
is within the EDS sensitivity. The detected phases in the as-cast and 1000 ◦C annealed 20 Co-Cr-Fe-Ni
alloys are presented in Figure 1. We divided the alloys into two categories: with single FCC phase and
do not contain a single FCC phase.
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3.1. The Alloys With Single FCC Phase 

Except for the alloys A4 (20Co40Cr30Fe10Ni), A8(20Co40Cr10Fe30Ni) and A15 
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As clearly shown in Figure 1, the 1000°C isothermal section of the Co-Cr-Fe-Ni system with 

fixed 20 at.% Co has very large FCC single-phase region. There are seven designed alloys composed 

of a single FCC phase, i.e., A2 and A8–A13. Some selected XRD patterns of the as-casted alloys and 

1000 °C annealed alloys are shown in Figure 2a,b, respectively. It needs to point out that the phase 

composition is uniform in these as-cast alloys. Take alloy A12 as an example, its Back Scattered 

Electron (BSE) micrograph is shown in the inset figure of Figure 2a.  

  

Figure 2. XRD patterns of some 20Co-Cr-Fe-Ni alloys which have single FCC phase in (a) as-cast 

state and (b) after being annealed at 1000 °C for 30 days. The inset figure is the BSE micrograph of the 

alloy A12. 

Figure 1. The detected phases in the as-cast and 1000 ◦C annealed 20Co-Cr-Fe-Ni alloys in the present
work. The BCC phase was found in alloy A1 for there is an FCC→BCC transformation when cooling to
the room temperature. The dotted line is the calculated phase region boundary of the 20Co-Cr-Fe-Ni
system at 1000 ◦C based on the TCFE thermodynamic database [40].

3.1. The Alloys With Single FCC Phase

Except for the alloys A4 (20Co40Cr30Fe10Ni), A8(20Co40Cr10Fe30Ni) and A15
(20Co40Cr20Fe20Ni), the phase constituent of other alloys after 1000 ◦C annealing is the same
as that in as-cast state. To clearly analyze the experiment results, the 1000 ◦C isothermal section of
the 20Co-Cr-Fe-Ni system was calculated based on the TCFE database [40] and is also presented in
Figure 1 with dotted lines.

As clearly shown in Figure 1, the 1000 ◦C isothermal section of the Co-Cr-Fe-Ni system with fixed
20 at.% Co has very large FCC single-phase region. There are seven designed alloys composed of a
single FCC phase, i.e., A2 and A8–A13. Some selected XRD patterns of the as-casted alloys and 1000 ◦C
annealed alloys are shown in Figure 2a,b, respectively. It needs to point out that the phase composition
is uniform in these as-cast alloys. Take alloy A12 as an example, its Back Scattered Electron (BSE)
micrograph is shown in the inset figure of Figure 2a.
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Figure 2. XRD patterns of some 20Co-Cr-Fe-Ni alloys which have single FCC phase in (a) as-cast state
and (b) after being annealed at 1000 ◦C for 30 days. The inset figure is the BSE micrograph of the
alloy A12.
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To clearly understand this phenomenon, the vertical section of the Co2CryFe6−yNi2 and
Co2CrzFeNi7-z systems were thermodynamically calculated and presented in Figure 3. Although the
FCC phase is formed by homogenization precipitation during solidification, the solidus is closed to
the liquidus above the FCC phase region. The cooling rate of the sample in an arc-melting furnace is
fast enough to ignore this temperature difference. Therefore, the alloy is solidified at the same time
which leads to uniform composition. For the FCC phase is thermodynamically stable, there no phase
precipitation or composition changing even annealed at 1000 ◦C for 30 days. Moreover, as can be seen
from Figure 2, the full width at half maxima (FWHM) of the FCC phase after annealing becomes much
narrower, which indicates that the internal stress decreased.
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Figure 3. The vertical sections of the Co-Cr-Fe-Ni system calculated with the TCFE thermodynamic
database. (a) fixed 20 at.%Co and 10 at.%Ni, (b) fixed 20 at.%Co and 10 at.%Fe, (c) fixed 20 at.%Co and
20 at.%Ni.

3.2. The Other Alloys Without Single FCC Phase

The alloys A4 (20Co40Cr30Fe10Ni) and A7 (20Co50Cr10Fe20Ni), whether in as-cast state or
in 1000 ◦C annealed state, are composed of the FCC and σ phases. Their XRD patterns and BSE
micrographs are shown in Figures 4 and 5, respectively. As clearly shown in Figure 4, the FCC and σ

phases can be well indexed in their XRD patterns. It indicates that the volume fraction of the σ phase is
large enough. This agrees well with the calculated 1000 ◦C isothermal section in Figure 1.
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Figure 5. BSE micrographs of the alloys A4 (20Co40Cr30Fe10Ni) and A7 (20Co50Cr10Fe20Ni). (a) as-cast
alloy A4, (b) 1000 annealed alloy A’4, (c) as-cast alloy A7, (d) 1000 annealed alloy A’7.

However, the microstructure of the alloys A4 (20Co40Cr30Fe10Ni) and A7 (20Co50Cr10Fe20Ni)
change dramatically after being annealed at 1000 ◦C for 30 days, as shown in Figure 5. The color
difference between these two phases is too limited to be well identified by SEM-EDS. After being
annealed at 1000 ◦C for 30 days, the phase boundary becomes much clearer (Figure 5b,d). The detected
phase compositions are presented in Table 1. It is clear that the Cr content of the σ phase in the alloy A’4
is 50.3 at.%, and in alloy A’7 reaches 61.2 at.%, which agrees well with the calculated 1000 ◦C isothermal
section (dotted line in Figure 1). The BCC phase is a Cr-rich one with 87.7 at.% Cr. Compared to the
as-cast microstructure, Cr atoms will precipitate from the FCC substrate and gather together to form
the BCC phase after annealing at 1000 ◦C for 30 days. However, its volume fraction is too limited to be
indexed in the XRD pattern.
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Table 1. The detected chemical composition of the alloys A’4 (20Co40Cr30Fe10Ni) and A’7
(20Co50Cr10Fe20Ni) after being annealed at 1000 ◦C for 30 days.

Designed Composition No. Phases
Detected Composition (at.%)

Co Cr Fe Ni

20Co40Cr30Fe10Ni A’4 FCC 20.1 39.3 30.9 9.7
BCC 3.5 87.7 6.8 2.0
σ 17.5 50.3 25.9 6.3

20Co50Cr10Fe20Ni A’7 FCC 21.9 44.1 10.8 23.2
σ 16.7 61.2 8.9 13.2

As for the alloy A8 (20Co40Cr10Fe30Ni), the as-cast alloy A8 shows a single FCC phase. After
being annealed at 1000 ◦C for 30 days, a small amount of the characteristic peaks of the σ phase were
observed, as shown in Figure 4. However, the volume fraction of the σ phase is too limited to be well
indexed. Moreover, it also cannot be well identified by SEM-EDS. According to the calculated 1000 ◦C
section in Figure 1, because alloy A8 is near the FCC phase region boundary, it should just have a small
amount of σ phase.

Similar to alloy A8, alloy A15 (20Co40Cr20Fe20Ni) also near the FCC phase region boundary.
The BCC phase was indexed in the as-cast alloy A15, as shown in Figure 6. As clearly shown in
Figure 7c, the net like BCC phase may exist in the grain boundary of the FCC phase. The detected
composition of the BCC phase contains 55.0 at.% Cr, which is near the composition of the σ phase.
However, after annealing at 1000 ◦C for 30 days, the BCC phase disappeared and a small amount of
the σ phase could be detected, as shown in Figure 7d. The characteristic peaks of the σ phase can be
clearly identified in its XRD (Figure 6).
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Figure 7. BSE micrographs of the alloys A3 and A15. (a) as-cast alloy A3, (b) 1000 annealed alloy A’3,
(c) as-cast alloy A15, (d) 1000 annealed alloy A’15.

Both the XRD and the BSE results proved that the FCC and a small amount of the BCC phase exist
in the alloy A’3 (20Co30Cr40Fe10Ni), no matter the as-cast alloy or the annealed alloy, as shown in
Figures 6 and 7. However, after annealing at 1000 ◦C for 30 days, the Cr content in the BCC phase
reaches 81.6 at.%, while the other elements decrease, as shown in Table 2, and the volume fraction of
the BCC phase decreases. This means the as-cast BCC phase is supersaturated with Co, Fe, and Ni.

Table 2. The detected chemical composition of the alloys A3, A6, and A15 in both as-cast and 1000 ◦C
annealed states.

Designed
Composition No. State Phases

Detected Composition (at.%)

Co Cr Fe Ni

20Co30Cr40Fe10Ni A3 as-cast total 22.5 29.9 38.9 8.7
FCC 20.0 28.6 41.5 9.9
BCC 14.7 42.0 38.1 5.2

A’3 1000 ◦C annealed FCC 20.2 29.4 39.7 10.7
BCC 4.3 81.6 11.6 2.5

20Co40Cr20Fe20Ni A15 as-cast total 20.1 40 19.7 20.2
FCC 20.4 38.6 20.5 20.5
BCC 15.5 55.0 18.2 11.3

A’15 1000 ◦C annealed FCC 20.6 36.0 20.8 22.6
σ 17.1 55.3 16.3 11.3

20Co60Cr10Fe10Ni A6 as-cast total 19.9 59.9 9.8 10.4
σ-1 23.1 54.3 10.4 12.2
σ-2 17.9 65.2 10.1 6.8

A’6 1000 ◦C annealed σ 20.0 59.7 9.8 10.5

Although two regions with a color difference exists in the BSE micrograph of the as-cast alloy
A6, its XRD patterns just show a single σ phase. Their chemical compositions are listed in Table 2.
The darker region has higher Cr content and lower Fe and Ni content. Therefore, σ-1 and σ-2 are noted
in Figure 8. This phenomenon is caused by a large temperature range between the solidus and liquidus,
which is different from that above the FCC phase region. After being annealed at 1000 ◦C for 30 days,
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the phase composition becomes uniform, as shown in Figure 8. For there is just one single σ phase,
the alloy A6 (20Co60Cr10Fe10Ni) is much brittle. Of course, it cannot be used as a structure material.Materials 2019, 12, x FOR PEER REVIEW 8 of 12 
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As presented above, theσ phase is detected in the as-cast alloys A4–8 and A15. However, according
to the calculated vertical sections in Figure 4, the BCC + FCC or FCC phase would exist in these as-cast
alloys. That is to say, although thermodynamic calculation based on the TCFE database can predict the
1000 ◦C isothermal section, it fails to predict the stability of the σ phase at high temperature.

Moreover, XRD patterns of the as-cast and 1000 ◦C annealed Fe-rich alloy A1 (20Co10Cr60Fe10Ni)
indicated that there were composed of the BCC and FCC phases. However, there is no color or
composition difference between them. It seems conflict to the calculated 1000 ◦C isothermal section.
It also needs to be pointed out that the examined alloys were cooled to room temperature. According
to Figure 4b, the FCC phase in alloy A1 just stable above 700 ◦C, it will transform to the BCC phase
below this temperature. DSC (Differential Scanning Calorimeter) curve in Figure 9 confirmed this
transformation. During heating, BCC in the alloy transforms to FCC at 655–700 ◦C. Therefore, the
detected phase in alloy A1 is different from the calculated isothermal section in Figure 1. In the Fe-rich
alloys, we should carefully identify this transformation. As shown in Figure 1, the phase constituent
of the 1000 ◦C annealed alloys agree well with the calculated isothermal section based on the TCFE
database, especially for the FCC phase region. That is to say, the transformation of the FCC phase in
the Co-Cr-Fe-Ni system can be predicted by the TCFE database.Materials 2019, 12, x FOR PEER REVIEW 9 of 12 
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3.3. Micro-Hardness

Figure 10 shows the micro-hardness of the investigated 20Co-Cr-Fe-Ni alloys in the present work.
There are three serials alloys, Co2CrxFe7-xNi, Co2CryFe6-yNi2, Co2CrzFeNi7−z. The Cr content of
these serials alloys is set as the x axis. Except for the Fe-rich alloy A1 (20Co10Cr60Fe10Ni), which
is a single BCC phase alloy with 310 HV, the microhardness of the other alloys increase with the
Cr content when the Co and Ni or the Co and Fe contents are fixed. When the Cr content is below
30 at.%, the alloys are a single FCC phase, and the hardness of alloys changes slightly from 127 HV
(alloy A11, 20Co10Cr10Fe60Ni) to 197 HV (alloys A9, 20Co30Cr10Fe40Ni, A14, 20Co30Cr30Fe20Ni).
However, the hardness suddenly increases when the Cr content is more than 40 at.%. It is because the
volume fraction of the σ phase increases with the Cr content in these three serials of alloys, which can
dramatically harden the alloys. However, the alloy is very brittle when it is a single σ phase (alloy A6,
20Co60Cr10Fe10Ni, 927 HV). Obviously, the hard effect of the BCC phase in these FCC based alloys is
much lower than the σ phase.

Materials 2019, 12, x FOR PEER REVIEW 9 of 12 

 

 

Figure 9. DSC curve of alloy A1 with a heating rate of 10°C/min. 

3.3. Micro-Hardness 

Figure 10 shows the micro-hardness of the investigated 20Co-Cr-Fe-Ni alloys in the present 

work. There are three serials alloys, Co2CrxFe7-xNi, Co2CryFe6-yNi2, Co2CrzFeNi7−z. The Cr content of 

these serials alloys is set as the x axis. Except for the Fe-rich alloy A1 (20Co10Cr60Fe10Ni), which is a 

single BCC phase alloy with 310 HV, the microhardness of the other alloys increase with the Cr 

content when the Co and Ni or the Co and Fe contents are fixed. When the Cr content is below 30 

at.%, the alloys are a single FCC phase, and the hardness of alloys changes slightly from 127 HV 

(alloy A11, 20Co10Cr10Fe60Ni) to 197 HV (alloys A9, 20Co30Cr10Fe40Ni, A14, 20Co30Cr30Fe20Ni). 

However, the hardness suddenly increases when the Cr content is more than 40 at.%. It is because 

the volume fraction of the σ phase increases with the Cr content in these three serials of alloys, which 

can dramatically harden the alloys. However, the alloy is very brittle when it is a single σ phase 

(alloy A6, 20Co60Cr10Fe10Ni, 927 HV). Obviously, the hard effect of the BCC phase in these FCC 

based alloys is much lower than the σ phase. 

 

Figure 10. The micro-hardness of the 20Co-Cr-Fe-Ni alloys in as-cast and 1000 °C annealed states. 

The Fe-rich alloy A1 transforms from FCC to BCC during cooling and leads to higher 

microhardness. 

Annealing at 1000 °C for 30 days has limited effect on the hardness of the 20Co-Cr-Fe-Ni alloys, 

especially for the alloys have a single phase. As discussed above, a uniform FCC phase can be 

Figure 10. The micro-hardness of the 20Co-Cr-Fe-Ni alloys in as-cast and 1000 ◦C annealed states.
The Fe-rich alloy A1 transforms from FCC to BCC during cooling and leads to higher microhardness.

Annealing at 1000 ◦C for 30 days has limited effect on the hardness of the 20Co-Cr-Fe-Ni alloys,
especially for the alloys have a single phase. As discussed above, a uniform FCC phase can be obtained
in alloy A9–A14, and there is no phase composition change after annealing. Therefore, the alloy
property is the same as the as-cast one. However, as for the alloys with two or three phases, annealing
at 1000 ◦C for 30 days can slightly decreases the microhardness of the alloys. It is because of the
decreased volume fraction of the σ phase and the coarsened grains.

4. Conclusions

The phase constituent and microhardness of the 20Co-Cr-Fe-Ni alloys under the as-cast and
annealed at 1000 ◦C for 30 days states were investigated in the present work. The following conclusions
can be drawn:

(1) When the Cr content is less than 30 at.%, a uniform stable single FCC phase can be obtained in
as-cast 20Co-Cr-Fe-Ni (<60 at.%Fe) alloys. Annealing at 1000 ◦C has no effect on their phase
composition and microhardness.

(2) The σ phase forms when the Cr content is above 40 at.% in the 20Co-Cr-Fe-Ni alloys. Its volume
fraction increased with the Cr content and leads to an increase of the microhardness.
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(3) Annealing at 1000 ◦C for 30 days can decrease the volume fraction of the σ phase and coarsen the
crystal grain.

(4) Except for the Fe-rich alloy A1 (20Co10Cr60Fe10Ni), the microhardness of the other alloys
increases with the Cr content when the Co and Ni or the Co and Fe contents were fixed.

(5) Thermodynamic calculation based on the TCFE database can well predict the phase stability of
the FCC phase and the 1000 ◦C isothermal section. However, it fails to predict the phase stability
near the liquidus.

Author Contributions: Conceptualization, C.W.; Methodology, Y.S. and C.W.; Validation, Y.S. and C.W.; Formal
analysis, Y.S. and C.W.; Investigation, Y.S., C.W., Y.L. and H.T.; Data curation, Y.S. and C.W.; Writing—original
draft preparation, Y.S.; Writing—review and editing, C.W., Y.L. and H.T.; Project administration, C.W.; Funding
acquisition, C.W.

Funding: The authors gratefully acknowledge the financial support from National Natural Science Foundation of
China (Nos. 51771035 and 51671036), Natural Science Foundation of Jiangsu Province (BK20161190), Postgraduate
Research & Practice Innovation Program of School of Materials Science and Engineering Changzhou University
(CL17SJ-003) and the Priority Academic Program Development of Jiangsu Higher Education Institutions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cantor, B.; Chang, I.T.H.; Knight, P.; Vincent, A.J.B. Microstructural development in equiatomic
multicomponent alloys. Mater. Sci. Eng. A 2004, 1, 213–218. [CrossRef]

2. Yeh, J.W.; Chen, S.K.; Lin, S.J.; Gan, J.Y.; Chin, T.S.; Shun, T.T.; Tsau, C.H.; Chang, S.Y. Nanostructured
High-Entropy Alloys with Multiple Principal Elements: Novel Alloy Design Concepts and Outcomes.
Adv. Eng. Mater. 2004, 5, 299–303. [CrossRef]

3. Yong, Z.; Zuo, T.T.; Zhi, T.; Gao, M.C.; Dahmen, K.A.; Liaw, P.K.; Zhao, P.L. Microstructures and properties of
high-entropy alloys. Prog. Mater. Sci. 2014, 8, 1–93. [CrossRef]

4. Butler, T.M.; Weaver, M.L. Investigation of the phase stabilities in AlNiCoCrFe high entropy alloys. J. Alloy.
Compd. 2017, 691, 119–129. [CrossRef]

5. Christofidou, K.A.; Pickering, E.J.; Orsatti, P.; Mignanelli, P.M.; Slater, T.J.A.; Stone, H.J.; Jones, N.G. On the
influence of Mn on the phase stability of the CrMnxFeCoNi high entropy alloys. Intermetallics 2018, 92, 84–92.
[CrossRef]

6. He, F.; Wang, Z.; Wu, Q.; Li, J.; Wang, J.; Liu, C.T. Phase separation of metastable CoCrFeNi high entropy
alloy at intermediate temperatures. Scripta Mater. 2017, 126, 15–19. [CrossRef]

7. Zhou, Y.J.; Zhang, Y.; Wang, F.J.; Chen, G.L. Phase transformation induced by lattice distortion in multiprincipal
component CoCrFeNiCuxAl1−x solid-solution alloys. Appl. Phys. Lett. 2008, 24, 299. [CrossRef]

8. Stepanov, N.D.; Shaysultanov, D.G.; Salishchev, G.A.; Tikhonovsky, M.A.; Oleynik, E.E.; Tortika, A.S.;
Senkov, O.N. Effect of V content on microstructure and mechanical properties of the CoCrFeMnNiVx high
entropy alloys. J. Alloys Compd. 2015, 628, 170–185. [CrossRef]

9. Liu, W.H.; He, J.Y.; Huang, H.L.; Wang, H.; Lu, Z.P.; Liu, C.T. Effects of Nb additions on the microstructure
and mechanical property of CoCrFeNi high-entropy alloys. Intermetallics 2015, 60, 1–8. [CrossRef]

10. Ang, A.S.M.; Berndt, C.C.; Sesso, M.L.; Anupam, A.S.; Praveen, R.S.; Kottada, B.S. Murty, Plasma-Sprayed
High Entropy Alloys: Microstructure and Properties of AlCoCrFeNi and MnCoCrFeNi. Metall. Mater.
Trans. A 2015, 2, 791–800. [CrossRef]

11. Li, Z.; Körmann, F.; Grabowski, B.; Neugebauer, J.; Raabe, D. Ab initio assisted design of quinary dual-phase
high-entropy alloys with transformation-induced plasticity. Acta Mater. 2017, 136, 262–270. [CrossRef]

12. Hou, J.L.; Li, Q.; Wu, C.B.; Zheng, L.M. Atomic Simulations of Grain Structures and Deformation Behaviors
in Nanocrystalline CoCrFeNiMn High-Entropy Alloy. Materials 2019, 7, 1010. [CrossRef]

13. Wang, W.R.; Qi, W.; Xie, L.; Yang, X.; Li, J.T.; Zhang, Y. Microstructure and Corrosion Behavior of
(CoCrFeNi)95Nb5 High-Entropy Alloy Coating Fabricated by Plasma Spraying. Materials 2019, 5, 694.
[CrossRef] [PubMed]

14. Löbel, M.; Lindner, T.; Lampke, T. Enhanced Wear Behaviour of Spark Plasma Sintered AlCoCrFeNiTi
High-Entropy Alloy Composites. Materials 2018, 11, 2225. [CrossRef]

http://dx.doi.org/10.1016/j.msea.2003.10.257
http://dx.doi.org/10.1002/adem.200300567
http://dx.doi.org/10.1016/j.pmatsci.2013.10.001
http://dx.doi.org/10.1016/j.jallcom.2016.08.121
http://dx.doi.org/10.1016/j.intermet.2017.09.011
http://dx.doi.org/10.1016/j.scriptamat.2016.08.008
http://dx.doi.org/10.1063/1.2938690
http://dx.doi.org/10.1016/j.jallcom.2014.12.157
http://dx.doi.org/10.1016/j.intermet.2015.01.004
http://dx.doi.org/10.1007/s11661-014-2644-z
http://dx.doi.org/10.1016/j.actamat.2017.07.023
http://dx.doi.org/10.3390/ma12071010
http://dx.doi.org/10.3390/ma12050694
http://www.ncbi.nlm.nih.gov/pubmed/30818746
http://dx.doi.org/10.3390/ma11112225


Materials 2019, 12, 1700 11 of 12

15. Bernd, G.; Anton, H.; Dhiraj, C.; Chang, E.H.; George, E.P.; Ritchie, R.O. A fracture-resistant high-entropy
alloy for cryogenic applications. Science 2014, 6201, 1153. [CrossRef]

16. Miracle, D.B.; Senkov, O.N. A critical review of high entropy alloys and related concepts. Acta Mater. 2017,
122, 448–511. [CrossRef]

17. Li, C.; Zhao, M.; Li, J.C.; Jiang, Q. B2 structure of high-entropy alloys with addition of Al. J. Appl. Phys. 2008,
11, 89. [CrossRef]

18. Rao, J.C.; Diao, H.Y.; Ocelík, V.; Vainchtein, D.; Zhang, C.; Kuo, C.; Tang, Z.; Guo, W.; Poplawsky, J.D.; Zhou, Y.
Secondary phases in AlxCoCrFeNi high-entropy alloys: An in-situ TEM heating study and thermodynamic
appraisal. Acta Mater. 2017, 131, 206–220. [CrossRef]

19. Zhang, Y.; Wang, X.F.; Chen, G.L.; Qiao, Y. Effect of Ti on the microstructure and properties of CoCrCuFeNiTix
high-entropy alloys. Ann. De Chim.-Sci. Des. Mater. 2007, 1, 103–104. [CrossRef]

20. Jiang, L.; Lu, Y.; Dong, Y.; Wang, T.; Cao, Z.; Li, T. Annealing effects on the microstructure and properties of
bulk high-entropy CoCrFeNiTi0.5 alloy casting ingot. Intermetallics 2014, 1, 37–43. [CrossRef]

21. Ren, M.-X.; Li, B.-S. Phase Analysis of CrFeCoNiCu High Entropy Alloy. J. Mater. Eng. 2012, 1, 9–12, 24.
[CrossRef]

22. Park, N.; Watanabe, I.; Terada, D.; Yokoyama, Y.; Liaw, P.K.; Tsuji, N. Erratum to: Recrystallization Behavior
of CoCrCuFeNi High-Entropy Alloy. Metall. Mater. Trans. A 2015, 7, 3308. [CrossRef]

23. Li, J.; Jia, W.; Wang, J.; Kou, H.; Zhang, D.; Beaugnon, E. Enhanced mechanical properties of a CoCrFeNi
high entropy alloy by supercooling method. Mater. Des. 2016, 95, 183–187. [CrossRef]

24. Mane, R.B.; Panigrahi, B.B. Comparative study on sintering kinetics of as-milled and annealed CoCrFeNi
high entropy alloy powders. Mater. Chem. Phys. 2018, 210, 49–56. [CrossRef]

25. Ganji, R.S.; Karthik, P.S.; Rao, K.B.S.; Rajulapati, K.V. Strengthening mechanisms in equiatomic ultrafine
grained AlCoCrCuFeNi high-entropy alloy studied by micro- and nanoindentation methods. Acta Mater.
2017, 125, 58–68. [CrossRef]

26. Praveen, S.; Basu, J.; Kashyap, S.; Kottada, R.S. Exceptional resistance to grain growth in a nanocrystalline
CoCrFeNi high entropy alloy at high homologous temperatures. J. Alloy. Compd. 2015, 662, 361–367.
[CrossRef]

27. He, F.; Wang, Z.; Wu, Q.; Niu, S.; Li, J.; Wang, J.; Liu, C.T. Solid solution island of the Co-Cr-Fe-Ni high
entropy alloy system. Scripta Mater. 2017, 131, 42–46. [CrossRef]

28. Fang, W.; Chang, R.; Zhang, X.; Ji, P.; Wang, X.; Liu, B.; Li, J.; He, X.; Qu, X.; Yin, F. Effects of Cobalt on the
structure and mechanical behavior of non-equal molar CoxFe50-xCr25Ni25 high entropy alloys. Mater. Sci.
Eng. A 2018, 723, 221–228. [CrossRef]

29. Zhang, Y.; Wang, X.; Li, J.; Huang, Y.; Lu, Y.; Sun, X. Deformation mechanism during high-temperature tensile
test in an eutectic high-entropy alloy AlCoCrFeNi2.1. Mater. Sci. Eng. A 2018, 724, 148–155. [CrossRef]

30. Zhang, K.B.; Fu, Z.Y.; Zhang, J.Y.; Wang, W.M.; Lee, S.W.; Niihara, K. Annealing effects on structure and
mechanical properties of CoCrFeNiTiAlx high-entropy alloys. Mater. Sci. Eng. Conf. Ser. 2011, 7, 12009–12015.
[CrossRef]

31. Niu, S.; Kou, H.; Guo, T.; Zhang, Y.; Wang, J.; Li, J. Strengthening of nanoprecipitations in an annealed
Al0.5CoCrFeNi high entropy alloy. Mater. Sci. Eng. A 2016, 671, 82–86. [CrossRef]

32. Zeng, J.; Wu, C.; Peng, H.; Liu, Y.; Wang, J.; Su, X. Microstructure and microhardness of as-cast and 800 ◦C
annealed AlxCr0.2Fe0.2Ni0.6-x and Al0.2Cr0.2FeyNi0.6-y alloys. Vacuum 2018, 152, 214–221. [CrossRef]

33. Munitz, A.; Meshi, L.; Kaufman, M.J. Heat treatments’ effects on the microstructure and mechanical properties
of an equiatomic Al-Cr-Fe-Mn-Ni high entropy alloy. Mater. Sci. Eng. A 2017, 689, 384–394. [CrossRef]

34. Schuh, B.; Völker, B.; Todt, J.; Kormout, K.S.; Schell, N.; Hohenwarter, A. Influence of Annealing on
Microstructure and Mechanical Properties of a Nanocrystalline CrCoNi Medium-Entropy Alloy. Materials
2018, 5, 662. [CrossRef] [PubMed]

35. Ng, C. Phase Stability Study of High Entropy Alloys (HEAs). Doctor Thesis, Hong Kong Polytechnic
University, Hong Kong, July 2013. Available online: http://ira.lib.polyu.edu.hk/handle/10397/6867 (accessed
on 24 May 2019).

36. Stepanov, N.D.; Shaysultanov, D.G.; Salishchev, G.A.; Tikhonovsky, M.A.; Senkov, O.N. Effect of Annealing
on Phase Composition and Microstructure of the CoCrFeNiMnVx (x = 0, 0.25, 0.5, 0.75, 1) High Entropy
Alloys. In TMS 2015 144th Annual Meeting & Exhibition: Supplemental Proceedings; The Minerals, Metals &
Materials Society, Ed.; Springer: Cham, Germany, 2015; pp. 1157–1164. [CrossRef]

http://dx.doi.org/10.1126/science.1254581
http://dx.doi.org/10.1016/j.actamat.2016.08.081
http://dx.doi.org/10.1063/1.3032900
http://dx.doi.org/10.1016/j.actamat.2017.03.066
http://dx.doi.org/10.3166/acsm.31.699-710
http://dx.doi.org/10.1016/j.intermet.2013.08.016
http://dx.doi.org/10.1016/j.actamat.2013.01.042
http://dx.doi.org/10.1007/s11661-015-2915-3
http://dx.doi.org/10.1016/j.matdes.2016.01.112
http://dx.doi.org/10.1016/j.matchemphys.2017.11.047
http://dx.doi.org/10.1016/j.actamat.2016.11.046
http://dx.doi.org/10.1016/j.jallcom.2015.12.020
http://dx.doi.org/10.1016/j.scriptamat.2016.12.033
http://dx.doi.org/10.1016/j.msea.2018.01.029
http://dx.doi.org/10.1016/j.msea.2018.03.078
http://dx.doi.org/10.1088/1757-899X/20/1/012009
http://dx.doi.org/10.1016/j.msea.2016.06.040
http://dx.doi.org/10.1016/j.vacuum.2018.03.035
http://dx.doi.org/10.1016/j.msea.2017.02.072
http://dx.doi.org/10.3390/ma11050662
http://www.ncbi.nlm.nih.gov/pubmed/29695142
http://ira.lib.polyu.edu.hk/handle/10397/6867
http://dx.doi.org/10.1007/978-3-319-48127-2_140


Materials 2019, 12, 1700 12 of 12

37. Munitz, A.; Salhov, S.; Hayun, S.; Frage, N. Heat treatment impacts the micro-structure and mechanical
properties of AlCoCrFeNi high entropy alloy. J. Alloy. Compd. 2016, 683, 221–230. [CrossRef]

38. Wang, W.R.; Wang, W.L.; Yeh, J.W. Phases, microstructure and mechanical properties of AlxCoCrFeNi
high-entropy alloys at elevated temperatures. J. Alloy. Compd. 2014, 9, 143–152. [CrossRef]

39. Guo, T.; Li, J.; Wang, J.; Wang, W.Y.; Liu, Y.; Luo, X.; Kou, H.; Beaugnon, E. Microstructure and properties of
bulk Al0.5CoCrFeNi high-entropy alloy by cold rolling and subsequent annealing. Mater. Sci. Eng. A 2018,
729, 141–148. [CrossRef]

40. TCFE2000: The Thermo-Calc Steels Database, Thermo-Calc Software AB. 2000. Available online: https:
//www.thermocalc.com/products-services/databases/thermodynamic/ (accessed on 24 May 2019).

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jallcom.2016.05.034
http://dx.doi.org/10.1016/j.jallcom.2013.11.084
http://dx.doi.org/10.1016/j.msea.2018.05.054
https://www.thermocalc.com/products-services/databases/thermodynamic/
https://www.thermocalc.com/products-services/databases/thermodynamic/
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	The Alloys With Single FCC Phase 
	The Other Alloys Without Single FCC Phase 
	Micro-Hardness 

	Conclusions 
	References

