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Abstract: The design based on high-entropy alloys (HEAs) is undergoing a conceptual
expansion from equiatomic alloys to non-equiatomic alloys. To provide the experimental basis
for non-equiatomic high-entropy alloys and their oxidation resistance at high temperatures, in
this study, a CosoNi»sAlsTigNbsTas W3 high-entropy alloy was prepared by a vacuum arc melting
method, and then it was subjected to different aging heat treatments. The phase composition,
element composition distribution, and mechanical properties of the alloy were characterized by
XRD. SEM/EDS. In addition, we have systematically studied the high-temperature oxidation
resistance of the alloy and analyzed the high-temperature oxidation mechanism of the alloy. The
results showed that the phase composition of the CosoNi»sAlsTigNb;TazW3 high-entropy alloy is
a single fcc solid solution phase, and the grains of the alloy become coarser after secondary aging.
Many oxidation products were produced after high-temperature oxidation of the alloy. The
oxidation products of the outermost layer of the alloy are mainly CoNiO,, CoTiOs3, and Ni,O3,
and the oxidation products of the intermediate layer are mainly Al,Os, TiO,, and Nb,Os.

1.Introduction

The conventional alloys are composed of one or two elements, in these conventional alloys, few minor
elements are incorporated into the matrix of the principal element to enhance the properties. With the
development of society, the demand for the properties of alloys has further increased, and traditional
alloy design concepts can no longer meet the current demand for alloy properties. This conventional
alloy design strategy has been altered considerably to lead to the discovery of a new class of alloys,
known as multi-principal alloy or high-entropy alloys (HEAs) have proposed by Yeh and Cantor in 2004
(121 This alloy design concept is a new attempt in the field of metals. It is a new type of alloy design
through the configuration entropy between elements. HEAs are defined hence to consist of four principal
alloying elements, and the molar concentration of each element is between 5 at.%- 35 at.%. Interestingly,
it was confirmed that this kind of alloy with multi-principal elements tends to a form simple solid-
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solution structure rather than complex phases or intermetallic compounds due to the high configurational
entropy of the alloys P!, For example, CoCrFeMnNi ¥ and AlICuFeCrNi ! high-entropy alloys can
form a simple fcc solid solution structure. CuMoTaWV ® and NbMoTaWVZr ! can form a simple bec
structure. HEAs have many excellent properties, such as good thermal stability, high strength, high
hardness, excellent corrosion resistance, and friction and wear resistance, as well as good magnetic
properties and high-temperature oxidation resistance 2!, The applications of HEAs are diverse due to
the diversity of properties of HEAs, and it means that HEAs have a great potential for application.
Refractory high-entropy alloys (RHEAs)?'! composed of alloying elements with high melting points
have excellent high-temperature strength. Since their first emergence, RHEAs have been considered as
potential next-generation high-temperature materials that can break the temperature limits of current
alloys, such as nickel-based Superalloys *%. In recent years, RHEAs have attracted more and more
attention from researchers due to their inherent high-temperature strength and excellent resistance to
high-temperature softening %, However, despite the many advantages of RHEAs, it suffers from room
temperature brittleness and insufficient oxidation resistance. In contrast, many studies have proved that
the room temperature brittleness of RHEAs can be achieved through electronic theory ** or phase
transformation ! to achieve a trade-off between ductility and plasticity. How to improve the oxidation
resistance of RHEAs is a more urgent problem to be solved. Most of the RHEAs reported in the literature

are prone to catastrophic oxidation via internal oxidation of the alloy when exposed to high temperatures
26,27]

Oxidation resistance is very important for high-temperature applications to structural alloys because
the formation of oxides can lead to a severe decrease in mechanical properties or catastrophic failure.
From the traditional perspective of alloy design, the main strategy to improve the oxidation resistance
is to infiltrate Al, Cr, or Si element, because these elements are expected to form a stable and dense
oxide layer (such as Al,O3, Cr,03, and SiO,), which can effectively prevent further oxidation due to
hinder the O* into the alloy interior 23",

Taking into account the typical "cocktail effect” in high-entropy alloys, Co, Ni, Nb, Ta, W, and Al
elements are considered for this study to carry out the alloy design, it is due to Co, Ni, Nb, Ta, and W
elements have good high-temperature performance, and Al element has good oxidation resistance. And
it is worth to note that the high solubility of Ta and W in the alloy can reduce the stacking fault energy
in the matrix, increase the number and temperature of precipitated phase in the alloy, refine the size of
precipitated phase particles, and increase the stability of its long-term aging. Nb can increase the amount
of precipitated phase, refine the grain and improve the mechanical properties of the alloy. Al, Ti, and Nb
are the main precipitation strengthening elements of the alloy, which can increase the initial melting
temperature of the alloy, expand the temperature range of solid solution treatment of the alloy, facilitate
the heat treatment and uniform precipitation of precipitated phase, reduce the kinetics of precipitation
coarsening, form cluster structure in the matrix phase, hinder the dislocation movement, and improve
the high temperature performance of the alloy.

It is known that heat treatment can lead to the structural transformation of the alloy, so different types
of heat treatment on the alloy are also considered in this study. In this study, we have studied the effect
of heat treatment on the structural transformation and mechanical properties of the alloy. In addition, we
also tested its oxidation resistance at high-temperature and analyzed its oxidation kinetics, hope to
provide an experimental reference for the study of HEAs at high temperatures.

2.Experimental procedures

Co, Ni, Al, Ti, Nb, Ta, and W metals with purity no less than 99.9% wt.% were used to prepare
CosoNizsAlgTigNbsTazW3 (in the atomic ratio) HEAs. Before smelting, the vacuum in the smelting
furnace should be pumped below 3.0 x107 Pa, and then high-purity argon gas is passed in to make the
pressure in the furnace around 0.5 Pa. And then the alloy was melted in a high-purity argon atmosphere
by vacuum arc melting with a water-cooled copper mold. The ingots were remelted at least five times
to ensure chemical homogeneity. To study the influence of the aging process on the structure and
properties of the alloy, the alloy was isothermally homogenized at 1200°C for 4h firstly and then
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subjected to different aging treatments. Finally, the alloys were subjected to water quenching and
prepared to detect. The aging process of the alloy is shown in Table 1.

The crystal structure was analyzed with the Germany Bruker D8 Advance X-ray diffractometer using
Cu Ko radiation scanning from 10°C to 90°C at a rate of 10°C/min. The observation of microstructures
and the phase compositions of the alloy via scanning electron microscope (SEM, Quanta 450) equipped
with an energy dispersive spectrometer (EDS). HV-1000 micro-hardness tester was used to test the
hardness of the alloy. The high-temperature oxidation resistance test was carried out in a 900°C air
atmosphere with a box-type resistance furnace, and a single sample was cyclically oxidized. Before the
oxidation test, the surface of the sample was ground with 2000#, followed by a polish with 1.5um
diamond paste and ultrasonic cleaning in acetone, using the discontinuous weighing method to measure
the oxidative weight gain of the sample, and the cross-sectional morphology and composition of the
sample after the oxidative weight gain were analyzed by XRD, SEM, and EDS.

Table.1 Heat treatment process of alloy

Number Type
H1 800 °Cx24 h
H2 1000 °Cx4 h+800 °Cx24 h
H3 1000 °Cx4 h+900 °Cx24 h

3. Results and discussion

The X-ray patterns of the alloy are presented in Fig.1, and the atomic radius of each element list in
Table.2. The alloy still has the same characteristic diffraction peaks after different types of heat treatment,
and no other diffraction peaks of complex phases are found. This is because the multi-principal element
alloy has a high mixing entropy effect, and the atoms between the principal elements have a strong
cooperative diffusion effect, thereby inhibiting the formation of intermetallic compounds and promoting
the formation of a simple solid solution structure. The alloy is directly aged after solution treatment at
1200°C, the peak intensity is the highest, while the peak intensity of the secondary aging alloy is
significantly reduced. Also, the highest fcc peak has a small angle shift to the left which can be seen
from the inset pattern. That’s because the structure of the alloy is coarser than that under the primary
aging heat treatment after the secondary aging heat treatment of the alloy, causing the XRD peak
intensity of the alloy to be weakened and shifted. Besides, the lattice distortion of the alloy is increased
after the secondary aging heat treatment of the alloy. From the Bragg diffraction law, the lattice constant
of the alloy becomes larger, so the XRD peak intensity of the alloy shifts to the left. According to the
Bragg equation:

2dsinf =nAl (1)

Where d is the spacing of crystal planes, 6 is the incident angle, A is the wavelength of the X-ray,
which is a fixed value. From the Bragg diffraction law (formula 1), the lattice constant of the alloy
becomes larger, so the XRD peak intensity of the alloy shifts to the left. The increase of the aging
temperature will also cause the XRD peak to shift to the left under the same aging method. This is
because the increase in temperature causes the alloy grains to be coarser. It is worth noting that after the
secondary aging heat treatment, a new fcc peak is detected near 73°, which indicates that the alloy has
formed a new fcc structure phase after the secondary aging heat treatment.
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Fig.1 XRD analysis on alloys after different heat treatment

The microstructure of the alloys examined with SEM is shown in Fig.2. The structure of the alloys
is dendritic and interdendritic. The structure of the alloys under different aging heat treatment methods
is different, which shows that the aging treatment method has a greater influence on the structure. The
structure of the alloy after two-stage aging is larger than that of the single-stage aging alloy. And under
the same aging method, the increase in temperature will also cause the coarsening of the alloy structure.
At the same time, it is shown that when the final aging temperature and time are the same, the grains of
the alloy will be coarser after the secondary aging, and the secondary aging is not conducive to grain
refinement.

Table.2 gives the EDS analysis results and hardness values of the alloys. The content of Co and Ni
in the dendrite and dendrite is similar, the distribution is relatively uniform, and there is no segregation
phenomenon, Al and W are enriched in dendrites, Ti, Nb, and Ta are enriched in dendrites, as shown in
Table.2. That’s because Al and W have relatively negative mixing enthalpies with other elements while
mixing enthalpies of Ti, Nb, and Ta is relatively large, as shown in Table.3. The presence of Al and W
will severely hinder the existence of Ti, Nb, and Ta in the dendrites, and push the Ti, Nb, and Ta elements
into the dendrite. Besides, with the change of aging method and aging temperature, the hardness value
of the alloy changes significantly. When the final aging temperature is 800°C, the hardness value of the
alloy decreases from 342HV to 310HYV, the rate of decrease is 9.4%. When the final aging temperature
rises from 800°C to 900°C, the hardness value of the alloy decreases from 310HV to 265HV, the rate of
decrease is 14.5%. It can be summarized that with the change of the aging method and the increase of
the aging temperature, the structure of the alloys becomes coarser, which leads to the decrease of the
hardness of the alloy.
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Fig.2 The SEM image of the all

oys (al; b); (c)H3

Table.2 The hardness, chemical composition (at. %) of the alloys

Alloys Hardness Region Co Ni Al Ti Nb Ta W
(HV) (1.26A) (1.24A) (1.43A) (1.45A) (1.48A) (1.48A) (1.41A)

H1 342+ 5 ID 50.90 23.35 5.32 8.97 3.84 3.79 3.84
DR 49.19 24.72 8.43 7.95 2.01 3.09 4.62
H2 310+ 10 ID 49.20 25.10 5.60 8.87 4.23 3.75 3.25
DR 50.50 24.24 7.88 8.19 2.22 3.19 3.78
H3 265+ 8 ID 50.57 23.62 5.29 8.82 3.84 3.88 3.99
DR 46.02 23.04 6.64 10.14 3.50 4.28 6.38
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Table.3 Mixing enthalpies (KJ/mol) of atomic pairs between elements %!

Co Ni Al Ti Nb Ta W
Co - 0 -19 -28 -25 -24 -1
Ni - - -22 -35 -30 -30 -3
Al - - - -30 -18 -19 -2
Ti - - - - 2 1 -6
Nb - - - - - 0 -8
Ta - - - - - - -7

\\Y4 - - - - - - -

The mass gain versus time plots can be modeled by the oxide growth law, using the equation B'%:

Am = (k,t)" )

Where 4m is the specific mass gain, K, is oxide growth rate constant, t is the oxidation time, and n
is the time exponent which can be fixed to 0.5 for a typical parabolic oxidation behavior **!. The K,
value of the alloy in this study is calculated by the formula (2) to be 1.6x10 mg*cm™-h™'. It is worth
noting that the high-temperature oxidation resistance test under the same conditions found that the alloy
in this study has good oxidation resistance, as shown in Table 4. The mass gain versus time plots of the
alloy after oxidation at 900°C in the air for 55h is shown in Fig.3(a). The mass gain versus time plots of
the alloy conforms to the parabolic law. The high-temperature oxidation weight gain of the alloy
increases with the extension of the oxidation time. The alloy has a large increase in weight during the
first 8 hours of oxidation. When the alloy is oxidized at 900°C for 10 to 55 h, the oxidation weight gain
of the alloy tends to be andante, as shown in Fig.3(a). No peeling of the oxide layer on the surface of
the alloy was observed during the weight gain process, indicating that the formed oxide layer has a good
bonding force with the base alloy.

Fig.3(b) depicts the XRD pattern of the alloy surface after oxidized in air at 900°C for 55h. Many
oxidation products are produced after high-temperature oxidation of the alloy, which are Al,Os, TiO»,
Nb,0Os3, Ni,03, CoNiO,, and CoTiOs. Fig.3(c) is the cross-sectional morphology and EDS analysis results
of the alloy after being oxidized in air at 900°C for 55h. The oxide layer formed in the alloy is thicker,
about 30pum. Combined with the previous XRD analysis, the oxidation products of the outermost layer
of the alloy are mainly CoNiO,, CoTiOs, and Ni»Os. The oxidation products of the intermediate layer
between the base alloy and the outermost oxide film are mainly Al,Os, TiO,, and Nb,Os. Besides, the
oxidation product Al,O; is mainly distributed in the intermediate layer, which indicates that during the
high-temperature oxidation process, the Al,O; formed can effectively prevent the further diffusion of
O” into the alloy interior, thereby increasing the high-temperature antioxidant properties of the alloy.
Secondly, the oxidation products CoNiO,, CoTiOs, and Ni»Os are produced in the outermost layer, and
the oxidation products TiO; and Nb,Os; are produced in the intermediate layer are very dense. As the
oxidation time increases, the O concentration of these two oxide layers continues to increase, causes the
brittleness of the oxide layer to increase, so the oxide layer will produce obvious delamination and cracks.
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Fig.3 (a) Specific mass change versus time plots for the alloy at 900 °C, (b) XRD pattern of the alloy
oxidation in air, and (c¢) SEM and EDS mapping of the cross-section of the alloy after 900 °C/55h
oxidation in air

Table.4 The parabolic constant of the alloy

Alloys k, (mg?-cm™-h™) Oxidation method References
900 °C
CoNiAITiNbTaW 1.6x10 Box Furnace Present study

CoCrNi 4.39x10? Box Furnace [34]
CoCrFeMnNi 1.80x107 Box Furnace [35]

SS 304 6.04 Box Furnace [36]
CrMnFeCoNi 0.13 Box Furnace [37]
CrMnFeCoNi 0.1487 Box Furnace [37]

4. Conclusions

The CosoNizsAlgTigNbsTazW; high-entropy alloy was prepared by vacuum arc melting. The phase
composition, the microstructure of the alloy before and after high-temperature oxidation of the alloy
were observed and analyzed by XRD, SEM, and EDS, and the following conclusions can be drawn:

(1) CosoNi2sAlsTigNbsTasW3 high-entropy alloy has a dendritic structure. The structure of the alloy
is different via different aging heat treatment methods, and the aging treatment method has a greater
impact on the structural transformation of the alloy. The increase in temperature will cause the coarser
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structure of the alloy under the same aging method. At the same time, when the final aging temperature
and time are the same, the grains of the alloy will be coarser after the secondary aging, and the secondary
aging is not conducive to grain refinement.

(2) The EDS analysis shows that the Co and Ni elements in the CosoNi»sAlgTigNbs;Taz;W3 high-
entropy alloy are uniformly distributed without segregation, Al and W are concentrated in the dendrites,
Ti, Nb, and Ta are concentrated in the interdendritic.

(3) With the change of the aging method and aging temperature, the hardness value of the alloy
changes significantly. The hardness value of the alloy after two-stage aging is lower than that of single-
stage aging.

(4) Many oxidation products are produced after high-temperature oxidation of the alloy. The
oxidation products of the outermost layer of the alloy are mainly CoNiO,, CoTiOs, and Ni,Os, the
oxidation products of the intermediate layer are mainly Al,Os, TiO,, and Nb,Os.

(5) The oxidation kinetic curve of the alloy conforms to the parabolic law. The Kp value of the alloy
in this study is 1.6x10 mg*cm™-h™', and the alloy has good high-temperature oxidation resistance.
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