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The effect of Cu and Si on the microstructure and properties of CoCrFeNiCu;.,Siy alloys (x = 0, 0.2, 0.5, 0.8 and
1) was studied in this work. The results indicate that as the x value increased from 0 to 1, the phase compositions
C_u of CoCrFeNiCu;.,Siy alloys evolved from FCC + Cu-rich phases to FCC + Cu-rich + NiSi-rich phases to FCC +
Sl. BCC + NiSi-rich phases. Therefore, the decrease in Cu content led to the decreasing Cu-rich phase content,
Microstructure . e . . .
Properties whereas Si addition not only favored the formation of intermetallic compounds, but also promoted the phase
transition from FCC to BCC. Due to the competition between BCC phase suppressing corrosion and Cu-rich +
NiSi-rich phases inducing galvanic corrosion, the corrosion resistance of CoCrFeNiCu;.,Siy alloys improved with
the increasing x value. The microstructure change also resulted in an improvement in hardness and wear
resistance, and a deterioration in fracture toughness of CoCrFeNiCu;.,Siy alloys. Moreover, the main wear
mechanism evolved from adhesive wear and abrasive wear to slight abrasive wear. Comparison among five alloys
indicates that Cug 5Sig g alloy exhibited the excellent comprehensive properties, revealed by the corrosion current
density of 4.81 x 1078 A/cm?, the hardness value of 510.5 HV, the fracture toughness of 8.57 MPa-m'/? and the

wear rate of 0.88 mm3N~! -

m~L

1. Introduction

As a new type of alloy system, high entropy alloys (HEAs) have
received much attention in recent years [1-4]. Compared with tradi-
tional alloys, HEAs consist of five or more alloy elements with fractions
ranging from 5 to 35 at. %, resulting in four core effects: high entropy
effect, severe lattice distortion effect, sluggish diffusion effect and
cocktail effect. Therefore, HEAs exhibit the unique microstructure and
excellent comprehensive properties, thus demonstrating high practical
value, great research value and broad development prospect. Among the
reported HEAs, CoCrFeNi high entropy alloy is generally considered as
an alloy base due to its single face-centered cubic (FCC) structure,
excellent mechanical properties, corrosion behaviors and wear proper-
ties [5-7]. Many researchers have found that the phase composition and
microstructure of CoCrFeNi base alloys can be altered by adding alloy-
ing elements, thereby affecting its properties [8-11].

Metallic Cu element that has large positive mixing enthalpy and
weak bonds with other metallic elements, can be used as a promising
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element for improving the strength and ductility of HEAs. For example,
Miao et al. [12] have reported that the tensile strength, yield strength
and hardness of Cu,CoCrFeNi HEAs initially increased and then
increased, while the elongation and plasticity consistently increased,
which was related to the change in dislocation density caused by Cu
addition. Wang et al. [13] have also confirmed that both the yield
strength and ultimate strength of the Cu-containing CrFeCoNiCu alloys
were higher than those of the Cu-free alloy. However, the results ob-
tained by Meng et al. [14,15] show that the precipitation of Cu-rich
phase could weaken the solid solution strengthening effect and thus
deteriorate the surface hardness and wear resistance of CoCrFeNiCu
coatings. Muangtong et al. [16] have found that Cu-rich phase at grain
boundaries would be severely corroded, leading to the deterioration of
the corrosion properties of CoCrFeNi alloys. Cai et al. [17] have reported
that Cu element could reduce the high-temperature oxidation resistance
of FeCoCrNiCu, cladding layers due to the formation of the large oxides.
These results show that Cu addition is detrimental to the hardness, wear
resistance and corrosion resistance of HEAs. Therefore, the chemical
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composition of HEAs needs to be further optimized to obtain the
excellent comprehensive properties.

Non-metallic Si element that has a similar atomic radius and a
negative enthalpy of mixing with metallic elements, has also been re-
ported to greatly affect the microstructure and comprehensive proper-
ties of HEAs. Huang et al. [18] have found that the addition of Si in
FeCoCrNi alloys caused the formation of BCC and NiSi-rich phases,
resulting in the increased hardness and wear resistance. The results
obtained by Gu et al. [19] have also confirmed that Si element could
promote the formation of BCC phase, which prevented FCC phase from
being corroded. The increasing BCC content and grain refinement
caused by the increasing Si content improved the corrosion resistance of
Alj 3CoCrFeNiSi, alloys. Zhu et al. [20] have found that Si element could
refine the grain size, increase the degree of work hardening and improve
the wear resistance of FeCoCrNiSi, high entropy alloy coatings.
Accordingly, Si element is beneficial for the hardness, corrosion resis-
tance and wear resistance of HEAs. Therefore, it is expected to obtain
CoCrFeNi HEAs with high hardness, high fracture toughness, excellent
corrosion resistance and wear resistance through synergistic effects of
Cu and Si. Garip [21] has reported that the improved effect of co-added
Si and Cu on the oxidation performance of FeaCoCrNig 5 alloys was not
as good as that of Si alone, the mechanism behind the synergistic effect
of Si and Cu on the properties of HEAs needed further research.

In this work, CoCrFeNiCu;_,Siy (x = 0, 0.2, 0.5, 0.8, 1) alloy systems
were designed to study the synergistic effects of Cu and Si alloying on
microstructure, hardness, fracture toughness, corrosion resistance and
tribological property of CoCrFeNi HEAs. We believe that this study
would help to further expand the applications of CoCrFeNi series HEAs
in engineering.

2. Experimental method
2.1. Materials preparation

In this work, Co, Cr, Fe, Ni, Cu, Si powders (purity> 99.5 wt %) were
used as raw materials for melting CoCrFeNiCu;.,Si, (x =0, 0.2, 0.5, 0.8,
1, defined as Culsio, CuO.ssio'z, CUO,55i0.5, CuO.ssio'z, Cu()Sil alloys,
respectively) high entropy alloys. The raw powders were mixed by
manual grinding and then cold-pressed into a cylinder under a uniaxial
pressure of 50 MPa. Subsequently, the cylinders were placed in a water-
cooled copper crucible of the DHL 300A non-consumable arc melting
furnace. Next, the vacuum was reduced to 4 x 102 Pa and then filled
with high-purity argon gas to 0.5 atm. The arc current was about 500 A,
while the arc voltage was about 11-12 V. The ingots were melted at least
five times to achieve the chemical homogeneity. Table 1 lists the actual
chemical compositions of CoCrFeNiCu;.,Siy alloys measured by energy
dispersive spectroscopy (EDS).

2.2. Materials characterization

X-ray diffraction (XRD, D8Advance) with a Cu-Ka radiation (A =
0.15418 nm) was used to analyze the phase constitution of samples. The
20 scanning ranged from 30° to 100° and the scanning rate was 5°/min.
A Zeiss light optical microscope (OM, Axio Cam MRc 5) and field
emission scanning electron microscope (FE-SEM, JSM-6700 F) equipped
with EDS were used to analyze the microstructure and elemental

Table 1

The actual chemical compositions of CoCrFeNiCu,.,Siy alloys (at. %).
Materials Co Cr Fe Ni Cu Si
Cu; Sig 20.27 19.86 19.37 20.2 20.3 -
Cuo gSio.» 19.81 19.88 19.86 20.03 16.74 3.68
Cug 5Sio s 20.24 20.18 20.55 20.36 9.88 8.79
Cug.2Sip.g 20.25 19.98 20.25 20.23 4.08 15.21
CuoSiy 20.48 19.81 20.83 20.32 - 18.56
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distribution of samples.

2.3. Electrochemical measurements

The electrochemical behaviors of samples in a 3.5 wt % NaCl solution
were performed by an Autolab PGSTAT302 electrochemical worksta-
tion. The three-electrode system consisted of sample as the working
electrode (WE), platinum plate as the counter electrode, the saturated
calomel electrode (SCE) as the reference electrode. Open circuit poten-
tial (OCP) was measured for 30 min to form a stable electrochemical
system. Electrochemical impedance spectroscopy (EIS) measurements
were performed in the frequency range from 10° to 102 Hz at a sinu-
soidal signal amplitude of 0.01 V. Polarization curves were performed in
the range of —0.3 Vys, ocp ~1.2 Vyg, scg with a scan rate of 30 mV/min.
The corrosion potential (E,,) and corrosion current (I.,) were calcu-
lated by the Tafel extrapolation method.

2.4. Mechanical properties

A hardness tester (HVS-1000) was used to perform Vickers micro-
hardness of samples. The load was 9.8 N and the loading time was 15 s.
The microhardness test was done at least five times to ensure the pre-
cision and repeatability. Meanwhile, a Nano indenter tester (KLA G200)
equipped with a Berkovich indenter tip was used to detect the hardness
(H) and elastic modulus (E) of samples. The tests were performed by
driving the indenter at a constant load mode. The maximum applied
load for the indentation test was 50 mN and the loading rate was 2.5
mN/s. The indenter type was a triangular pyramid indenter with a tip
angle of 115°. Six measurements were tested on each sample to ensure
the data precision. The typical load versus indentation depth curve
exhibited in Fig. 1 could be expressed as follows:

h
= Puh <h<h, W

aZ(hfhr)n hr S h S hm

where P and P;, are the applied load and peak load, respectively. h is the
indentation depth under the load of P, h; and h; are the indentation depth
under the peak load before the creeping and the residual depth after
unloading, respectively. a;, a2, m and n are the curve constants.

The fracture toughness (Kjc) of samples could also be obtained by
nanoindentation test and energy-based method, and the corresponding

Load
(P, mN) Constant loading

I |
|
[

Elastic-plastic loading lastic
' unloading
05
[
i
15
1
1%
Elastic loading :
L
1«
1
[N
L. o
h h
' " Displacement
(h, nm)

Fig. 1. A schematic illustration of a typical load versus indenter displacement
(P-h) curve.
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equation was as follows [22,23]:

Ufracture E
KIC = T 1_—1/2 (2)
A =24.56h,> 3)
m+1 m+1 hn — h, hm m
Upacture = {1* 3 n+1 hm+m(hmfh,)]P’"h’(E*m+1)
~ p il ©)

where Upgcrure is the fracture energy, Ap, is the fracture area, hy, is the
maximum depth after the peak load before the creeping. E is the Young’s
modulus of the tested samples and v is Poisson’s ratio that was reported
to be about 0.3 [24,25].

2.5. Tribological properties

The reciprocating electrochemical corrosion friction and wear tester
(MFT-EC4000) was used to perform the dry sliding tribological behav-
iors of samples at room temperature, in which the sliding distance was
adjusted by modifying the eccentric distance between the connecting
rod and the rotary table. The counterpart material was GCr15 steel ball
with a diameter of 6 mm due to its high hardness, good wear resistance
and wide application as a bearing material. Based on our previous study
[10], the test parameters were set as follows: the normal load was 2 N,
the scratch length was 5 mm, the sliding velocity was 0.02 m/s and the
sliding time was 30 min. The morphologies and element distribution of
the worn surface were observed by SEM/EDS. Meanwhile, X-ray
photoelectron spectroscopy (XPS, ESCALAB 250) with an Al Ka target
was used to perform the state of each element on the worn surface. The
profiles of the wear track were performed by a two-dimensional optical
profiler (Alpha Step IQ profile meter). Then, the wear rate (W) could be
calculated using the following equation.

W=

PeS ®)
where V is the worn volume (mm3), P is the applied normal load (N) and
S is the sliding distance (m).

3. Results and discussion
3.1. XRD analysis

Fig. 2(a, b) shows the XRD patterns of CoCrFeNiCuj,Siy alloys. It can
be seen from Fig. 2(a) that Cu;Sig alloy was composed of FCC (PDF card
#65-6291) and Cu-rich (PDF card #04-0836) phases, which is consis-
tent with the results obtained by other researchers [12,13]. This was
because the mixing enthalpy between Cu and other elements was more
positive, which was listed in Table 2. As the x value increased to 0.2,
Cuyg gSig.2 alloy still consisted of FCC and Cu-rich phases, suggesting that
Si might be mainly solid solution in the FCC phase structure. However,
the ratios of the peak intensity of the (111)¢, and (111)gcc shown in

Table 2
The mixing enthalpy (AHp;) of different pairs atoms in CoCrFeNiCu;_,Si, alloys
(KJemol ™).

Elements Co Cr Fe Ni Cu Si

Co 0 -4 -1 0 6 -38
Cr 0 -1 -7 12 -37
Fe 0 -2 13 -35
Ni 0 4 —40
Cu 0 -19

Si 0
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Fig. 2(b) were 0.54 for Cu;Sip alloy and 0.33 for CuggSipo alloy,
respectively, suggesting the change in phase fractions caused by the
decreasing Cu content. For CugsSips and Cug2Sipg alloys, the peak
corresponding to NiSi-rich (PDF card #15-0793 and 32-0699) and BCC
(PDF card #38-0419) phases began to appear. Finally, CuSi; alloy was
composed of BCC, FCC and NiSi-rich phases, and Cu-rich phase was not
detected. These results indicate that the increasing Si content not only
caused the phase transition from FCC to BCC, but also promoted the
formation of intermetallic compounds.

In order to clarify the phase evolution of CoCrFeNiCu;.,Si, alloys
with the increasing x value, the phase content and lattice constants were
calculated using the Rietveld refinement method and shown in Fig. 2(c
and d). Fig. 2(c) shows that the volume fraction of Cu-rich phase
decreased from 28.1 % to 0 %, confirming that the formation of Cu-rich
phase in high entropy alloys was caused by the presence of Cu. Fig. 2(c)
also indicates that as the x value increased from 0 to 0.5, the content of
FCC phase continuously increased to the maximum value at x = 0.5. This
could be explained by the fact that the change in phase fraction induced
by the increasing Si content was not as prominent as that for the
decreasing Cu content because Si was mainly dissolved in the FCC phase
at the low x value. Meanwhile, Fig. 2(d) shows that the competitive
effect between Cu that caused lattice expansion and Si that caused lattice
contraction led to a slight decrease in the lattice constant [20,21]. As the
x value further increased from 0.5 to 1, the content of the FCC phase
continuously decreased. This might be because that Si, in addition to
being solidly dissolved in the FCC phase, also promoted the formation of
NiSi-rich and BCC phases. At the x value of 0.5, Si preferentially com-
bined with other metallic elements to form intermetallic compounds,
due to the more negative mixing enthalpy listed in Table 2. Therefore,
NiSi-rich phase with the area fraction of 1.7 % was first detected in the
Cugp5Sip5s alloy. When the x value increased to 0.8, the content of
NiSi-rich phase increased to 10.0 % due to the higher Si content.
Meanwhile, Si started to act as a BCC former and stabilizer and pro-
moted the transition from FCC to BCC phase with a lower atomic
packing density [26]. Therefore, BCC phase with the area fraction of
24.2 % was detected in the Cug gSig 2 alloy. As the x value increased up
to 1.0, the continuous decrease in the lattice constant as shown in Fig. 2
(d) led to the fact that Si tended to promote the formation of BCC phase
compared to NiSi-rich phase. Therefore, the content of NiSi-rich phase in
the CugSi; alloy decreased to 8.9 %, while that of BCC phase continu-
ously increased to 82.8 %, which is shown in Fig. 2(c).

Fig. 2(d) also shows the calculated grain size using the (111)
diffraction peak according to the Scherrer equation. It can be seen that
the average grain size of the FCC phase was about 31.3 pm for Cu;Sip
alloy, 36.9 pm for CupgSip 2 alloy and 38.4 pm for CugsSips alloy,
respectively. It has been reported that the addition of Cu and Si in the
FeCoCrNi HEAs could reduce the grain size [20,27]. The competitive
effect between the decreasing Cu content and increasing Si content
finally led to an increase in the grain size of CoCrFeNiCuy.,Siy alloys. As
the x value further increased to 1, the grain size of the FCC phase
decreased while that of the BCC phase increased, which could be
attributed to the phase transition caused by the increasing Si content.

In order to characterize the effect of Cu and Si on the phase evolution
of CoCrFeNiCuj.,Siy alloys, a parameter (£2) of the melting temperature
(T;) timing the mixing entropy (ASmix) over the mixing enthalpy
(AHp,y), the difference of atomic size (5) and valence electron concen-
tration (VEC) of CoCrFeNiCu;.,Si, alloys were calculated by the
following equations 6-11:

Tm = Z Ci(Tm)i (6)
i=1
ASmix= —R Z C:lnG )
i=1
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Fig. 2. XRD patterns (a) and 42°-46° magnification of (a), the phase fraction (c), the calculated lattice constant and grain size (d) of CoCrFeNiCu,.,Si, alloys.
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where (Ty);, Ci, ri and VEC; represent the melting temperature, molar
fraction, radius and number of valence electrons for the iy, element,
respectively. R is the gas constant, AHIJ"”‘ is the mixing enthalpy of the
binary liquid ij alloys. Tables 2 and 3 list the physicochemical and
thermodynamic parameters of the constituent elements in CoCrFeNiCu;.
«Siy alloys, and calculated results are listed in Table 4. Yang et al. [28]
has reported that the HEAs stabilized solid-solution was located at £ >

Table 3
The physicochemical and thermodynamic parameters of the constituent ele-
ments in CoCrFeNiCu.,Siy alloys.

Table 4

The calculated thermodynamic parameters of CoCrFeNiCu;_,Si, alloys.
Materials Tm ASmix AHp; Q 3 VEC

(K) (JeK temol ™) (KJemol 1) (%)

Cu; Sip 1711 13.38 3.23 7.08 1.03 8.82
Cup gSig 2 1732 14.18 —2.58 9.52 1.79 8.56
Cug 5Sio.5 1776 14.45 —11.04 2.32 2.36 8.15
Cup »Sig g 1810 14.21 —20.17 1.27 2.85 7.72
CupSi;y 1834 13.37 —25.12 0.98 3.00 7.47

Elements Atom radius (A) Pauling electronegativity VEC T (K)
Co 1.253 1.88 9 1768
Cr 1.249 1.66 6 2180
Fe 1.241 1.83 8 1811
Ni 1.246 1.91 10 1728
Cu 1.278 1.9 11 1358
Si 1.153 1.9 4 1687

1.1 and 6 < 6.6 %. Accordingly, five CoCrFeNiCu;.,Si, alloys were
mainly composed of solid solution phases. Guo et al. [29] has reported
that FCC phase was stable when VEC was higher than 8, while BCC phase
had a value lower than 6.87. When the VEC value was between 6.87 and
8, BCC + FCC dual phase formed. Based on the calculated VEC value
listed in Table 4, the phase transition from FCC to BCC was expected in
CoCrFeNiCuy.,Si, alloys. Moreover, the intermetallic compound was
more easily formed at a smaller £ and a larger §. Table 4 shows that the
Q decreased and § increased as the x value in CoCrFeNiCuj.,Siy alloys
increased. Therefore, NiSi-rich phase was detected in the CugsSigs,
Cug 2Sip.g and CuSi; alloys.

3.2. Microstructure analysis

Fig. 3 shows the SEM images and EDS mappings of CoCrFeNiCu;_,Siy
alloys, whereas the EDS results of different locations in Fig. 3 are listed
in Table 5. As shown in Fig. 3 (a) and (c), both Cu;Sip and Cug gSig.2
alloys showed a coarse dendritic structure and casting defects. The
corresponding EDS mappings successively shown in Fig. 3 (b) and (d)
indicate that Co, Cr, Fe and Ni elements were evenly distributed in the
matrix (dark black regions), whereas Cu was enriched in grain
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Table 5
The EDS results of different locations in Fig. 3.
Materials ~ Points Co Cr Fe Ni Cu Si
Cu;Sig FCC: 1 23.94 22.20 22.25 21.09 10.52 -
Cu-rich:2 3.45 2.88 3.82 8.90 80.95 -
Cug gSip .2 FCC: 3 23.62 22.18 23.16 19.33 9.12 2.59
Cu-rich:4 3.86 3.19 3.64 8.88 79.63 0.80
CupsSips FCC:5 2221 21.78 23.84 1891 6.51 6.75
Cu-rich: 6 2.92 2.01 2.84 7.93 82.32 1.98
NiSi-rich: 7 14.09 15.10 13.54 21.93 22.01 13.33
CupoSigs  FCC: 8 2242 2177 2379 1834 291  10.77
Cu-rich: 9 4.91 4.51 4.34 7.49 75.14 4.61
NiSi-rich: 10 15.63 16.70 15.26 18.16 19.68 14.57
BCC: 11 19.21 19.85 17.91 21.74 2.86 18.43
Cu,Siy FCC: 12 22.06 21.48 25.04 17.78 - 13.64
NiSi-rich: 13 19.98 14.42 18.04 25.60 - 21.96
BCC: 14 20.09 20.51 20.52 19.87 - 19.01

phase (point 12), BCC phase (point 13) and a small amount of NiSi-rich
phase (point 14). Comparison of the microstructure between Cug 2Sip.g
and CuoSi; alloys indicates that the area ratio of FCC to BCC fraction
decreased with the decreasing Cu content and increasing Si content,
suggesting the transformation from FCC to BCC.

3.3. Corrosion behaviors

Fig. 4 shows the potentiodynamic polarization curves of CoCrFe-
NiCuy.,Siy alloys in a 3.5 wt % NaCl solution. The corrosion potential
(Ecorr) and corrosion current density (I.,;) were obtained by Tafel
extrapolation method and shown in Table 6. The E., value can repre-
sent the susceptibility of metals to gain electrons and be corroded from a
thermodynamic perspective [30-32]. Therefore, the overall decrease of
E o decreased with the increasing x value in CoCrFeNiCu;.,Si, alloys
suggests the enhanced corrosion tendency. However, the E,r cannot be
used as the only parameter to evaluate the corrosion performance, the
I.orr value that reflects an electronic flow rate can more accurately
represent the corrosion resistance of metals from a dynamic perspective
[30,33]. Table 6 indicates that I.o, decreased from 8.63 x 107 to 3.81
x 1078 A/cm? as the x value in CoCrFeNiCuy,Siy alloys increased from
0 to 1, suggesting a decreasing corrosion rate. Therefore, the decreasing
Cu content and increasing Si content brought about an improvement in
the corrosion resistance. As the potential further increased, CoCrFeNi-
Cuy.,Siy alloys became passivated. It can be seen that Cu;Sip, Cug gSip.2
and CugsSips alloys showed a transition process from activation to
passivation. Meanwhile, the transition process disappeared in Cug 2Sig.g
and CuySi; alloys, suggesting the spontaneous passivation process for

1.24 CulSiU .- R
1 g . S s
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Fig. 4. Potentiodynamic polarization curves of CoCrFeNiCuy.Si, alloys in a
3.5 wt % NaCl solution.
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Table 6

The corrosion potential (E.,), corrosion current density (I.,), passive current
density (Iqss) and pitting potential (Ep;) of CoCrFeNiCu;.,Siy alloys in a 3.5 wt %
Nacl solution.

Materials Eeorr (V) Lorr (A/cm?) Lpass (A/cm?) Epie (V)
Cu;Sip -0.236 8.63 x 1077 1.22 x 1074 0.160
Cug gSio.2 —0.217 4.78 x 1077 2.72 x 107* 0.209
Cuy.5Sio.s —-0.223 1.54 x 1077 213 x 1074 0.268
Cug 2Siog —0.261 481 x 1078 2.04 x 107* 1.025
CuoSi; —-0.274 3.81 x 1078 1.90 x 107 1.067

CoCrFeNiCuy.,Siy alloys. The passive current density (Ipqss) and pitting
potential (Ep;) were calculated to evaluate the passivation properties of
CoCrFeNiCuy.,Si, alloys and the results were listed in Table 6. Cu(Si;
alloy had the lowest I and highest Ey;;, suggesting that the protective
passivation film was more easily formed on CoCrFeNiCuy.,Si, alloys
with lower Cu content and higher Si content. Therefore, the decreasing
Cu content and increasing Si content were beneficial for the improved
corrosion self-protection ability of CoCrFeNiCuj.,Siy alloys.

Fig. 5 shows EIS results of CoCrFeNiCu;_,Siy alloys in a 3.5 wt % NaCl
solution. In Fig. 5(a), the Bode plots of impedance modulus vs. frequency
curves indicate that the impedance value at 0.01 Hz was in order of
Cu;Sip < CuggSip2 < CugpsSips < CupsSipg < CupSij, suggesting that
CuoSi; alloy had the best corrosion resistance among five alloys. The
Bode plots (Fig. 5(b)) of phase angle vs. frequency curves indicate a
capacitive behavior at the high frequency range that was related to the
long wire or rod connecting the working electrode surface and the
potentiostat [34]. Then, a wide and strong phase angle peak was
observed at the medium frequency, suggesting the presence of one
relaxation time constant corresponding to an electrochemical reaction.
However, the surface defects and elemental segregation caused the
inhomogeneous surface to be divided into areas covered with a passive
film and weak areas of passive film or surface defect areas [19]. Based on
the above analysis, an equivalent circuit (EC) should consist of two parts
in parallel, which was shown in Fig. 5(c). In the EC, C represents the
capacitance for the phase peak at the high frequency range, R; is the
electrolyte resistance, Ry and Qy are the resistance and constant phase
element (CPE) of the passive film, R, and Qg are the charge transfer
resistance and double layer capacitance. The impedance (Z¢pg) of CPE
could be obtained by the following equation [35]:

Zepr = Yal (jw)™ 12
where Y represents the proportional factor, j is an imaginary number
(7 = — 1), w is the angular frequency, n is the exponent of CPE (-1 <n
<.

The fitting results for EIS data of CoCrFeNiCu;,Siy alloys are listed in
Table 7, which is also plotted using solid line in Fig. 5. All the fitting data
had a small error range and the chi-square (x2) were in the order of 10~%,
suggesting the reliability of the fitting parameters. It can be seen that the
Ry value was ranked as Cu;Sip < CuggSip2 < Cug5Sip.5 < Cup.2Sip.s <
CugSiy, which is consistent with the analysis of the polarization curves.
This might be because the potential difference between the surrounding
matrix and Cu-rich phase accelerated the intergranular corrosion ten-
dency and thus the oxide film could not be easily formed on the surface
[24]. Meanwhile, Si addition could promote the formation of a SiOs
protective passive layer [36]. The R value of CoCrFeNiCu;.,Siy alloys
increased from 3.66 x 10 to 6.16 x 10° Q-cm? as the x value increased
from O to 1, suggesting an improved corrosion resistance. This was
related to the microstructural transformation of CoCrFeNiCu;.,Siy al-
loys. On the one hand, Cu in CoCrFeNiCu;.,Siy alloys mainly segregated
at grain boundaries, resulting in the severe corrosion between Cu-rich
phase and surrounding matrix. Therefore, the decreasing Cu content
weakened the harmful effect of the dual-phase structure on corrosion
resistance. On the other hand, the addition of Si promoted the formation
of BCC and NiSi-rich phases. BCC phase could act as a micro-anode to
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5. EIS results (a-b) of CoCrFeNiCu;.,Si, alloys in a 3.5 wt % NaCl solution and the equivalent circuit (c) used to fitting EIS results.

The fitting results for EIS data corresponding to CoCrFeNiCu;_,Si, alloys ina 3.5
wt % NaCl solution.

Materials Cu; Sip Cug gSip.2 Cug5Sio.5 Cuo 2Sip.s CuoSiy
Ry (Q-cm?) 32.07 £ 27.98 + 28.51 + 3332+ 28.31 +
5.33% 5.98 % 5.78 % 3.31% 3.98 %
Qs -Yor X 2.10 + 2.03 £ 2.32 + 1.05 + 1.26 +
10°° (! 6.63 % 1.01 % 1.39 % 0.73 % 0.64 %
cm 25"
ny 0.8939 0.905 + 0.8923 + 0.8989 + 0.8926
+6.18% 5.51 % 2.75 % 1.35% + 2.07 %
Ry x 10* 0.35 + 1.05 + 2.84 + 6.66 + 7.24 +
(Q-cm?) 4.84 % 6.70 % 2.78 % 2.10 % 1.26 %
Qar-Yoa % 312+ 3.10 £ 2.34 + 0.332 + 0.330 +
10°° Q! 7.99 % 2.31% 2.10 % 4.29 % 5.47 %
cm 2 s")
Ng 0.7853 0.5145 + 0.5798 + 0.5684 + 0.6716
+ 7.55 % 6.44 % 6.95 % 4.28 % + 3.67 %
Ry x 10° 0.037 + 0.241 + 0.573 + 4.98 + 6.16 +
(Q-cm?) 5.18% 1.56 % 1.60 % 2.70 % 2.94 %
Chi-squared, 8.56 x 7.15 x 6.69 x 1.16 x 2.86 x
P'S 1074 1074 1074 1074 1074

prevent FCC phase as a micro-cathode from being corroded [37].
However, the formation of NiSi-rich phase led to the formation of new
micro-batteries, deteriorating the corrosion resistance. The competition

among above three effects finally resulted in the improvement in
corrosion resistance of CoCrFeNiCuj.,Si, alloys by the decreasing Cu
content and increasing Si content.

3.4. Mechanical properties

Fig. 6 shows the Vickers’ indentation and microhardness of CoCr-
FeNiCu;.,Siy alloys. Fig. 6(a—e) indicates that a typical diamond-shaped
indentation could be observed for all five alloys. However, microcracks
were not detected at the ends or edges of the diamond-shaped inden-
tation until the x value in CoCrFeNiCuy.,Si, alloys increased to 0.8.
Therefore, the fracture toughness of Cuj.,Siy alloys might decrease with
the decreasing Cu content and increasing Si content, which would be
analyzed by nanoindentation test and energy-based method. Moreover,
the diagonal length decreased as Cu content decreased and Si content
increased. Since the hardness was inversely proportional to the square of
the diagonal length [38], the microhardness of Cu;.,Si, alloys increased
from 156.7 to 890.0 HV as the x value increased from 0 to 1, which was
shown in Fig. 6(f). When the x value increased from 0 to 0.2, the
competitive effect between the decreasing lattice constant and
increasing grain size led to a limit increase in microhardness between
Cu;Sip and CuggSip.2 alloys. As the x value further increased, the
continuous decrease in the lattice constant brought about an enhanced
solid-solution strengthening effect. Meanwhile, the addition of Si not
only promoted the formation of hard and brittle NiSi-rich phase, but also
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Fig. 6. The Vickers’ indentation images (a-e) and microhardness (f) of CoCrFeNiCu,_,Si, alloys. (a) Cu;Siy alloy; (b) Cug gSio.» alloy; (c) Cug s5Sig s alloy; (d) Cug »Sips
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promoted the transformation from soft FCC phase to hard BCC phase,
increasing the microhardness of CoCrFeNiCuj.,Siy alloys.

Fig. 7(a) shows the typical load-displacement curves of CoCrFe-
NiCu;.,Siy alloys. All tested alloys exhibited a smooth and continuous
deformation behavior. Fig. 7(b) indicates that the H value of CoCrFe-
NiCu;.,Siy alloys increased in general as the x value increased, which is
almost consistent with the microhardness shown in Fig. 6(f). Sun et al.
[39] has reported that the Young’s modulus was proportional to the
hardness of all materials. Nonetheless, Fig. 7(b) indicates that Cug gSig 2
alloy exhibited a lower E value than Cu;Sip alloy, which might be
attributed to the increasing fraction of soft FCC phase. As the x value
further increased, the E value of CoCrFeNiCu;.,Si, alloys showed a
similar trend to the H value, which was attributed to the formation of
hard BCC and NiSi-rich phases. It has been reported that the H/E and
H3/E? ratios were considered as mechanical parameters useful for pre-
dicting the plastic deformation resistance and wear resistance of mate-
rials [40]. In Fig. 7(c), the H/E and H?/E? ratios of CoCrFeNiCuy_,Siy
alloys increased with the increasing x value, suggesting the improved
wear resistance [41]. Fig. 7(d) shows the fracture toughness (Kjc) of
CoCrFeNiCuy.,Si, alloys calculated by the energy-based method. When
the x value increased from O to 0.5, the Kj¢ value firstly decreased from
9.26 MPa-m'/? (Cu;Siy alloy) to 7.34 MPa-m'/2 (Cug gSig.2 alloy) and
then increased to 8.65 MPa-m'/> (Cup5Sig 5 alloy). This was related to
the microstructure change of CoCrFeNiCu.,Siy alloys. This was related
to the microstructure change of CoCrFeNiCu;.,Si, alloys. It has been
reported that the FCC structure usually possessed a large amount of slip
systems that moved easily and thus sufficient plastic deformation could
occur at the crack trip through a dislocation-mediated plasticity,
resulting in the high fracture toughness [42]. Therefore, the increasing
content of FCC phase in CoCrFeNiCuj.,Si, alloys would enhance the
fracture toughness. However, its relatively increasing grain size also led
to the appearance of extra holes near the crack tip or at grain boundaries
and thus reduced the required energy for the initiation or propagation of
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cracks, resulting in a decrease in the fracture toughness [43]. The
competitive effect between them led to the variation in the K¢ value of
CoCrFeNiCujy,Siy alloys (0 < x < 0.5). As the x value further increased to
1, the soft FCC phase gradually transformed into the brittle BCC phase
that could not adapt to accommodate the sufficient plastic deformation a
the crack tip due to the lack of slip systems that required lower stress to
activate the movement. The increasing grain size of the BCC phase also
caused the reduced fracture toughness. Meanwhile, the formation of the
brittle NiSi-rich phase could cause the high stress concentration and
promoted the initiation of cracks. Therefore, the K¢ value decreased to
8.57 MPa-m'/? for Cug 2Sip g alloy and 7.56 MPa-m'/? for CugSi; alloy.

3.5. Tribological properties

Fig. 8(a) shows the coefficient friction (COF) curves of CoCrFeNiCu;.
+Siy alloys after dry sliding at 2 N. It can be seen that the wear process of
CoCrFeNiCuy.,Siy alloys can be divided into the initial running-in stage
and the stable wear stage. The average COF in Fig. 8(b) indicates that the
average COF decreased from 0.679 to 0.246 as the x value in CoCrFe-
NiCuy.,Siy alloys increased from 0 to 1. This trend is negatively corre-
lated with the change in hardness, which is consistent with results
obtained by other studies [44,45].

Fig. 9(a) shows the typical wear track profiles of CoCrFeNiCuj.,Siy
alloys after dry sliding at 2 N. It can be seen that the depth and width of
the wear track decreased as the x value increased, suggesting a reduced
wear loss. To further quantify the influence of Cu and Si on wear
resistance, the wear rate (W) of CoCrFeNiCu;.,Si, alloys was calculated
and shown in Fig. 9(b). It can be seen that the W value decreased from
4.84 x 107* t0 0.76 x 10~* mm3N"1.m™! as the x value in CoCrFe-
NiCu;.,Siy alloys increased from O to 1. Therefore, the decreasing Cu
content and increasing Si content could lead to a great improvement in
the wear resistance of CoCrFeNiCu;.,Siy alloys, which is related to the
change in the phase composition and microstructure. A comparison of
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microhardness vs. wear rate between this study and other HEAs systems
[20,46-57] is shown in Fig. 10. It can be seen that both Cug 2Sip g and
CugSi; alloys in this study exhibited a fair balance between the high
hardness and low wear rate, compared with other CoCrFeNi-X,
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Fig. 10. A comparison of microhardness vs. wear rate between this study and
other HEAs systems.

FeCrNSiy, CrFeNiNb,, Al,CoCrFeNi,, NbMoZrTi-X HEAs systems.
Therefore, both Cug 5Sip g and CuSi; alloys could display a particularly
promising applications in aerospace, automotive, energy, etc.

Fig. 11 shows the morphologies of the worn surfaces for CoCrFe-
NiCuy.,Siy alloys. Fig. 11(a and b) indicates that the worn surface of the
Cu;Sip alloy exhibited obvious plastic deformation and a large amount
of patches. The corresponding EDS mapping results of the worn surfaces
in Fig. 12(a) indicate that the presence of oxygen element in the patches,
suggesting the formation of oxide patches during the dry sliding. This
was due to the surface oxidation reaction caused by the generation of
heat during the friction process. These characteristics indicates that the
Cu;Sip alloy experienced an adhesive wear. Meanwhile, there are many
wear debris and plowing grooves were formed due to its low hardness,
suggesting the presence of the abrasive wear. Therefore, the main wear
mechanism of the Cu; Sip alloy was adhesive wear and abrasive wear. For
Cuyg gSip.2 and Cug sSig s alloys, Fig. 11(c-f) and Fig. 12(b and c) show
that the plastic deformation disappeared from the worn surface, while
the oxide patches could be still detected but their content was relatively
lower. Moreover, the amount of wear debris increased and the plowing
grooves could still be observed. Accordingly, the main wear mechanism
of Cuyg gSip.2 and Cug sSig 5 alloys was the abrasive wear. For Cug 2Sip g
and CupSi; alloys, Fig. 11(g—j) and Fig. 12(d and e) show that the oxide
patches could not be detected, and the worn surface did not exhibit
distinct plowing grooves and became relatively smoother, suggesting
that the matrix experienced the slight abrasive wear. In summary, when
the x value of CoCrFeNiCuj.,Si, alloys increased from O to 1, the main
wear mechanism changed from adhesive wear and abrasive wear to
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slight abrasive wear. This might be related to the increasing hardness
caused by the decreasing Cu content and increasing Si content in
CoCrFeNiCuy_,Si, alloys.

Fig. 13 shows the XPS spectra of Co, Cr, Fe, Ni, Cu and Si elements on
the worn surface for CoCrFeNiCu;_,Si, alloys after dry sliding at 2 N. The
Co2p spectra could be divided to peaks at 777.7 £+ 0.3 and 792.5 + 0.3
eV for metallic Co, peaks at 780.7 & 0.2 and 796.4 + 0.2 eV for CoO and
corresponding satellite peaks at 785.4 + 0.3 and 801.7 4 0.2 eV [58]. In
the Cr2p spectra, peaks at 573.5 + 0.2 and 582.9 + 0.2 eV could be
associated with metallic Cr, while those at 576.5 & 0.1 and 586.1 4 0.4
eV were corresponding to Cry03 [59]. The Fe2p spectra could decom-
pose into peaks at 706.6 + 0.3 eV and 719.4 + 0.3 eV for metallic Fe,
peaks at 710.2 + 0.3 eV and 722.9 + 0.3 eV for FeO and peaks at 712.4
+ 0.3 eV and 726.2 + 0.3 eV for FeyOs, respectively [60]. The Ni2p
spectra could decompose into peaks at 852.2 + 0.2 and 869.4 + 0.3 eV

Intermetallics 174 (2024) 108453

for metallic Ni, peaks at 854.9 + 0.5 and 873.0 + 0.2 eV for NiO and
corresponding satellite peaks at 861.1 + 0.2 and 878.6 + 0.5 eV,
respectively [61]. In Cu2p spectra, peaks at 932.0 + 0.3 and 951.7 +
0.2 eV could be associated with metallic Cu, while those at 934.4 + 0.4
and 954.4 + 0.7 eV were assigned to CuO [62]. The Si 2p spectra could
decompose into peaks at 99.1 + 0.3 and 101.5 + 0.2 eV for metallic Si
and SiO,, respectively [63]. These results indicate that dry sliding fric-
tion experiment could lead to the oxidation of Co, Cr, Fe, Ni, Cu and Si
elements that formed an oxide friction layer with excellent wear
resistance.

Fig. 14(a) shows the atomic ratio of Co, Cr, Fe, Ni, Cu and Si elements
on the worn surface of CoCrFeNiCu;.,Siy alloys after dry sliding at 2 N. It
can be seen that the atomic ratio of each Co, Cr, Fe and Ni on the worn
surface of five alloys was mostly smaller than that in matrix. Meanwhile,
the atomic ratio of Cu decreased from 24.5 % to 0, whereas that of Si
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Fig. 14. Atomic ratio of Co, Cr, Fe, Ni, Cu and Si elements (a), phase proportion of the compounds of Cu and Si (b) on the worn surface of CoCrFeNiCu,_,Si, alloys

after dry sliding at 2 N.

increased from 0 to 56.8 % as the x value increased from 0 to 1.
Therefore, the compounds of Cu and Si played an important role during
dry sliding. Fig. 14(b) shows the phase proportion of the compounds of
Cu and Si on the worn surface. It can be seen that Cu element mainly
existed in the form of metallic Cu instead of CuO that could act as lu-
bricants. Meanwhile, Si element mainly formed hard SiO; that could act
as lubricants. Moreover, Cu content decreased, while SiO5 content
increased as the x value increased, resulting in the improved wear
resistance and reduced COF.

In summary, the improved wear resistance of CoCrFeNiCu;j.,Si, al-
loys caused by the increasing x value could be attributed to the change in
the microstructure and chemical composition with. From the micro-
structure, the decreasing Cu content and increasing Si content in
CoCrFeNiCuj.,Siy alloys brought about a change in phase composition
and grain size, thus increasing the hardness as discussed in Section 3.4. It
is well known that materials with a low hardness were less capable of
withstanding the pressure of the hard counterpart, and thus led to a large
contact area between them. During sliding, the shear forces caused by
the relative motion of the counterpart produced a large amount of wear
debris and deep grooves and thus roughened the surface, resulting in a
high COF and wear loss. The increasing hardness of CoCrFeNiCu;.,Siy
alloys produced a higher resistance against the relative motion of the
GCr15 steel ball and reduced the contact area between them. Therefore,
both the width and depth of wear track as shown in Fig. 9(a) showed a
continuously decreasing trend, contributing to the decrease in the COF
and wear rate. Meanwhile, the increasing x value also led to the
decreasing Cu content mainly in form of metallic Cu and increasing Si
content mainly in form of lubricant SiO, on the worn surface of CoCr-
FeNiCu;.,Siy alloys, which is shown in Fig. 14. On the one hand, the
beneficial effect of Cu on the CoCrFeNi HEA system was mainly due to
the formation of copper oxide that avoided direct contact and reduced
the wear loss. However, only about 30 % of Cu element was oxidized in
this work and thus the decrease in Cu content might help in improving
the wear resistance. On the other hand, the formation of lubricant SiO5
on the worn surface not only limited the direct contact between the
counterpart materials and alloy surface, but also had a lubricating effect
during sliding. Accordingly, the increasing Si content could improve the
wear resistance. Consequently, the change in the chemical composition
with the increasing x value also brought about a decrease in the COF and
wear rate.

4. Conclusion

(1) As the x value increased from O to 0.5, the microstructure of
CoCrFeNiCuy_,Siy alloys changed from FCC + Cu-rich to FCC +
Cu-rich + NiSi-rich phases, suggesting that Si addition promoted
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the formation of intermetallic compounds. Moreover, as the x
value increased, the grain size and area fraction of FCC phase
increased. When the x value further increased to 1, the micro-
structure became FCC + BCC + NiSi-rich phases, suggesting the
phase transition from FCC to BCC caused by Si addition.
(2) As the x value in CoCrFeNiCuy_,Si, alloys increased from O to 1,
the I, value decreased from 8.63 x 1077 to 3.81 x 10°8 A/cmz,
whereas the R value increased from 3.66 x 10° to 6.16 x 10°
Q-cm?. Therefore, the corrosion resistance of CoCrFeNiCuy.,Siy
alloys was improved by the decrease in Cu content and increase in
Si content. This was related to the competition among the
decreasing content of Cu-rich phase that resulted in the serious
galvanic corrosion, the increasing content of NiSi-rich phase that
led to the formation of new galvanic couple deteriorating the
corrosion resistance, and the increasing content of BCC phase that
could prevent FCC phase from being corroded. Moreover, CoCr-
FeNiCu;.,Siy alloys transformed into a spontaneous passivation
process when the x value increased to 0.8.
As the x value increased, the hardness of CoCrFeNiCu;.,Siy alloys
exhibited an overall increasing trend, while the fracture tough-
ness showed an opposite trend. This was related to the change in
the lattice constant, grain size and area fraction of soft FCC phase,
the disappearance of Cu-rich phase and the formation of hard
BCC and NiSi-rich phase, which was caused by the decreasing Cu
content and increasing Si content.
(4) As the x value increased from O to 1, the W value of CoCrFeNiCuj.
xSiy alloys decreased from 4.84 x 10740 0.76 x 10" *mm3N~1.
m !, suggesting an improved wear resistance. This was related to
the improved hardness, increasing content of lubricant SiO, and
decreasing content of metallic Cu during wear process. Moreover,
the main wear mechanism of CoCrFeNiCu;.Si, alloys changed
from adhesive wear and abrasive wear to slight abrasive wear.
Comparison of the properties among five CoCrFeNiCu;.,Siy alloys
shows that the Cug2Sipg alloy exhibited an excellent compre-
hensive properties, revealed by the I, value of 4.81 x 108 A/
cm?, the R value of 4.98 x 10° Q-cm?, the H value of 510.5 HV,
the Kjc value of 8.57 MPa-m'/? and the W value of 0.88 mm?3.N~!
-m L

3)

(5)
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