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Abstract: AlICoCrFeNiMo, (x=0, 0.5, 1.0, 1.5, 2.0) high entropy alloy (HEA) coatings were prepared by laser cladding method. The
effect of Mo content on the microstructure, hardness, and corrosion resistance of the coatings was studied. Results show that with

increasing the Mo content, the microstructure is changed from (Al, Ni)-rich body-centered cubic (bcc) phase+(Mo-Cr-Fe)-rich o phase
into (Fe, Ni)-rich bce phaset+(Mo-Cr-Fe)-rich ¢ phase+(Al-Fe-Mo)-rich ¢ phase+a little AIN (aluminum nitride). Additionally, the
coating hardness (HV,) is increased from 6514.4 MPa to 10652.6 MPa. With increasing the Mo addition, the self-corrosion potential
of the coating in 3.5wt% NaCl solution is also increased. The coating presents the optimal corrosion resistance at x=1.0.
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High entropy alloys (HEAs) are initially defined as the
alloys with high configuration entropy in a regular liquid
state! . HEAs tend to form simple solid solution structures,
such as face-centered cubic (fcc) phase, body-centered cubic
(bee) phase, or close-packed hexagonal (hcp) phase, owing to
the influence of high configuration entropy. Besides, inter-
metallic compounds may exist in some HEAs™ . HEAs pos-
sess the characteristics of high strength, good phase stability,
fine wear resistance, and excellent corrosion resistance
because of their special composition and structures” . The
phase structure of AlCoCrFeNi HEAs is usually affected by
the element content and heat treatment process. It is reported
that Co and Ni are beneficial to form fcc phase and Al is
beneficial to form bcc and b2 phases"” . Mo has high
temperature strength, high hardness, and strong corrosion
resistance!* "\, It is discussed that the Mo addition promotes
the formation of passive films, increases the corrosion poten-
tial of stainless steel™®' and improves the strength of
AlCrFeNiMo, and CoCrFeNiMo, HEAs due to the formation
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of ¢ phase". The resultant multi-elemental phase is a solu-
tion phase consisting of NiMo, FeMo, Fe-Cr-Mo, Cr-Mo-Ni,

1620211 Tt s demonstrated

and Al-Mo-Ni intermediate phases
that the formation of o phase is directly related to the valence
electron concentration (VEC), which is a parameter used to
predict o phase formation in HEAs™. Mechanical properties
and corrosion resistance are important criteria for the
performance evaluation of coatings. However, the corrosion
resistance of HEAs containing ¢ phase is rarely reported. In
this research, the effects of Mo content on the microstructure,
hardness, and corrosion resistance of AlCoCrFeNiMo, HEA

coatings prepared by laser cladding were investigated.

1 Experiment

The AlCoCrFeNiMo, HEA coatings were prepared by laser
cladding through the Laserline LDF-4350 laser equipment.
The Al, Cr, Fe, Ni, Mo, and Co element powders (purity of
99.9wt%) were used as cladding materials. The composition,
VEC, and melting point 7' of the coatings are shown in Table
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1. When the Mo content of AICoCrFeNiMo, HEAs is 0at%,
9.09at%, 16.67at%, 23.08at%, and 28.57at%, i.e., x=0, 0.5,
1.0, 1.5, 2.0, the corresponding specimens were named as
Mo,, Mo,,, Mo,,, Mo,,, and Mo,,, respectively. Pure iron
(99.5wt% purity) was used as the matrix material in this
experiment, which could accurately analyze and characterize
the structure and properties of HEAs. The size of the pure iron
specimen was 170 mmx140 mmx10 mm. The surface of pure
iron specimens was polished, cleaned with absolute ethanol,
and dried by hairdryer. The as-prepared pure iron specimens
were preheated in a vacuum furnace at 100 °C for 24 h. The
laser cladding experiments were conducted under argon
atmosphere, and a layer of mixed powders with thickness of 1
mm was placed on the specimen. The processing parameters
were as follows: laser power of 1350 W, scanning speed of 20
mm/s, and spot diameter of 3 mm. To eliminate the stress, the
specimens were annealed at 900 °C for 5 h.

Analyses of X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and electrochemical performance of
specimens were conducted. The specimens were cut by wire
electrical discharge machining (WEDM) into the ones with
size of 15 mmx5 mmx1 mm. Then, the coating surface was
polished by sandpaper to obtain a smooth surface. The
structural features of the specimens were examined by XRD
system (PANalytical X-pert Power) under the conditions of
Cu Ka radiation, 26=10°-90°, scanning speed of 4°/min, and
step length of 0.065°. The electrochemical performance was
measured by an electrochemical workstation (AUTOLAB
PGSTAT302N, China) in 3.5wt% NaCl solution with test
potential of —1.2—1.2 V and test speed of 1.0 mV/s. A platinum
electrode was served as the auxiliary electrode, and a saturated
AgCl electrode was served as the reference electrode. XPS
system (Escalab 250Xi, USA) with monochromatic Al Ka
excitation was used to detect the chemical valence states of
metal elements in the film formed on the coating surface of
specimens after immersion in 3.5wt% NaCl solution for 120
h. XPS results were analyzed by Avantage software. The
specimens were cut by WEDM method into the ones with 5
mmx5 mmx2 mm in size for the scanning electron micro-
scope (SEM) observation, and a conductive metallographic
inlay was applied. The specimens were corroded in aqua regia
for 5 s after milling and polishing. The cross-section mor-
phology and microstructure of HEA coatings were analyzed
by SEM (HITACHI-3400N, Japan) coupled with an energy
dispersive spectroscope (EDS, TEAM PEGASUS2040, USA).
The hardness was measured by Vickers Hardness Tester
(Qness Q10A) with the load of 1000 g for 15 s, and five sets

of data were measured every 0.2 mm in distance.
Transmission electron microscope (TEM, FEI Talos F200)
coupled with EDS (FEI Super X, USA) was used for
TEM observation. TEM specimens were thinned into the
ones of approximately 30 pm in thickness by SiC paper, and
the ion milling was used to obtain the electron-transparency

arca.
2 Results and Discussion

2.1 Constituent phases and microstructure

Table 1 shows VEC values of AICoCrFeNiMo, alloys,
which are calculated through Eq.(1), as follows:

VEC = ici(VEC)i (1

where ¢, is the atomic percentage of the ith element, (VEC), is
VEC value of ith element, and » is the number of components.
It can be seen that VEC values are between 6.88 and 7.84,
which satisfies the ¢ phase formation conditions™. Fig. 1
shows XRD patterns of the AlICoCrFeNiMo_ (x=0.5, 1.0, 1.5,
2.0) coatings. Only bce and o phases (Fe-Al-Mo and Mo-Cr-
Fe) can be identified in the AICoCrFeNiMo, coatings, which
is attributed to the high chemical compatibility of the
constituent elements and the contribution of high mixing
entropy to the phase stability of HEAs">". With increasing
the Mo content, the diffraction peaks gradually shift to the left
side, indicating the gradual increase in lattice constant. The
diffraction peak of the o phase (Mo-Cr-Fe) is slightly
enhanced when x>1.0.

SEM images at secondary-electron (SE) mode of the
AlCoCrFeNiMo, HEA coatings are shown in Fig. 2. The
chemical composition of different regions and phases was
obtained by EDS, as listed in Table 2. There is an error in the
characterization of chemical composition of Mo, ,, Mo, ,, and
Mo, , specimens due to slight differences in element and phase
contents. However, the characterization of Al enrichment can
still be clearly identified. The light and dark phases in Mo,
specimen are indicated by ID and DR, respectively. XRD and
EDS results show that the microstructure of Mo, 5 specimen is
mainly composed of (Al, Ni)-rich bcc phase (ID region) and
(Mo-Cr-Fe) -rich ¢ phase (DR region), as shown in Fig.2a.
With increasing the Mo content to 16.67at% , DR and IR
regions have the same phases, as shown in Fig.2b. However,
these two phases are more refined, compared with those in
Mo, ; specimen, indicating the microstructure refinement with
more Mo addition. The solid solution in AlCoCrFeNiMo,
alloys is no longer the primary phase with further increasing

Table 1 Composition, VEC, and T, of AICoCrFeNiMo_HEAs
HEAs  Alcontent/at’%  Co content/at’%  Crcontent/at%  Fe content/at%  Nicontent/at% Mo content/at%  VEC T /°C
Mo, 20 20 20 20 20 0 720 1400.7
Mo, 18.18 18.18 18.18 18.18 18.18 9.09 7.10 15115
Mo, , 16.67 16.67 16.67 16.67 16.67 16.67 7.00  1603.9
Mo, ; 15.38 15.38 15.38 15.38 15.38 23.08 6.90  1682.1
Mo 14.29 14.29 14.29 14.29 14.29 28.57 6.88  1749.1
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Fig.1 XRD patterns of AICoCrFeNiMo_ HEA coatings

the Mo content, thereby promoting the Mo-rich phase
formation when x>1.0. Fig. 2c¢ shows three characteristic
regions in Mo, , specimen, and they are identified as o, f§, and
y regions. Both the amount and the size of the precipitates are
increased when Mo content increases to 23.08at%, and a large
number of o regions appear in the bce phase, as indicated in
Fig. 2c. According to Fig. 2d, the microstructure of Mo,,
specimen is similar to that of Mo, 5 specimen, but the a and £
regions grow significantly. Since XRD patterns and SEM
images of Mo,, and Mo, , specimens are similar, these two
specimens are further analyzed by TEM, and the
corresponding selected area electron diffraction (SAED)
patterns are also shown in Fig. 3. TEM and EDS analysis
results show that the a region is the AIN phase, f region is the
strip (Fe, Ni) -rich bcc phase, and y region is a composite
phase consisting of (Mo-Cr-Fe) -rich ¢ phase (y,) and fine
(Fe, Ni) -rich bcc phase. The theoretical melting point of
AlCoCrFeNiMo, HEAs can be calculated by Eq. (2)™, as
follows:

T,= 20 Ty, @
where (7)), is the melting point of ith element in the alloy. The
calculation results are presented in Table 1. It can be seen that
the melting point of AICoCrFeNiMo_ HEAs is increased with
increasing the Mo content. Owing to the higher melting point,
faster solidification rate of Mo, and Mo,, specimens can
prevent the escape of nitrogen from the powder. Thus, the
nitrogen atoms in the Al solution are trapped during the
solidification process to form the common secondary phase
particles (AIN), which have high melting point of 2227 °C,
and they usually solidify in the first place. It is reported that
the secondary phase particles can easily form in various

2 Since AIN has high melting point and low surface

alloys
energy, other atoms usually nucleate on the surfaces””. Hence,
some (Fe, Ni)-rich bce phases nucleate preferentially around
the AIN phase in Mo, ; and Mo, , specimens, and they gradu-
ally grow into strip bee structures during solidification. There-
fore, bee and o phases nucleate on the AIN phase, forming a
fine phase structure. The iron content in the coating is higher
than its theoretical value, which can be attributed to the
diffusion of iron atoms from matrix to coating. This phenom-
enon is inevitable in the manufacture process and it is also the
main difference between HEA coatings and as-cast HEAs.
2.2 Hardness

Fig.4 shows the hardness of different AlICoCrFeNiMo, HEA
coatings. The average hardness (HV,) of the cladding layer of
Mo, ;, Mo,,, Mo,,, and Mo,, specimens is 6154.4, 9819.6,
9966.6, and 10652.6 MPa, respectively, indicating that the
coating hardness is gradually improved with increasing the
Mo content. When x=0.5 and x=1.0, the microstructure is
refined and a large number of grain boundaries appear,
therefore hindering the dislocation movement. With further
increasing the Mo content to 23.08at% and 28.57at%, the

Fig.2 SEM microstructures of different AICoCrFeNiMo_ HEA coatings: (a) Mo, specimen; (b) Mo, , specimen; (c) Mo,  specimen; (d) Mo,

specimen
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Table 2 Composition of different regions in AICoCrFeNiMo,_HEA coatings (at%)

Specimen Region and phase Al Co Cr Fe Ni Mo
Mo, DR 8.89 7.28 15.23 42.59 3.42 22.59

’ ID 13.75 14.99 14.60 30.99 16.14 9.52

Mo, , All regions 12.27 11.72 12.83 40.60 11.94 10.64
a 20.29 5.93 13.70 32.83 2.71 24.53

Mo, p 7.72 17.95 41.51 3.15 29.66

y 7.37 17.24 42.61 3.35 29.43

a 24.56 5.35 8.93 33.24 3.72 24.20

Mo, p 1.28 7.14 11.73 44.96 4.18 30.71

y 1.37 7.28 11.04 44.29 4.55 31.47
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Fig.3 TEM images (a, d) and corresponding SAED patterns (b—c, e-g) of Mo, , specimen (a—c) and Mo, , specimen (d-g)
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Fig.4 Hardness of AICoCrFeNiMo_HEA coatings

hardness is still increased but with a small increment. This is
because growth of (Fe, Ni) -rich bcc phases is normally
associated with the AIN phase, resulting in coarse structure
the
dislocation blocking effect. The coating hardness is less

and less grain boundaries, and thereby reducing

uniform when x>1.5.

2.3 Corrosion resistance

The potentiodynamic polarization curves of AICoCrFeNiMo,
HEA coatings in 3.5wt% NaCl solution are shown in Fig.5.
The self-corrosive potential (£,

corr.

) and self-corrosive current
density (/) of the alloys can be obtained by Tafel linear ex-
trapolation, as listed in Table 3. The self-corrosive current
density is firstly decreased and then increased with increasing
the Mo content. When x=0.5 and x=1.0, the microstructure
refinement promotes the uniform element distribution and
reduces the local potential difference, therefore enhancing the
corrosion resistance. With increasing the Mo content, the AIN
phase precipitates appear in the cladding layer and the local
potential difference is increased, thus reducing the corrosion
resistance. The Mo, , specimen has the smallest self-corrosive
=1.355 pA-em” (at E,=0.357 V),

corr

current density, I

presenting the optimal corrosion resistance. The corrosion
resistance is closely associated with the oxide film on the
coating surface, which efficiently inhibits the penetration of

electrolytes into the coating and reduces the dissolution rate.
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Fig.5 Potentiodynamic polarization curves of AlCoCrFeNiMo,

HEA coatings in 3.5wt% NaCl solution

The passive film formed on the Mo, , specimen coating in
3.5wt% NaCl solution was analyzed by XPS, and the results
are shown in Fig. 6. It can be seen that the passive film
consists of Ni, Co, Fe, Al, Cr, Mo, and O, indicating that the
passive film consists of the oxides of these metal elements.

self-corrosive
HEA

Table 3 Self-corrosive potentials (£, ) and

current densities (/) of AlCoCrFeNiMo_

corr-

coatings in 3.5wt% NaCl solution

Self-corrosive Self-corrosive current

Specimen . ) ~
potential, £ __/V density, I, _/uA-cm™
Mo, 0.114 2.250
Mo, , 0.357 1.355
Mo, , -0.052 1.979
Mo, , -0.042 2.288

of ALO, and Cr,0O,. The Co 2p peak is located at the binding
energy of 781.3 and 787.6 eV, as shown in Fig.6c, suggesting
that Co exists in the form of CoO. Fe exists in the forms of
FeO and Fe,O,, according to Fig. 6e. Two strong peaks of
MoO,; at 235.6 and 232.4 eV can be clearly observed in Fig.6f.
According to Fig.6g, NiO exists in the alloy.

Several dissolution reactions of the oxides may occur
during the treatment process, as follows:

Fig.6b and 6d show that Al and Cr primarily exist in the form ALO,+6CI =2AICL,+30™ 3)
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Fig.6  XPS results of passive film on Mo, , coating surface: (a) overall; (b) Al 2p; (c) Co 2p; (d) Cr 2p; (e) Fe 2p; (f) Mo 3d; (g) Ni 2p

CoO+2Cl =CoCl,+O* @)
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MoO +6C1 =MoCl,+30* ®)
NiO+2CI =NiCl+0* ©)

Fig. 7 shows the standard Gibbs free energy AG’ of the
abovementioned reactions with increasing the temperature,
which is calculated by HSC Chemistry 9.0 software. The main
failure of the passive film is caused by the replacement of oxy-
gen by soluble CI” ions. Thermodynamic calculation results
show that all reactions are non-spontaneous at room temper-
ature, indicating that the passive film effectively resists the C1”
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ion erosion and protects the coating matrix in a neutral
solution. The AG’ values of Eq.(3), Eq.(5), and Eq.(8) are
higher than those of other reactions, inferring that AlLO,,
MoO,, and Cr,0, in the passive film have better resistance
against the CI° ion erosion in the neutral solution.
Additionally, the iron oxide does not participate in the
corrosion protection owing to its loose structure.

3 Conclusions

1) The microstructure of AlCoCrFeNiMo, high entropy
alloy (HEA) coating is changed from the (Al, Ni)-rich body-
centered cubic (bcc) phaset(Mo-Cr-Fe)-rich o phase into the
(Fe, Ni)-rich bce phase+(Mo-Cr-Fe)-rich ¢ phase+(Al-Fe-Mo)-
rich o phase+a little AIN with increasing the Mo content.

2) The hardness of AlCoCrFeNiMo, HEA coating is
gradually increased with increasing the Mo addition. Excess
Mo addition results in the brittle coatings. The optimal
hardness (HV,) of AlCoCrFeNiMo, HEA coating is 9819.6
MPa when x=1.0.

3) The self-corrosion potential of the AICoCrFeNiMo  HEA
coating is increased with increasing the Mo addition. The
AlCoCrFeNiMo, , coating with corrosion potentlal E =0.357
V and corrosion current density /_=1.355 pA-cm™ shows the

corr

optimal corrosion resistance in 3.5wt% NaCl solution.
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