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In CoCrNiCuMo high-entropy alloys (HEAs), the Cu is highly susceptible to
segregation, resulting in significant deterioration of plasticity, wear resis-
tance, and corrosion resistance. In this study, Al with atomic ratios of 0, 0.26,
0.56, and 1.00 are added to CoCrNiCuMo to regulate the segregation. The
microstructures and composition of CoCrNiCuMoAlx alloys are characterized
by scanning electron microscopy (SEM) and energy dispersive spectrometer
(EDS) analysis. The phase composition of the alloys is analyzed by x-ray
diffractometry (XRD). The microhardness, compression, friction and wear
resistance, and corrosion resistance are also tested to investigate the effect of
the Al on the microstructure and properties of the CoCrNiCuMo high-entropy
alloys. The results show that, with the addition of Al, the Cu in HEA no longer
appears as spheres for large-scale deviations, but form Al-Ni-Cu-rich phases
with the Al and Ni in the BCC structure uniformly distributed at the grain
boundaries, while the grain size is refined to a certain extent. As the amount of
Al addition increases, the values of hardness and compressive strength in-
crease. The CoCrNiCuMoAl,, alloy possesses the highest hardness and
strength of 621.5 HV5 and 1775 MPa, respectively. Moreover, the wear
resistance and corrosion resistance are gradually improved with the increase

of Al

INTRODUCTION

In the harsh marine environment, metal compo-
nents of marine equipment suffer serious corrosion
and wear damage, which leads to the degradation of
equipment performance and even some dangerous
accidents. Therefore, it is necessary to prepare
outstanding wear-resistant and corrosion-resistant
coatings on the metal surfaces to solve the problem.
High-entropy alloys (HEAs) are a new kind of alloys
composed of five or more elements in terms of equal
or nearly equal atomic ratios,’™® mainly consisting
of simple FCC, BCC, or HCP solid solution. Besides
excellent mechanical properties, such as high
strength and hardness, some HEA systems contain-
ing easily passivated elements also show much
better corrosion resistance than traditional
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corrosion-resistant materials such as stainless
steel.*”” HEAs coating are a recent hotspot of
interest, showing a bright future in the protection
of metal components in the marine equipment.®**

At present, there are many kinds of HEAs,
generally involving 5-13 kinds of elements, such
as Co, Cr, Ni, Mo, Cu, and so on. The roles of each
element in HEAs are significantly different. For
instance, Co is usually enriched in the inter-den-
drite, and the plasticity of HEAs can be improved by
” the adhesion bonding effect” of Co. Cr is beneficial
for the formation of BCC solid solutions and the
enhancement of hardness and strength. Ni can
inhibit the defects caused by Al in the process of the
preparation of the alloy, and can improve the wear
resistance. Because of the larger atomic radius of
Mo, the lattice distortion effect and solution
strengthening effect are obvious. Cu is good for
generating FCC solid solutions, and is uniformly
distributed in the grain boundary region helping to
improve the ductility of the alloy, Cu also has a
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lower price and weight, which can reduce the cost
and make the alloy lighter. Moreover, the addition
of Cu can play an anti-fouling role when applied in
the marine environment.'? However, the segrega-
tion of Cu in the alloys readily occurs, resulting in
the decline of the corrosion resistance of the alloys.
Co, Cr, Ni, Mo, and Cu are mostly located in the
periodic table of the subgroup of the fourth cycle.
With adjacent location, similar atomic radii and
performance, they have good solubility, and the
structure of the alloys formed by the combination of
some of these elements is simple. Co, Cr, Ni, and Mo
are also easily passivated elements, which promote
the formation of passive films and improve the
corrosion resistance of alloys. Therefore, CoCrNi-
CuMo HEAs were selected in this study as having
high wear and corrosion resistance. It has been
proved that, due to the low mixing enthalpy of Cu
with the main elements of HEAs, the Cu segrega-
tion phenomenon is easily produced in the
HEAs, ! which causes a deterioration in material
toughness, frictional properties, and corrosion resis-
tance, limiting the application range of the alloys.
Thus, improving the segregation phenomenon of Cu
can improve the toughness and wear resistance and
avoid serious grain boundary corrosion. Also, the
homogenization of the distribution of Cu is the key
to improving the toughness and corrosion resistance
of Cu-containing HEAs.' Cai et al.'® prepared
FeCoCrNiCux HEAs coating by laser cladding tech-
nology, and the Cu segregation at grain boundary
resulted in an increase in potential difference and in
the deterioration of corrosion resistance; Verma
et al.’” found that the wear rate of as-cast
CoCrFeNiCux HEAs decreased with the increase
of Cu, but the existence of Cu segregation would
worsen the corrosion and induce brittle fracture;
Zhu et al.'® found that the toughness of as-cast
AlCoCrFeNiCux HEAs decreased with the increase
of Cu; Zheng et al.’® also confirmed the adverse
effect of Cu segregation on the toughness of
CoCrFeNiCu HEAs prepared by directional
solidification.

Due to the large atomic radius of Al, its addition
can enhance the lattice distortion effect and
improve the hardness and strength of the alloys.
Based on this, this paper proposes that the addition
of Al can guarantee the unique structural charac-
teristics and remarkable properties and improve the
hardness, wear resistance and corrosion resistance
of the HEAs. In this paper, the effects of Al on the
microstructure, phase structure, mechanical prop-
erties, wear resistance, and corrosion resistance of
CoCrNiCuMoAlx HEAs are analyzed.

EXPERIMENTAL

The preparation of the CoCrNiCuMoAlx alloys
used Al, Co, Cr, Ni, and Mo single alloy powders
with a purity greater than 99.95 wt.% (mass frac-
tion), mixed thoroughly according to different

ratios, and then melted in a 20-kg vacuum induction
furnace. The protective gas was pure argon, and the
refining temperature was controlled at about
1600°C. The pouring temperature was 1580 =+
10°C. The powder was poured into a plum bar-
shaped test bar, then the ingot was inverted and the
content was remelted. The melting and pouring
were repeated five times to refine the alloys to
improve the homogeneity of their composition. The
Al was added in two batches, half of which was
added in the furnace, and the other half was added
together with Cu powder after the refining was
completed. The atomic ratios of the Al were con-
trolled to be 0, 0.26, 0.56, and 1.0 during the
process; the chemical composition of the alloys is
shown in Table I.

An optical microscope and a scanning electron
microscope (SEM; TESCAN MIRA3) were used to
analyze the morphology, an electron energy spec-
trometer (EDS) was used to analyze the composi-
tion, and an x-ray diffraction machine (XRD;
PANalytical XPert Pro) was used to analyze the
crystal structure. The target material was a copper
target with a scan rate of 2°/min, a scan range of
15°-90°, and a step size of 0.02°.

The specimen hardness was tested using an HV-5
small load Vickers hardness tester, the compression
experiments were conducted using an MTS testing
machine in accordance with ISO 6892, and the
fracture of the sample was analyzed using SEM.
The friction and wear experiments were conducted
using an UMT-2 friction and wear testing machine,
and the three dimensional profile and wear volume
was tested with a 3D profilometer, and an electro-
chemical workstation (Zahner pp211) was employed
to measure the potential dynamic polarization. The
samples were polished to remove the surface layer
before testing, and the ambient temperature during
the experiment was 25°C. A conventional three-
electrode cell was used for the tests. The electrolyte
medium was a 3.5 wt.% NaCl solution, the sample
was used as the working electrode, a saturated
calomel solution was used as the reference elec-
trode; and a platinum sheet was used as the
auxiliary electrode. When measuring the polariza-
tion curve, the potential polarization range was
— 1.0 to 1.0 V, the scan rate was 5.0 mV/s, and the
scan step was 0.5 mV.

Table I. Chemical compositions of CoCrNiCuMoAlx
(x =0, 0.26, 0.56, 1.0) alloys

Alloys Co Cr Ni Mo Cu Al

Alloy 1 20 20 20 20 20 0
Alloy 2 19 19 19 19 19 5
Alloy 3 18 18 18 18 18 1.0

Alloy 4 16.67 16.67 16.67 16.67 16.67 16.67
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RESULTS AND DISCUSSION

The XRD diffraction patterns of the CoCrNiCu-
MoAlx alloy are shown in Fig. 1. The CoCrNiCuMo
alloy was composed of FCC, BCC, and Laves solid
solution phases, and there were no complex multi-
phases in the alloys. With increasing Al content, the
intensity of the BCC phase diffraction peak gradu-
ally increased and the intensity of FCC diffraction
peak gradually decreased, which can be attributed
to the atomic radius of Al being larger than the
atomic radii of the other elements in the alloy. Also,
the addition of large-sized atoms increases the
atomic radius difference. From the viewpoint of
atomic density,?’ that of the FCC crystal structure
was 74%, while the atomic density of the BCC
crystal structure was smaller than that of the FCC
structure, only 68%. With increasing Al content, the
lattice distortion energy of the alloy also increased,
which led to the transformation from the FCC
crystal structure to the less dense BCC crystal
structure.

Figure 2 shows the SEM backscattered electron
images of the CoCrNiCuMoAlx alloy. The arrows
point images which are partial enlargements of the
left image, where (a), (b), (c), and (d) correspond to
the Al contents of x =0, x = 0.26, x = 0.56, and
x = 1.0, respectively, and A, B, and C trace the Cu,
Mo, and mixed region, respectively. The results of
the EDS analysis corresponding to the points are
shown in Table II. As can be seen from Fig. 2, the
microstructure of the alloy changes significantly
with the addition of Al. The phase compositions of
the CoCrNiCuMo alloy are: Al-Ni-Cu-rich BCC
phase in the form of columnar crystals, spherical
Cu-rich FCC phase, and Mo-rich Laves phase. With
the increase of the Al content to x = 0.26, the alloy
begins to have a dendritic tissue morphology, and
when x = 0.56, the dendritic structure is obvious,
and the Cu no longer exists in spherical form, but is
based in the dendritic boundary of the BCC phase
and the Laves phase of the matrix. When the Al
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Fig. 1. XRD patterns of CoCrNiCuMoAlx HEAs.
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content continues to increase to x = 1.0, the grain
size becomes more refined and the dendritic matrix
undergoes a certain maturation phenomenon. This
indicates that, with the increase of Al content, the
deviations of Cu are significantly improved until
they no longer form a separate phase, and the
histomorphology changes from columnar to den-
dritic crystals.

In the process of non-equilibrium solidification,
such as melting, laser cladding, and directional
solidification, Cu and the other constituents can be
uniformly mixed in the liquid state, but, during the
cooling process, solid solution phase formation is
related to the atomic radius difference and mixing
enthalpy, which can be produced when — 15 kd/mol
< mixing enthalpy < 5 kdJ/mol and the atomic
radius difference < 6.6%. The enthalpies of mixing
between Cu and Co and Cr and Mo are 6 kdJ/mol, 12
kd/mol, and 19 kd/mol, respectively, Therefore, no
intermetallic compounds are formed between them,
and the enthalpies of mixing between the remaining
elements far exceed the enthalpies of mixing with
Cu. It is difficult to form a stable and homogeneous
solid solution, which leads to the phenomenon of
partial precipitation of Cu in the alloy. The atomic
properties of Cu and Ni are closer, thus part of the
partial precipitated Cu will have some Ni dissolved
in it, which the study of CoCrCuFeNiAlx alloy by
Yue et al.?! proves. The key technology to eliminate
Cu deviations is to achieve complete dissolution of
Cu with the solid HEA. The addition of Al improves
the solid solution of Cu in the alloy.

The surface scan results of the CoCrNiCuMoAlj 5¢
HEA are shown in Fig. 3. When the Al increases to
x = 0.56, the Cu gradually fuses with the Al and Ni,
indicating that the Al is effectively promoting the
dissolution of the Cu and Ni. Therefore, Cu in HEAs
no longer appears as spheres for large-scale devia-
tions, but forms Al-Ni-Cu -ich phases with the Al
and Ni in the BCC structure uniformly distributed
at the grain boundaries. The addition of Al causes
the alloy to undergo obvious component subcooling
during solidification, resulting in the transforma-
tion of the alloy’s organization from columnar to
dendritic crystals. In addition, the addition of Al
also refines the grains of the alloy to a certain
extent.

The effect of Al content on the hardness value and
compressive strength of CoCrNiCuMoAlx HEAs is
shown in Fig. 4, in which the hardness shows a
gradual increasing trend with the increase of Al
content. CoCrNiCuMo alloys have a minimum
hardness value of only 540.5 HV;5. The CoCrNiCu-
MoAlj 56 and CoCrNiCuMoAl 5¢ alloys have a large
increase in hardness values to 572.6 HV; and 613.4
HVj5, respectively, but when the Al content
increases to x = 1.0, the hardness value of the alloy
changes less, reaching the highest value to 621.5
HV;5. This is because, with the increase of Al
content, the atomic radius difference in the alloy
gradually increases, which enhances the lattice
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Fig. 2. SEM images of CoCrNiCuMoAlx HEAs: (a—d) backscattered images for Al 0, Al 0.26, Al 0.56, and Al 1.0, respectively.

Table II. CoCrNiCuMoAlx HEAs energy spectrum analysis

Number Cr Co Ni Cu Mo Al

x=0 a—A 2.14 3.47 12.72 81.38 0.29 0
a—B 19.73 19.24 13.42 1.76 45.86 0
a—C 17.32 21.22 22.63 15.03 23.80 0

x =0.26 b—A 3.39 6.08 24.25 62.18 1.29 2.82
b—B 20.28 20.01 12.22 0 47.14 0.35
b—C 17.68 25.95 31.42 12.21 10.69 2.06

x = 0.56 c—A 14.47 24.48 32.19 19.40 5.48 3.98
c—B 19.40 17.04 7.57 0 53.92 0.93
c—C 5.14 13.57 40.32 29.84 0.67 10.28

x=1.0 d—A 1.71 4.75 12.39 78.06 0.07 3.02
d—B 26.39 21.10 7.15 0 42.68 1.68
d—C 6.98 19.33 35.19 25.12 0.99 12.38

Bold italic entries represents the element most abundant in this region

Fig. 3. Surface scan results for CoCrNiCuMoAly s HEA.
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Fig. 4. Micro-hardness and compressive strength curve of
CoCrNiCuMoAlx (x = 0, 0.26, 0.56, 1.0) HEAs.

distortion effect in the alloy. At the same time, the
addition of Al will make it replace the lattice sites of
other atoms, promote the formation of the solid
solution phase of the alloy, and enhance the solid
solution strengthening effect. As can be seen in
Fig. 1, Al can promote the transformation of the
FCC structure to the BCC structure, and the BCC
structure has a higher hardness than the FCC
structure.

In this study, the alloy strength showed a gradual
increase with the increase of Al content, and the
lowest yield strength of the alloy was 1463 MPa. At
this point, the Al element has not yet been added,
while the CoCrNiCuMoAl, ( alloy reached the high-
est value of 1775 MPa. The addition of Al promoted
the transformation of the FCC structure to the BCC
structure, and the slip surface of the FCC crystal
structure was (111), which is easy to slip and has a
lower yield strength than the BCC structure, so the
yield strength of the alloy gradually increases. In
addition, a small amount of Al atoms solid solution
into the alloy increases the degree of distortion of
the alloy and significantly enhances the solid solu-
tion strengthening effect, so the yield strength of
the alloy is improved.

Figure 5 shows the compressive fracture mor-
phology of CoCrNiCuMoAlx HEAs in four groups of
x =0, 0.26, 0.56, and 1.0. There are many destruc-
tive steps and river patterns at the fracture, which
in terms of fracture form belong to brittle fracture.
As for the CoCrNiCuMoAl (, there are many small
tough nests at the fracture, indicating that the
fracture mechanism of the HEA is tough nest
fracture. This is because the increase in Al content
enhances the lattice distortion of the internal
structure of the alloy, which has a dispersive
strengthening effect on it, promoting the formation
of tough nests, causing the fracture form of the alloy
to change from brittle fracture to ductile fracture.*?

Figure 6 shows the variation curves of the friction
coefficient with time for CoCrNiCuMoAlx HEAs in
the reciprocating friction wear experiments. From
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the figure, it can be seen that the friction coefficients
of each group of alloys shows a trend of increasing
and then stabilizing with the increase of experi-
mental time. This is because the wear of the alloy
surface is due to fatigue damage, which generates
particle fragments to form a third body between the
two opposite sides, which will increase the friction
coefficient The friction coefficients of the alloys
CoCrNiCuMo and CoCrNiCuMoAl, o alloys tend to
be stable compared to the other groups within 100 s
from the beginning of the experiment, indicating
that the wear resistance of both two groups is
stable. As can be seen from Table III, the friction
coefficients of the alloys were about 0.66, 0.68, 0.53,
and 0.38 for the CoCrNiCuMo alloy, CoCrNiCu-
MoAlj 96 alloy, CoCrNiCuMoAlj 56 alloy, and CoCr-
NiCuMoAl, , alloy, respectively. It can be seen that
the friction coefficients of the alloys gradually
decreased with increasing Al content. This is
because, under the long-term friction, the sample
surface generates a large amount of heat, and the
addition of Al promotes the formation of an oxide
layer on the surface of the abrasive marks, which
leads to the accumulation of oxide chips and the
formation of a high-hardness friction layer, thus
reducing the wear between the friction surfaces. In
addition, the oxide layer acts as a lubricant, reduc-
ing the coefficient of friction and improving the wear
resistance of the alloy.

To reveal the effect of Al on the friction and wear
properties of the alloy, the wear surface morphology
of the wear specimens has been examined by using
3D surface topography and SEM, as shown in Fig. 7.
As can be seen, the abrasion marks were deeper
when no Al is added, and the depth and width of the
abrasion marks decreased with the increase of Al
content, while the wear amount decreases, with a
large amount of grinding accumulation and protru-
sion along the edge and the sliding direction of the
abrasion marks, and the wear amount is minimized
when the content of Al is 1.0. The CoCrNiCuMoAlx
HEAs tissue is fatigued off under the cyclic action of
abrasive grains, and plow grooves are formed on the
alloy surface tissue, indicating that the wear mech-
anism is abrasive wear. There are obvious signs of
abrasive adherence on the wear surface, and the
abrasive chips increase with the increase of Al
content. The continuous accumulation of abrasive
residues on the surface increased the roughness of
the friction surface, which also affects the constant
friction coefficient at the later stage of friction
fluctuation. In general, the amount of wear and
the hardness of the material has a direct relation-
ship, but in the process of frictional wear of the
material, the surface and near-surface of the mate-
rial will be subjected to the pressure of the abrasive
vice on it. At the same time, it can impede abrasive
vice sliding and cause plastic deformation, and the
plowing effect on the abrasive vice will form grooves
in the surface of the material. After the reciprocal
action of the originally formed grooves, it will be
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Fig. 6. Friction coefficient versus time of CoCrNiCuMoAlx (x = 0,
0.26, 0.56, 1.0) HEAs.

Table III. CoCrNiCuMoAlx HEAs average friction
coefficient

Al atomic ratio x=0 x=026 x=0.56 x=1.00

Friction coefficient 0.68 0.66 0.53 0.38

ground flat and then followed by new grooves. The
amount of wear of the material is also related to its
plastic deformation. With the increase of Al content,
the formation of the BCC phase will be promoted,
the hardness of the alloy is increased, and the
friction coefficient of the alloy is gradually reduced.
Therefore, the wear on the material is reduced.
Figure 8 shows the potential dynamic polarization
(Tafel) curves of the CoCrNiCuMoAlx HEA in 3.5%
(mass fraction) NaCl solution at room temperature.
It can be seen that the CoCrNiCuMoAl, o alloy has
the best corrosion resistance according to the high-
est corrosion potential and the lowest corrosion
current density. The self-corrosion potential (Ecorr)

and self-corrosion current density (Icorr) are two
important parameters of the kinetic potential polar-
ization curve, in which the larger self-corrosion
potential indicates the better corrosion resistance of
the material in that environment, and the corrosion
current density has a positive correlation with the
corrosion rate of the alloy with the same exposed
area.?? The self-corrosion potential and self-corro-
sion current density are obtained by using the
extrapolation method, and are listed in Table IV.
With the increase of Al content, the self-corrosion
potential of CoCrNiCuMoAlx HEAs gradually
increases, and reaches the maximum of — 0.434 V
when x = 1.0. The self-corrosion current density
gradually decreases with the increase of Al content,
and the self-corrosion current density reaches the
minimum at x = 1.0, which is 2.42 x 10°° A/em®.
This is because the Cu will be massively polarized
when there is no Al added. With the Cu phase as the
anode and the surrounding matrix potential differ-
ence, accelerating the corrosion of the alloy, with
the increase of Al content, alleviates the polariza-
tion phenomenon of the Cu. With the positive
potential shift, the corrosion resistance of the alloy
has been improved. In addition, with the increase of
Al content, the lattice distortion energy increases,
which also provides the impetus for the formation of
passivation films, promotes the formation of a
denser passivation film on the alloy surface,
increases the width of the passivation zone, and
reduces the corrosion rate of the alloy.?*

CONCLUSION

Based on CoCrNiCuMo HEAs, the effect of Al
content on the microstructure and mechanical prop-
erties of the alloy have been studied, and the
following main conclusions drawn.

(1) In CoCrNiCuMo HEAs, With the addition of
Al, the presence of Cu is no longer in the form
of large-scale deviations in the form of Cu
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Fig. 7. 3D morphology and SEM images of CoCrNiCuMoAlx HEAs: (a) x = 0, (b) x = 0.26, (c) x = 0.56, (d) x = 1.0.
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Fig. 8. Potentiodynamic polarization curves of the CoCrNiCuMoAlIx
HEAs in a 3.5 wt.% NaCl solution.

Table IV. Corrosion potential (E.,,,) and corrosion
current density (I.,,) of CoCrNiCuMoAlx HEAs

Al atomic ratio E ,/mV Ior/(A/cm®)
x=0 — 0.890 5.38 x 107°
x =0.26 — 0.860 1.67 x 1075
x=0.56 — 0.506 3.44 x 107
x =1.00 — 0.434 2.42 x 1078

spheres, but it forms Al-Ni-Cu-rich phases
with Al and Ni in the BCC structure uniformly
distributed at the grain boundaries. And the
microstructure of the alloy changes from
columnar crystals to dendritic crystals, while
the addition of Al also makes the grains of the
alloy refine to a certain extent.

(2) With the increase of Al content, the hardness
and yield strength of the CoCrNiCuMoAlx
HEAs show a gradual increase. The maximum
hardness and strength are 621.5 HVjs and

1775 MPa, respectively, at the Al content of
x = 1.0.

(3) With the increase of Al content, the friction
coefficient of the CoCrNiCuMoAlx HEAs grad-
ually decreases, and the wear resistance and
corrosion resistance of the alloy gradually
increase, indicating that the appropriate
amount of Al can improve the wear resistance
and corrosion resistance of the alloy.
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