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Abstract: In order to reveal the effect of Mo addition on the microstructure and mechanical properties,
(CoCuFeNi)qgp-xMoy (x =0, 10, 15, 19, and 25, x values in atomic ratio) high entropy alloys were
prepared by vacuum arc-melting. The results showed that with Mo addition, the p phase formed
and serious separation occurred in the high entropy alloys. The content of pu phase increased with
the increase in Mo content. The microstructure of the alloys changed from an initial single-phase
face-center-cubic (FCC) solid solution structure (x = 0) to a hypoeutectic microstructure (x = 15),
then to a full eutectic microstructure (x = 19), and finally to a hypereutectic microstructure (x = 25).
Coherent interface between n phase and FCC phase was observed. The (CoCuFeNi)g;Mo1g alloy with
fully eutectic microstructures exhibited the highest yield strength of 557 MPa and fracture strength of
767 MPa in tensile tests at room temperature. The fracture surface revealed that the formation of
great amounts of the p phase resulted in the loss of ductility of (CoCuFeNi);go.xMoy alloys.

Keywords: high entropy alloy; pu phase; (CoCuFeNi);po..Moy alloys

1. Introduction

High entropy alloys (HEAs), usually containing five or more principle elements, have attracted
a lot of attention recently due to their unique properties such as good ductility [1], high toughness,
excellent cryogenic and high temperature mechanical properties [2,3], good corrosion resistance and
wear resistance [4,5] etc. and have the potential to be used in critical application. Until now, a great deal
of research has indicated that a single phase structure such as face center cubic (FCC) [6], body center
cubic (BCC) [7], and hexagonal close-packed (HCP) [8] could be formed in different HEAs. HEAs with
a single FCC phase such as CoCuFeNiMn HEAs have gained more attention than others due to their
excellent mechanical properties at room and cryogenic temperature [2]. However, although it exhibits
excellent ductility at room temperature, its low yield strength (about 300 MPa) restricts its wide
application [9].

Several methods have been used to strengthen HEAs with a single phase [10-12] such as grain
refinement, second phase strengthening, strain strengthening, etc. Among them, element addition is
one common method to enhance the mechanical properties of alloys. Alloy elements such as Hf [13],
Nb [14], V [15], Zr [16], etc. could result in the formation of a second phase and lattice distortion,
both of which could impede dislocation movement in HEAs.

Recently, a CoCuFeNi HEA containing equal amounts of Fe, Co, Ni, and Cu with a single FCC phase
was investigated [17-20]. It has potential to be used in semiconductor devices and spacecraft engines
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due to its excellent magnetic, elastic, thermodynamic properties, and good corrosion resistance [17].
However, its yield strength is only about 300 MPa. The addition of TiC particles, Nb and Sn elements
have been used to improve its mechanical properties. It has been reported that CoCuFeNi/(TiC + C)
composites exhibited simultaneously improved ductility and strength [17]. The FeCoCuNiSny g5 alloy
exhibited a tensile strength of 633 MPa with an elongation of 19.8% [20]. The Nb addition could
also increase the yield strength of CoCuFeNi HEAs due to solution strengthening and second phase
strengthening [19].

As is widely known, the molybdenum (Mo) element has a relative lager atomic radio and high
modulus (325 GPa) [21,22], which could result in larger lattice distortion. Meanwhile, it has been
reported that o and p phases could be formed in the CoCrFeNiMog 3 HEA with Mo addition, resulting in
a high yield strength of 1.2 GPa in a tensile test [23]. Therefore, the alloying effect of Mo on the
microstructure and mechanical properties of CoCuFeNi HEAs was investigated in this study.

2. Experiments

(CoCuFeNi)pp-xMoy (x = 0,10, 15, 19, and 25, x values in atomic ratio) HEAs were produced by
arc melting of the pure elements in argon atmosphere. The ingots were remelted at least five times
to ensure chemical homogeneity. The phase constitution was analyzed with a X-ray diffractometer
(XRD, Rigaku, Japan) using Cu Ka radiation scanning at a rate of 4°/min. The microstructure was
examined with scanning electron microscopy (SEM, XL30, FEI, Hillsboro, OR, USA) and transmission
electron microscopy (TEM, 2100F, JEOL Ltd., Tokyo, Japan). The compositions of the alloys were
obtained by energy dispersive x-ray spectrometers (EDS, X-Max 50 mm?, Oxford instrument, Oxford,
UK) equipped on the SEM. Specimens of size 2 X 1 x 50 mm? were cut by wire cutting for tensile tests,
which were carried out at a speed of 0.5 mm/min. Fracture surfaces after tensile tests were observed by
SEM. Vickers hardness was measured at a load of 1 kg for 15s.

3. Results and Discussions

3.1. Phase Structure

The phase structures in as-cast (CoCuFeNi);go.xMoy HEAs (x = 0, 10, 15, 19 and 25, denoted as
Moy, Mo1g, Mo1s, Mo1g, and Moys) were investigated by XRD, and the results are shown in Figure 1a.
The XRD pattern of CoCuFeNi showed that only the FCC phase existed in the system. When the Mo
addition increased to 10 at.%, a small weak peak occurred in the XRD pattern of (CoCuFeNi)gpMoj,
suggesting that a new phase formed in this alloy. By further increasing Mo additions from 10 at.%
to 25 at.%, the number of additional peaks increased and became clear. According to PDF card
#29-0489, these new peaks belonged to the Mo;Cog-type 1 phase with a space group of R-3m and lattice
parameters of a = b = 4.762 Aand c=25617 A, u = B =90°,v = 120°. The pn phase was also found in
other Mo-alloyed HEAs [22]. Figure 1b shows the fitting pattern of the reflection peak between 86°
and 92° for (CoCuFeNi)gsMo15 HEA. This indicates that two FCC phases with close lattice parameters
appeared. The lattice parameters corresponding to lower peak and higher peak in Figure 1b were
calculated as 3.6319 A and 3.6074 A, respectively. Similar results have been reported in other HEAs
containing the Cu element [24]. This was caused by the segregation of Cu elements during cooling,
which was also confirmed by the following SEM results.

The detailed pattern of the (111) peaks of the FCC phase is shown in Figure 1c. It can be seen that
the (111) peaks shifted left when x < 10 and shifted right slightly when x > 10, which means that the
lattice parameter of (111) of the FCC phase first increased and then deceased. The lattice parameters
were calculated by the Bragg equation and the lattice parameters of the FCC phase as a function of the
Mo content are depicted in Figure 1d. The lattice parameter of the FCC phase increased first, and then
deceased gradually when x > 10. This phenomenon has also been observed in other alloy systems [25].
This was caused by the formation of the Mo;Cog-type p phase, which resulted in the decrement of Mo
content in the FCC phase and relaxed the lattice distortion.
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Figure 1. (a) X-ray diffractometer (XRD) patterns of (CoCuFeNi)gp.xMox HEAs. (b) Fitting pattern of
the reflection peak between 86° and 92° of (CoCuFeNi)gsMo;5 HEA. (c) The detailed image of (111)
peak of the face-center-cubic (FCC) phase. (d) Lattice parameter of the FCC phase vs. the content of Mo.

3.2. Microstructure

Figure 2 shows the microstructure of (CoCuFeNi)igpMoy (x = 0, 10, 15, 19, and 25) HEAs
under backscattered electron (BSE) mode. The chemical compositions of various regions in the
(CoCuFeNi)1go.xMox HEAs are given in Table 1. The CoCuFeNi HEA exhibited obvious composition
segregation, as shown in Figure 1a. According to Table 1, the bright contrast region was enriched in
Cu but depleted in Co, Fe, and Ni. However, the region with dark contrast was Co-, Fe-, and Ni-rich,
but Cu-depleted. Cu has mixing enthalpies with all other elements, therefore, it cannot mix with Co,
Fe, and Ni [22]. Both regions corresponded to the FCC phase according to the XRD results in Figure 1.

When the Mo content was 10 at.%, there were four regions in the alloy, which was different from
the CoCuFeNi HEA. The compositions of these regions were also listed in Table 1. Area I was Cu-rich
and Co, Fe, and Ni-depleted, and the Cu content was even as high as 77.93 at.%. Area Il was Co-, Fe-,
Ni-rich and Cu-poor area instead. III contained more Mo element compared with II, and the content of
Mo in IV was about 30 at.%, which was much higher than III, exhibiting brighter contrast in these four
regions. Based on the analysis of the XRD results, we can speculate that the IV region corresponds to
the p phase.

By further increasing the Mo contents, the volume fractions of the brightest second phase increased
and eutectic structures formed. In (CoCuFeNi) g9 Moy (x = 10, 15) alloys, they formed hypoeutectic
structures. For (CoCuFeNi)g; Moy, fully eutectic structures were found in this alloy. By further
increasing Mo content, hypereutectic structures appeared in the (CoCuFeNi)75Moys alloy. According to
the XRD pattern, these second phases were indexed as the p phase. Moreover, Cu-rich spheres
dispersed when more Mo was added into CoCuFeNi HEA. This phenomenon was due to liquid
phase separation, which is usually reported in liquid immiscible alloys systems such as Cu-containing
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alloy [19,26]. The large positive mixing enthalpies between Cu and other constituent elements were
considered to be the main reason for this phenomenon. It has been reported that liquid-phase
separation exists in CrCuyFeMo,Ni, CoCrCuyFeMoN:i (x > 0.5) [27], and CoCuFeNiNb, HEAs [19].
Therefore, it may be possible for the (CoCuFeNi);go.xMoy alloy to occur during liquid phase separation.
It has also been reported that liquid phase separation may appear in some peritectic alloys with
large positive mixing enthalpies [19]. The solidification processes of such phenomenon have been
studied in CoCuFeNi-Nb alloys, which showed that peritectic and eutectic reactions occurred during
solidification [19]. Therefore, it may be deduced that such microstructures in (CoCuFeNi);gg., Moy
alloys were due to the existence of peritectic and eutectic reactions. Furthermore, compared with
(CoCuFeNi)ggMoig HEA, liquid phase separation became serious with further addition of the Mo
element into CoCuFeNi.

The volume fraction of the u phase was obtained by the SEM micrograph, as shown in Figure 3.
It can be seen that the content of 1 phase increased with Mo addition. For the (CoCuFeNi)gsMojg alloy
with eutectic microstructure, the fraction of the p phase was 30.2%, and the highest content of p phase
(45.1%) were obtained in the (CoCuFeNi);sMoys alloy. The volume fraction of brittle p phase has an
important effect on the mechanical performance of (CoCuFeNi);gg.xMoy alloys.

Figure 2. Backscattered electron (BSE) images of (CoCuFeNi);gp.y Moy HEAs: (a) x = 0, (b) x = 10,
(c)x=15,(d,e) x =19, (f) x = 25.
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Table 1. Chemical compositions (in at.%) of various regions in (CoCuFeNi);pp.yMoy high entropy alloys.

HEAs Regions Co Cu Fe Ni Mo
. I 26.89 16.87 28.90 27.34 0
CoCuFeNi i 14.16 49.87 15.76 20.22 0
I 4.83 77.93 5.59 11.33 0.32
) I 26.72 10.99 26.93 25.51 9.85
(CoCuFeNi)ooMosg 1 24.72 10.31 24.74 23.81 16.42
v 22.39 8.45 20.81 17.80 30.55
I 3.73 77.30 433 14.61 0.03
. i 9.51 62.56 10.31 13.44 4.18
(CoCuFeNi)ssMoss I 25.13 12.30 25.19 2336 14.02
v 23.40 7.86 22.50 18.38 27.87
I 5.53 69.38 7.53 17.37 0.20
(CoCuFeNi)g; Mog 1 23.00 3.18 19.56 13.86 40.41
I 23.71 10.94 25.02 25.42 14.91
I 1.66 86.69 2.48 8.94 0.23
(CoCuFeNi);5Moys 1 20.90 1.47 18.52 13.79 45.31
I 22.06 10.82 24.61 26.84 15.67
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Figure 3. Volume fraction of the u phase vs. the content of Mo in (CoCuFeNi);py.,Moy alloys.

Detailed microstructure investigation for (CoCuFeNi)s;Moj9 HEA was performed by TEM.
Bright-field (BF) images are shown in Figure 4. Additionally, Figure 4b presents a high-resolution
transmission electron microscopy (HRTEM) image of the (CoCuFeNi)g;Mojg alloy near the interface
between the FCC phase and u phase. The corresponding fast Fourier transform (FFT) images are
shown in Figure 4c,d. The inverse fast Fourier transform (FFT) image, corresponding to the region
of HRTEM (marked in Figure 4b by a red square) confirmed the emergence of a coherent interface
between the two phases. The FCC phase and the p phase were coherent with [110]pcc//[110],, and
{111}pcc//{113} . Several dislocations could be observed near the interface, which could be resulted
from the lattice misfit between two different phases. Previous reports have suggested that the coherent
interface can effectively hinder dislocation motion and greatly enhance the mechanical properties of

alloys [28].
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Figure 4. (a) Bright-field (BF) image for (CoCuFeNi)g;Moj9 HEA; (b) the high resolution transmission
electron microscopy (HRTEM) image of the interface between FCC and p phase; (c) the fast Fourier
transformation (FFT) image of the face-center-cubic phase; (d) the FFT image of the u phase and
(e) the inverse FFT image of the interface region.

Several physical parameters have been used to predict the phase formation in HEAs [29-33]
such as enthalpy of mixing (AHy,y), configurational entropy of mixing (ASnix), 6 (a parameter
to quantify the atomic size difference) [29], electronegativity difference (Ay) [30], valence electron
concentration (VEC) [31], Q) (a parameter calculated by TmASmix/AHmix) [32] and atomic packing
parameter y [33]. It is proposed that when the parameters change in different regions, the different
phases form in HEAs. A solid solution could be formed when 6, AHpx, and ASp are in
the range of &6 < 6.4%, —20KkJ/mol < AHpix <5k]J/mol, and 12 < ASpi < 17.5 kJ/mol [29],
or 3 >1.1and 6 <6.6% [32], or y < 1.175 [33], according to different criteria. The phase evolves from
FCC (VEC 28) to FCC + BCC (6.87< VEC < 8) or only BCC (VEC < 6.87). We also calculated these
parameters of the (CoCuFeNi)o9.xMoy HEAs, and the results are shown in Table 2. The physiochemical
parameters for the elements in (CoCuFeNi)gpMoy alloys were referred from [34]. According to the
above-mentioned criteria, it can be seen that the (CoCuFeNi) gg.xMoy (x = 10, 15, 19, 25) HEAs were
expected to form only the disordered solution phase, while for the CoCuFeNi alloy, compounds could
be formed. However, the experimental results above were not consistent with the calculated ones.
Further investigation should be conducted to explain these differences.

Table 2. Parameters ASy,ix, AHpiy, 6, VEC, AX, Q) for the (CoCuFeNi);g9-rMoy high entropy alloys.

Alloys  ASpix (J/kmol) AHpix (kJ/mol) 6 (%) VEC AX y Q
Mo0 11.53 5.00 1.18 9.50 0.0308 1.0348 3.84
Mo10 13.08 4.50 3.32 9.15 0.0889  1.1328  5.19
Mo15 13.31 4.25 3.85 8.98 0.1039 1.1325 5.79
Mo19 13.38 4.05 4.18 8.84 0.1133 1.1322 6.27

Mo25 13.32 3.75 4.55 8.63 0.124 1.1319 7.00
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3.3. Mechanical Properties

Figure 5 shows the evolution of Vickers hardness of the (CoCuFeNi);gp.xMoy HEAs with the
Mo content. It can be seen that the hardness values increased gradually with the content of Mo.
The (CoCuFeNi)1gp.xMoy (x = 0) alloy had the lowest hardness of 162 HV. The highest Vickers hardness
value of 518 HV was obtained for the (CoCuFeNi);sMoys alloy. The change trend of hardness was
similar to that of the volume fraction of the p phase, which means that the increase of hardness in the
alloys was due to the increasing content of the p phase.
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Figure 5. Vickers hardness as a function of Mo content for (CoCuFeNi),gg.,Moy HEAs.

Figure 6 shows the stress—strain curves, and the curves of fracture strength, yield strength,
and fracture strain of (CoCuFeNi)1gp.xMoy alloys vs. Mo contents. It can be seen that the yield strength
and strain exhibited different change trends with the increase in Mo content when x < 25. The fracture
strength reached its highest value (767 MPa) when the content of Mo increased to 19 at.%. Among all
the alloys investigated in this study, the tensile fracture strength of the hypoeutectic (CoCuFeNi)gsMoq5
alloy reached up to 532 MPa with an acceptable elongation greater than 5%. When x = 25, due to the
high content of brittle 1t phase, as shown in Figure 3, the fracture strain and fracture strength were only
0.2% and 140 MPa, respectively. From the above XRD and SEM results and analysis, we can derive
that the gradually increased yield strength when x changed from 0 to 19 resulted from the solution
strengthening and second phase strengthening.

In order to further reveal the deformation behavior of (CoCuFeNi);pp.Moy alloys during tensile
tests at room temperature, the fracture surfaces are given in Figure 7. It can be seen from the results that
the (CoCuFeNi)jgp.xMoy alloys exhibited different fracture modes with an increase in the content of
Mo. For the CoCuFeNi alloy, it displayed a fracture feature of dimples. It can be seen from the fracture
morphology of the (CoCuFeNi)ggMoqg alloy that brittle intermetallic particles remained at the bottom
of dimples, as indicated by red arrows. By further increasing the content of Mo, a transcrystalline
fracture surface could be observed, as indicated by the green arrows in Figure 7f. Meanwhile, the
transcrystalline fracture surface area increased as the content of Mo increased from 15 at.% to 25 at.%.
From this, it can be concluded that as x changed from 0 to 25, the fracture diverted from a dimple
fracture to a transcrystalline brittle fracture with dimple fracture. This could explain the decrease in
plasticity in the tensile tests of the (CoCuFeNi);gp.xMoy alloys with x changing from 0 to 25.



Metals 2020, 10, 1017 8 of 10

25
Mo0 800 | ——yield strength
800 |- 3 g
L (a) Mol0 ~—@— fracture strength (b)
700 - Mol5 700 | —l— fracture strain 20
= - Mo19 -
g/ 600 |- Mo25 E 600 } S
2 s00f 2 -
g I S soot Z
o 4000 - - 0 g
= r 2 £
§ 300 |- Z 100 E
o= F i 4 1<)
2 200f g™ :
= | 200
100 1o
0 [ 100 B 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25

Engineering strain (%) Content of Mo (at.%)
Figure 6. Tensile properties of (CoCuFeNi);gg.,Moy alloys at room temperature. (a) Stress vs. strain
curves of (CoCuFeNi);pgxMoy alloys. (b) The yield strength, fracture strength and fracture strain vs.
the content of Mo.

Figure 7. Fracture surface of (CoCuFeNi)py.Moy alloys in tensile tests at room temperature: (a) x = 0;
(b) x = 10; (c) a high-resolution image of (b); (d) x = 15; (e) x = 19; (f) x = 25.

4. Conclusions

The effect of the addition of Mo on the microstructure and mechanical properties of CoCuFeNi
HEAs were investigated in detail. The results show that the phase constitution evolved from the single
FCC phase to the FCC + . phase when the Mo content increased from 0 at.% to 25 at.%. Furthermore,
the Mo addition could induce liquid serious phase separation and some sphere Cu rich particles formed
in the (CoCuFeNi);gp.xMoy alloys. The Vickers hardness increased with the content of the p phase
from 162 HV to 518 HV. The hypoeutectic (CoCuFeNi)gsMoss alloy exhibited the best comprehensive
mechanical properties. The (CoCuFeNi)g;Moyg alloy showed the highest tensile strength of 767 MPa.
The FCC phase and the p phase were coherent with [110]gcc//[110],, and {111}pcc//{113},,. As the Mo
content increased, large amounts of the brittle it phase formed, resulting in the fracture mode changing
from a ductile dimple fracture to the manner of transcrystalline brittle fracture with dimple fracture in
the (CoCuFeNi)gp-yMoy alloys.
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