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Abstract:

The present work investigates the effect of Ni on the microstructure, mechanical properties, and corrosion resistance of
CoCrFeNiyAly 15Tig 1 high-entropy alloys. It was found that the appropriate addition of Ni element in the alloy is beneficial to reduce
the average grain size of the alloy. The yield strength and tensile strength of the alloy under fine-grain strengthening have also been
increased, while the ductility of the system in this study has not been significantly affected. In terms of corrosion resistance,
CoCrFeNiyAly 15Tig 1 high-entropy alloys form a dense passive film at open circuit potential, possessing good corrosion resistance.
However, with the excessive addition of Ni content in the alloy, the pitting corrosion resistance of the alloy in the environment of
chloride ions will decrease due to the relative decrease of the relative content of Cr element. This work also can provide guidances
for the design and development of new precipitation-strengthened CoCrFeNi-based high-entropy alloys with excellent
comprehensive properties.
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traditional structural alloys, such as superalloys, steels,
aluminum alloys, etc., precipitation strengthening has
been proven to be one of the effective ways to improve
THOR: ) the strength of metal materials ™. Due to the
becorr_1e a ho_t research object in the field Of_ meFaI multi-component characteristics of CoCrFeNi-based
materials for its excellent comprehensive properties 5. HEA, there are many types of strengthening phases can
Different from the design concept of traditional alloys be i,nduced to precipitate. Common precipitation
with a single principal element, HEAs containing four or strengthening phases include Laves phase and L12-y’
more elements designed in equal or near-equal phase %1 However, though the addition of common
proportions tend to form a multi-component disordered Nb, Hf, Ta and other large-sized atoms to form the

1 Introduction

In recent years, high-entropy alloys (HEAs) have

solid solution phase structure "\ Due to excellent
ductility at room temperature and low temperature, the
most representative CoCrFeNi high-entropy alloy with
FCC structure has been widely studied . Additionally,
the CoCrFeNi alloys can form a uniform, dense and
stable high-entropy amorphous oxide passive film on the
surface in an oxygen environment, which can lead to
excellent corrosion resistance *2. However, the low
strength of FCC-structured CoCrFeNi high-entropy
alloys limits the range of industrial applications.

In the past few years, many researches have been
carried out on strengthening CoCrFeNi HEAs. In

precipitation of Laves phase can improve the mechanical
properties of the alloy, it will also seriously reduce the
toughness of the alloys %1 A large number of studies
have confirmed that L;, phase precipitation
strengthening is one of the effective methods to achieve
the strength-ductility balance of CoCrFeNi-based HEAs.
Yang et al. added a fixed stoichiometric ratio of Ni and
Al to the CoCrFeNi HEAs to form a nano-L12
precipitate on the FCC matrix, which effectively
improved the strength and maintained good plasticity 2.
He et al. induced the formation of L, coherent nano-y’
phase in CoCrFeNi HEA by adding a small amount of Al
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and Ti, balance of
strength-ductility

For CoCrFeNi HEAs, the corrosion resistance of the
alloy can be effectively improved by adding certain
alloying elements, which has become one of the
important directions of research on the corrosion
resistance of HEAs %% Studies have shown that the
composition of the precipitated phase of the alloys and
the degree of element segregation directly affect the
overall corrosion resistance of the HEA. For example, in
the AIxCoCrFeNi alloy, the increasing of the Al content
will lead to an increase in the volume fraction of the
Cr-depleted body-centered cubic phase, which will
reduce the local corrosion resistance ™). Nevertheless,
with the homogenization heat treatment, the degree of
element segregation between the precipitated phase and
the matrix is reduced, resulting in improving the
corrosion resistance of the alloys *®. Therefore, the
composition and compositional regulation of the phase
structure play a key role in the corrosion resistance of the
alloy. Similar to iron and steel materials, Ni element
usually plays the role of austenite stabilization, that is,
the higher the content of Ni element, the more stable the
FCC structure multi-component solid solution in the
HEA. Meanwhile, other phases in the alloys (e.g., BCC
structural solid solution phase and B2 phase, ¢ phase,
Laves phase, and other ordered phases) are also
gradually suppressed with increasing Ni content 2*3%, |n
the CoCrFeNi-TiAl HEAs system, the addition of Ti and
Al elements will enhance the mechanical properties by
forming ordered vy’ strengthening phases, but also
consume the group elements in the matrix during the
formation of y' phases. In particular, the reduction of Ni
element in the matrix will lead to a decrease in the
stability of the FCC structure matrix, which may lead to
a decrease in the corrosion resistance of the matrix, and
in turn greatly affect the overall corrosion resistance.

Thus, the main emphasis of this study is to designs
and prepares the CoCrFeNiAlysTig, (x=1.0, 1.25, 1.5,
1.75) HEAs, and to explores the effect of Ni content on the
structure, mechanical properties and corrosion resistance
of CoCrFeNi,Alg5Tig; HEAS, as well as to optimize the
alloys performance. This work will help to extend the
excellent overall performance CoCrFeNi-based HEAS
system to provide an important research basis.

successfully achieving the
[23]

2 Material and methods

The CoCrFeNi,AlgsTip, HEAs ingots were
prepared by melting in vacuum melting furnace using Co,
Cr, Fe, Ni, Al, Ti with high-purity (> 99.9 wt.%) as raw
materials under argon protection. During the smelting
process, the samples were re-melted five times at least to
ensure the uniformity of the elements. The alloy samples
were homogenized at 1200°C for 18 hours, subsequently
by water quenching. All homogenized samples were
cold-rolled with a thickness reduction of 60 %, and then
aged at 800°C for 4 h.

The crystal structures of the CoCrFeNiyAlysTig,
alloys were examined by X-ray diffractometer (Model
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D8/Advance, Bruker, Germany) using Cu-Ko radiation
with a scanning range of 30 to 90=and a step size of
59min. The fracture surfaces of the tensile samples were
studied using a scanning electron microscopy (SEM,
HITACHI S-4300, Japan). Mechanical tensile tests were
performed the dog-bone shaped tensile specimens with
20 x4 x 2 mm at room temperature by a universal
testing machine (CMT4305, New Sansi Laboratory
Equipment Co., China) under a strain rate of 5x10 “/s.
Electrochemical measurements were carried out using an
electrochemical workstation (VersaStat4, Princeton,
USA), with a three-electrode system in 3.5 wt.% NaCl
solution at room temperature. In three-electrode system,
the HEA specimen, platinum electrode and saturated
calomel electrode (SCE) were employed as the working,
auxiliary and reference electrode, respectively. Before
the electrochemical test, all samples were immersed at
least 30 minutes until the open circuit potential (OCP)
reached a steady state. The potentiodynamic-polarization
tests were measured from from an initial potential of
-0.25 V (vs. OCP) to the anodic potential with a current
density of 2 mA/cm? with a scan speed of 1 mV/s. The
electrochemical impedance spectroscopy (EIS) was
measured at the OCP in the frequency range of 10° Hz to
102 Hz with a potential amplitude of 10 mV.

3 Results
3.1 Microstructure and phase analysis

The XRD patterns of CoCrFeNiyAlg15Tips (X=1,
1.25, 1.5, 1.75) HEAs are shown in Figurel. It can be
seen that the obvious FCC solid solution structure peaks
were identified in all alloys. In general, adding an
appropriate amount of Al and Ti to CoCrFeNi alloys is
beneficial to the formation of nanoscale L12-y’ phase,
which can be confirmed in TEM experiments in
previous work B4,
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Figure 1 XRD pattern of CoCrFeNi,Alg5Tip; HEAS

To explore the effect of Ni element content on the
phase transition temperature range of HEAs, DSC tests
were carried out on CoCrFeNiyAly15Tig; alloys with
different Ni contents, and the results are shown in Figure
2. As can be seen, with the increase of the Ni content, the
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melting point of the HEAs decreases gradually. It should
be pointed out that the DSC curves of the four
components of the alloys have an obvious exothermic
step in the temperature rise stage, indicating that there is
an obvious precipitate phase dissolves into the
solid-matrix of CoCrFeNiyAly15Tip; HEAsS during heat
treatment temperature. When the Ni content increases
from x=1 to x=1.75, the precipitation temperature of

ordered y’ phase in the alloys decreases slowly from 904°C

to 898°C, showing that the addition of Ni element will
reduce the thermal stability of the precipitated phase.

904°C
\
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Figure 2 DSC spectrum of CoCrFeNi,Alg5Tip1 (X=1,
1.25, 1.5, 1.75) HEAs

Figure 3 shows the EBSD invert pole figure (IPF)
and grain size distribution of CoCrFeNi,Aly15Tig; HEAS.
The HEA grains of the four alloys are basically in an
equiaxed state, while the orientation distribution is
uniform. Moreover, the grains have no obvious preferred
orientation distribution, and there are no large deformed
grains. With the increase of Ni content, the average grain
size of the alloys decreases first and then increases. The
average grain size of CoCrFeNiAlysTig; HEAS
decreased from 14.4pm to 7.6um when Ni content
increased from x=1 to x=1.25. But as the Ni content
continues to increase, the average grain size of the
x=1.75 alloy begins to increase to 10.7um. Previous
research has shown that the grain size has a direct effect
on the strength of the metal, that is, fine grain
strengthening . With the gradual refinement of the
grains, the number of grain boundaries inside the alloy
increases rapidly, resulting in an increase in the
hindrance of the grain boundaries to the movement of
dislocations during the deformation process, which
improves the mechanical properties of the HEAs.
Figure4 displays the kernel average misorientation
(KAM) maps of CoCrFeNi,Aly15Tip; HEAS samples. The
KAM values generally can be represented as the density
of geometrically necessary dislocation (GND) 2. 1t can
be seen that the dislocations in all alloys are distributed near
the grain boundaries. Under the same rolling deformation
and heat treatment conditions, the dislocation density in
Figure 4(a, ¢ and d) is lower. However, the KAM value in
the x=1.25 alloy is significantly higher, indicating that the
dislocation density of the alloy accumulated at the grain
boundary is greater, which is conducive to improving the
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initial strain hardening rate of the alloy under small plastic

deformation B4,
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Figure 3 The IPF and grain size distribution of
CoCrFeNiyAlg 15Tig 1 HEAS: (a) x=1, (b) x=1.25, (c)
x=1.5, (d) x=1.75
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Figure 4 The KAM maps of CoCrFeNiAly15Tig1
HEAs: (a) x=1, (b) x=1.25, (¢) x=1.5, (d) x=1.75
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3.2 Mechanical properties

The tensile engineering stress-strain curves at room
temperature of the CoCrFeNi,Aly15Tig, HEAS are shown
in Figure 5(a). Table.1 summarizes the yield strength
(oys), ultimate tensile strength (oyrs) and fracture
elongation (grg) of HEAs. The four components of
CoCrFeNiyAlg15Tip; HEAs exhibiting continuous work
hardening behavior until the final plastic instability,
while there is no discontinuous yield phenomenon in the
transition stage between elastic deformation and plastic
deformation. It can be found that as the Ni content
increased to x=1.25, the comprehensive mechanical
properties of the CoCrFeNiysAlg15Tip; HEAS reached
the optimum, and the yield strength, ultimate tensile
strength and fracture elongation were 800.4 MPa, 1172
MPa and 27.1%, respectively. After the end of the elastic
stage, CoCrFeNiy ,5Alg 15Tip 1 HEAS exhibits a short yield
plateau and begins to show significant work-hardening
behavior after the end of the yield stage. As the Ni
content continues to increase, the mechanical properties
of the CoCrFeNi,Aly15Tig; HEAS begin to decline, and

the plastic deformation ability also decreases. Figure 5 (b)

shows the work-hardening behavior of
CoCrFeNi,Alg15Tig; HEAs. All alloys exhibit a typical
multi-stage work-hardening rate curve. The first stage is
the transition from elastic to plastic deformation. Due to
the low density of mobile dislocations at the onset of
plastic deformation, the work hardening rate rapidly
decreases to a negative value, which corresponds to the
yield drop in the engineering stress-strain curve. The
second stage of work hardening increases significantly,
which may be related to the twinning related deformation
mechanisms generated during deformation ¥ The
anomalous increase in strain hardening rate in this stage is
crucial for maintaining the plastic stability of the alloy .
The third stage of work-hardening rate decreases slowly and
corresponds to the longer plastic deformation phase of the
engineering stress-strain curve. In this stage, the
work-hardening rate gradually decreases until a local stress
concentration occurs, leading to catastrophic fracture.

Table 1 The yield strength, ultimate tensile strength
and fracture elongation of CoCrFeNiAlg15Tip; HEAS

Alloys oys (MPa)  oyurs (MPa) & (%)
CoCrFeNiAlg15Tio1 739.8 1142.6 29.1
CoCrFeNiy 25Alg.15Tig 1 800.4 11729 27.1
CoCrFeNiysAlg1sTigs 778.9 1156.2 24.9
CoCrFeNiy 75Alg.15Tig1 745.0 1121.3 245

Figure 6 is the SEM image of the tensile sample
fracture of CoCrFeNiAly15Tig1 HEAS. A large number of
dimples and a small number of cleavage fracture planes
can be found in the tensile sections of all samples,
meaning that the tensile fracture modes of the four
groups of samples are dominated by ductile fracture and
shear fracture. In general, the size of fracture dimples is
related to the size of grains, because grain boundaries are
the starting point of pores. The finer the grain, the
smaller the dimple size ™. In addition, the separation of

the precipitated phase and the matrix during deformation
and the fragmentation of the precipitated phase can also
lead to the formation of pores 8. Thus, the dimples at
the fracture of the samples with Ni content of x=1.25 and
x=1.5 are smaller, while the number of cleavage fracture
planes is also increase. This may be related to the
promotion of the precipitation of y' phase after a small
increase in Ni content. On the one hand, the formation of
precipitated phases causes the strengthening effect of the
second phase. On the other hand, the precipitated phases
can also play a role in refining grains . When the Ni
content continued to increase to x=1.75, the dimple depth
at the fracture site of the sample began to become
shallower, and the cleavage area began to increase,
indicating a decrease in the ductile fracture of the
sample.

Figure 6 Fracture morphology and high-magnification
fracture morphology of tensile samples of
CoCrFeNiAlg15Tigs HEA: (a, b) x=1, (c, d) x=1.25, (e, f)
x=1.5, (g, h) x=1.75

3.3 Corrosion resistance

Figure 7 illustrates the potential polarization curves
of the CoCrFeNi,Alg15Tip; HEAS under 3.5 wt.% NaCl
solution at room temperature. The results of the
electrochemical  corrosion  parameters  (corrosion
potential Ecorr, corrosion current icorr) are listed in
Table 2. It can be found that the polarization curves of
CoCrFeNiyAlg 15 Tigs HEAS are similar, showing the same
active-to-passive  corrosion  behavior. Based on
electrochemical theory, the lower the corrosion current of
a material, the better its corrosion resistance. Thus, all
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CoCrFeNiAlg15Tip; HEAs demonstrate better corrosion
resistance. Additionally, the dislocations also play a great
influence on the corrosion resistance of alloys, which
will promote the passive film on the surface of the
alloys and the diffusion of cation vacancies within the
matrix “?. These point defects in the environment of
chlorine-containing corrosive solutions will accelerate the
destruction of the surface passive film, reducing the
corrosion resistance of the alloys. With the increase of Ni
element in the alloys to x=1.25, the corrosion current
density of the alloys reaches 9.19X10®A/cm?, indicating
that the corrosion resistance of x=1.25 alloy are the worst at
the corrosion potential. However, the corrosion current
density of the all alloys still maintains the same order of
magnitude, implying that the HEA of this system possess
good corrosion resistance.
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Figure 7 Potentiodynamic polarization curves of
CoCrFeNi,Alg 15Tigs HEAS

In the corrosion resistance of materials, the pitting
potential (Epit) is an important performance index
parameter that characterizes the material's pitting
resistance. Although the corrosion current density of
CoCrFeNiysAlg1sTigs HEAs is the highest, the
breakdown potential reaches 0.639 V (vs. SCE),
indicating that the formation of passive film of this
component is more stable at high potentials. With the
further increase of Ni element, the pitting corrosion
potential of the material gradually decreases. Previous
studies have shown that Cr element is a key element of
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stainless steel. In seawater, Cr element can form a dense
Cr,0; film on the surface of stainless steel, which greatly
improves the resistance of the material to the erosion of
chloride ions ™. For CoCrFeNiAlgsTio; HEAs, when
the content of Ni in the alloy is excessive, the reduction
of pitting corrosion resistance in the alloys may be
related to the reduction of the relative content of Cr in
the alloys.

Table 2 Corrosion kinetic parameters of
CoCrFeNi,Alg 15Tigs HEAS

Alloys Ecorr (Vsce) lcorr (Alem?)  Epit (Vsce)
CoCrFeNiAlgsTio1 -0.265 2.86Xx10°® 0.544
CoCrFeNiy 5Al015Tio1 -0.256 9.19x10°® 0.639
CoCrFeNiysAlg15Tio1 -0.268 3.23x10°® 0.356
CoCrFeNiy.75Alg15Tio1 -0.187 3.89x10°® 0.379

In order to further understand the corrosion
mechanism of CoCrFeNiy»sAlg15Tig; HEAS under the
open circuit potential, the material was analyzed by EIS
test. Figure 8 shows the Nyquist plot and Bode plot
results of CoCrFeNixAlgisTip; HEAs. All response
results present a single capacitive semicircle, indicating a
passive film with the same structure. For the Nyquist plot,
the larger the diameter of the arc, the more stable the
passive film formed on the surface of the alloys “Z. In
Figure 8 (a), the corrosion resistance trend of
CoCrFeNiyAly15Tig:s HEAS is basically consistent with
the potentiodynamic polarization curve. In addition,
Figure 8 (b) shows the Bode plots of different alloys, and
the phase angles of all alloys tend to be -80<in a wide
frequency range, meaning a stable passive film is formed
on the surface of the alloys.

According to the semicircular arc characteristics of
the Nyquist plot and the corrosion characteristics of the
alloys, Figure 8 (a) shows the equivalent circuit
applicable to the alloy system. In this circuit, Rs and Rt
represent the resistance of the solution and the passive
film, respectively ™. Based on this fitting circuit
simulation, the electrochemical impedance fitting
parameters of the CoCrFeNi,Alq15Tig; HEAS are listed in
Table.3. Generally, the higher the resistance Rt of the
passive film, the better the protective effect of the
passive film. Thus, CoCrFeNiAlysTip; HEAs display
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better passive film stability at open circuit potential.
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Figure 8 EIS response of CoCrFeNi,Alg15Tig1 HEAS:
(a) Nyquist plot and equivalent circuit, (b) Bode plot

Table 3 Impedance fitting parameters of
CoCrFeNixAly15Tig1 by the equivalent circuit.

Rs Y (CPE) Rt

Alloys
v /Q*cm?  /(F*em?) /Q*cm?

CoCrFeNiAlg s Tig1 7.99 2.23x10° 0.88 1.73x10°
CoCrFeNiy p5Alg15Tio 1 8.60 1.70x10° 0.90 6.30x10°
CoCrFeNiysAlg15Tio1 9.18 1.41x10° 0.86 1.53x10°
CoCrFeNiy 75Alg 15 Tig 1 1326 2.00x10° 091 9.70x10°

4 Conclusions

In this work, the effects of Ni on the microstructure,
mechanical properties and corrosion resistance of
CoCrFeNiyAly15Tips HEAs have been systematically
investigated, and the main conclusions are as follows:

CoCrFeNi,Alg15Tig; HEAs consists of a typical
dual-phase structure of FCC + vy’ phases. The crystals in
the all alloys exhibit equiaxed crystal morphology, and
the CoCrFeNiysAlg15Tigy alloy has the smallest grain
size, with an average grain size of 7.6 um.

The vyield strength and tensile strength of
CoCrFeNiAly15Tigs HEAs increased first and then
decreased with the increase of Ni content, but the tensile
plasticity remained at a high level. Especially, the yield
strength and tensile strength of CoCrFeNiy sAlg15Tig 1
alloy reached 800 MPa and 27.1%, respectively.

Due to the formation of a stable passive film on the
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surface, CoCrFeNiAly15Tig; HEAs display good
corrosion resistance under corrosion potential. Excessive
Ni element in the alloy will reduce the pitting corrosion
resistance of the alloy.
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