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Abstract Designing and fabricating Fe-based amorphous
coatings with excellent wear and corrosion resistance as
surface protection materials are essential to improve the
service life of marine equipment. In this work, by adding 1
at.% Nb, a novel Fe3yNiyoCr,oMosB4C4P(,Nb; high-en-
tropy amorphous alloy with enhanced glass-forming ability
and excellent corrosion resistance was designed. The
Fe;4NiyoCrypMosB4C4P,Nb; composition was adopted to
prepare gas-atomized powders, which were then used as
feedstock to prepare coatings using atmospheric plasma
spraying (APS) technology with different input power.
Higher spraying power was found to lead to denser coating,
but more formation of oxides and lower amorphous con-
tent. The coating-35 kW input power exhibited the best
corrosion resistance in 3.5 wt.% NaCl solution and high
hardness of 519 & 21 HV. The dry sliding wear rate of the
coating-35 kW at 20 N and 20 mm/s was 8.3 x 10~ mm?/
(N m), and the friction coefficient of the coating was 0.17
and kept relatively steady throughout the sliding test. This
work guided designing Fe-based high-entropy amorphous
coatings from both the composition aspect and the coating
preparation technology.
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Introduction

With the continuous development of marine resources,
many marine equipment and facilities have been devel-
oped. However, the severe maritime environment, such as
dissolved oxygen, hydrostatic pressure, and chloride elec-
trolyte, caused corrosion problems for metallic equipment,
resulting in significant economic loss (Ref 1, 2). It was
reported that the corrosion problems cost the world about
2.5 trillion USD, estimated to be 3.4% of the global GDP
(Ref 3). The Fe-based amorphous alloy coatings with
superior corrosion and wear properties, as well as low
material cost, are promising surface protection for metallic
substrates in various aggressive environments, including
erosion—corrosion marine environments, boilers, gas tur-
bines, nuclear industry, etc. (Ref 4). The commonly used
amorphous coating preparation methods include flame
spraying, arc spraying, atmospheric plasma spraying, high-
velocity oxy-fuel spraying, laser cladding, and detonation
gun spraying (Ref 5). Among these, atmospheric plasma
spraying (APS) is a simple and efficient method for syn-
thesizing high-quality Fe-based amorphous alloy coatings
that have a dense structure and strong binding affinity with
the substrate (Ref 6).

The Fe-Cr-based amorphous alloys have attracted much
attention owing to their excellent corrosion and wear
resistance, as well as low material cost. However, their
industrial application as a structural material is restricted
by the limited glass-forming ability (GFA) and brittleness.
Synthesis of Fe-Cr-based amorphous coating via thermal
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spraying techniques is considered to be an effective way to
overcome this limitation. During the past decades, a series
of Fe-Cr-based amorphous alloy coatings have been
developed, including FeCrMoPC (Ref 7, 8), FeCrMoBC-
SiAl (Ref 9), FeCrMoBCY (Ref 7, 10-12), FeCrMn-
MoWBCSi (Ref 13-17), etc. In particular, the SAM1651
(Fe43CrisMo14C15BgY>) (Ref 18) and SAM2X5 (Feyo 7.
CrigMn; oMo7 4W ¢B15.2C38S124) (Ref 19-21) developed
by the US navy exhibit excellent corrosion resistance and
have been commercially used. However, these two coat-
ings contained a large content of Mo (~ 6-16 wt.%) as
well as rare earth elements, which increased the cost and
limited the industrial applications. Therefore, the synthesis
of high-performance Fe-based amorphous alloys using
low-cost elements (e.g., B, C, Si, and P) and reducing the
use of precious metal elements (e.g., Mo, W, Y) is of great
significance for industrial applications. High-entropy alloys
(HEAs) have drawn research attention due to their out-
standing mechanical properties, including high strength
and large ductility, and excellent chemical properties, such
as good corrosion resistance (Ref 22). The “high entropy”
strategy has been introduced to design amorphous alloys,
and a series of high-entropy amorphous alloys have been
prepared, such as FeCrNiMoPCB (Ref 23), CoCrBFeNiSi
(Ref 24) and FeCoNiCrBSi (Ref 25). Due the synergy
between the high-entropy effect and amorphous structure,
these alloys exhibited good corrosion and wear perfor-
mance, making them potential materials for surface pro-
tection coatings. Furthermore, Shu (Ref 24) and Cheng
(Ref 25) et al. prepared high-entropy amorphous coatings
by laser cladding, showing excellent corrosion and wear
resistance. However, there is still no report on the prepa-
ration of Fe-based high-entropy amorphous coatings using
the APS method.

Recently, utilizing the high-entropy designing strategy,
the  Fesg.35Cr20.30NizgM0s.15(Pg.6Co 2Bo.2)20  amorphous
alloys with excellent thermal stability, strength, and cor-
rosion resistance have been developed (Ref 23). Among
these alloys, the Fe3sNiygCrooMosB4C4Py, alloy exhibited
the best combination of the GFA and corrosion resistance,
making it promising for applications as coating materials in
aggressive environments. Besides, it has been proved that
Nb has positive effects in enhancing the GFA and corro-
sion resistance of Fe-Cr-based amorphous alloys (Ref 26).
Thus, in this work, we studied the effect of minor Nb
addition on the GFA and corrosion resistance of Fess.
NiyCryoMosB4C4P1, amorphous alloy. As several kilo-
grams of powders are needed for preparing an APS coating
sample, while only several grams of the ingot are needed
for preparing a melt-spun ribbon sample, due to the eco-
nomic benefit, melt-spun ribbon samples were used for the
broad composition study in this work. Besides, rod samples
were prepared to investigate the GFA of different
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compositions. Based on the analyses of the ribbon and rod
Samples, the FC34Ni2()CI'20M05B4C4P12Nb1 (at%) hlgh-
entropy amorphous alloy with high GFA, excellent corro-
sion resistance, and high hardness was obtained and used as
the prototype alloy composition for powders and coatings
preparation. Then, powders with this composition were
prepared using the gas atomization method and used as the
feedstock for thermal spray. The coatings were prepared
using the APS method with different input power. The
relationships between process, microstructure, corrosion
resistance, and wear resistance of the coating were sys-
tematically investigated. This work demonstrates the great
application potential of thermal sprayed Fe-based high-
entropy amorphous coatings.

Experimental
Materials and Sample Preparation

Ingots of the FC35_xNi20CI'20MO5B4C4P12Nbx ()C = 0, l, 3, 5
at.%) alloys were prepared by induction melting mixtures
of Fe, Ni, Cr, Mo, Nb, Cr;C,, FeB and FeP with purities
over 99.5 mass% under argon atmosphere. The ribbons
with a cross section of 0.03 mm x 1.2 mm were prepared
by the melt-spinning method. The SAM1651 ribbons were
also prepared using the same method for comparison.
Cylindrical rods with a length of 40 mm and diameters of
1-2 mm were prepared by copper mold casting. The Fes,.
NiyoCryoMosB4C4P,Nb; (at.%) amorphous powders were
synthesized by the gas atomization method. The ingots
prepared by induction melting were used as the master
alloy for gas atomization. The furnace was vacuumed to
5 x 1072 Pa. The ingots were melted in the quartz crucible
with high-purity argon protection and injected into the
chamber. The injected melt was then atomized and cooled
by high-pressure argon, and the pressure was kept at 7, 8§,
and 9 MPa for different samples. Powders with diameters
of 25-53 um were sieved out as feedstock powders for
thermal spraying. The 45 steel with a dimension of
100 mm x 100 mm x 5 mm was selected as the sub-
strate. Before thermal spraying, all substrates were sand-
blasted and ultrasonically cleaned in ethyl alcohol. The
amorphous coatings were fabricated by APS thermal spray
system (Sulzer Metco 9MC, Sulzer Metco Ltd., China).
The detailed spraying parameters are given in Table 1.

Microstructure Characterization

The phase identification of the rods, ribbon, feedstock
powder, and coatings was carried out using an x-ray
diffractometer (XRD) (Bruker D8 Advance; Cu-Ka radia-
tion). The nanostructure of samples was investigated by



J Therm Spray Tech

Table 1 Spraying parameters employed in the APS process

Parameters Values
Primary plasma gas flow rate (Ar, L min~') 75
Auxiliary plasma gas flow rate (H,, L min~") 7.3
Moving speed (mm/s) 1000
Powder feed rate (g min~') 25

Spray distance (mm) 120
Spray power (kW) 28, 35, 42

transmission electron microscopy (TEM) (Talos F200X,
Thermo Fisher Scientific). The thermal properties of the
samples were analyzed by differential scanning calorimetry
(DSC) (404F3, Netzsch), and the heating rate was 0.67 K/s.
The morphology and composition of the powders and
coatings were characterized by scanning electron micro-
scopy (SEM) (Sirion 200, FEI) coupled with an energy
dispersive spectrometer (EDS). The porosity of the coat-
ings was counted from the cross-section SEM images
(magnification 500x) by ImagelJ software (k 1.45), and the
given porosity value was averaged from 10 counting
results. The composition of powders was also analyzed by
electron probe x-ray micro-analyzer (EPMA) (JXA-
iHP200F).

Electrochemical Measurements

Electrochemical measurements were conducted using the
electrochemical workstation (Gamry interface 1000) in 3.5
wt.% NaCl, 0.5 M H,S0O,, and 1.0 M HCI solution open to
air at room temperature. 3.5 wt.% NaCl is a simulation of
seawater. 0.5 M H,SO,; and 1.0 M HCI solution were
chosen to investigate the corrosion behavior of the alloys in
an acidic environment by keeping the H" concentration to
1.0 M. Besides, 1.0 M HCI solution provides the syner-
gistic effect of H" and CI~. The samples, platinum, and
Ag/AgCl electrodes corresponded to the working, counter,
and reference electrodes, respectively. Before the electro-
chemical tests, the coating samples (I cm x 1 cm x 0.5
cm) were embedded in epoxy resin and then polished to
a mirror finish with an exposed area of 1 cm?. Potentio-
dynamic polarization measurements were performed
from — 0.5to 1.5 V at a potential scanning rate of 0.5 mV/
s. Before potentiodynamic polarization measurement, the
samples were open-circuit immersed for about 30 min until
the open-circuit potentials became almost steady. For
comparison, the potentiodynamic polarization measure-
ments of 45 steel and SAM1651b amorphous ribbon were
also conducted in the same way. EIS measurements were
performed at frequencies from 10° to 107> Hz with a

sinusoidal amplitude of 10 mV. The EIS data were fitted
using the Z;e,, software.

Salt spray tests were conducted according to GB6458-
86. All the coating samples (1 cm x 1 cm x 0.5 cm) were
sealed with silicone and cleaned with acetone before
exposure to salt fog. The salt spray tests accord with the
following conditions: The sprayed solution was 5 wt.%
NaCl solution with a pH between 6.5-7.2 and the coated
samples, with the protected face upwards, suspended in a
salt spray test chamber (YWX/Q-250, China). The tests
were performed with a working temperature of 35 + 2 °C
and settlement of 1-2 m1/80 cm?/h for a total exposure time
of 200 h. Photographs were taken before and after expo-
sure every 20 h to document the surface conditions.

Mechanical Measurements

The Vickers hardness (HV) was measured with a Vickers
hardness tester (FM-700) under 300 gf (2.94 N) for 10 s.
The sliding wear tests were carried out on a reciprocating
ball-on-block tribometer (Rtec MFT-5000) using a silicon
nitride ball (manufacturer’s nominal hardness 2200 HV;
diameter = 12.7 mm) as the counterpart. Before the wear
test, all of the samples were polished to a mirror finish. The
parameters for the wear test are listed as follows: recipro-
cating distance of 2 mm, applied load of 20 and 30 N,
sliding speed of 20 and 30 mm s ', and sliding time of
20 min. The wear rate was calculated by the equation
Q0 = V/FS, where Q is the specific wear rate (mm3
Nt mfl), V is the wear volume (mm3), F is the applied
load (N), and S is the sliding distance (m), respectively.
The wear volume (wt. of wear loss/density of coating) was
measured from the weight loss of the samples after per-
forming the wear test. The wear properties of 45 steel were
also measured using the tribological tests in the same way.

Results and Discussion
Effect of Nb Addition on Properties of Alloy

Figure 1(a) shows the XRD patterns of the Fess_,Niy,.
Cry,oMosNb,B,C4P;» (x =0, 1, 3, 5 at.%) ribbons. For all
the ribbons, the XRD pattern only shows one broad dif-
fusive peak for each sample, which was characteristic of
an amorphous structure. Figure 1(b) presents the DSC
curves of the ribbons, and three exothermic peaks caused
by the crystallization of different phases were observed in
all the DSC curves. Glass transition, which was an
endothermic phenomenon before crystallization, was also
observed, and the onset temperature of the glass transition
process was defined as the glass transition temperature (Ref
27). The glass transition temperature T,, crystallization
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Fig. 1 (a) XRD patterns and (b) DSC curves of as-cast Fe;s_ NiyoCr,o)MosB4C4P1,Nb, (x = 0, 1, 3, 5) ribbons, (c) XRD patterns of as-cast
Fess_ NirgCrygMosB4C4P1oNb, (x = 0, 1, 3, 5) rods with diameters of 1-1.5 mm

temperature 7, and the first crystallization peak temper-
ature T,; were marked with arrows, and the corresponding
data are summarized in Table 2. With the increase in Nb
content, the T, increased from 754 to 772 K, and T,
increased from 798 to 830 K, which indicated that the
addition of Nb can improve the thermal stability of the
alloy. When x =1, the first and second crystallization
peaks of the alloy tended to coincide; with further
increasing Nb content, the crystallization peaks separated
again. When the crystallization peaks tended to overlap
with each other, the composition was approaching the eu-
tectic point, and crystallization at the two exothermic
temperatures competed with each other, thus the crystal-
lization process is inhibited (Ref 26, 28). It has been proved
that partial replacement of Fe with Nb can effectively
improve the GFA due to the greater negative mixing
enthalpy between Nb and the metalloid elements (Ref
29, 30). As the melting temperature of niobium is much
higher than that of iron, replacing iron with niobium raised
the characteristic temperatures of the alloys to higher
temperatures. Figure 1(c) shows the XRD patterns of as-
cast Fe35,xNi20CI'2()M05B4C4P12Nbx ()C = 0, 1, 3, 5) rods
with diameters of 1-1.5 mm. Among them, when x = 0 and
x =1, the rod showed a diffuse diffraction peak with no
detectable sharp diffraction peak, indicating a completely
amorphous structure. However, sharp diffraction peaks
from crystallites corresponding to y-(Fe, Ni) phase were
observed in the x = 3 alloy, accompanied by the (Fe, Ni,
Cr)Nb phase observed in the x =5 alloy. These results
revealed that a minor addition of Nb (x = 1) improved the
GFA of the alloy, while excessive addition jeopardized the
GFA. Furthermore, the mixing entropy of Fez4NiyiCryg.
MosB4C4P1,Nb; is represented by its configurational
entropy, and calculated to be 1.72 R using the following
equation (Ref 31):

ASconf = —RZ:’:I)C,'II’]X,'
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Table 2 Thermal properties of Fezs_NiygCryoMosB4C4P1,Nb,
(x =0, 1, 3, 5) alloys

Alloys T, K T., K AT, K To1, K
x=0 754 798 44 808
x=1 753 812 59 821
x=3 768 830 62 840
x=5 772 830 58 843

where x; is the mole fraction of the i-th element, and R is
the molar constant of ideal gas. Thus, the Fe34NiyCry.
MosB,4C4P1,Nb; is a high-entropy amorphous alloy.

To investigate the corrosion behavior of the Fess_,Niyg.
CryoMosB4C4P,Nb, (x = 0, 1, 3, 5) alloys, the potentiody-
namic polarization measurements were carried out in 3.5
wt.% NaCl solution at 298 K open to the air, as shown in
Fig. 2(a), with the corrosion potential (E,,;) and corrosion
current density (/o) summarized in Table 3. By adding 1
at.% Nb, the corrosion potential of the alloy increased from
— 229 to — 113 mV, and the corrosion current density
decreased from6 x 1077to5 x 1077 A/em?. As the content
of Nb increased to 3 and 5 at.%, the corrosion potential of the
alloy decreased slightly, and the current transient peak
appeared in the polarization curve, which may be related to
the metastable pitting corrosion on the sample surface. The
deterioration of corrosion resistance with the increase in Nb
content may be attributed to the precipitated nanocrystalline
phases, which promoted the initiation of pitting corrosion.
Furthermore, the corrosion behavior of Fe;4NiygCrogMos.
B4C4P;,Nb; ribbon was compared with SAM1651 amor-
phous ribbon and 304 SS in saline, acidic, and alkaline
solutions, and the E_,, and I, are also summarized in
Table 3. In 3.5 wt.% NaCl solution (Fig. 2b), the Fe;4Ni,q.
Cry;0MosB4C4P,Nb; metallic glass spontaneously passi-
vated without pitting when potential < 1.1 V, whereas SAM
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Fe34Nir CrygMosB4Cy4PoNb;, SAM1651 ribbons and 304 stainless
steel in 3.5 wt.% NaCl, 0.5 M H,SO,4 and 1 M HCI solution

Table 3 Electrochemical

Alloys 3.5 wt.% NaCl 0.5 M H,S0, 1 M HCI
parameters of
Fe3s_NizoCroMosNb,B4C4P > E o, mV Lom, Alcm? E o, mV Lom, Alcm? E o, mV Lom, Alcm?
(x=0, 1, 3, 5), SAM1651
alloys and 304 SS x=0 — 229 6 x 1077 .
x=1 - 113 5% 1077 119 46 x 107° 293 14 x 1073
x=3 — 179 7 x 1077
x=5 — 140 7 x 1078
SAM1651 — 240 6 x 1077 — 189 3.1 x 1076 207 1.2 x 1073
304 SS — 490 6 x 107° — 385 8 x 107 — 368 1.7 x 107

1651 and 304 get pitted at 1 V and 0.1 V respectively, as
suggested from the sharp rise of the current density. In
addition, the E_,, of FesyNiyoCrogMosB4C4P1,Nb; was
higher than SAM1651 and 304 SS, indicating its superior
corrosion resistance to the C1™. In 0.5 M H,SOy4 solution
(Fig. 2c¢), all of the samples exhibited pronounced sponta-
neous passivation followed by a large passive region until the

potential reached 1.0 V. The Fe34Ni20Cr20M05B4C4P12Nb1
alloy possessed the noblest E.. of 119 mV, and the lowest
Loow 0f 4.6 x 107® A/cm?, indicating its outstanding corro-
sion resistance to H". In 1 M HCl solution (Fig. 2d), the 304
SS got pitted at low potential, whereas Fe;4NiygCrygMos.
B,C,4P;,Nb, alloy and SAM1651 showed spontaneous pas-
sivation without pitting with potential < 1.0 V. The E,, of
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Fe;4NiyoCrypMosB4C4P,Nb; alloy was nobler and 7., was
lower than SAM1651, revealing Fe34NiyoCrooMosB4CyP5.
Nb; alloy’s excellent corrosion resistance to the combined
H" and Cl™ than that of 304 and SAMI1651. Previous
research indicated that the formation of a dense Nb,O5 film
on the surface of Fe-based amorphous alloy with Nb addition
could enhance the pitting resistance (Ref 30, 32, 33), which
may explain the excellent corrosion resistance of Fe34Niy.
CryoMosB4C4P,Nb; amorphous alloy.

Microstructure of Powders and Coatings

Since the Fez4NiyoCrygMosB4C4P1,Nb; amorphous alloy
exhibited the largest GFA and best corrosion resistance, the
powders with this composition were prepared using gas
atomization with different atomization pressures. The
composition of amorphous powder was measured by EDS
and EPMA with the results shown in Table 4, which was
quite close to the nominal composition. The morphology of
the Fe;4NiyoCr,oMosB4C4P,Nb; powders produced at
varying atomization pressures are shown in Fig. 3(a), (b),
and (c). It can be seen that the majority of particles pro-
duced under 7 MPa were spherical or near-spherical with
diameters of 50-75 um. The powders prepared under
8 MPa exhibited good sphericity with diameters of
40-50 pm along with small satellites. When the atomiza-
tion pressure reached 9 MPa, spherical powders (diameter:
30-50 um) with few satellites were observed. The absence
of satellites and good sphericity usually leads to good
fluidity during thermal spraying (Ref 34). Figure 3(d) pre-
sents the XRD patterns of the powders with different
atomization power. A small sharp peak appeared on the
broad diffuse halo at approximately 45° diffraction angle
(20) under 7 MPa, indicating that the powder was mostly
amorphous with a small amount of crystalline content
(Fep3Bg). The powders prepared under 8 and 9 MPa
showed almost fully amorphous structure within the reso-
lution limit of XRD. The DSC curves of the powders
processed at atomization pressure of 7, 8, and 9 MPa are
shown in Fig. 3(e). The amorphous contents of the powders
were calculated by comparing the enthalpy of crystalliza-
tion derived from the DSC curves with that of the Fes,.
NiyoCryoMosB4C4P,Nb; ribbon sample (Fig. 1b) (Ref
27, 35). The amorphous contents of the powders processed

Table 4 Chemical composition of FeNiCrMoBCPNb alloy powder
obtained from EDS and EMPA analyses (at.%)

Elements Fe Ni Cr Mo Nb B C P

EDS 359 219 195 59 1.8 27 29 94
EPMA 345 187 198 46 1.1 .. 93 12
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at atomization pressure of 7, 8, and 9 MPa were 75, 80, and
86%, respectively. This result indicated that the automer-
ization pressure could affect the formation of the amor-
phous phase. The lowest amorphous content of the powders
prepared under 7 MPa may result from its larger particle
size. As the powders prepared under 9 MPa have both
better sphericity and larger amorphous content, they are
more appropriate to be used to prepare thermal spraying
coatings.

Figure 3(f) shows the XRD patterns of the coatings
prepared by the APS method at different spraying power,
i.e., 28, 35, and 42 kW. The appearance of a diffuse peak
of the amorphous phase between 40° to 50° indicated all
the three coatings had a relatively high amorphous content.
When the power was 28 kW, no sharp diffraction peak
appeared, indicating the coating was amorphous. As the
spraying power increased to 35 and 42 kW, distinct sharp
peaks corresponding to Cr,O; appeared (Ref 36). The
amorphous content, which was calculated from the
enthalpy of crystallization (the DSC data not shown),
decreased as the spraying power increased, namely 75% for
28 kW, 72% for 35 kW, and 65% for 42 kW. With higher
plasma power, during solidification of the molten splats,
the heat might build up and lead to decrease in the solid-
ification rate, and thus promoted crystallization. Besides,
excessive heat input resulted in oxidation in smaller pow-
der particles, which prevented them from fusion and
spreading. The oxides can serve as nucleation sites for
crystallization (Ref 37-39). Thus, the amorphous content
decreased with increasing spraying power.

The cross-section morphology of the coatings prepared
at different spraying powers is shown in Fig. 4. It was
found that all the coatings with a thickness of ~ 250 um
were well-bonded to the substrate. For the coating sprayed
under 28 kW, stacks of flat pancake-like molten splats and
some incompletely melted spherical and elliptic particles
were observed, and the porosity was ~ 5.2% (Fig. 4a, a,).
When the spraying power increased to 35 kW, the coating
had a dense structure with reduced porosity (3.25%), but
still a small number of unmelted particles and intersplat
regions (Fig. 4b, b;). As the spraying power increased to
42 kW, the coating exhibited a very dense structure with
porosity less than 1.75% (Fig. 4c, cy). In addition, as shown
in Fig. 4(c;), a large amount of dark lamellar structure was
observed. An EDS line scan was carried out across one of
the lamellar, denoted by the white line in Fig. 4(c,), and the
results are shown in Fig. 4(d). The lamellar was enriched
with Cr and O, suggesting it was mainly composed of
Cr,03 (Ref 38), which was consistent with the result in
Fig. 3(f). These results implied that higher spray power not
only provided higher energy to melt the powders to form
a denser coating, but also led to oxidation during the
spraying process. The hardness of the coatings was
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measured, and the results are shown in Fig. 4(e), together
with the values of the porosity. The hardness of coating-
28 kW, coating-35 kW, and coating-45 kW  were
479 £ 19, 519 4 21 and 554 + 23 HV, all of which were
much higher than the 45 steel substrate (173 £ 9 HV). The
coating sprayed at 42 kW showed the highest hardness due
to its increased oxide content.

To obtain detailed microstructure information of the
matrix and the intersplat regions, TEM observations were
carried out on the coating sprayed at 35 kW (Fig. 5a, a;).

Some crystalline phases with dimensions from 5 to 50 nm
were distributed in the amorphous matrix. The composition
of these nanocrystalline phases was analyzed by EDS,
indicating these phases were depleted in Fe, Ni, and rich in
Cr, O in comparison with the amorphous matrix. As shown
in the HR-TEM image in Fig. 5(a;), lattice fringes were
observed in the particle, indicating the particles are crys-
tallized. Furthermore, Fig. 5(b) shows that the interparticle
oxide layers were composed of a large number of grains
distributed in the matrix. The selected area electron
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Fig. 5 (a) TEM image and element distribution of precipitates in amorphous coating, (a;) HR-TEM image of one precipitate, (b) TEM image
and element distribution of precipitates in the interparticle region and (b;) its SAED pattern

diffraction (SAED) patterns in Fig. 5(bl) shows charac-
teristics of multiple crystallites, and the diffraction rings
corresponded to the Cr,O; phase. The EDS analysis
revealed that crystalline grains were also rich in Cr and O.
Besides, the chromium concentration at the interface
between the splat region and the matrix was extremely low.
This suggested that the formation of Cr,Oj results in the
Cr-poor area near the splats. The results implied that the

@ Springer

interface of the interparticle was highly oxidized during the
spraying and led to the formation of (Fe, Cr)-oxides.

Corrosion Behavior of Coatings
The corrosion properties of the Fe-based amorphous coat-

ings were investigated in 3.5 wt.% NaCl solution using the
electrochemical tests. The potentiodynamic polarization
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Fig. 6 (a) Polarization curves of amorphous coatings prepared by
different spraying power in 3.5 wt.% NaCl solution compared with
304 steel, electrochemical impedance behavior of different coatings

Table 5 Electrochemical parameters of the coatings and 45 steel
substrate

Samples E.om, mV Leoms Alem? Lpasss Alem?
Substrate — 560 2.8 x 107°

Coating-28 kW — 428 6.8 x 107° 39 x 1074
Coating-35 kW — 335 5.1 % 107° 3.1 x 107°
Coating-42 kW — 386 59 x 107° 15 x 107*

curves of the coatings were measured and compared with
45 steel, as shown in Fig. 6(a), and the corresponding
electrochemical values, including E.qr, Ieor, and passiva-
tion current density (/,,s), are listed in Table 5. Passivation
was observed on the polarization curves of the coatings, but
not on that of 45 steel. The I, values for the three
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samples in 3.5 wt.% NaCl solution (b) Nyquist plots, (c) Bode
impedance magnitude plots, (d) Bode phase angle plots

coatings were almost the same, indicating that the intrinsic
corrosion rate before the passivation of the coatings was
similar. The coating-35 kW showed the highest E.q.
(=335 mV) and the lowest I (3.1 x 107> A/em?),
indicating the better corrosion resistance of the coating-
35 kW in the saline environment (Ref 40). Besides, the
L. value of the coating initially increased and then
decreased with increasing spraying power. This is due to
the two competing processes at elevated power. On the one
hand, as the spraying power increased from 28 to 42 kW, a
greater amount of powder melted, leading to a decrease in
porosity. On the other hand, crystallization was promoted
with higher input power causing the galvanic effect. The
superior corrosion properties of the coating-35 kW are at-
tributed to a better combination of low porosity and high
amorphous content. In Nyquist plots (Fig. 6b), the capac-
itive diameter of coating-35 kW was higher than coating-
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28 kW and coating-42 kW, suggesting that the passive film
of coating-35 kW provided a more effective barrier. The
equivalent circuit model (EEC) of the amorphous coatings
is shown in the inset of Fig. 6(b). For the EEC model, R,
R., and CPEc denoted the solution resistance, the coating
resistance, and the non-ideal capacitance of the corrosion
product film, respectively. The CPEd and R, represented
the double layer capacitance and the charge transfer
resistance of corrosion reaction in the defects. Noteworthy,
phase angle curves of all coatings showed one shoulder and
two-time constants, as displayed in Fig. 6(c). As shown in
Fig. 6(c) and (d), the impedance values and phase angle of
coating-35 kW and coating-42 kW were higher than those
of substrate and coating-28 kW, indicating that pores had a
greater influence on the corrosion performance of the
coating.

The results of EIS fitting for the coatings and 45 steel
are presented in Table 6. As the Chi-square x> was within
the range from 2 x 10™* to 8 x 10™*, the equivalent cir-
cuit was rational, and the fitting results were reliable. All
constant n-(CPE-T) values were < 1, which meant the
circuit consisted of constant phase elements, not pure
capacitance. The variation of R, was very small and
therefore had a negligible effect on the corrosion process.
The impedance values in the low-frequency range in the
Bode impedance diagram (Fig. 6b) were related to the R,
during corrosion. A elevated impedance amplitude signi-
fied a higher R,, which correlated with better corrosion
resistance of the coating. The R. and R, of coating-35 kW
were larger and could reach 14,685 and 49,825 Q~cm2,
respectively, indicating the coating-35 kW had better cor-
rosion resistance.

The salt spray tests of the three coatings were conducted
for a total exposure time of 200 h, with 45 steel for com-
parison (Fig. 7). The 45 steel showed completely severe
corrosion with rust covering the surface after only 20 h
exposure, revealing the worst salt resistance. In compar-
ison, the Fe-based amorphous coatings did not show any
signs of corrosion after 20 h exposure. The coating-28 kW
and coating-42 kW lost tarnish after 72 h exposure,

whereas coating-35 kW was maintained intact. After
200 h, the coating-28 kW was aggressively attacked,
moderate pitting was observed, and slight pitting appeared
on the surface of coating-42 kW. However, the coating-
35 kW showed an almost intact surface accompanied by
edge rust stain, demonstrating good impermeability even
after 200 h exposure. As coating-28 kW was most severely
corroded, its surface morphology after 200 h salt spray test
was analyzed by SEM, with the result shown in Fig. 7(e). A
lot of corrosion pits were observed. The pits tend to appear
near the gray area, which was the oxidized inclusion. The
oxides in the coating were mainly Cr,O3, consuming Cr
element in the matrix, leading to the formation of a local
Cr-poor region. This was the origin of galvanic corrosion,
which then developed into a steady state pitting corrosion
under chloride ion attack. Based on the above results, the
long-term corrosion resistance of the Fe-based amorphous
alloy coatings was much more sensitive to the coating
defects including pores and oxides. The more porosity
defects and crystalline/oxidized phases that the coating
contained, the worse the long-term corrosion resistance
was.

Wear Resistance of Coating-35 kW

The wear resistance of the coating-35 kW and 45 steel was
tested under 20 N with a sliding rate of 20 mm/s with
a silicon nitride ball as the counterpart. The average wear
volume after sliding tests is shown in Fig. 8(a). The coat-
ing-35 kW demonstrated superior wear resistance, with its
wear volume being roughly one-tenth of that observed in
45 steel. Figure 8(b) shows the variation of the friction
coefficient with the sliding time for coating-35 kW and 45
steel. The friction coefficient of coating-35 kW was close
to 0.17, which was much lower than that of 45 steel (0.7),
implying that the coating kept slower wear loss for even
much longer service time. Despite the lack of tungsten
(W) and a minimal amount of molybdenum (Mo), the
coating-35 kW showed significant resistance to wear,

Table 6 Values of fitting

parameters obtained from EIS Samples Coating-28 kW Coating-35 kW Coating-42 kW 45 steel

spectra R, Q cm® 5.73 14.05 8.08 5.79
CPEc- T, uF cm ™2 s"! 48.46 14.31 18.16 58.36
CPEc-n 0.63 0.71 0.78 0.76
R., Q cm? 7600 14685 13760 577
CPEd-T, pF cm ™2 ™! 237.6 3.57 14.43 188.4
CPEd-n 0.91 0.61 0.69 0.49
R, Q cm? 5909 49825 43290 1293
R (R=R.+ R Qcm? 13509 64510 57050 1870
22 (1074 29 2.5 7.6 5.9
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Coating-35 kW 200 h

Coating

Coating-28kW 200 h

Fig. 7 Photographs of samples after salt fog test: (a) 45 steel as reference sample, Fe-based amorphous coating sprayed at different powers
(b) 28 kW, (c) 35 kW and (d) 42 kW; (e) SEM image of coating-28 kW after 200 h salt spray corrosion
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Fig. 8 Coating-35 KW and 45 steel substrate under load of 20 N and sliding speed of 20 mm/s, (a) wear volume and (b) friction coefficient curve

positioning it as a cost-effective option for protecting sur-
faces against friction-induced wear (Ref 21).

To understand the wear mechanism, the worn surfaces
of coating-35 kW at different sliding speeds and loads
were examined by SEM (Fig. 9). As shown in Fig. 9(a),
almost no evidence of significant wear was observed
except for a few grooves when sliding at low speed
(0.02 m/s) and low load (20 N). It should be noted that the
pores were formed during spraying, not during sliding. In
contrast, the surface of the 45 steel produced severe wear.
The surface was covered with severe furrows and peeled
debris, indicating that its main wear mechanism was
adhesive wear (Fig. 9b). The coating-35 kW was further
tested under higher load and higher speed. As shown in

Fig. 9(c), with the load increased, the width of the grooves
on the surface of coating-35 kW increased significantly,
but the depth of the grinding marks was not obvious, which
was consistent with previous study that the wear behavior
of amorphous coatings appeared to be insensitive to the
applied load (Ref 41). Under the same load, increasing the
sliding speed significantly enlarged the surface roughness.
Under high speed (Fig. 9d), many small particles
were embedded in the concave area, indicating that the
coating-35 kW had abrasive wear. In addition, several
micro-cracks parallel to the sliding direction appeared on
the surface, which was a characteristic of fatigue wear. The
wear rates under different test conditions were also calcu-
lated. Under 20 N and 20 mm/s, the wear rate of the
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Fig. 9 SEM images of typical
wear trace, (a) Coating-35 kW
at 20 N and 20 mm/s,

(b) Substrate at 20 N and

20 mm/s, (c) Coating-35 kW at
30 N and 20 mm/s, (d) Coating-
35 kW at 30 N and 30 mm/s

coatings was about 8.3 x 1077 mm3/(N m), while at 30 N
and 30 mm/s, the wear rate reached 25.9 x 1077 mm3/(N
m). Delamination from fatigue wear at high speeds and
high loads led to an increase in the wear rate.

The worn-off debris from coating-35 kW after being -
tested at 30 N and 30 mm/s was analyzed by SEM and
EDS, as shown in Fig. 10(a) and (b). Here, we mainly
collect the worn-off debris under the conditions of 30 N
and 30 mm/s because there was limited worn-off debris
under low speed and load. The size of the worn-off debris
was about 2-5 um, which mainly presented the flake-like
structure with small particles (size < 1 um) attached. Four
representative areas were selected for composition analy-
sis. Oxygen elements were distributed in all four areas,
which were produced from the friction heat at the contact
interface. The small worn-off particle (area A) contained
the highest oxygen content compared with other areas,
which might be due to the rupture of the worn-off debris
oxide film to participate in the new round wear test. The
composition of flakes and particles of wear debris were
significantly different, and the composition of the flakes
was relatively close to the as-sprayed coating. The Si ele-
ment in the debris came from the silicon nitride ball,
indicating that the material transfer occurred during the
wear process. As the wear behavior of coatings depended
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not only on the surface, but also on the regions beneath the
surface, the cross section of the coating after wear testing
was also examined. Figure 10(c) shows the SEM image of
a longitudinal cross section of a wear track under the
applied load of 30 N and the sliding speed of 30 mm/s.
Some big cracks along the intersplat regions and small
cracks perpendicular to the intersplat were observed on the
cross section. Furthermore, as shown in Fig. 10(c), the
height of the pits produced by material peeling was about
5 pm, which was very similar to the thickness of the
fragments shown in Fig. 10(a). This finding confirmed that
the substantial flake-like debris originated from the coat-
ing’s detachment in areas where cracks had formed and
spread. From the EDS line scan across the amorphous
matrix/tribolayer (Fig. 10d), it was found that the thickness
of the oxidation layer was around 3 um and O element
existed within the distance at the depth of 3 pm from the
surface. The obvious enrichment indicated that the O ele-
ment diffused from the surface to the interior of the coating
during the friction process.

Based on the above results, it was reasonable to infer
that oxidation wear was a primary wear mechanism for the
amorphous coating under dry sliding conditions. The high
flash temperatures generated by dry friction likely sur-
passed the glass transition or crystallization temperatures
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Fig. 10 (a) SEM image and (b) EDS element analysis of wear debris
from coating-35 kW tested at 30 N and 30 mm/s, (c) SEM image of
cross section parallel to the sliding direction of the worn coating-

of the coating, resulting in significant surface oxidation
(Ref 21, 42). Oxygen tended to diffuse preferentially
through the coating’s imperfect areas, such as pores and
loosely bonded intersplats, because of the heightened
atomic reactivity in these zones. Typically brittle, these
oxides were susceptible to peeling off once the oxide layer
reached a critical thickness due to ongoing flash friction-
induced heating, which in turn led to an escalated rate of
wear.

Conclusions

In this work, a novel Fe3sNiroCryoMosNb,B4C4P1,Nb;
high-entropy amorphous alloy with enhanced GFA and
good resistance was designed by the addition of 1 at.% Nb.
The Fe-based high-entropy amorphous coatings with this
composition were prepared by APS technology under dif-
ferent spray powers. The coating-35 kW exhibited the best
corrosion resistance due to the combination of large
amorphous content and relatively less amount of oxidation.
Besides, the coating-35 kW had a high Vickers hardness of
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35 kW under an applied load of 30 N and sliding speed of 30 mm/s
and (d) EDS line scan along the red arrow marked in (c)

519 + 21 HV, low friction coefficients of 0.17, as well as a
low wear rate of 8.3 x 1077 mm® (N m) at 20 N and
20 mm/s. The wear mechanisms of the coating-35 kW
were mainly abrasive wear and oxidation wear at low speed
and low load, and oxidation wear and fatigue wear at high
speed and high load. The developed APS high-entropy
amorphous coating has excellent corrosion resistance and
wear properties, which brings a broad prospect for potential
engineering applications of thermal spray high-entropy
amorphous coatings.
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