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Abstract

NiCoV medium entropy alloy is a kind of high strength and toughness alloy, this paper
uses NiCoV as the matrix, (NiCoV)99.xCuSnx (x=0, 0.5, 1, 1.5) series alloys were prepared,
Cold rolling and annealing of the samples obtained, The microstructure, mechanical
properties and corrosion resistance of the alloy were investigated at annealing
temperatures of room temperature, 900°C, 950°C and 1000°C with different content of
Sn element. The results show that the addition of appropriate amount of Sn element can
promote the formation of precipitation phase and produce precipitation strengthening.
However, as the Sn element content continues to increase, intermetallic compounds can
occur, leading to a decrease in the properties of the alloy. As the annealing temperature
rises, it causes the elongation of the alloy to increase due to the removal of residual
stresses within the alloy. However, when too much Sn is added and the annealing
temperature is too high, the elongation of the alloy decreases. This is due to the fact that
the high annealing temperature of the alloy with the addition of too much Sn causes
cracks to appear inside the alloy, resulting in a decrease in the elongation of the alloy. It
was found that (NiCoV)98.5CuSn0.5 had the best mechanical properties at an annealing
temperature of 900°C, with a tensile strength of 1139 MPa and an elongation of 21.12%,.
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1. Introduction

High entropy alloy is a new type of alloy that breaks through the use of one or two alloying elements
as the main element. This new alloy has received much attention for its unique organization and
properties since it was proposed by YEH J -W [1-2]. According to traditional alloy design concepts,
hard and brittle intermetallic compounds are very likely to occur with the addition of alloying
elements, and the likelihood of intermetallic compounds increases with the addition of alloy types,
which can lead to a reduction in the overall performance of the alloy. But the emergence of high-
entropy alloys perfectly overcame this drawback. According to experimental evidence, although the
high entropy alloys contain a large variety of elements, they do not form many intermetallic
compounds, but instead form a single crystal structure due to the high mixed entropy. Examples
include face-centered cubic structures, body-centered cubic structures[3], structures in which face-
centered cubic and body-centered cubic coexist[4], densely arranged cubic structures[5], or
amorphous structures[6]. Because of these structures, it has excellent strength and elongation. In
addition, high-entropy alloys have four very important effects, namely, the high entropy effect, the
slow diffusion effect, the lattice distortion effect and the "cocktail" effect[6-9]. The most important
of these is the high entropy effect. High entropy alloys have many excellent properties, such as good
oxidation resistance, good thermal stability, high temperature strength, good fracture toughness, good
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corrosion resistance and excellent electrical conductivity. These are important reasons for us to
explore high entropy alloys. In recent years, Li Xiaogang's team at the University of Science and
Technology Beijing (USTB) discovered NiCoV medium-entropy alloys, which are characterized by
high strength and high plasticity, as well as good corrosion resistance. NiCoV medium entropy
alloys[10] can be used as a substrate and then further investigated. According to the study, the addition
of Sn element is beneficial to improve the precipitation strengthening effect of the alloys. In this paper,
NiCoV medium entropy alloy is used as the matrix, and then Cu and Sn elements are added to the
matrix to study the organization and properties of (NiCoV)99.xCuSny (x=0, 0.5, 1, 1.5) series of alloys,
and to study the effects of the addition of Sn elements and the change of the annealing temperature
on the organization and properties of (NiCoV)99xCu alloys.

2. Experimental

2.1 Alloy and Sample Preparation

Preparation of (NiCoV)99xCuSnx (x=0, 0.5, 1, 1.5) series of alloys was carried out using a vacuum
arc melting furnace under the protection of argon gas, the purity of Ni, Co, V, Cu, and Ga pure metal
alloying elements used in the experiments was greater than 99.95%. During the melting process, in
order to ensure the uniformity of the alloy melting, turn over several times during the melting, and
repeatedly melt the alloy ingot not less than 4 times. After the melting of the sample using cold rolling
mill rolling, so that its cold rolling deformation of 80%, and the use of EDM cutting machine will be
cold-rolled samples cut into 34mm x 8mm % 4mm standard tensile samples and 10mm x 10mm small
square samples, and then the tensile samples and small squares in the annealing temperature at room
temperature, 900 ° C, 950 ° C and 1000 ° C under the heat preservation for 1h.

2.2 Microstructural Characterization

The annealed samples were ground, polished, and etched (the ratio of HCI:HNO3 in the etching
solution was 3:1), and then the microstructure of the corroded samples and the tensile fracture of the
stretched samples were observed with a scanning electron microscope (SEM). The crystal structure
of the alloy was analyzed using X-ray Diffraction (XRD). The target material was a copper target
with a scanning rate of 4(°)-min-1 and a scanning range of 20-80°.

2.3 Performance Testing

The surface hardness of the (NiCoV)q9xCuSny (x=0, 1, 2, 3) series alloy samples was tested by a
digital micro Vickers hardness tester model FM-ARS9000. The tensile strength and elongation of the
alloys were tested using a UTM4304 universal electronic testing machine at a pull-up rate of 0.2 mm-
min-1 (two tests were performed on each sample to ensure experimental accuracy, and the results
were averaged). After that, under the three-electrode system, a saturated GHg electrode was used as
the reference electrode, a platinum wire mesh was used as the counter electrode, and a NaCl solution
with a concentration of 3.5% was used as the reaction electrolyte solution. The open-circuit potential
was tested for 1200 s, and after the open-circuit potential was tested the polarization of the alloy was
carried out, with an open-circuit potential of = 0.6 V, and the scanning speed was 2 mV-s-1.

3. Results and Discussion

3.1 Microstructure Observation
3.1.1 XRD Plots of (NiCoV)99-xCuSnx at Different Annealing Temperatures

Figure 1 shows the XRD patterns of (NiCoV)99.xCuSnx (x=0, 0.5, 1, 1.5) series of high entropy alloys
at room temperature, 900 °C, 950 °C and 1000 °C annealing temperatures. Analyzed by JADE, the
(111), (200) and (220) crystal planes formed by the (NiCoV)99.xCuSnyx (x=0, 0.5, 1, 1.5) series of
high-entropy alloys prepared in vacuum arc melting furnaces are face-centered cubic structures. No
new peaks appeared after annealing treatment, and the original peaks were analyzed as stable face-
centered cubic structures. This is due to the presence of the high entropy effect, one of the four main
effects, which prevents complex intermetallic compounds from occurring within it. With the increase
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of the content of Sn element, the three strong peaks of this series of alloys appear to be shifted to the
right as a whole, which indicates that the atomic radius of Sn element is larger than that of the
elements in the original alloy, and after the addition of Sn element replaces the atoms with smaller
atomic radii in the original alloy, which makes the lattice distortion energy of this series of high-
entropy alloys increase, and makes the three strong peaks shifted.

a b
T=1000°C o “ | P VA ATt A w‘fmz- ( ) A
M_\.‘“mmmwl‘*‘v"‘“ N b s ! T=1000°C i ”Mw).,,ﬂn! ""““"“‘*‘*"l""'".w'wﬂquw'nwd‘*wswvnu,,\-f"\.‘_w
p,‘.44.‘“ J’N"r W
}‘ MV

T=950°C \ Py
‘? M*WWWM e iphrab ity S 2 ,AW..nunWMMMWW
§ p g T=950°C o M
= T=900°C ,,J-'M., il oo A Wi g o
. § ,—,.wh""" e © w},./ "t.v,_..,‘w,"‘ N Il b N g o
g it (220) Z | T=900°C "w‘,..wm"
— A < ) ’A.‘M’M,
) ) T el (220)
= (a1 /| & a2

Room \ (200) j‘ '\ Room ’ X i i ,/\,* !

/\ AR WO A ! Wy W
Temperature st et i Temperaiire v i ot
|ty w”""“w -
1 1 1 1 1 | N y L 1
20 3 40 0 60 70 8 20 30 40 50 60 70 80
20 () 26(°)

o O] [@
T=1000°C | Fy T=1000°C AT cswen TR
M.,,.«t“""“"""J“h?!“‘v“w"'w'""““" \rmrrmmonee g P A Wil w‘“‘w,..».w'mnv«m"“"*"‘m’”w

}
/ m—TE
/\ A L
g T=950°C e s oot et ? T=95W.«/‘”
5 A 5 g ot
- 2 , )
2 v V{2 ngoolgww,\,wmmww"'"wwmmn-mwwrwam-mmvw#w Yorients
T | TO00°C e S pe (200)
vt a1y
ol il iy €200 (20) | % | Room LA (220)
Room . P emperature " R | TP
Temperature MN‘W“" L g W ke i i)
wv-""””'u ot
| nepmrsmainsprroeef
1 I 1 1 1 L L L L L
20 30 40 50 60 70 go 20 30 40 50 60 70 80

260(°)

20(°)

Figure 1. XRD patterns of (NiCoV)o9xCuSny (x=0, 0.5, 1, 1.5) high entropy alloys at different
annealing temperatures

(a) x=0 (b) x=0.5 (¢) x=1 (d) x=1.5
3.1.2 (NiCoV)98.5CuSn0.5 Microstructure

Figure 2 shows the SEM images of (NiCoV)9ssCuSnos alloy at annealing temperatures of room
temperature, 900 °C, 950 °C and 1000 °C. From Figure. 2(a), it can be seen that the grains of
(NiCoV)es5CuSno.s high-entropy alloy are lath-like and massive after rolling, From Figure. 2(b)-(d),
it can be seen that grain refinement occurs when the annealing temperature is increased to 900 °C, As
the annealing temperature further rises to 950 °C, the precipitated phase inside the alloy increases
significantly and the precipitated phase begins to grow, this is due to the annealing temperature
increases, the solid solubility between the alloying elements increases, the solid solubility decreases
in the process of cooling at lower temperatures, which makes the precipitated phase inside the alloy,
with the annealing temperature further rises to 1,000 °C, the precipitated phase inside the high-entropy
alloy appears to be significantly reduced, this is due to the temperature rise leads to the precipitated
phase has been melting back to the phenomenon of precipitated phase reduction[10].
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Figure 2. SEM images of (NiCoV)es.5CuSng s high entropy alloy at different annealing temperatures
(a) T=room temperature (b) T=900 °C (c) T=950 °C (d) T=1000 °C
3.1.3 Microhardness of (NiCoV)99-xCuSnx at Different Annealing Temperatures
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Figure 3. Hardness of (NiCoV)99xCuSnx (x=0, 0.5, 1, 1.5) high entropy alloy at different annealing
temperatures

Figure 3 shows the microhardness diagrams of (NiCoV)99.xCuSnx (x=0, 0.5, 1, 1.5) series of high-
entropy alloys at annealing temperatures of room temperature, 900 °C, 950 °C and 1000 °C. Table 1
shows the specific data of microhardness of (NiCoV)99.xCuSnx (x=0, 0.5, 1, 1.5) series of high entropy
alloys at annealing temperatures of 0 °C, 900 °C, 950 °C and 1000 °C. As can be seen in Fig. 3, the
surface hardness of this series of high-entropy alloys gradually increases with the increase of Sn

150



International Core Journal of Engineering Volume 9 Issue 10, 2023
ISSN: 2414-1895 DOI: 10.6919/ICJE.202310_9(10).0019

element content in the unannealed condition. As can be seen from Table 1, the alloy was improved
by 74.9 HV from 507.8+10 HV without the addition of Sn element to 582.7£10 HV with the addition
of 1.5% Sn element. However, the surface hardness of this series of high entropy alloys after the
annealing treatment shows a gradual decrease, which is due to the fact that as the annealing
temperature continues to rise, the phenomenon of recrystallization occurs within the alloy, fine grains
are formed within the alloy, and the work hardening of the alloy is eliminated, and the residual stress
is released, which results in a decrease in the surface hardness of this series of high entropy alloys.
According to the above results, it can be found that the addition of Sn element is favorable to improve
the surface hardness of the alloy, but the increase of the annealing temperature will make the series
of high entropy alloy hardness decrease.

Table 1. Hardness of (NiCoV)99-xCuSnx (x=0, 0.5, 1, 1.5) high entropy alloys at different
annealing temperatures

Ingredients Not annealed 900°C annealed 950°C annealed 1000°C annealed
(NiCoV)eoCu 507.8HV 473.7THV 427.3 HV 369.2 HV
(NiCoV)ss.5CuSno s 543.4 HV 497.3 HV 462.1 HV 3932 HV
(NiCoV)esCuSny 563.3 HV 503.2 HV 478.3 HV 413.3HV
(NiCoV)y7.5CuSn; s 582.7HV 529.1 HV 463.2 HV 426.4 HV

3.1.4 Stress-strain Curves of (NiCoV)99-xCuSnx at Different Annealing Temperatures
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Figure 4. Stress-strain curves of (NiCoV)99xCuSnx (x=0, 0.5, 1, 1.5) high entropy alloys at
different annealing temperatures (a) x=0 (b) =0.5 (c¢) x=1 (d) x=1.5

Figure 4 shows the stress-strain curves of (NiCoV)99xCuSnx (x=0, 0.5, 1, 1.5) series of high-entropy
alloys at annealing temperatures of room temperature, 900 °C, 950 °C and 1000 °C. According to
Figure 4, it can be seen that with the gradual increase in the content of Sn element, the tensile strength
of the alloy shows an increasing and then decreasing trend when it is not annealed. From Figure 4
(a)-(b), it can be seen that the elongation of the alloy increases gradually with increasing annealing
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temperature when no Sn element is added and when 0.5% Sn is added. However, from figure 4 (c)-
(d) as the annealing temperature increases, the plasticity of the alloys are less than that of the
unannealed samples. Figure 4 (d) shows the stress-strain curve with the addition of 1.5% Sn element,
and it can be found that the elongation of this series of high-entropy alloys at this time shows a
substantial decrease, and the alloys have no obvious yield state and the elongation decreases
substantially when annealed at 1000 °C. The series of high entropy alloys have the best mechanical
properties when adding 0.5% Sn element and annealing temperature of 900 °C. The yield strength
reaches 414 MPa, tensile strength reaches 1139 MPa and elongation reaches 21.12%.

3.1.5 Tensile Fracture of (NiCoV)99-xCuSnx at Different Annealing Temperatures

Figure 5 shows the tensile fracture morphology of (NiCoV)99.xCuSnyx (x=0, 0.5, 1, 1.5) series of high
entropy alloys at room temperature, 900 °C, 950 °C and 1000 °C. From figure 5 (al)-(a4), it can be
seen that (NiCoV)99Cu alloy has obvious shear toughness nests on the fracture surface when it is not
annealed, which indicates that the fracture mode is shear fracture for toughness fracture, and with the
increase of annealing temperature, the toughness nests in the tensile fracture of this high-entropy alloy
appear to be increased in number and the phenomenon of the enlargement of the holes. From figure
5(b1)-(b4), it can be seen that with the addition of Sn element, the number of tough nests of the alloy
increases compared with that of the alloy without the addition of Sn element, and the tough nests of
the alloy increase further with the increase of annealing temperature, which is due to the elimination
of residual stresses and work hardening inside the alloy after the increase of the annealing temperature.
As can be seen in figure (d1)-(d4), the number of tough nests in the unannealed state is further reduced
compared to the previous state and there is a large amount of particles attached, as the annealing
temperature rises, the alloy appears to have significant cracks generated.
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Figure 5. Tensile fracture morphology of (NiCoV)9o.xCuSny (x=0, 0.5, 1, 1.5) high entropy alloy
after annealing
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3.1.6 Corrosion Resistance of (NiCoV)99-xCuSnx at Different Annealing Temperatures

Figure 6 shows the Tafel curves of (NiCoV)exCuSny series high entropy alloys at annealing
temperatures of room temperature, 900 °C, 950 °C and 1000 °C. Table 2 shows the data tables of
corrosion potential (Ecorr), corrosion current density (Icorr), and polarization resistance (Rp) of the
high entropy alloys according to the fitted poling curves of the (NiCoV)q9xCuSny (x=0, 0.5, 1, 1.5)
series high entropy alloys. (Icorr), and polarization resistance (Rp) obtained by fitting the polarization
curves. It can be seen from the graph that (NiCoV)99.xCuSny series of high entropy alloys, when
unannealed, the corrosion current density firstly decreases and then increases, and the polarization
resistance firstly rises and then decreases, which indicates that the series of high entropy alloys, with
the increase of the content of Sn element, the corrosion resistance of this series of high entropy alloys,
when unannealed, has the tendency to firstly increase and then decrease. The best corrosion resistance
of the alloy is obtained with the addition of 0.5% Sn. This is because the addition of appropriate
amount of Sn will promote the change of the internal phase of the alloy, thus making the series of
high entropy alloys to increase the corrosion resistance, but too much Sn will lead to the generation
of intermetallic compounds inside the alloy and make the lattice distortion inside the alloy increase,
thus making the alloy's corrosion resistance decrease. After annealing treatment of this series of alloys,
the corrosion resistance properties all show a decreasing trend followed by an increasing decreasing
trend. (NiCoV)9gCuSn; has the best corrosion resistance when unannealed, with a corrosion current
density of 1.222 x 10" A/cm? and a polarization resistance of 31156.8 Q/cm?.
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Figure 6. Tafel plots of (NiCoV)99.xCuSnx (0, 0.5, 1, 1.5) high entropy alloy at different annealing
temperatures (a) x=0 (b) x=0.5 (¢) x=1 (d) x=1.5
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Table 2. Data obtained from polarization curve fitting for (NiCoV)99-xCuSnx (0, 0.5, 1, 1.5) high

entropy alloys
Ingredients Ecor(V) Leor(A/cm?) Ry(Q/cm?)
(NiCoV)99Cu(Not annealed) -0.383 5.117x10¢ 10121
(NiCoV)99Cu(900 °C annealed) -0.417 1.171x1073 4126
(NiCoV)99Cu(950°C annealed) -0.341 3.947x10¢ 9842
(NiCoV)99oCu(1000°C annealed) -0.508 4.836x10° 8111
(NiCoV)os.5CuSng s(No annealed) -0.532 1.222x10° 31156.8
(NiCoV)eg 5CuSno 5(900°C annealed)) -0.571 4.268x10° 9642
(NiCoV)og 5CuSno.5(950°C annealed) -0.432 4.805x10¢ 10227
(NiCoV)eg sCuSng 5(1000°C annealed) -0.646 4.738%10° 8350
(NiCoV)egCuSn;(Not annealed) -0.420 5.278x10¢ 8958
(NiCoV)9gCuSn;(900°C annealed) -0.498 6.248%10° 6869
(NiCoV)9gCuSn1(950°C annealed) -0.524 3.360x10° 12176
(NiCoV)9gCuSn1(1000°C annealed) -0.412 3.360x10° 5675
(NiCoV)7.5CuSn; 5(Not annealed) -0.447 7.807x10¢ 5844.4
(NiCoV) 97.5CuSn1.5(900°C annealed)) -0.423 1.123x1073 4758.8
(NiCoV) ¢97.5CuSn; 5(950°C annealed)) -0.445 5.270x10° 8434.5
(NiCoV) 97.5CuSn; 5(1000°C annealed) -0.606 1.146x10° 3511.1

4. Conclusion

(1) (NiCoV)99xCuSnyx (x=0,0.5,1,1.5) series alloy is a kind of alloy with stable face-centered cubic
structure, and after cold rolling, heat treatment and other experiments can still maintain a single face-
centered cubic structure, which can be seen that (NiCoV)99-xCuGax (x=0,1,2,3) alloys have a strong
structural stability.

(2) The number of tough nests of (NiCoV)s9xCuSny (x=0, 0.5, 1, 1.5) series of high-entropy alloys
shows a tendency to increase and then decrease with the increase of Sn content, and the fracture mode
of this alloy changes from ductile fracture to brittle fracture. After the annealing treatment of the alloy,
when the atomic percentage content of Sn element is less than 0.5%, the number of tough nests of the
alloy increases gradually. When the atomic percentage content of Sn element is greater than 0.5%,
the surface of the alloy shows a decrease in the number of tough nests and the phenomenon of crack
generation, which leads to the decrease in the performance of the alloy.

(3) (NiCoV)99.xCuSny (x=0, 0.5, 1, 1.5) series of high-entropy alloys show a gradual increase in
microhardness with the rise in the elemental content of Sn when they are not annealed, and the work
hardening within the alloys is eliminated and the residual stresses are released with the rise in
annealing temperature, which results in a decreasing trend in microhardness of the alloys.

(4) (NiCoV)99xCuSny (x=0, 0.5, 1, 1.5) series of high entropy alloys show a trend of increase and
then decrease in tensile strength and elongation with the increase in the elemental content of Sn when
the alloys are not annealed, and a decrease in the tensile strength of the alloys and an increase in the
elongation of the alloys after annealing when the atomic percentage content of the Sn element is less
than or equal to 0.5 %. After annealing, the tensile strength of the alloy decreases and the elongation
increases when the atomic percentage content of Sn is greater than 0.5%, and the elongation and
tensile strength of the alloy decrease due to the emergence of cracks within the alloy.
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(NiCoV)eg.5CuSno 5 has the best overall mechanical properties at an annealing temperature of 900°C,
with a yield strength of 414 MPa, a tensile strength of 1139 MPa and an elongation of 21.12%.

(5) The corrosion resistance of (NiCoV)ooxCuSnyx (x=0, 0.5, 1, 1.5) series of high-entropy alloys
shows a tendency to rise and then fall with the increase in the content of the Sn element when
unannealed. After annealing, the corrosion resistance of this series of alloys shows a trend of
decreasing then increasing then decreasing. (NiCoV)98CuSn1 has the best corrosion resistance when
unannealed, with a corrosion current density of 1.222x10® A/cm? and a polarization resistance of
31156.8 Q/cm?.
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