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Abstract High-entropy alloys (HEAs) have shown a wide
range of promising structural and functional properties. By
the application of coating technology, an economical
exploitation can be achieved. The high wear and corrosion
resistance of HEAs make them particularly interesting for
the application as protective coatings. Especially for alloys
with a high chromium content, a high corrosion resistance
has been revealed. For the current investigations, the
equimolar HEA CrFeCoNi with a single-phase face cen-
tered cubic structure is considered as a base alloy system.
To increase the corrosion resistance as well as the hardness
and strength, the influence of the alloying elements alu-
minum and molybdenum is analyzed. For the current
investigations, the high kinetic process high-velocity oxy-
gen fuel thermal spraying (HVOF) has been considered to
produce coatings with a low porosity and oxide content.
Feedstock is produced by inert gas atomization. The
influence of the alloy composition on the microstructure,
phase formation and resulting property profile is studied in
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detail. A detailed analysis of the corrosion resistance and
underlying mechanisms is conducted. The pitting and
passivation behavior are investigated by potentiodynamic
polarization measurements in NaCl and H,SO, electrolyte.
A distinct improvement of the corrosion resistance can be
achieved for the alloy Aly3CrFeCoNiMog .

Keywords coating - corrosion - HEA - high-entropy alloy -
HVOF - microstructure

Introduction

The multiprincipal alloying approach of high-entropy
alloys (HEAs) has gained intensive research interest in the
past almost two decades. Despite the lack of one principal
alloying element, the formation of solid solutions with face
centered cubic (fcc) or body centered cubic (bcc) structure
could be achieved, whereas complex phases were sup-
pressed. One of the first alloys, where the formation of a
single-phase fcc structure was reported, is the quinary alloy
CrMnFeCoNi (Ref 1). Subsequent studies also proved the
formation of a single-phase fcc structure for the quaternary
alloy CrFeCoNi (Ref 2). A high ductility was typically
observed for HEAs with an fcc structure. However, their
strength and hardness are reduced in comparison with
HEAs with a bec structure (Ref 3). The alloy CrFeCoNi
served as a base alloy for many previous studies, where the
influence of additional alloying elements was investigated.
A strong influence of the aluminum content on the phase
composition and resulting properties was proven. Whereas
the fcc structure is retained for low contents, a further
increase causes the stabilization of a bce structure. Due to
the high atomic radius and hence lattice distortion, an
increase in hardness can already be achieved for low


http://orcid.org/0000-0001-9723-6201
http://crossmark.crossref.org/dialog/?doi=10.1007/s11666-021-01297-6&amp;domain=pdf
https://doi.org/10.1007/s11666-021-01297-6

J Therm Spray Tech (2022) 31:1366-1374

1367

aluminum contents where the fcc structure is retained. Due
to the stabilization of a bce structure, the highest hardness
values have been measured for higher aluminum contents
(Ref 4, 5).

Besides the chemical composition, the production con-
ditions have shown a distinct influence on the phase for-
mation and properties. High cooling rates resulted in the
suppression of additional phases for the equimolar alloy
AlCrFeCoNi (Ref 6, 7).

The fcc alloy Aly;CrFeCoNi also served as a starting
point to investigate the influence of additional alloying
elements. Shun et al. investigated the influence of molyb-
denum and titanium additions. For the as-cast state, a sin-
gle-phase fcc structure was formed in each case, whereas
an increase in hardness was achieved by the addition of
molybdenum and titanium due to solid solution strength-
ening. Age-hardening and the formation of precipitates
resulted in a further increase (Ref 8). Investigations by
Zhuang et al. also proved the increase in hardness and
strength by the addition of molybdenum in the alloy system
AlCrFeCoNiMo. However, the ductility was reduced for
high molybdenum contents due to the formation of the (Cr,
Mo)-rich and brittle G-phase (Ref 9).

Early studies of HEAs focused especially on structural
properties. However, also interesting functional properties,
e.g., wear and corrosion resistance, were revealed (Ref
10, 11). For the alloy system AlCrFeCoNi, a high corrosion
resistance was proven for measurements in NaCl and
H,SO, electrolytes (Ref 12, 13). In comparison with the
stainless steel AISI 304, an enhanced corrosion resistance
in NaCl electrolyte could be achieved for the HEA Al ;.
CrFeCoNi (Ref 14). The alloying element molybdenum,
which is also very important for improving the corrosion
and pitting resistance of stainless steels, has been investi-
gated to optimize the properties of HEAs (Ref 15). Chou
et al. showed that the pitting resistance in aqueous NaCl
electrolyte can be improved by the addition of molybde-
num for the alloy system TiCrFeCoNiMo (Ref 16). Fur-
thermore, Wang et al. investigated the passivation
behavior in H,SO, electrolyte for the alloy system CrFe-
CoNiMo. The addition of molybdenum caused an exten-
sive passive region and a reduction of the corrosion current
density (Ref 17). However, a detrimental effect was
observed for the alloy system CrFeCoNiMo investigated in
NaCl and H,SO, electrolytes for high molybdenum con-
tents due to an increased content of the o-phase (Ref 18).
In accordance with many conventional alloys, the forma-
tion of passive films especially for Cr and Mo containing
alloys is crucial for the corrosion resistance of HEAs (Ref
12, 15, 19).

Whereas the focus of most studies has been on cast bulk
alloys, HEAs are also promising candidates for the appli-
cation as protective coatings due to their high wear and

corrosion resistance (Ref 20). Thermal spray processes
offer great flexibility and enable the coating of various
substrates. These processes have already been widely
studied regarding their suitability to process HEAs (Ref
21). Especially high kinetic processes like high-velocity
oxygen fuel (HVOF) thermal spraying are suitable for the
deposition of coatings with a low content of structural
defects (e. g. pores and oxides) (Ref 20-22).

In the present study, the influence of the alloying ele-
ments aluminum and molybdenum on the corrosion
behavior of the single-phase HEA CrFeCoNi with fcc
structure is investigated. Protective coatings are deposited
by HVOF thermal spraying the HEAs CrFeCoNi, Algs.
CrFeCoNi and Alg;CrFeCoNiMog,. The microstructure,
phase formation and corrosion behavior are studied in
detail. For the investigation of the pitting and passivation
behavior, potentiodynamic measurements are conducted in
NaCl and H,SO, electrolyte.

Materials and Methods

Feedstock powders of the HEAs CrFeCoNi, Algs.
CrFeCoNi (A103) and Alo_gCI'FeCONiMOO'z (A10V3M00'2)
were produced by the company NANOVAL GmbH & Co.
KG (Berlin, Germany) using an inert gas atomization
process. For the processing by thermal spraying, the
powders were classified to a fraction of — 50 420 um
(— d90 +d10) by air classification. The particle size dis-
tribution was measured by laser diffraction analyses using
a Cilas 920 device (Cilas, Orléans, France). The phase
composition was determined by x-ray diffraction (XRD)
using a D8 Discover diffractometer (Bruker AXS, Biller-
ica, MA, USA) equipped with a 1D Lynxeye XE detector
(Bruker AXS, Billerica, MA, USA). All measurements
have been conducted using monochromatic Co Ka radia-
tion in a diffraction range (20) of 20° to 130°. For the
analyses of the microstructure, cross-sections have been
prepared by standard metallographic procedures and
investigated in the scanning electron microscope (SEM)
LEO 1455VP (Zeiss, Jena, Germany). Material contrast
was visualized by applying a backscattered electron
detector (BSD). Furthermore, the chemical composition
was determined with the coupled energy dispersive x-ray
spectroscopy (EDS) detector. All measurements have been
conducted with an acceleration voltage of 25 kV.

Coating deposition was conducted with the liquid fueled
HVOF thermal spray system K2 (GTV Verschleifischutz
GmbH, Luckenbach, Germany) using the powder feeding
system PFW 4/3 S (GTV Verschleilschutz GmbH, Luck-
enbach, Germany). For all investigations, two powder
feeders were applied. Prior to the coating process, the
stainless-steel substrates (EN 1.4404) with a diameter of
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40 mm and a thickness of 6 mm were prepared by corun-
dum blasting. A pressure of 2.5 bar and the blasting
medium Alodur EK F 24 have been used. Previous inves-
tigations revealed roughness values of R,: 5,4 pm and R,:
37,8 um for this routine. The coating parameters are
summarized in Table 1.

The microstructure, phase composition and chemical
composition have been analyzed in accordance with the
routine described for the powder classification. The
microhardness HV 0.3 has been determined in cross-sec-
tions using a Wilson Tukon 1102 device (Buehler, Uzwil,
Switzerland). The mean value and standard deviation have
been derived from ten single measurements.

The focus of the current investigations was on the cor-
rosion behavior. Therefore, samples have been prepared by
grinding the surface down to Grit 4000 (US#1200).
Potentiodynamic polarization measurements have been
conducted to determine the resistance against pitting and
the passivation behavior. An IM6 potentiostat (ZAHNER-
elektrik GmbH & Co. KG, Kronach, Germany) has been
applied for all measurements to investigate a circular area
with a diameter of 10 mm. All tests have been conducted at
room temperature with a three-electrode arrangement. A Pt
sheet (20 x 20 mm2) has been used as a counter electrode,
whereas an Ag/AgCl (saturated KCl) electrode served as a
reference electrode. Prior to every measurement, the open
circuit potential (OCP) has been measured for 15 min. The
pitting resistance was investigated using 0.5 M NaCl
electrolyte and a scan rate of 0.1 mV/s for a polarization
range of — 150 to + 700 mV in relation to the OCP.
Furthermore, the passivation behavior has been investi-
gated by measurements in 0.05 M H,SO, electrolyte and a
scan rate of 0.5 mV/s for an expanded polarization range
from — 150 to + 1800 mV in relation to the OCP. Due to
the formation of a distinct passivity area, the measurement
within a large potential range is necessary to determine the
breakthrough potential.

The potentiodynamic polarization curves were evaluated
by fitting the Butler—Volmer equation to determine the
corrosion potential (E.;) and the corrosion current density
(icorr) (Ref 23, 24). At least three single measurements have
been considered to determine the average value and stan-
dard deviation.

at a defined current density of 2 mA/cm?®. The surface of
the samples was investigated by SEM.

Results and Discussion
Feedstock Characterization

Prior to the coating deposition, a detailed characterization
of the feedstock powder has been conducted. Cross-sec-
tions of the powders, investigated in SEM, are shown in
Fig. 1.

Predominantly spherical particles can be observed for all
investigated feedstock powders due to the production by
gas atomization. Only minor accumulations of satellites at
bigger particles occur. Within single particles, no material
contrast can be observed for CrFeCoNi. Also, for the alu-
minum- and molybdenum-containing alloys no material
contrast occurs, indicating the formation of a single-phase
state for the investigated production conditions. The par-
ticle size distribution has been investigated by laser
diffraction analyses to determine the characteristic values
d10, d50 and d90. A summary of the results is presented in
Table 2.

The determined particle size distribution of all investi-
gated powders is in good accordance with the specifica-
tions (— 50 +20 pm). Only for the CrFeCoNi powder the
characteristic values d90 and d10 are slightly shifted to
higher values.

The phase composition was investigated by means of
XRD. The resulting diffractograms are shown in Fig. 2.

For the CrFeCoNi powder, solely diffractions peaks of a
chemically disordered fcc phase with Al structure occur,
which is in accordance with previous investigations on cast
alloys (Ref 2). In accordance with the microstructural
investigations, a single-phase state can be confirmed for the
Alp; and Alyp3Mog, feedstock. Previously published
results have proven additional phases for these alloys in
dependence of the heat treatment state (Ref 8). Due to the
high cooling rates in the atomization process, additional
phases are suppressed. In comparison with the base alloy
system CrFeCoNi the addition of aluminum and molyb-
denum causes a shift of the diffraction peaks toward lower

For the investigation of the corrosion behavior, addi- diffraction angles, indicating an increased lattice
tional measurements have been conducted and interrupted  parameter.
Table 1 HVOF coating parameters for the deposition of CrFeCoNi, Aly 3 and Aly3Mog 5.
0O,, Kerosene, 4 Carrier gas (Ar) nozzle Powder feed Spraying Surface speed, Spray-path Coating
1/min 1/h flow, 1/min rate, g/min distance, mm m/min offset, mm layers
850 22.5 1.1 2 x 11 100/12 2 x 35 360 60 5 11
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Fig. 1 Cross-sections of atomized powders: (a) CrFeCoNi, (b) Aly; and (c) Alp3Moy, investigated in SEM (BSD)

Table 2 Particle size
distribution of inert gas
atomized CrFeCoNi, Alj; and
Aly3Mog, HEA powder in pm.

d1o  d50 d90

CrFeCoNi 228 36.1 554
Alg s 209 329 50.1
A10_3M00_2 20.9 334 50.6
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Fig. 2 Diffractograms of CrFeCoNi, Aly; and Alp3;Mog, feedstock

powder

Coating Characterization

For the investigation of the coating microstructure, cross-
sections were prepared and investigated by SEM (Fig. 3).

A lamellar coating structure comprised of single spray
particles is observed for all three coatings types. Only
minor structural defects (pores, oxides) are present due to
the usage of gas-atomized powder (Ref 25) and the appli-
cation of the high-kinetic process HVOF thermal spraying.
Also, at higher magnification no distinct material contrast
is observed within single-spray particles, indicating that the
single-phase state of the feedstock powder is retained for
the coatings. The chemical composition of the coatings was
investigated by EDS. Furthermore, the chemical

composition of the feedstock powder was determined to
detect possible deviations caused by the coating process.
The measured values and the nominal compositions are
summarized in Table 3.

The measured values of the feedstock powder and
HVOF coating for the HEA CrFeCoNi are in good accor-
dance with the nominal values. Deviations below 1 at.%
occur, which are in the range of the accuracy of the
method. For the Al 3 and Aly3Moyg , feedstock powder, the
deviation of the aluminum content exceeds 1 at.% in
comparison with the nominal composition. All investigated
coatings only reveal minor differences of the chemical
composition in comparison with the feedstock powder,
showing that no distinct changes are induced by the coating
process.

The phase composition of the HEA coatings was
investigated by means of XRD. In Fig. 4, the diffrac-
tograms are summarized.

In accordance with the feedstock powder, solely
diffraction peaks of an fcc phase with Al structure occur
for the CrFeCoNi coating, showing that the single-phase
state is retained. Also, for the Aly; and Aly3;Moy, HVOF
coatings no additional diffraction peaks occur in compar-
ison to the feedstock powder. Due to the low thermal
energy input of the coating process, the single-phase state
is retained. In comparison with the base alloy CrFeCoNi,
the diffraction peaks of Alp; and Aly3Mog, are shifted
toward lower values, indicating a change of the lattice
parameter. The lattice parameters derived from the XRD
measurements are summarized in Table 4. A lattice
parameter of 3.57 A was determined for the CrFeCoNi
powder and HVOF coatings. Alloying with aluminum
causes a slight increase in the lattice parameter due to the
increased atomic size differences and hence increased lat-
tice distortion (Ref 4). The highest lattice parameter of
3.60 A was measured for the alloy Alp3Mog,. For all
investigated alloys, no distinct influence of the coating
process on the lattice parameter can be observed.

The influence of the alloying elements aluminum and
molybdenum on the resulting properties was investigated

@ Springer



1370

J Therm Spray Tech (2022) 31:1366-1374

Fig. 3 Microstructure of HVOF =R T

coatings: (a) CrFeCoNi, s S ; o
(b) A10_3 and (C) A10_3M00_2 ¥ :
investigated in SEM (BSD) e

b

()

Table 3 Nominal and measured (EDS) chemical composition of the
feedstock powder and HVOF coatings, in at.%.
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by microhardness measurements in a first step. The results

Alloy Al Cr Fe Co Ni Mo
CrFeCoNi  Nominal 0.0 25.0 25.0 25.0 250 0.0
CrFeCoNi  Powder 00 251 253 246 253 00
CrFeCoNi  HVOF 00 252 250 248 251 0.0
Alys Nominal 7.0 233 233 233 233 00
Alys Powder 88 231 229 225 227 0.0
Al HVOF 89 229 231 223 227 0.0
AlpsMop, Nominal 6.7 222 222 222 222 44
AlpsMop,  Powder 80 21.8 223 213 214 52
AlpsMoyg, HVOF 7.8 217 224 212 215 54

@ Springer

are summarized in Fig. 5.

The lowest microhardness of 350 £ 20 HV 0.3 was
measured for the CrFeCoNi coating. Alloying with alu-
minum causes an increase to a value of 390 4+ 30 HV 0.3
due to the increased atomic size differences and lattice
distortion. The highest hardness value of 400 £ 20 HV 0.3
was determined for the alloy Aly3;Moy .

Corrosion Behavior

The pitting and passivation behavior of the HEA coatings
were investigated by potentiodynamic polarization mea-
surements in NaCl and H,SO, electrolytes. Exemplary
potentiodynamic polarization curves are shown in Fig. 6.
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Fig. 4 Diffractograms of CrFeCoNi, Alg; and Aly3;Moy, HVOF
coatings

Table 4 Lattice parameter of the fcc (A1) phase determined by XRD
for the CrFeCoNi, Alj 3 and Aly3Mog, feedstock powder and HVOF
coatings.

Alloy State Lattice parameter, A
CrFeCoNi Powder 3.57
CrFeCoNi HVOF 3.57
Alys Powder 3.58
Algs HVOF 3.59
A10_3M00_2 Powder 3.60
A10'3M00.2 HVOF 3.60
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Fig. 5 Microhardness (HV 0.3) of CrFeCoNi, Aly; and Aly3zMog,
HVOF coatings.

The investigations in NaCl electrolyte reveal a distinct
influence of the chemical composition on the corrosion

behavior. For the CrFeCoNi coatings, the curve shows
discontinuities. Furthermore, pronounced deviations
between single measurements occur. Therefore, no reliable
evaluation of E.; and i.., was possible. The curves of the
Alp; and Aly3Mog, are shifted toward higher potentials,
indicating a more noble behavior, especially caused by the
element molybdenum (Ref 26). In comparison with the
base alloy CrFeCoNi, the current density is reduced in the
complete potential range (relative to the E.,,). While the
corrosion current densities i.o, of the alloys Alys; and
AlysMog, differ only slightly, there are considerable dif-
ferences in the anodic behavior of the polarization curves.
Whereas Alyz shows an active behavior similar to the
initial alloy, the measurements of alloy Aly3Moy, indicate
a considerably more passive behavior, which is noticeable
in a low current density up to high polarization ranges,
indicating reduced corrosion reactions and a higher resis-
tance against pitting. The formation of a passivation region
in NaCl is attributed to the presence of molybdenum (Ref
17, 18, 26).

The investigation of the passivation behavior in H,SO4
electrolyte reveals a distinct passive region for all consid-
ered HEA coatings. This finding indicates that a dense
passive film has probably formed on all surfaces examined.
Further detailed investigations are required to elucidate the
presence of such a passive film and its composition. In
particular, the element molybdenum dissolved in the solid
solution is known to enhance the protective effect of the
formed passive film (Ref 17, 19, 26, 27). All the investi-
gated coatings show significantly higher corrosion current
densities in the H,SO, electrolyte than in the NaCl elec-
trolyte. This was also observed for CrFeCoNiMo, (Ref
17, 18, 26). For the measurements in H,SO,, alloying with
aluminum does not cause a significant change of the
potentiodynamic polarization curve in comparison with the
alloy CrFeCoNi. However, a significant influence of the
alloying element molybdenum can be observed for the
Alp3Mog, coating. The E,,,, is shifted toward higher val-
ues. Furthermore, the current density is distinctly reduced.
In the passive region, the current density is similar to the
CrFeCoNi and Al 3 coatings. The breakthrough potential,
which marks the end of the passive region, is similar for all
three investigated coating types. The potentiodynamic
polarization curves have been evaluated to determine the
characteristic values E.,, and i..., Table 5.

The investigation of the passivation behavior in H,SO4
electrolyte revealed a distinct influence of the alloy com-
position. Alloying with aluminum does not cause a sig-
nificant change of the E, whereas a significant increase
and hence more noble behavior were observed for the
molybdenum-containing coating Aly3Mog,. The investi-
gation of i.,, reveals a similar behavior. Alloying with
aluminum does not cause an alteration of i.,,, whereas a
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Fig. 6 Exemplary potentiodynamic polarization curves of CrFeCoNi, Aly3 and Aly3Mog, HVOF coatings: (a) 0.5 M NaCl electrolyte and

(b) 0.05 M H,SO, electrolyte

Table 5 Corrosion potential and corrosion current density of CrFe-
CoNi, Aly 3 and Alg3Mog, HVOF coatings.

Alloy Electrolyte E o, mV icoms MA/cm?
CrFeCoNi NaCl . ..
CrFeCoNi H,S0, —67+2 (134£02) x 1072
Alys NaCl —4+38 (1.9 £ 0.6) x 107
Algs H,SO,4 —-73+£1 (13 £0.1) x 1072
Alp3Mog » NaCl —19+£8 (14 £03) x 107
Alg3Mog » H,SO, 1+2 2.0+ 02) x 1073

significant reduction is observed for the molybdenum-
containing coating Aly3Mog,. Therefore, it can be con-
cluded that the element molybdenum dissolved in the solid
solution significantly enhances the corrosion resistance of
Alp3Mog, due to its passivating behavior.

For the investigation of the corrosion behavior, poten-
tiodynamic polarization measurements have been con-
ducted and interrupted at a defined current density
(2 mA/cm2) in the vicinity of E.,,. The surface of the
coatings has been investigated in the SEM subsequently.
Exemplary images of the coatings tested in NaCl elec-
trolyte are shown in Fig. 7.

For the corrosion measurements interrupted at a rela-
tively low current density, localized pitting occurs for the
CrFeCoNi and Al ; coatings. However, the largest part of
the coating surface shows no signs of corrosion attack.
Such circular-shaped pits were also observed in Alg ;.
CrFeCoNi using a NaCl electrolyte (Ref 14). In contrast,
no localized corrosion could be observed for the Aly3Mog»
coating. Only minor structural defects, especially oxides

@ Springer

and boundaries of the single spray particles, occur, which
are also visible in the cross-sections of the coatings
(Fig. 3). The absence of pitting corrosion in Alp3Mog, can
be attributed to the passivating character of the element
molybdenum (Ref 26). In addition, Gao et al. (Ref 10) as
well as Tsau et al. (Ref 26) observed that molybdenum
inhibits pitting corrosion in CI” containing solutions.

The investigation of the coatings in H>SO, electrolyte
revealed no distinct signs of corrosion after the tests
interrupted at a current density of 2 mA/cm?®. Also, after
full polarization only a thin surface layer with a thickness
of approximately 10 um is affected.

Summary and Conclusions

The influence of the alloying elements aluminum and
molybdenum on the corrosion behavior of HEA CrFeCoNi
HVOF coatings was investigated in detail. From the
obtained results, the following findings can be drawn:

e The single-phase fcc structure of the inert gas atomized
powder of the HEAs CrFeCoNi, Alj3;CrFeCoNi and
Al 3CrFeCoNiMoy , is retained due to the low thermal
input during HVOF thermal spraying.

e The addition of aluminum and molybdenum to
CrFeCoNi leads to an increase in hardness due to the
increased atomic size of the alloying elements and the
resulting pronounced lattice distortion. Moreover, the
homogeneous microstructures produced by HVOF with
its low content of structural defects further enhance the
hardness.

e Potentiodynamic polarization measurements in NaCl
and H,SO, electrolytes reveal no significant influence



J Therm Spray Tech (2022) 31:1366-1374

1373

100 pm

(@ (b)

100 pm 100 pm

()

Fig.7 Surface of HVOF coatings after potentiodynamic polarization measurements in NaCl electrolyte, interrupted at a current density of 2 mA/
cm?: (a) CrFeCoNi, (b) Aly3 and (c) Alp3Mog, coatings investigated in SEM (BSD)

on the corrosion behavior by adding aluminum to
HVOF-coated CrFeCoNi. However, the element
molybdenum causes a strong reduction of the corrosion
current density, delayed pitting corrosion and hence an
improved corrosion resistance if molybdenum is dis-
solved in the solid solution.

A further improvement of the functional coating prop-
erties can possibly be achieved by the application of
alternative thermal spray processes, e. g. high-velocity air
fuel thermal spraying (HVAF) or cold gas spraying (CGS),
which enable a further reduction of structural defects
especially pores and oxides. Due to the formation of a
single-phase fcc structure, all investigated coatings exhibit
a relatively low hardness. An approach for an increase is
the incorporation of reinforcement particles or precipitates,
which has to be investigated in subsequent studies.
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