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Physical vapor deposition (PVD) was used to deposit a dense Cr film on the surface of Cr/Fe-based
amorphous coating to seal the pores in detonation-sprayed Fe-based amorphous coatings and further
improve the corrosion resistance of the Q235 steel substrate. The structure and corrosion behavior of the
coating and film in 3.5 wt.% NaCl solution were investigated. Compared with Q235 carbon steel and Fe-
based amorphous coatings, the Cr/Fe-based amorphous coating with Cr film deposited on the surface
(coating) exhibited a lower corrosion current (2.2 X 10~ '° A) and corrosion rate (1.3 X 10~ * mm/year),
but a higher corrosion potential (— 387 mV) and polarization resistance (1.98 X 10° Q cm?). X-ray pho-
toelectron spectroscopy (XPS) results show that Cr,O; and Cr(OH); are abundantly present in the pas-
sivated film, improving the corrosion resistance of Cr/Fe-based amorphous coating and providing better
protection to the Q235 steel substrate in 3.5 wt.% NaCl solution.

Keywords corrosion mechanism, detonation spraying, Fe-based
amorphous coating, passivating film, PVD Cr film

1. Introduction

Because of their good corrosion resistance and wear
resistance, Fe-based amorphous coatings (Fe-based ACs)
provide corrosion and wear protection to metal substrate
materials in extremely harsh environments (Ref 1-3). Over
the past two decades, many thermal spraying techniques, such
as high-velocity oxy-fuel (HVOF) spraying (Ref 4, 5), high-
velocity air fuel (HVAF) spraying (Ref 6, 7), supersonic plasma
spraying (Ref 8), and detonation spraying (Ref 9-11), have been
used to prepare Fe-based ACs. Among these thermal spraying
technologies, detonation spraying can be used to obtain dense
and uniform Fe-based ACs (Ref 12-14). During the spraying
process, acetylene and oxygen are detonated inside the
chamber, then the powder is heated to a semi-melted state
and accelerated to supersonic speed (~ 400 m/s) by the high-
energy concentration detonation products at temperatures of up
to 4500 K (Ref 13). The powder undergoes severe plastic
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deformation to form flake particles when it impacts the
substrate, resulting in a super strong bonding interface between
the substrate and coating. Essentially, the powder is accelerated
and heated by high-speed and hot detonation products flowing
out of the barrel in pulsed mode with a typical frequency of
4 Hz, and the resultant substrate has a relatively low surface-
working temperature of approximately 100 °C (Ref 15). For
example, the amorphous phase content of detonation-sprayed
FeCrMoCBY and FeCrBSiCMoCuNi ACs deposited on Q235
steel attained a maximum of 90.73% (Ref 11), which was
higher than that of other deposition methods (69.33% for
plasma spray (Ref 16), 81.25% for HAVF (Ref 17), and 74.9%
for HVOF (Ref 18)).

Nevertheless, because the thermal spray coating is a layered
structure formed by the deformation, interlacing, and accumu-
lation of particles, thermal spray coating leads to the
inevitable existence of many pores. Regardless of the opti-
mization of several conditions, including the preparation
process parameters, powder material morphology, and compo-
sition, pores inevitably form in thermal spray coating. The
existence of pores affects the performance of the coating,
especially in a corrosive environment, where the corrosive
medium enters the coating through the pores and reaches the
interface between the coating and substrate, inducing local
corrosion and eventually causing coating failure. Zhang et al.
used 3D high-resolution x-ray tomography (XRT) to study the
porosity of Fe-based ACs and the effect of the size and
distribution of pores on corrosion resistance. The penetration in
the coating caused the anodic current to increase sharply,
resulting in a decrease in the coating corrosion resistance, and
penetration was effectively avoided only when the critical
thickness of the AC exceeded 240 pm. Therefore, avoiding the
influence of pores on corrosion performance and maximizing
the corrosion resistance of Fe-based ACs has become a
bottleneck for industrial applications.

Recently, many attempts have been made to seal Fe-based
ACs. Jiao et al. used an aluminum phosphate (AIPO,) sealant to
seal HVAF-sprayed Fe-based ACs on a 304 stainless steel
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substrate and found that the aluminum phosphate sealant could
penetrate into the coating and fill the microcracks, thereby
significantly improving the corrosion resistance of the Fe-based
ACs in HCI solution (Ref 19). Zhou et al. used a water-based
silicone-modified acrylic sealant (WAS) with both sealing and
anti-corrosion properties to seal Fe-based ACs. The water-
based sealant improved the integrity of the passivated film of
the coating. After soaking for 34 days, the corrosion current
density of the sealing coating decreased by more than one order
of magnitude, and the coating protection efficiency (n)
remained above 90% (Ref 20). Recently, our research group
designed a composite duplex coating system of CrN/Cr;C,-
NiCr (Ref 21) and DLC/Cr3;C,-NiCr (Ref 22). The films were
deposited on HVOF-sprayed Cr;C,-NiCr using physical vapor
deposition (PVD), which not only realizes the sealing of the
coating but also further improves the coating-wear resistance,
corrosion resistance, and imparts high bearing resistance. The
combination of thermal spraying and thin-film PVD or CVD
can deposit a high-density, high-strength, high bonding film on
the coating surface (Ref 23, 24), which can not only seal the
surface of the coating but also protect the coating and the
substrate by blocking the corrosive medium. However, the
corrosion resistance of Fe-based ACs with sealing layers
prepared by closed-field nonequilibrium magnetron sputtering
has rarely been studied.

Herein, PVD was used to deposit Cr films on detonation-
sprayed Fe-based ACs to seal pores, and the corrosion behavior
of Fe-based AC and Fe-based AC with Cr films (Cr/Fe-based
AC) was investigated in detail by characterization via dynamic
polarization and electrochemical impedance spectroscopy (EIS)
of the coatings in 3.5 wt.% NaCl solution. To evaluate the
corrosion resistance of Fe-based AC and Cr/Fe-based AC, the
microstructure and composition of the coatings before and after
corrosion were characterized in detail using x-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy
dispersive spectroscopy (EDS).

2. Experimental Details

2.1 Goating Preparation

The aerosolized commercial Fe-based amorphous powder
(Guangzhou Wandun Co., Ltd, China) with a composition of
approximately Cr 25-27, Mo 16-18, C 2.0-2.5, B 2.0-2.2, and
Fe balance in wt.% was selected as the feedstock. Prior to spray,
the Q235 steel substrate (010 x 10 mm) was first subjected to
grinding and acetone cleaning to remove surface oxide scale,
oil, etc., followed by corundum sand blasting to increase the
surface roughness of the substrate for the increased adhesion of
thermal spray particles. Subsequently, the Fe-based AC was
deposited on the clean and rough surface using a detonation
spray system (ADM-4D), and the length and diameter of the
barrel were 1000 and 25 mm, respectively. The charge in the
gas mixture in the sprayed barrel was of approximately 60%.
The powder feeder injected powder at 140 mm from the open
end of the barrel, and the powder feed rate was 60 g min~".
Finally, using an unbalanced magnetron sputtering system (Teer
UDP-650), a Cr thin film was deposited on the polished surface
of the coating to seal the Fe-based AC surface. The detailed
deposition parameters of the detonation spray (Ref 14) and
PVD are listed in Tables 1 and 2, respectively.
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2.2 Coating Characterization

XRD (D/Max-2400) was used to analyze the phase structure
of the powder and coatings, and the scan rate and scan range
were 2°/min and 20-90°, respectively. Field emission SEM
(Quanta FEG 450) was used to characterize the microstructures
of the powder and coatings and the corrosion morphologies of
the coatings and Q235 substrate. Furthermore, EDS attached to
the SEM was used to analyze the composition of the etched
surface area of the coatings. A minimum of 15 SEM images of
the polished surface at 200 x magnification were randomly
selected to evaluate the average percentage of porosity using
Image Pro-Plus 6.0. An electrochemical workstation
(CHI760E) with a three-electrode system was used to evaluate
the room-temperature corrosion behavior of the Fe-based AC,
Cr/Fe-based AC, and Q235 steel substrates. The test samples
were sealed with epoxy resin and exposed to a working
electrode (~ 10 x 10 mm). The electrochemical behavior was
measured by open-circuit potential (OCP) for 1800s in 3.5
wt.% NaCl solution, AC impedance testing with an amplitude
of 5mV and frequency ranging from 0.01 to 10° Hz, and
polarization curve testing with a scan rate of 0.01 V s~ '. Zview
software was used to analyze and fit the equivalent circuit
model of the electrochemical impedance spectroscopy (EIS)
results. After electrochemical testing, x-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi) was used to analyze
the elemental compositions and binding states of the Fe-based
and Cr/Fe-based ACs.

3. Results and Discussion

3.1 Structural Characterization

Figure 1(a) presents the surface morphology of the Fe-based
amorphous powder. Most of the powder is spherical or ellipsoid
with a smooth surface; only a small portion of the morphology
is spindle-like and thus is beneficial for detonation spraying.
From the cross-sectional images in Fig. 1(b) and (d), the
relatively dense Fe-based AC of approximately 200 £ 15 um
thickness, exhibiting good mechanical bonding with the
substrate is observed. Additionally, according to the EDS
composition analysis for the surface of the Fe-based AC in
Fig. 2, the elemental distribution in the coating is relatively
uniform. As observed from the unpolished surface image in
Fig. 1(c), most of the particles melted well upon spraying,
while the unmelted particles were fewer. This phenomenon was
due to the acceleration and heating of the powder by the
explosive products during detonation spraying. Owing to
uniform heating, a completely molten powder was spread and
deposited on the surface of the substrate. Additionally,
sandblasting of the substrate also promoted good mechanical
engagement of the powder particles with the substrate.

Figure 3(a) shows a cross-sectional image of the Cr/Fe-
based AC. The Cr film, with an average thickness of
approximately 3 um, not only has a very dense structure but
also binds well to the Fe-based AC. The EDS line scanning
composition distribution of the Cr/Fe-based AC in Fig. 2(b)
shows that Fe, Cr, Mo, B, C, O, and other elements were
continuously distributed, and only Cr was distributed in the
film, indicating that the detonation-sprayed Fe-based AC was
well combined with the PVD Cr film.
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Table 1 Detonation-sprayed parameters

Working gas Oxygen flow Acetylene flow

Nitrogen flow

Working frequency Spraying distance

0, + C,H, 0.5m>h™! 025m>h7!

0.05m>h! 3.9 Hz

140 mm

Table 2 Deposition process parameters of Cr film

Target current ‘Working pressure

Bias voltage

Deposition time Deposition temperature

4 A 0.1 Pa 70V

180 min 180 °C

Fig. 1 (a) SEM image of the Fe-based amorphous powder, (b) cross-sectional morphology of Fe-based AC, (c) original morphology of Fe-
based AC, (d) enlarge image of interface area between coating and substrate

The XRD patterns of the Fe-based amorphous powder, Fe-
based AC, and Cr film in Fig. 4(a) show that the powder and
coating exhibited typical amorphous diffused scattering peak
patterns, indicating that the amorphous powder do not crystal-
lize during detonation spraying. Correspondingly, single-phase
Cr was observed in the XRD pattern of the film. Moreover, the
EDS analysis results confirmed that the deposited film was a
pure Cr film without other impurities (Fig. 4d). Using image
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analysis software, it could be concluded that the porosity of the
Fe-based AC was approximately 0.8%. Nevertheless, after
passing through the PVD film, the surface of the film became
dense and uniform, indicating that the pores were effectively
sealed on the surface of the Fe-based AC.
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Fig. 2 Results of EDS surface scanning composition and corresponding SEM photos of Fe-based amorphous coating
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Fig. 3 (a) cross section morphology of Cr/Fe-based AC, (b) the EDS element line scanning crossing the interfacial regions from Cr film to Fe-

based AC

3.2 Corrosion Behavior in NaCl Solution

The corrosion behaviors of Q235 steel, Fe-based AC, and
Cr/Fe-based AC were investigated in 3.5 wt.% NaCl solution.
Figure 5(a) shows the OCP results. Both the Fe-based and Cr/
Fe-based ACs present a nearly positive potential, while the
potential value of Q235 steel stabilized to -392.1 mV after
1800s. However, for Fe-based AC, the potential decreased
slightly as Cl™ in the solution penetrated the pores at the
beginning of the experiment. Subsequently, a dense film was
formed on the surface; thus, the potential value stabilized at
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— 259.8 mV. For the Cr/Fe-based AC, the OCP value slowly
approached 0 mV within 0-400 s, indicating that in the early
stage of the electrochemical experiment, the NaCl solution did
not easily penetrate the film, and the entire system was not
easily corroded. However, over time, the NaCl solution slowly
infiltrated, causing the potential to decrease slowly and stabilize
at — 197.4 mV. Moreover, compared with Q235 steel and the
Fe-based AC, the Cr/Fe-based AC exhibited a relatively
positive corrosion potential (— 387 mV) and a lower corrosion
current density (— 2.2 x 10 ' A em™ ?), indicating that the
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Fig. 4 (a) XRD patterns of Fe-based amorphous powder, Fe-based AC and Cr film, (b) (b) the morphology of Fe-based AC, (c) the

morphology of Cr/Fe-based AC, (d) the EDS surface scan of Cr film surface
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Fig. 5 Electrochemical performance test results of Q235 steel, Fe-based AC, and Cr/Fe-based AC in 3.5 wt.% NaCl solution: (a) open-circuit
potential, (b) polarization curve
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corrosion resistance of the Cr/Fe-based AC was significantly
improved.

Figure 6 shows the Nyquist plots of Q235 steel, Fe-based
AC, and Cr/Fe-based AC. The diameter of the semicircle
represents the capacitive reactance arc, which is related to the
polarization resistance of the working electrode (Ref 3). From
Fig. 5(a), compared with Q235 steel, Fe-based, and Cr/Fe-
based ACs have larger capacitive reactance arcs, indicating that
the Cr/Fe-based AC possesses superior corrosion resistance.
Particularly, the capacitive resistance value of Cr/Fe-based AC
attained 3.051 x 10° (Q cm?), indicating that the deposition of
Cr film by PVD assuages the problem of pores on the surface of
thermally sprayed coatings. Moreover, due to the synergistic
effect of the Cr film and Fe-based AC to block and shield C1™
in NaCl solution, the Q235 steel substrate showed improved
corrosion resistance.

Figure 6(b) shows the Bode plots of Q235 steel, Fe-based
AC, and Cr/Fe-based AC. The Cr/Fe-based AC has the highest
impedance (4.8 x 10° Q cm?) value compared to those of Fe-
based AC (1.3 x 10* Q ecm?) and Q235 steel (4.4 x 10° Q
cm?), indicating that the composite Cr/Fe-based AC system can
effectively protect Q235 steel from the corrosive environment.
Moreover, one peak (one single time constant) is observed at
10°-10% Hz for the Cr/Fe-based AC and Q235 steel, while two
peaks (two single time constants) are observed for Fe-based AC
(Fig. 6b). The changes in the impedance and capacitive
reactance observed via the Bode plots (in the high-frequency
area) are generally due to local unevenness and defects that
often cause corrosion on the surface of the film and coating,
while the middle- and low-frequency areas correspond to the
film interface and the interface of coating and substrate,
respectively (Ref 3, 18). In the intermediate frequency region
(10°-10% Hz), all phase angles tend to 90° for the Q235 steel,
Fe-based AC, and Cr/Fe-based AC. Particularly, the phase
angle of Cr/Fe-based AC attains 80.5°, which proves that the
composite system in this state is similar to an infinite resistance
capacitor without current, that is, the corrosive medium cannot
continue to act on the composite system. In the high-frequency
region (10°-10° Hz), the phase angle tends to 0°, indicating the
existence of charge-transfer resistance and film capacitance in
Cr/Fe-based AC. Moreover, in the range of ~ 10%-10° Hz, the
phase angle of Cr/Fe-based AC shows a decreasing trend,
which indicates that the capacitance value increased and the
resistance value decreased. The trend also indicates that the
corrosion medium ClI~ would slowly penetrate the Cr film,
thereby changing the resistance and capacitance of the com-
posite system, but the composite system would still protect the

Q235 steel substrate. Notably, in the low-frequency region
(~ 107 -1 Hz), the phase angle of the Cr/Fe-based AC is
greater than that of Fe-based AC and Q235 steel, indicating that
the composite system has better corrosion resistance.

Based on the above analysis, the electrochemical impedance
spectroscopy (EIS) fitted results are used to display the
electrochemical reaction of Q235 steel, Fe-based AC, and Cr/
Fe-based AC, as presented in Fig. 7, where Ry is the resistance
of NaCl solution, R is the charge-transfer resistance of the Q235
steel, CPE, is the constant phase-angle element corresponding
to the Q235 steel, Ry, is the resistance of the passivated film, R,
is the resistance of the Fe-based AC, CPE, is the constant
phase element corresponding to the Q235 steel, C. is the
capacitance corresponding to the Q235 steel (between pore and
coating) (Ref 25), Ry is the resistance at the interface between
the Cr film and Fe-based AC, CPE,, is the corresponding
constant phase element formed with the passivated film and
coating, which describes the non-ideal state of the electrode
surface (Ref 26, 27), R, is the resistance of the passivated film,
and Cy is the capacitance formed at the interface between the Cr
film and coating. From the EIS fitted results (Table 3), the
resistance values of the Cr/Fe-based AC (R;= 6.8 x 10° Q
cm?) are one order of magnitude higher than that of the Fe-
based AC (R, = 1.9 x 10* Q cm?).

Figure 8 shows the corrosion morphology and correspond-
ing composition distribution of the Cr/Fe-based AC. Local
pitting occurs on the surface of the Cr/Fe-based AC. Fig-
ure 8(b), (¢), (d), and (e) shows the enlarged topography and
composition distribution of the corrosion pit after electrochem-
ical corrosion for 1 h in a 3.5% NaCl solution, and the results
show that Cr (94.7 wt.%), O (5.2 wt.%), Cl (0.1 wt.%), and
other elements are distributed on the surface of the Cr/Fe-based
AC after corrosion. The elements that comprise the Fe-based
AC, such as Fe and Mo, were not observed, indicating that the
Cr film effectively defended against C1™ corrosion. Contrast-
ingly, Fig. 9 shows the corrosion morphology and correspond-
ing composition distribution of Fe-based AC. There is a slight
segregation and oxidation of elements in the interfacial region
of the Fe-based AC, leading to galvanic corrosion; thus, a large
area is continuously corroded. Additionally, owing to contin-
uous corrosion, the passivation film is gradually consumed,
significantly reducing the Mo content in the corrosion pit.

3.3 Corrosion Mechanism

Usually, for an ideal amorphous coating in an ideal corrosive
environment, a passivated film with uniform thickness is
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Fig. 6 Electrochemical performance test results of Q235 steel, Fe-based AC, and Cr/Fe-based AC in 3.5 wt.% NaCl solution: (a) Nyquist plots;

(b, ¢) Bode plots
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Fig. 7 Equivalent circuit simulation diagram; (a) Q235 carbon steel, (b) Fe-based AC, (c) Cr/Fe-based AC

Table 3 Electrochemical parameters obtained from electrochemical impedance spectroscopy (EIS)

Samples OCP, mV R, Q cm? R, Q cm? CPEp,, Q' em™2s™" C, Q 'em™2s™" R, Q cm?
Q235 steel —392.1 11.55 0.77 5.1 x 10°
Fe-based AC — 2596 1.755 12.32 14 x 107* 1.9 x 10* (R.)
Cr/Fe-based AC — 1974 27.64 2.9 x 10° 12 x 107 13 x 107° 6.8 x 10° (R

10pm
5.2 wt. % o

10pm
94.7 wt. % BT

10pum
0.1 wt. % =

Fig. 8 (a) Surface morphology after corrosion of Cr film/Fe-based amorphous coating, (b) morphology of corrosion pit, (c-e) surface scanning

of corrosion pit

formed on the surface of the coating, and these passivated films
dissolve on the electrode. This passivated film continues to
repeat the process of forming—dissolving—forming until the
coating is completely corroded (Ref 28, 29). In this case, the
corrosion in the NaCl solution is essentially due to the
competition between the formation of the passivated film on
the coating surface and the corrosion and dissolution of the
coating by CI™. However, in practice, Fe-based ACs are not
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uniform and have an interface between the layers and defects,
such as pores. These defects are prone to galvanic corrosion,
which significantly affects the corrosion resistance of the
coating. Particularly, pores on the surface layer provide
channels for Cl~ to penetrate the coating after galvanic
corrosion, thereby accelerating the corrosion of Cl™. By
depositing a Cr film on the surface of the Fe-based AC to
achieve sealing, the thickness of the chrome passivation film in

Volume 32(18) September 2023—8425
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Fig. 9 Corrosion morphology and composition distribution analysis of ferrous amorphous coating surface by EDS scanning
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Fig. 10 The fitted XPS spectra for Cr/Fe-based AC in 3.5 wt.% NaCl solution: (a) Cr spectra, (b) Cr 2p spectra

the defect area can be increased, and the penetration of C1™ into
the coating through the pores can be avoided. Osozawa (Ref
30) and Keddam (Ref 31) studied the influence of Cr content on
the electrochemical corrosion of materials and found that Cr
content can improve corrosion resistance and affect electro-
chemical parameters, such as initial passivation potential.

To further explore the corrosion resistance of Cr/Fe-based
AC in a 3.5% NaCl solution, the valence states of the elements
in the passivated film formed in the corrosion medium were
analyzed by XPS for the Cr/Fe-based AC after corrosion.
Figure 10 shows the fitting results of the XPS peaks for the
electrochemical corrosion of Cr/Fe-based AC. After electro-
chemical corrosion, the Cr spectrum consisted of 2p3/2 peaks
for the Cr and Cr*" states. As shown in Fig. 10(b), the peaks at
573.9, 576.1, and 577.4 eV correspond to the Cr’, Cr**(Cr,05),
and Cr’*(Cr(OH);) states, respectively. Compared to the
spectral intensity of Cr, the spectral intensity of the Cr*" state
was enhanced, indicating that the Cr atoms on the film surface

8426—Volume 32(18) September 2023

were oxidized during immersion in the NaCl solution. Table 3
summarizes the changes in the binding energy positions and
peak areas of Cr during the electrochemical testing of the Cr/
Fe-based AC. The increase in binding energy reflects the
enhanced binding force between the nucleus and electrons (Ref
32). Rodriguez et al. (Ref 33) also showed that changes in the
chemical environment can cause the transfer of binding energy.
The bonding force between the Cr atoms and electrons on the
surface of the Cr/Fe-based AC is affected to a certain extent by
the changes in the surrounding chemical environment. There-
fore, compared with the binding energy in the standard
spectrum, the shift in the binding energy of the Cr atoms is
caused by the enhanced oxidation of the film surface. Because
the Cr’" compound is complex, the Cr*" spectrum was fitted
with a single peak, and the increase in the binding energy of the
Cr’" state was mainly due to the formation of Cr,Oz and
Cr(OH); in the NaCl solution (Table 4).
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Table 4 Variation of Cr binding energy and peak area of Cr/Fe-based AC

Element Binding energy Ref (Ref 34) binding energy present Peak area
Cr 573.8 573.9 1125.8
Cr't (Cr,05) 5759 576.1 1266.2
(Cr(OH)3) 577.1 577.4 1155.6

Atmosphere

Passive film

Cr film

B Coating
B Substrate

Fig. 11 Schematic diagram of corrosion mechanism of coating Cr/Fe-based AC

Based on the above XPS analysis (Fig. 10), the formation
and evolution of the passivated film during the electrochemical
corrosion of the Cr/Fe-based AC can be inferred. First, owing
to the oxidation reaction and atomic diffusion on the surface of
the Fe-based AC, a primary passivation film of Cr oxide is
formed. When immersed in a 3.5% NaCl solution, the oxidation
of the film surface is improved, and the activated Cr on the film
surface is enhanced. The atoms are further oxidized. In this
state, the Cr,O5 and Cr(OH); oxides of Cr are stable, and with
the action of the corrosive medium, the Cr atoms are further
oxidized and enriched. Finally, a protective passivation film
rich in Cr’" is formed (Ref 34). Figure 11 shows the corrosion
mechanism of Cr/Fe-based AC in 3.5% NaCl solution. In 3.5
wt.% NaCl solution, 0>, Cr**, and OH~ were produced when
the electrochemical reaction occurred. Cr,O5; was formed in the
passivated film during the process.

O, +4e™ =20%" (Eq 1)
Cr —3e” =Cr'" (Eq 2)
2Cr’t +30%" = Cr,0;. (Eq 3)
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The solution product constant (Kg,) of Cr(OH); is
6.3 x 10~ 3! (298 K) (Ref 35). OH™ ions in the solution also
react with Cr, which generates a passivated film enriched in
Cr(OH);. As the reaction progresses, a uniform and dense
passivated film of rich Cr,O3 and Cr(OH)j; is formed on the Cr/
Fe-based AC surface as specified in Reactions (3) and (5),
respectively. The passivated film prevents the corrosive
medium Cl™ in the solution from diffusing and penetrating
the film and coating, which slows down corrosion.

2H,0 + 4e” + O, = 40H™ (Eq 4)

3Cr*" 4+ 30H™ = Cr(OH),. (Eq 5)

The polarization curve of the Fe-based AC shows that
passivation and re-passivation occurred in 3.5 wt.% NaCl
solution. Because the passivated film generated on the surface
of the Fe-based AC in the NaCl solution was initially unstable,
the passivated film generated on the coating surface was
destroyed. With further action of the corrosive medium, the
originally passivated film was damaged owing to pitting or
dissolution of the passivated film (Ref 36), and the Fe-based
AC was re-passivated, forming a stable and dense passivated
film. The polarization curve of Cr/Fe-based AC has a larger
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Table 5 The summary of Cr-Fe-based amorphous coatings and other coatings corrosion parameters obtained from Tafel

polarization curves

Prepared Jeorn HA Corrosion rate, mm/
Sample technology E o, mV em™? R, Q cm? year Ref
Q235 steel - 914 24.56 1821.1 0.28 Present
Fe-based AC D-gun — 296 1.73 11,306.8 0.032 Present
Cr/Fe-based AC D-gun + PVD — 387 0.165 198,378.7 0.0013 Present
Fe-based AC HVAF — 472 5.623 (Ref 37)
FeCrBSiNbW coating APS — 680 43 (Ref 38)
electroplated hard chromium coating — 554 14.12 (Ref 39)
Fe-based AC APS — 530 (Ref 40)
Feg3CrgMos sNisPoC4B4Si, s amorphous — 260 £ 17 0.504 £+ 0.036 (Ref 41)
alloys

Fe43Cr1sMo6C15B1o amorphous alloy laser treated — 554 £+£10 30+5 (Ref 42)
passivation region (370 mV) in NaCl solution, and the Acknowledgments

generated passivated film is relatively stable. The results of
Tafel extrapolation are listed in Table 5. The polarization
resistance  (1.98 x 10°Q cm?) and corrosion rate
(13 x 103 mm/year) of the Cr/Fe-based AC are better than
those of Fe-based AC prepared by other methods, such as APS
and HVAF, as shown in Table 5. The above results prove that
after PVD, the Cr film is deposited on the surface of the Fe-
based AC, sealing the pores on the surface of the coating and
further improving the corrosion resistance of the Fe-based AC.

4. Conclusions

PVD was used to deposit a Cr film on a detonation-sprayed
Fe-based AC to seal the pores, and the corrosion behavior of
Fe-based AC and Cr/Fe-based AC in a 3.5% NaCl solution was
studied by electrochemical EIS and microstructure analysis.
The conclusions are as follows:

(1) The detonation-sprayed Fe-based AC had an average
thickness of 270 & 15 um and a low porosity of
approximately 0.8%. The Cr film deposited on the Fe-
based AC surface was approximately 3 um. The XRD
analysis further confirmed that only Cr was present in
the film, and the EDS results indicated that there were
no other elements of impurity in the film.

(2) Compared with Q235 steel and Fe-based AC, Cr/Fe-
based AC showed better corrosion resistance in 3.5%
NaCl solution, and the impedance of Cr/Fe-based AC
was two orders of magnitude higher than that of Q235
steel; the resistance was one order of magnitude higher
than that of Fe-based AC and two orders of magnitude
higher than that of Q235 steel. The corrosion rate was
one order of magnitude lower than that of Fe-based AC
and two orders of magnitude lower than that of Q235
steel.

(3) Cr/Fe-based AC produced a passivated film of Cr,O;
and Cr(OH); on the surface in 3.5 wt.% NaCl solution,
preventing the corrosion medium Cl~ from diffusing
into the film and slowing down the occurrence of corro-
sion reactions.
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