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Abstract: Seven arc-melted and then annealed CoCrFeNiNDby (x = 0.3-0.6) alloys are experimentally
and thermodynamically investigated in the present work. All the as-cast and 1000 °C annealed
CoCrFeNiNby alloys are composed of face-centered cubic (FCC) and C14 Laves phases. Nb content
in the C14 phase stays at around 24.5 at.%, and the Liquid — FCC + C14 eutectic reaction occurred
at around 10.8 at.% Nb in a narrow temperature range. It is found that the microstructure in the
CoCrFeNiNby alloys is dramatically affected by the cooling rate and annealing treatment. The C14
phase easily spheroidizes and coarsens under high temperature, which indicates that the interface
energy between FCC and C14 is very large. Moreover, the solubility of Nb in the FCC phase decreases
with decreasing temperature. After annealing at 800 °C, a needle-like nano Mgz Cd-type T phase
precipitates from the pro-eutectic FCC phase and increases alloy hardness for ~100 HV. This should
be a method to strengthen alloys.

Keywords: high-entropy alloys; C14 Laves phase; eutectic structure; microstructure stability; phase
diagram

1. Introduction

High-entropy alloys (HEAs) have attracted plenty of interest worldwide [1], and
they contain five or more elements, with each element concentration being between 5 and
35 at.% [2,3]. They are usually located in the center of the phase diagram [4] and com-
monly possess out-standing properties, such as high strength [5-8], high wear resistance,
radiation resistance, antioxidant resistance, corrosion resistance and high temperature
stability [9-13]. However, FCC-type HEAs, such as CoCrFeMnNi, have good plasticity but
low relative strength [12,14-18], whereas BCC-type HEAs have high strength but show
poor ductility [19-22]. Moreover, problems such as poor castability or casting shrinkage
cavities [23] were observed in a majority of research. These weaknesses limit the future
industrial application of HEAs.

Eutectic alloys are well-known for their good comprehensive mechanical properties
and stability as well as for their excellent casting properties [24-29]. Aiming to overcome
the imbalance between strength and ductility and to combine the superior performance of
HEAs, the concept of a eutectic high-entropy alloy (EHEA) was naturally proposed [30-32].
Dong et al. [33] and Wei et al. [34] reformed an AlCrFe;Ni; alloy composed of a noodle-like
phase into an AlCrFe;Ni,Tij 5 alloy exhibiting a fine microstructure composed of BCC and
B2 phases, whose plastic strain reached up to 43% with a fracture strength of about 3.3 GPa.
Jiang et al. [21] synthesized a CopMog gNi; VW( g EHEA with a lamellar structure and mixed
FCC and CoyMog-type 1 phases. The compressive strength reached 2364 MPa, and the
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plastic strain was maintained at 14.4%. Jin et al. [30] reported that FeygCopoNijgAl;9 EHEA
had an L1,/B2 lamellar structure that behaved comparatively better than most previous
works. It can be easily concluded that EHEAs have better comprehensive properties than
single-phase HEAs and will gain future applications.

Recently, Jiang et al. [35] designed a CoCrFeNiNby 45 EHEA by simply mixing a binary
eutectic composition based on proper mixing enthalpy. In addition, CoCrFeNi-Nb pseudo
binary alloys attract much attention from other scholars on phase transformations or me-
chanical properties [8,36—42]. Although all of them display a uniform lamellar eutectic
FCC + C14 appearance, there is an obvious divergence in the eutectic composition region.
Chanda et al. [39] reported a high hardness of 512 HV as well as a high compression strength
and an acceptable plasticity of 2060 MPa and 17%, respectively, and reliable parameters
such as atomic size differences and electronegativity were used to predict phase formation.
Chung et al. [40] proved that a hierarchical structure contributes to comprehensive me-
chanical properties, and they explored the toughening mechanism by transmission electron
microscopy (TEM). Both of them conducted their experiments based on the eutectic point
of x = 0.5. On the other hand, He et al. [43] optimized the CoCrFeNiNby 5 HEA, which
exhibits a balanced strength and strain of 2024.6 MPa and 38.8%, respectively, with a result
of EHEA CoCrFeNiNby ¢5. However, most previous works [39-42] have concentrated on
the properties of as-cast alloys such as fracture strength or alloy hardness, or they have
managed to establish a criterion of phase formation. Regardless, data on the microstructure
stability of Co-Cr—Fe-Ni-Nb alloys are still lacking.

Heat treatment and cooling rate can dramatically affect alloy microstructures and
properties [44,45]. The size of the solidification structure of AICoCrFeNi, ; EHEA is affected
by the cooling rate [46,47]. Its FCC + B2 lamellar eutectic structure is very stable and can
bear annealing at 1000 °C for 240 h [48]. Fan et al. [49] reported that annealing at 500-900 °C
can lead to the formation of new minor p, o or 6-NizNb phases in equatomic CoCrFeNiNb
alloys. He et al. [50] found that, when the CoCrFeNiNDb »5 alloy is annealed at 750 °C for
148 h, a lath-shaped FCC precipitates with nano basket-weave micro-structures appearing
and distributing randomly in the pro-eutectic FCC phase, and the alloy is strengthened
without sacrificing ductility. Chanda et al. [51] researched the difference between ingots
and cast rods, finding that cooling conditions have an obvious influence on pro-eutectic
FCC phase distribution and alloy hardness.

Therefore, to understand the eutectic reaction and the microstructure stability in the
Co-Cr—Fe-Ni-Nb system, in the present work, seven CoCrFeNiNby (x = 0.3~0.6) alloys are
prepared by the arc-melt method and then vacuum annealed at 800 or 1000 °C for 120 h.
The experimental results are also analyzed by combining them with a thermodynamically
calculated phase diagram.

2. Materials and Methods

To understand the phase transformations of the alloys and to help choose the annealing
temperature, firstly, the vertical section of the CoCrFeNi—-Nb pseudo-binary system and
the solidification simulation using the Scheil or Lever models were thermodynamically
calculated. Since Nb is not included in the commercial high-entropy alloys thermodynamic
database PanHEA, the present calculation is based on the PanNi 2021 database [52] with
the Pandat software (version 2021, CompuTherm LLC, Middleton, WI, USA).

According to the available information in [43], seven CoCrFeNiNby (x = 0.3-0.6) alloys
were designed in the present work. Each alloy, with a total mass of 10 g, was prepared by
the arc-melting method. The alloys were melted and then cooled in a water-cooled copper
crucible under a Ti-gettered high-purity argon atmosphere. In addition, button shaped
ingots were obtained. All the raw materials, Co, Cr, Fe, Ni and Nb granules, had a purity of
higher than 99.95 wt.%. During preparation, the weighing error range of each element was
restricted to £5 mg, which is less than 0.3% of the nominal design. All alloys were re-melted
four times to ensure chemical homogeneity. Energy dispersive spectroscopy analysis (EDS)
showed that the actual chemical composition of the alloys closely corresponded to the
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nominal ones. The alloys were then cut into three pieces by electric discharge machining.
One part was analyzed in the as-cast state, and the others were sealed in evacuated quartz
tubes for annealing. According to the calculated phase diagram and the examination of the
as-cast alloys, the sealed alloys were annealed at 1000 or 800 °C for 120 h, respectively. At
the end of the treatment, the alloys were quenched in cold water.

The crystal structures of the alloys were characterized by X-ray diffraction (XRD)
using a D/max 2500 PC X-ray diffractometer (Rigaku Corporation, Osaka, Japan) with
Cu-Ka radiation at a scanning rate of 0.02°/s from 10° to 90°. The microstructure and
chemical analysis was performed by using a JSM-6510 scanning electron microscope (SEM,
JEOL Ltd., Tokyo, Japan) equipped with an Oxford energy dispersive spectrometer (EDS)
detector under 20 KV. The backscattered electron (BSE) imaging mode was used to take
microstructure photos because it is more sensitive to atomic number. In addition, the
compositions reported in this paper are the averages of at least three measurements. To
further confirm the fine precipitates, the Talos-F200X transmission electron microscope
(TEM, FEI, Thermo Fisher, Waltham, MA, USA) equipped with a Super-X energy dispersive
spectrometer detector (Thermo Fisher, Waltham, MA, USA) was also employed under
200 KV. Phase transition behavior was examined by differential scanning calorimetry (DSC)
using a NETZSCH DSC 404 F3 differential scanning calorimeter (NETZSCH, Selb, Germany)
with a rate of 20 K/min. The DSC calibration was performed by measuring the heat of
melting pure elements (Bi, Zn, Al, Ag, Au and Ni) using the same working conditions. The
microhardness test was carried out using a Vickers hardness tester (HXD-1000TMC/LC,
Shangguang, Shanghai, China) under a 1.96 N (200 gf) load for 10 s. The microhardness
reported in this paper is the average of at least five random measurements.

3. Results
3.1. Thermodynamic Calculation Based on PanNi Database

The calculated vertical section of the CoCrFeNi—-Nb pseudo-binary system, based
on the PanNi database within the Pandat software, is presented in Figure 1. It is clear
that there is a eutectic reaction of Liquid — FCC + C14 at 1276 °C when the liquid phase
contains 8.7 at.% Nb. Compared to the available information [8,36—42], both the calculated
Nb content at the eutectic point (8.7 at.% Nb) and the eutectic temperature (1276 °C) are
different from the experimental results. It needs to be emphasized that there is a narrow
three-phase region of FCC + C14 + Liquid below the eutectic reaction. The calculated
composition of the liquid phase (22.6C0-20.9Cr-22.8Fe-24.5Ni-9.2Nb, at.%) is also near the
calculated eutectic composition. However, this region did not exist in Ref. [43], in which the
phase diagram was calculated based on the Ni-based database in the Thermo-calc software.

To better understand the three-phase region of FCC + C14 + Liquid and the solidifica-
tion process, Scheil and Lever simulations were performed based on the PanNi database.
Since the calculated eutectic point (8.7 at.% Nb) is different from the experimental one
(10.8 at.%), both of these two composition were simulated. Both the Scheil simulation
results (Figure 2a) and the lever simulation results (Figure 2b) elucidate that the Lig-
uid — FCC + C14 eutectic reaction occurs in a narrow temperature range instead of at a
constant temperature. Since the alloy containing 10.8 at.% Nb is a hyper-eutectic alloy in
the calculated phase diagram, the pro-eutectic C14 phase forms before the eutectic reaction.

Figure 1 shows that, with decreasing temperature, the solubility of Nb in the FCC
phase decreased. The C14 phase may separate from the as-cast FCC phase when the alloy
is annealed at above 900 °C, and another phase, 6-Ni3Nb, with an 0P8 structure, is stable
below 900 °C. However, it needs to be pointed out that the Mgz Cd-type compound T, which
was confirmed in the Co-Ni-Nb system [53-55], is not concluded in the PanNi database.
The calculated phase diagram may have some deviation. Detailed discussion about the
phase diagram and comparisons with the experimental results are presented later.



Metals 2022, 12, 756 40f 15

1600
Calculated
1500 4 ~© -DSC-cooling
—-#—-DSC-heating
1400
— Cl4+Liquid
9 1300 4 FCC+Liquid . Ay";%
——————v

E / ﬂ;’—’ﬁ»lﬁg:‘_%:;ﬁ: =
g 1200 FCC FCC+Cl14+Liquid  Nb, , Nb,, Nbys Nbys NbyssNby
b
21100 4
5
& 1000 4 FCC+C14

900

800

FCC+C14+3
700 T T T T T T
0 2 4 6 8 10 12 14
Nb content / at.%

Figure 1. Thermodynamically calculated vertical section of the CoCrFeNi-Nb pseudo-binary system
based on the PanNi database with the Pandat software. The present DSC results are also included.

The predicted stable & phase below 900 °C is not accurate enough because the Mgz Cd-type compound
T is not included in the PanNi database.
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Figure 2. Solidification simulation of the CoCrFeNi-Nb alloys with (a) Scheil and (b) lever models
based on PanNi database. The alloy containing 8.7 at.% Nb is the calculated eutectic alloy, whereas
that which contains 10.8 at.% Nb is an experimentally determined eutectic alloy.
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3.2. Microstructure and Phase Constituent of the As-Cast Alloys

The XRD patterns indicate that all the as-cast CoCrFeNiNby (x = 0.3~0.6) alloys have
the same phase constituents and are composed of the FCC + C14 Laves phases, as shown in
Figure 3. The BSE images of all the as-cast alloys are presented in Figure 4. It is clear that the
lamellar eutectic structure exists in all of them, and the alloy microstructure dramatically
varies with Nb atomic ratio (x value). When x < 0.4, the alloys displayed a hypo-eutectic
appearance, whereas the alloys displayed hyper-eutectic appearances when x > 0.55. These
results agree well with Ref. [43]. Based on the EDS analysis presented in Table 1, it is
confirmed that the pro-eutectic FCC phase contains 2.3-2.8% Nb (in alloys Nbyg 3-0.4), and
the pro-eutectic C14 Laves phase contains 23.7-24.4% Nb (in alloys Nbgss5-06). These
results are also similar to those of previously published works [37,40]. Compared with the
calculated phase diagram (Figure 1), the predicted largest solubility of Nb in the FCC phase
is a little higher than the detected Nb content in the pro-eutectic FCC phase. As can be
seen in Table 1, the compositions of FCC, C14 and the eutectic region are not significantly
affected by the composition of the alloy. The detected composition of the eutectic region is
19.7-22.9% Cr, 21.1-22.5% Fe, 21.1-23.3% Co, 22.3-24.5% Ni and 9.7-12.7% Nb. As can be
seen in Figure 4, in all BSE images, the C14 phase is brighter than the FCC phase because it
contains much higher Nb content.
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Figure 3. XRD patterns of some as-cast and annealed CoCrFeNiNb, alloys.

According to Figure 4, both alloys Nbg 45 and Nbg 5 are near the eutectic composition.
To clearly show the eutectic structure, the BSE images of alloys Nbg 45 and Nbg s were
photographed with a larger magnification than the other alloys. As can be seen in Figure 4d,
the FCC and C14 blocks exist in the boundary of some eutectic regions (region C). The
EDS results confirm that the composition of region C is the same as the eutectic region
or nominal composition, as shown in Table 1. Therefore, this structure is not caused by
composition segregation. Perhaps, for this reason, there is a dispute in the composition
of the eutectic region. As can be seen in Figure 4, much larger FCC and C14 blocks exist
in the boundary region of the lamellar eutectic structure in all the as-cast CoCrFeNiNby
alloys. As shown in Figure 2, the eutectic reaction occurs in a temperature range of 7 °C.
The regions, similar to region C, should be later solidified area. Generally, when small
amounts of liquid phase remain after a eutectic reaction, the later formed solid phases grow
on the corresponding eutectic phases in subsequent solidification, and their sizes become
much larger. Therefore, this kind of structure supports that the eutectic reaction occurs
in a temperature range. The simulated solidification process reasonably matches with the
experimental observation in most case. As for the 5-NizNb phase, which forms in the Scheil
simulation (Figure 2a), it was not detected in the as-cast CoCrFeNiNby alloys.
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Figure 4. BSE micrographs of the as-cast CoCrFeNiNby alloys. Large FCC and C14 blocks exist in the
boundary region of the lamellar eutectic structure. (a) Nbg 3; (b) Nby 35; (c) Nbg 4; (d) Nbg 45; (€) Nbg 5;
(f) Nby 55; (8) Nbo.6.

Table 1. The detected compositions of the alloys, phases and eutectic regions in the as-cast

CoCrFeNiNby alloys by SEM-EDS (at.%).

Chemical Composition (at.%)

Alloys Region/Phase
Cr Fe Co Ni Nb
alloy 225 223 22.8 245 7.9
Nb FCC 239 26.6 23.6 235 24
0.3 Cl4 Laves 142 16.3 23.6 23.0 229
Eutectic 19.7 21.1 23.3 23.2 12.7
alloy 22.8 222 23.1 23.1 8.8
Nb FCC 24.8 25.3 23.3 243 23
0.35 Cl4 Laves 14.9 15.4 23.1 24.3 22.3
Eutectic 20.7 225 23.2 223 11.3
alloy 221 21.7 222 24.1 9.9
Nb FCC 245 25.2 23.2 24.3 2.8
0.4 C14 Laves 14.6 16.2 23.9 22.4 22.9
Eutectic 20.4 21.4 222 24.3 11.7
Nb alloy/Eutectic 21.6 22.3 22.9 22.7 10.5
045 Region C 21.1 21.1 22.8 24.2 10.8
Nb alloy 20.8 225 21.7 23.2 11.8
05 Eutectic 21.4 225 21.1 243 10.7
alloy 20.3 212 215 242 12.8
Nb FCC 22.8 22.6 20.9 29.2 45
0.55 C14 Laves 15.6 19.9 23.9 16.9 23.7
Eutectic 229 21.3 222 23.9 9.7
alloy 21.1 21.2 21.3 23.2 13.2
Nb FCC 245 229 21.1 26.8 47
0.6 C14 Laves 16.4 19.4 22,9 16.9 24.4
Eutectic 223 21.3 21.1 24.5 10.8

3.3. Heating and Cooling DSC Test

To clearly investigate the eutectic region and phase transformation in the CoCrFeNiNby
system, the as-cast alloys were examined by DSC with a rate of 20 K/min. Both a heating
procedure and a cooling procedure were performed. The DSC curves are presented in
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DSC/ mW/mg

Figure 5. It is clear that the onset temperatures of the obvious endothermic peaks are
1234 £ 2 °C. Since all the test samples turned to spherical after the DSC test, i.e., they were
completely melted, the onset point of the sole endothermic peak during heating should
relate to the eutectic reaction temperature. Since both alloys Nbyg 45 and Nbg 5 are near the
eutectic region (~10.8 at.% Nb) and composed of a lamellar eutectic structure, they have
similar heating DSC curves with a sole endothermic peak, as shown in Figure 5a. It is
noteworthy that there is an obvious exothermic peak before the eutectic peak in the cooling
DSC curve of alloy Nby 5 (Figure 5b). This suggests that alloy Nby 45 is a real eutectic alloy
and that alloy Nbyg 5 is a hyper-eutectic one.

Except for alloys Nbg 45 and Nby 5, all the other heating DSC curves show a dissolution
characteristic after the endothermic peak, as seen in Figure 5a. In other words, these
alloys are hypo- or hyper- eutectic ones, and the heat of dissolution was high enough to be
detected. The end points of the dissolution platform are related to the liquidus temperature.
As seen in Figure 5a, the liquidus temperatures of the CoCrFeNiNby (x = 0.3-0.6) alloys
vary with the x values and reach the lowest values when x = 0.45 or 0.5. Since there is
supercooling during the cooling test, the onset temperatures in the cooling curves are
10-20 °C lower than those in the heat curves. The detected onset temperature for the
eutectic peak in the cooling procedure of the eutectic and hyper-eutectic alloys (x > 0.45)
is 1221 + 3 °C, which is ~13 °C lower than that in the heating procedure. However, in
the hypo-eutectic alloys (x = 0.35, 0.4), it is interesting that the onset temperature of the
eutectic reaction increased to 1240-1241 °C, which is 4-6 °C higher than that in the heating
procedure. That means that the formation of the pro-eutectic FCC phase can increase the
eutectic temperature. As seen in Figure 5b, the formation of the pro-eutectic FCC phase
has a strong exothermal effect. This leads to the increase in the eutectic onset temperature.
The solidification or dissolution of the C14 Laves phase is much milder. Perhaps, for this
reason, Chanda et al. [39] believed that the eutectic composition was CoCrFeNiNbg 5 when
judging by the heating DSC curves.

The DSC results are also marked in Figure 1. Compared with the present experi-
ment’s results, the calculated liquidus and eutectic temperatures are much higher than the
experimental results. Both the calculated Nb content at the eutectic point (8.7 at.% Nb)
and the eutectic temperature (1276 °C) are different from the experimental results. There-
fore, more experiments are needed to optimize the thermodynamic parameters in the
Co—Cr—Fe-Ni-Nb system.

25

glo
1 20
0151
1234°C E ! Nby 6
) E 10 h
= T h2e7%¢
1 (ST Hl Ve Nb
2 500, 1219°C 05
A [1ased
. b 1221°C Nby 45
1262°C M
04— /
1276°clf” 1240°C Nby s
T T T T T T T T T T = T T T T T T T T T
800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1320 1280 1240 1200 1160 1120 1080 1040 1000 960 920
Temperature / °C Temperature / °C

Figure 5. DSC curves of the as-cast CoCrFeNiNby alloys with a 20 K/min rate: (a) Heating curves;
(b) Cooling curves.

3.4. Microstructure after the DSC Test

The microstructures of the alloys after the DSC test were also examined by SEM-EDS.
As shown in Figure 6, the eutectic structure in the alloys were greatly changed. No fine
lamellar structure exists in the eutectic or hypo-eutectic alloys. Taking alloys Nbg 4 and
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Nby 45 as examples, the C14 phase was spheroidized and grew. As seen in Figure 6b, a
small amount of the coarse lamellar structure, with a chrysanthemum shape, exists in the
center of the eutectic region of the eutectic alloy Nbg 45, and a large block FCC and C14
phase formed in the boundary of the eutectic region. No lamellar structure was observed
in the hypo-eutectic alloy Nbg 4 (Figure 6a). Moreover, the size of the C14 particles in FCC
reached nearly 10 um. Regarding the alloy Nby 5, which almost has same microstructure as
Nbg 45, a larger than 30 um C14 block can be clearly observed in Figure 6c. It should be a
pro-eutectic C14 phase. Although no pro-eutectic C14 phase exists in the as-cast alloy Nby s,
the cooling DSC curve of alloy Nbg 5 (Figure 5b) shows a characteristic peak for formation
of pro-eutectic C14 phase. This result suggests that Nby 5 is a hyper-eutectic alloy and that
the alloy microstructure is greatly affected by cooling rate.

In the DSC tests, the alloys were cooled from 1400 °C at a rate of 20 K/min. Of course,
the cooling rate is much lower than that which is required for casting in a water-cooled
copper mold after arc-melting. That means that the microstructure of the CoCrFeNiNby
alloys was greatly affected by the cooling rate. The EDS results in Table 2 indicate that,
although the composition of the alloys is different, the chemical compositions of both FCC
and C14 phases in them are similar. The composition of the FCC phase stayed at around
23.2C0-24.6Cr-24.9Fe-24.7Ni-2.6NDb (at.%), and the composition of the C14 phase stayed
at around 22.9Co-15.1Cr-16.6Fe-20.6Ni-24.8Nb (at.%). Overall, just the volume fraction
of the C14 phase increased with the Nb atomic ratio (x value) in the CoCrFeNiNDby alloys,
which were cooled at 20 K/min. In addition, as seen in Figure 5, except for the pro-eutectic
phases, the size of the FCC and C14 phases decreased with the increase in the Nb ratio
(x value).

Table 2. Detected phase composition of the CoCrFeNiNby alloys in different states.

Chemical Composition (at.%)

Alloys States Phases C F C Ni Nb
r e (0] 1

FCC 243 25.3 235 24.1 28
Nbo.4 after DSC Cl4 Laves 14.6 16.2 234 21.1 24.7
FCC 249 25.6 232 239 24

Nbo.45 after DSC Cl4 Laves 15.7 16.6 226 20.2 249
FCC 24.7 238 227 26.2 26

Nbo 5 after DSC C14 Laves 14.9 16.9 22.8 20.5 24.9
Nb, 1000 °C FCC 25.1 25.9 24.2 228 20
0.35 annealed Cl4 Laves 15.2 15.9 263 18.1 245
Nb 1000 °C FCC 25.9 259 215 24.6 2.1
0.45 annealed Cl14 Laves 16.6 16.2 232 214 22.6
Nb 1000 °C FCC 247 249 214 26.5 25
05 annealed C14 Laves 14.7 17.5 22.1 20.5 25.2
Nb 1000 °C FCC 26.3 23.1 20.8 27.4 24
0.55 annealed Cl4 Laves 17.7 16.3 222 18.9 249

3 FCC? 26.9 25.4 221 239 17
Nby 35 800 1C | C14 Laves @ 13.9 17.4 26.3 18.1 243
anneate Mg;Cd-type T2 2.9 45 24.1 411 27.4
8 yp

Nb 800 °C FCC 24.7 25.6 219 25.2 26
0.55 annealed C14 Laves 13.8 17.2 26.2 185 243

2 Detected by TEM-EDS. The other compositions are detected by SEM-EDS.
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Figure 6. BSE micrographs of the CoCrFeNiNby alloys after DSC testing, in which the alloys were
cooled from 1400 °C at a rate of 20 K/min: (a) Nbg 4; (b) Nbg 4s5; (c) Nbg 5.

3.5. Microstructure and Phase Constituents of the 1000 or 800 °C Annealed Alloys

As noted above, the microstructure of the alloy is greatly affected by the cooling
rate. To clearly understand microstructure stability, the as-cast CoCrFeNiNby alloys were
vacuum annealed at 800 or 1000 °C for 120 h. The typical XRD patterns and BSE images
of the annealed CoCrFeNiNby alloys are presented in Figures 3 and 7, respectively. There
are no obvious differences in the XRD patterns of the annealed and the as-cast alloys.
The 1000 °C annealed alloys are also composed of FCC + C14 phases. However, the
microstructures of the annealed alloys changed significantly. As seen in Figure 7a—d, the
typical lamellar structure in the as-cast alloys totally disappeared after 1000 °C annealing
for 120 h. A coarse strip or block C14 phase with a brighter appearance can be clearly
distinguished from the FCC phase. With the increase in the x value, the volume fraction
of the C14 phase increased, and the appearance of the C14 phase gradually changed from
strip-like to blocks. The EDS results in Table 2 indicate that the Nb content of the 1000 °C
annealed FCC phase is 2.0-2.5 at.%, which is a little lower than the Nb content after the DSC
test (2.3-2.8%). As seen from the thermodynamically calculated phase diagram (Figure 1),
the solubility of Nb in FCC decreases with decreasing temperature. As for the C14 phase,
its composition is almost the same as that in the DSC-tested alloys.

Figure 7. BSE micrographs of the CoCrFeNiNby alloys after being annealed at 1000 or 800 °C for 120 h:
(a) 1000 °C annealed Nbyg 3; (b) 1000 °C annealed Nby 35; (¢) 1000 °C annealed Nby 45; (d) 1000 °C
annealed Nbyg; (e) 800 °C annealed Nby 3; (f) 800 °C annealed Nby 35; (g) 800 °C annealed Nby 45;
(h) 800 °C annealed Nby .

The BSE images of the 800 °C annealed CoCrFeNiNby alloys are presented in
Figure 7e-h. They are obviously much different from the as-cast or 1000 °C annealed
alloys. The lamellar structure still exists in the eutectic alloy Nby 45 (Figure 7g). However,
the lamellar spacing of the eutectic structure increased, and spheroidization can be obvi-
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ously observed at the boundary of each eutectic region. This indicates that microstructure
transformation first starts at the boundary of different eutectic regions. Regarding the
hypo-eutectic alloys Nbg 3 and Nby 35, the degree of spheroidization in the lamellar eutectic
structure is more obvious, and a coarse block C14 phase is formed at the boundary with
the pro-eutectic FCC phase.

As seen in Table 2, the solubility of Nb in the FCC phase decreased to 1.7 at.%. It is
clear that there is a lath-shaped precipitate in the pro-eutectic FCC phase, as shown in
Figure 7e f. He et al. [50] believed that the precipitate is a FCC phase containing 10 at.% Nb.
The selected-area diffraction pattern (SADP) of the FCC and precipitate regions showed
that some extra spots existed, but they failed to analyze it. The TEM image and SADPs
of the 800 °C annealed alloy Nb 35 are presented in Figure 8. Three phases can be clearly
distinguished in the bright field image (Figure 8a). The SADPs in Figure 8b and c confirm
the matrix FCC phase and the hexagonal C14 Laves phase, respectively, and the TEM-EDS
analysis indicates that the precipitate contained 2.9Cr—4.5Fe-24.1Co—41.1Ni-27.4Nb (at.%).
This composition is totally different from the detected C14 phase but is similar to a phase
in the 700 °C annealed CoCrFeNiND alloy. Fan et al. [49] believed that it is the (Ni,Co)3Nb
structure, because its Ni content is near 40%. The calculated phase diagram (Figure 1)
also suggests that the 6-NizNb phase is stable at 800 °C. However, according to the Co—
Nb-Ni ternary phase diagram [53-55], a Mgz Cd-type ternary compound T exists and can
equilibrate with the FCC phase, and the 6-(INi,Co)3;Nb phase only equilibrates with the
FCC phase when Ni content is higher than 70 at.% at 800 °C. It was found that the SADP of
the precipitate (Figure 8d) could be well indexed by the Mg;Cd-type T phase but not by the
8-(Ni,Co)3Nb or C15 Laves phases. The detected composition of the precipitate is also near
the composition of the Mgz Cd-type T phase in Refs. [53,54]. Therefore, the precipitate in
the 800 °C annealed pro-eutectic FCC phase is confirmed to be the Mg3zCd-type T phase.

(b) FCC.

e ® EHOH]

Figure 8. TEM images of the CoCrFeNiNby 35 alloy after being annealed at 800 °C for 120 h: (a) Bright
field image; (b) SADP of FCC phase; (c) SADP of C14 Laves phase; (d) SADP of precipitation
Mgz Cd-type T phase.

Regarding the eutectic alloy Nbg 45 and hyper-eutectic alloys Nby 5_9 ¢, no precipitate
was detected. The decrease in Nb content from the FCC phase can be consumed to form the
C14 phase. Moreover, according to the calculated phase diagram (Figure 1), alloys Nbg 4506
are located in the FCC + C14 two-phase region at 800 °C. Although the MgzCd-type T
phase is not concluded in the PanNi database, the boundary of the FCC + C14 two-phase
region is reasonable. With the increase in Nb content, the temperature for separating the
Mgz Cd-type T phase decreases.
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3.6. Microhardness

In the present work, the microhardness test was carried out to understand the effects
of chemical composition and annealing on the mechanical properties of CoCrFeNiNby
alloys. The results are presented in Figure 9. It is clear that the microhardness of the
as-cast CoCrFeNiNDby alloys increase with the x value, which is similar to that which can
be seen in Refs. [37,43]. It is clear that, with the increase in the Nb atomic ratio (x value),
the volume fraction of the harder C14 phase increases and leads to an increase in alloy
hardness. However, it needs to be emphasized that the increased rate in the hypo-eutectic
alloys (x < 0.45) is a little higher than that in the hyper-eutectic alloys (x > 0.45). This is
because the C14 phase is much harder than the FCC phase. The decreased volume fraction
of the softer FCC phase has a greater contribution to hardening the alloys.

800

—®&— as-cast
—— 1000°C annealed
7004 —4—800°C annealed

750

Microhardness / HV
-~ W W =) N
wn (=1 wn (=1 wn
(=} (=) (=} (=] (=}
1 1 1 1 1

400

350

300 T T T T T T T
0.30 0.35 0.40 0.45 0.50 0.55 0.60
x value

Figure 9. Microhardness of the CoCrFeNiNby alloys in as-cast or annealed states.

After being annealed, alloy hardness dramatically changed, as shown in Figure 9.
After being annealed at 1000 °C for 120 h, the hardness of the alloys decreased in different
levels, as shown in Figure 9. The hardness of the eutectic alloy Nby 45 decreased for 189 HV.
This is because the lamellar structure disappeared, the phase size increased, Nb content
in the FCC phase decreased and no phase precipitated in the FCC phase. Moreover, after
1000 °C annealing, the hardness of the hypo-eutectic alloys Nbg 304 and the hyper-eutectic
alloys Nby 550 ¢ decreased for 60~100 HV and 40~60 HYV, respectively. Since all the 1000 °C
annealed alloys are composed of an FCC matrix and large C14 blocks, and since the volume
fraction of the hard C14 phase increases with x value, the alloys” hardness linearly increases
with the x value.

As clearly shown in Figure 9, the hardness of the alloys Nby 3 ¢ 45 increased for ~100 HV
after being annealed at 800 °C for 120 h. Although the decrease in Nb content in the FCC
phase and the coarsened phase can soften the alloys, the precipitate of the MgzCd-type T
phase in the FCC phase contributes more to hardening the hypo-eutectic alloys. Therefore,
it should be a good method to strengthen or harden the FCC phase by precipitating the
MgzCd-type T phase. He et al. [50] also reported that annealing at 750 °C for 7 days
increases the strength of the CoCrFeNiNb »5 alloy without sacrificing ductility.

4. Discussion

Eutectic high-entropy alloys (EHEAs), which are composed of a lamellar structure,
provide a good combination of strength and ductility [25,27-29]. The lamellar eutectic
structure in the AICoCrFeNi, ; alloy is very stable and can bear annealing at 1000 °C for
240 h [48]. However, as presented above, the lamellar FCC + C14 eutectic structure is
dramatically affected by the cooling rate or annealing treatment. The driving force for the
spheroidization of the C14 phase is very large. When the ingot solidifies, one phase in the
eutectic easily grows up attached to the pro-eutectic phase (FCC or C14); therefore, the
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pro-eutectic phase is surrounded by another phase. Therefore, as shown in Figure 4, the
pro-eutectic FCC phase is enclosed by coarse white the C14 phase in the hypo-eutectic
alloy Nbg 3.4, whereas the pro-eutectic C14 phase is surrounded by the dark FCC phase
in the hyper-eutectic alloy Nbgs_9¢. Moreover, some FCC and C14 blocks can be found
in the boundary of each eutectic region due to the eutectic reaction that occurs within a
temperature range of 7 °C. These phenomena indicate that the interface energy between
FCC and C14 is large and that Nb has a fast diffusion rate in the FCC and C14 interface.
Even when the alloy has just been cooled at 20 K/min, a large block C14 phase can form,
as shown in Figure 6. For the same reason, the lamellar FCC + C14 eutectic structure
is not stable at elevated temperatures, such as 800 °C. Therefore, when producing large
parts with Co—Cr—Fe-Ni-Nb alloys, it is difficult to obtain a uniform lamellar FCC + C14
eutectic structure.

Generally, the diffusion rate of elements in the Co-Cr-Fe-Ni or Co—Cr—Fe-Mn-Ni
alloys is slow, i.e., the diffusion effect of the high-entropy alloys is sluggish. It is interesting
that the Nb atom has an appreciable diffusion rate in the CoCrFeNiNby alloys, although
the radius of the Nb atom is much larger than that of Co, Cr, Fe and Ni atoms. As seen in
Figure 7, after being annealed at 800 °C for 120 h, the eutectic structure obviously became
spheroidized, and the MgszCd-type T phase was also obviously precipitated in the FCC
phase. Most probably, Nb atoms can quickly diffuse through boundaries between phases
or crystals. Unfortunately, there is no available information about the diffusion coefficient
of Nb in CoCrFeNiNby alloys.

The solubility of Nb in the as-cast FCC phase is below 2.8 at.% and decreases with
decreasing annealing temperature. Regarding the CoCrFeNiNby alloys, Nb content that
slightly exceeds this value may produce larger C14 particles. The addition of Nb into
the FCC phase not only has a good solid solution strengthening effect, but it also has an
excellent precipitation strengthening effect. Moreover, it is also believed that the eutectic
point is on Nbyg ¢5 [43,56]. In their experiment, the ingot, which was 60 (or 70) mm in length
and 10 (or 3) mm in diameter, was much larger than the ingot in the present work, which
may be the reason for the divergence.

5. Conclusions

(1) All the as-cast or 1000 °C annealed CoCrFeNiNDby (x = 0.3-0.6) alloys are composed
of FCC and C14 Laves phases. Their compositions change minimally with x values,
cooling rates or annealing treatments. Moreover, the Nb content in the C14 phase
stays at around 24.5 at.%.

(2) The eutectic reaction of Liquid — FCC + C14 occurs in a narrow temperature range and
starts at 1234 °C near CoCrFeNiNb 45 in the CoCrFeNi-Nb pseudo-binary system.

(3) The microstructure of the CoCrFeNiNby alloys is greatly affected by the cooling rate
and annealing treatment. The C14 phase is easily spheroidized during annealing.
Special attention should be paid to the effects of the cooling rate and annealing
treatment when preparing Co—Cr—Fe-Ni-Nb alloys.

(4) The solubility of Nb in the FCC phase decreases with decreasing temperature. It
has been confirmed that, after annealing at 800 °C for 120 h, the needle-like nano
Mgz Cd-type T phase, with a composition of 2.9Cr—4.5Fe—24.1Co—41.1Ni-27.4Nb (at.%),
precipitated from the pro-eutectic FCC phase and led to an increase in alloy micro-
hardness for ~100 HV. This may be a good method to strengthen the FCC phase.

(5) The microhardness of the CoCrFeNiNby alloys increases with the x value. The in-
creased rate in hypo-eutectic alloys (x < 0.45) is a little higher than that in hyper-
eutectic alloys (x > 0.45).
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