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A Fe-based amorphous/nanocrystalline coating was prepared by the high-velocity oxygen fuel (HVOF)
spraying process. The coating was characterized by x-ray diffraction, scanning electron microscopy and
transmission electron microscopy. The corrosion resistances of the Fe-based coating and a reference elec-
troplated hard chromium (EHC) coating were evaluated in a 3.5% NaCl solution, a 1 mol/L HCl solution
and a 1 mol/L NaOH solution using potentiodynamic polarization and electrochemical impedance spec-
troscopy (EIS). All of the results indicated that the corrosion resistance of the Fe-based coating was superior
to the resistance of the EHC coating in both the 3.5% NaCl solution and the 1 mol/L HCl solution due to the
dense structure and fewer defects of the Fe-based coating. However, the corrosion resistance of the Fe-based
coating was inferior to corrosion resistance of the EHC coating in the 1 mol/L NaOH solution. This could be
ascribed to the drastic passivation of the EHC coating in an alkaline environment.

Keywords corrosion resistance, Fe-based amorphous/nanocrys-
talline, HVOF spraying

1. Introduction

Due to their homogeneous composition and few crystal
defects, amorphous coatings usually have both excellent
mechanical properties and superior chemical performance. The
lack of grains and grain boundaries results in their remarkable
anti-corrosion properties (Ref 1-3). Among the various amor-
phous coatings, Fe-based amorphous coatings are well known
for the combination of excellent corrosion behavior, outstanding
wear resistance and relatively low cost (Ref 4–6). Due to these
advantages, Fe-based amorphous coatings have shown promise
for protecting engineering components from corrosion.

Electric arc spraying (Ref 7, 8), plasma spraying (Ref 9) and
high-velocity oxygen fuel (HVOF) spraying (Ref 10, 11) are
common technologies for preparing coatings, among which the
HVOF spraying technology is considered to be one of the most
competitive thermal spray processes to prepare high-quality
coatings. During the HVOF spraying process, the feedstock
particles are injected into a high-velocity hot gas jet generated
through the combustion of oxygen and a fuel gas such as
kerosene. Due to the extremely high velocity (approximately

700 m/s) and moderate temperature (approximately 2800 �C)
of the in-flight particles obtained from the hot gas, coatings
produced by HVOF always are denser, less oxidized and have a
much better bonding condition than other methods such as
plasma spraying (Ref 12). Equally important, these molten or
half-molten particles are deposited on the substrate and cooled
at a rate of approximately 104 K/s, which is fast enough to
deposit many alloy compositions above their respective critical
cooling rate to produce amorphous alloys. Therefore, HVOF is
a good way to prepare amorphous coatings with a dense
structure, outstanding adhesion and low oxidation.

Zhou et al. (Ref 13) and Zhang et al. (Ref 14) studied the
corrosion behavior of an Fe48Cr15Mo14C15B6Y2 amorphous coat-
ing prepared by HVOF thermal spraying technology. They noted
that this coating has an excellent ability to resist localized corrosion,
and the corrosion resistance can be improved by optimizing spray
parameters, including the kerosene flow and the oxygen flow. The
improvement in the corrosion behavior of the coatingwas attributed
to obtaining the proper proportion of porosity and amorphous
fraction. Yang et al. (Ref 15) also reported that the corrosion
resistance of an Fe48Cr15Mo14C15B6Y2 coating prepared by HVOF
deteriorated with the increasing fraction of crystalline phases and
that the corrosion pits always initiated at the boundaries around the
crystalline phases. Liu et al. (Ref 16) prepared Fe54.2Cr18.3
Mo13.7Mn2.0W6.0B3.3C1.1Si1.4 amorphous/nanocrystalline metallic
coatings, and they found that these Fe-based coatings have an
excellent erosion-corrosion resistance even in aggressive media.
Bakare et al. (Ref 17) prepared an Fe43Cr16Mo16C15B10 alloy
coating by HVOF spraying technology and noted that the
amorphous form of the coating shows better corrosion resistance
than the crystalline form in both 0.5 mol/L H2SO4 and 3.5% NaCl
electrolytes. This was attributed to the homogeneity of the
amorphous coating and particularly to the elimination of the Mo-
rich phase that underwent preferential corrosion in the crystalline
form of the material. Thus far, although some studies of Fe-based
amorphous coatings have been conducted, research regarding the
corrosion behavior and corrosion mechanism of Fe-based amor-
phous coatings in various solutions is still needed, especially in
alkaline solution.
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In this work, HVOF spraying technology has been employed
to prepare Fe-based amorphous/nanocrystalline coatings. The
corrosion resistance of the Fe-based coating in a 3.5% NaCl
solution, a 1 mol/L HCl solution and a 1 mol/L NaOH solution
was presented and compared to the reference EHC coating.

2. Experiment

2.1 Preparation of the Coating

A commercially available Fe-based alloy powder manufac-
tured by Solomon Technology was used in this study, and its
nominal composition is listed in Table 1. The particle size of
this powder is 15-45 lm, and the powder exhibited a nearly
spherical particle shape, as shown in Fig. 1. Q235 low-carbon
steel with dimensions of 40 mm9 40 mm9 3 mm served as
the substrate. The substrate was previously machined, de-
greased in acetone, dried in air and sandblasted prior to
spraying by a Tafa-JP8000 spray system. The spraying distance
was 280 mm, the flow rate of oxygen was 967 L/min, the flow
rate of kerosene was 0.47 L/min, the powder feed rate was
fixed at 5 rpm, and the traverse velocity of the spray gun was
600 mm/s. During and after spraying, the substrates were
cooled with compressed air jets. The conventional EHC coating
(Xiang Teng Ying Luo Industrial Technology) was deposited
using a chromic acid solution with 250 g/L of CrO3 and 2.5 g/L
of H2SO4, a deposition temperature of 50-55 �C, a current
density ranging from 0.31 to 0.46 A/dm2 and a deposition rate
of 25 lm/h.

2.2 Testing Methods

The microstructure of the Fe-based alloy coating was
observed in a scanning electron microscope (SEM, Hitachi S-
3400N, Japan). The phase compositions of the powder and the
coating were investigated by x-ray diffraction (XRD, Bruker
D8-Advanced, Germany) with CuKa radiation. Selected area
electron diffraction (SEAD) and finer-scale microstructure
characterization of the coating were performed using a
transmission electron microscope (TEM, JEOL-2100F, Japan)
operated at 200 kV. Porosity measurements were taken from
polished cross sections of the coating at a magnification of
5009 using an optical microscope (OM, Olympus BX51M,
Japan) fitted with a DT-2000 image analyzer using the
grayscale method. Fifteen images were selected for each
average value. Each image was selected randomly, and the
porosity was calculated from the proportion of the area of the
black zones in the images (pores) and the area of whole image.

An EG&G Princeton Applied Research Model PARASTAT
2273 electrochemical system was used to evaluate the corrosion
behavior of the Fe-based coating and the EHC coating in various
corrosion environments. The specimens were sealed with a
mixture of colophony and paraffin with a geometric area of only
1 cm2 exposed to the solution. It should be noted that the real
exposed area is related to the defects of the coating, the surface
roughness and the electrolyte penetration (Ref 18, 19). Prior to

the electrochemical measurements, the free surfaces of the
samples were sequentially ground with 240-1500 mesh grade
SiC abrasive papers, then degreased with acetone and dried in
air. A conventional three-electrode system was used to perform
the electrochemical measurements, with a Pt wire as the counter
electrode, a Hg|Hg2Cl2|KCl (Saturated) system as the reference
electrode, and the specimen as the working electrode. Exper-
iments were carried out in a 3.5% NaCl solution, a 1 mol/L HCl
solution and a 1 mol/L NaOH solution at room temperature
(25 �C). The specimens were immersed for 1 h to stabilize the
open-circuit potential before conducting the experiment. The
potentiodynamic polarization was swept from �0.25 to +1.6
VSCE relative to the open-circuit potential at a fixed rate of
1 mV/s. Electrochemical impedance spectroscopy (EIS) mea-
surements were taken using a sinusoidal potential perturbation
of 10 mV in a frequency range from 10 mHz to 100 kHz. Three
specimens were tested for each system to ensure good
reproducibility. After electrochemical measurement, the corro-
sion morphologies of the Fe-based coatings were observed by
SEM (Zeiss Gemini Sigma 300, Germany), and the corrosion
products were analyzed using energy-disperse spectroscopy
(EDS, Bruker XFlash 6160, Germany).

3. Results and Discussion

3.1 Microstructural Characterization

The SEM image in Fig. 2 illustrates the typical morphology
in the cross section of the Fe-based coating. The thickness of
the coating is approximately 200 lm (Fig. 2(a)). It is obvious
that this coating has a dense and homogenous microstructure,
and it is well bonded to the substrate, which is in agreement
with the results observed in previous investigations of other
HVOF-sprayed coatings (Ref 20, 21). In addition, a few un-
melted or partially melted particles are visible in this coating
(Fig. 2(b)), and several micropores can be observed within the
splats or along the interface of two adjacent layered splats. The

Table 1 Nominal composition of the commercial Fe-based alloy powder

Composition Cr Ni Co Mo B Cu Si C S Fe

Mass percent 28.0-32.0 17.0-21.5 8.4-11.0 3.3-4.5 3.1-4.0 2.0-4.0 1.0-1.6 £ 0.12 £ 0.02 Bal.

Fig. 1 SEM morphology of the Fe-based powder
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porosity of this coating was calculated to be 0.48%± 0.15%. In
general, the small pores within the flattened particles were
mainly caused by shrinkage, while the large pores located
between lamellae were considered to be caused by the gas
porosity phenomenon (Ref 22). The microstructure of the EHC
coating is shown in Fig. 3. The EHC coating has a thickness of
approximately 20 lm, which is the typical thickness of the
chrome plating on engineering components. In addition, some
typical micro-cracks across the EHC coating are seen in the
image.

3.2 XRD and TEM Analysis

The x-ray diffraction patterns of the feed powder and the as-
sprayed coating are shown in Fig. 4. The XRD patterns indicate
the presence of the a-Fe (Cr) solid solution, along with certain
amounts of CrB, Cr2B, FeB, Fe2B and Ni2B. Compared to the
XRD pattern of the powder, the diffraction peaks of the coating
are weaker and broader. Furthermore, the strongest diffraction
peak of the coating at a 2h of approximately 45� is quite broad,
so it can be deduced that a partially amorphous phase exists in
the Fe-based coating. Similar results were shown in other
studies (Ref 23, 24). The fraction of the amorphous phase was
calculated to be 48.23% by the Verdon method (Ref 25). In
addition, no peaks characteristic of any oxides were observed in
the XRD pattern of the coating due to the advantages of the
HVOF spraying technology (Ref 12). A low oxide content is

conducive to forming an amorphous phase and improving the
quality of the coating (Ref 26).

To provide more detailed information, the microstructure of
the as-sprayed coating was studied using TEM, as shown in
Fig. 5. This revealed that a portion of the microstructure of the
coating consists of nanocrystalline grains embedded in a matrix
largely composed of amorphous phase. The diffused halo ring
in the SEAD pattern (inset of Fig. 5) confirms the existence of
the amorphous phase, and nanocrystalline grains can be clearly
seen in the image.

3.3 Electrochemical Corrosion Behavior

3.3.1 Potentiodynamic Polarization Curves. Figure 6
shows the potentiodynamic polarization curves of the Fe-based
coating and the EHC coating in a 3.5% NaCl solution (a), a
1 mol/L HCl solution (b) and a 1 mol/L NaOH (c) solution,
respectively. It is obvious that the Fe-based coating and the
EHC coating both experienced active dissolution, passivation
and transpassivation processes. In the 3.5% NaCl solution, the
Fe-based coating and the EHC coating both exhibit a sponta-
neous passivation with a similar passive region of approxi-
mately 600 mV, but the passive current density of the former is
two orders of magnitude smaller than that of the latter. In the
1 mol/L HCl and NaOH solutions, the Fe-based coating has a

Fig. 2 SEM cross-sectional morphology of the Fe-based coating: (a) low magnification; (b) high magnification

Fig. 3 SEM cross-sectional morphology of the EHC coating
Fig. 4 X-ray diffraction patterns of the feed powder and the Fe-
based coating
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spontaneous passivation with a much wider passive region and
a lower passive current density than the EHC coating. These
results demonstrate that the Fe-based coating has a superior
passive film protection ability compared to the EHC coating in
the aforementioned solutions. For the Fe-based coating, its
transpassive potential is approximately 1.0 V in the three
solutions, indicating good resistance to localized corrosion.

Table 2 lists the calculated values of the corrosion potential
(Ecorr) and the corrosion current density (icorr) based on the
Tafel extrapolation (Ref 27). As listed in Table 2, the corrosion
potential of the Fe-based coating is �196 mV in the 3.5% NaCl
solution, much higher than the �554 mV corrosion potential of
the EHC coating. In addition, the corrosion current density of
the Fe-based coating is 0.14 lA/cm2, much lower than the
14.12 lA/cm2 corrosion current density of the EHC coating. It
is generally accepted that a higher corrosion potential repre-
sents a higher chemical stability and a lower corrosion
tendency, while a lower corrosion current density indicates a
lower corrosion rate (Ref 28). Therefore, the Fe-based coating
has a lower tendency to corrode and a better corrosion
resistance in a 3.5% NaCl solution than the EHC coating.

In the 1 mol/L HCl solution, the corrosion potential of the
Fe-based coating is �383 mV, higher than the potential of the
EHC coating by 151 mV, which means that the corrosion
tendency of the Fe-based coating is smaller than that of the
EHC coating. Simultaneously, the corrosion current density of
the EHC coating is 709.2 lA/cm2, much larger than that of the
Fe-based coating, indicating that the corrosion resistance of the

Fe-based coating is better than the resistance of the EHC
coating in 1 mol/L HCl solution.

In 1 mol/L NaOH solution, the corrosion potential of the Fe-
based coating is only 26 mV larger than that of the EHC
coating, while the corrosion current density of the Fe-based
coating is approximately 10 times that of the EHC coating.
Therefore, it can be concluded that the corrosion resistance of
the Fe-based coating is inferior to the corrosion resistance of the
EHC coating in the 1 mol/L NaOH solution.

3.3.2 EIS Plots of the Coatings. EIS tests were also
performed to study the corrosion behavior of the Fe-based
coating and the EHC coating in various solutions. Figure 7
shows the Nyquist plots for the Fe-based coating and the EHC
coating in a 3.5% NaCl solution (a), a 1 mol/L HCl solution (b)
and a 1 mol/L NaOH (c) solution at open-circuit potential
(OCP), respectively.

In the 3.5% NaCl solution, both EIS curves present only one
capacitive loop (Fig. 7(a)), which means that both coatings
have only one time constant. In addition, the diameter of the
capacitance arc for the EHC coating is smaller, indicating that
the EHC coating exhibits less corrosion resistance than the Fe-
based coating. Because of the spontaneous passivation of the
Fe-based coating and the formation of a dense passive film in
the NaCl solution, the R(QR) equivalent circuit (Fig. 8(a)) was
employed to model the EIS plots of the coating (Ref 29). A
constant phase element (CPE) is commonly used to replace
capacitance, because a real electrochemical process rarely has a
pure capacitance. CPE is an element used in place of a capacitor
to compensate for non-homogeneity in the system. CPE is
characterized by two parameters (Q and n), Q represents the
admittance constant (dielectric behavior or capacity) and n is an
empirical exponent of the CPE, which is between 0 and 1. In
fact, the CPE can be considered as a non-ideal capacitor and for
an ideal capacitance n is equal to 1 (Ref 30). The equivalent
circuit for Fig. 8(a) consists of the resistance of the solution
(Rs), the resistance of the coating (Rc) and the capacitance of the
coating (Qc). The fitting parameters of the Fe-based coating and
the EHC coating are listed in Table 3. The resistance of the Fe-
based coating in the 3.5% NaCl solution is 2.269 106 X cm2,
which is 1000 times higher than the resistance of the EHC
coating. All of the results indicate that the corrosion resistance
of the Fe-based coating is better than that of the EHC coating in
the 3.5% NaCl solution.

Figure 7(b) shows the Nyquist plot of the Fe-based coating
and the EHC coating in the 1 mol/L HCl solution. The curves
for the Fe-based coating and the EHC coating both present two
capacitive loops, one appearing in the low-frequency region

Fig. 5 TEM image of a typical microstructure of the Fe-based
coating

Fig. 6 Potentiodynamic polarization curves of samples in various solutions: (a) 3.5% NaCl solution; (b) 1 mol/L HCl solution; (c) 1 mol/L
NaOH solution
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and other in the high-frequency region, indicating that there are
two time constants. Generally, the high-frequency loop is
physically related to the coating defects, while the low-
frequency loop is related to the corrosion process (Ref 31). It
is obvious that both of the capacitive loops of the Fe-based
coating are bigger than the loops for the EHC coating,
suggesting that the EHC coating is easier for the solution to
penetrate through due to its inherent micro-cracks and that local
corrosion is easier to generate at the coating/substrate interface.
Based on the above analysis, a R(Q(R(QR))) equivalent circuit
was adopted (Fig. 8(b)). Qdl represents the capacitance of the
double layer, and Rct represents the charge transfer resistance at
the coating/substrate interface. As listed in Table 3, the Rc

(6539 X cm2) and Rct (283.2 X cm2) of the Fe-based coating in

the 1 mol/L HCl solution are much higher than the Rc (13
X cm2) and Rct (9.267 X cm2) of the EHC coating. Based on
the analysis above, the Fe-based coating shows better corrosion
resistance than the EHC coating in a 1 mol/L HCl solution.

Figure 7(c) shows the Nyquist plot of the Fe-based coating
and the EHC coating in the 1 mol/L NaOH solution. Both
curves have a single capacitive loop, so the equivalent circuit
illustrated in Fig. 8(a) was adopted to study the corrosion
behavior of the Fe-based coating and the EHC coating in the
1 mol/L NaOH solution. The loop of the EHC coating has a
larger diameter than the loop of the Fe-based coating, which
means that the Fe-based coating has less corrosion resistance
than the EHC coating in a 1 mol/L NaOH solution. As listed in
Table 3, the Rc of the EHC coating is 2.639 105 X cm2, higher

Table 2 Summary of the electrochemical parameters of the samples from the potentiodynamic polarization curves

Corrosive solutions

Ecorr, mV icorr, lA/cm
2

FeCrNi-based coating Hard chromium coating FeCrNi-based coating Hard chromium coating

3.5% NaCl �196 �554 0.14 14.12
1 mol/L HCl �383 �534 15.0 709.2
1 mol/L NaOH �323 �349 0.98 0.11

Fig. 7 Nyquist plots of the Fe-based coating and the EHC coating in various solutions: (a) 3.5% NaCl solution; (b) 1 mol/L HCl solution; (c)
1 mol/L NaOH solution

Fig. 8 Equivalent circuit representative of the Fe-based coating and the EHC coating: (a) in 3.5% NaCl solution and 1 mol/L NaOH solution;
(b) in 1 mol/L HCl solution

Table 3 Electrochemical parameters obtained from EIS of the Fe-based coating and the EHC coating in various solutions

Medium Coating Rs, X cm2 Qc, lm/cm2 nc Rc, X cm2 Qdl, lm/cm2 ndl Rct, X cm2

3.5% NaCl FeCrNi 12.19 27.06 0.860 2.269 106 … … …
Cr 12.74 93.28 0.658 2.049 103 … … …

1 mol/L HCl FeCrNi 12.92 70.9 0.736 6959 1321 0.625 283.2
Cr 13.04 234.5 0.898 13 32,800 0.867 9.267

1 mol/L NaOH FeCrNi 11.61 44.0 0.845 1.509 105 … … …
Cr 10.64 313.4 0.756 2.639 105 … … …

Journal of Materials Engineering and Performance Volume 26(8) August 2017—3817



than the 1.509 105 X cm2 resistivity of the Fe-based coating,
providing further evidence that the Fe-based coating has an
inferior corrosion resistance compared to the EHC coating in a
1 mol/L NaOH solution.

In 3.5% NaCl solution and in 1 mol/L HCl solution, the Fe-
based coating shows better corrosion resistance than the EHC
coating, which could be attributed to the dense structure and
fewer defects of the Fe-based coating. These advantages can
prevent the chloride ions from penetrating into the coating
easily. However, the Fe-based coating has less corrosion
resistance than the EHC coating in the 1 mol/L NaOH solution.
This is because the EHC coating has an inherently great
corrosion resistance in alkaline solution (Ref 32). Initially, the
corrosive liquid can attack the EHC coating through pores and
micro-cracks to easily form a hydroxide film and destroy the
coating. This hydroxide film has a very dense structure and can
isolate the coating from the corrosive liquid, thus retarding any
further corrosion of the EHC coating.

Moreover, it is found that the Fe-based coating has a better
corrosion resistance in the 3.5% NaCl solution than in the
1 mol/L HCl solution. In the 3.5% NaCl solution, on the one
hand, chloride ions can react with metal ions in the coating to
form soluble compounds that will destroy the passive film. On
the other hand, hydroxide ions will combine with the metal
cations which will prevent chloride ions from reaching the
coating. The passive film thus formed is hard to destroy, and the
corrosion resistance is enhanced (Ref 33). However, in the
1 mol/L HCl solution, the high hydrogen ion concentration will
lead to a rapid cathodic reaction rate and anodic polarization of
the coating (Ref 34); therefore, the Fe-based coating has a
lower corrosion resistance in the 1 mol/L HCl solution than in
the NaCl solution. In addition, the Fe-based coating also has
better corrosion resistance in the 3.5% NaCl solution than in the
1 mol/L NaOH solution. The passive film in the NaOH solution
is hydrogen-based oxide, with bonded water, whose structure
can be expressed as (-M-H2O-M-) or (-M-OH-M-). The bound
water is considered to be an active site in the passive film,
which can make the film unstable (Ref 35). Therefore, too
many hydroxide ions will generate too many active points,
these less stable points are easy to dissolve and thus the ability

to protect the coating is lost. Therefore, the Fe-based coating
has less corrosion resistance in a 1 mol/L NaOH solution than
in the 3.5% NaCl solution.

3.3.3 Morphologies of the Corroded Surfaces. To better
understand the corrosion behavior of the Fe-based coatings in
the various solutions, the coatings after electrochemical mea-
surements were further examined by SEM. The corrosion
morphology of the Fe-based coating after electrochemical
measurement in the 3.5% NaCl solution, as shown in Fig. 9(a),
is similar to its surface morphology before the testing,
demonstrating that the Fe-based coating has high corrosion
resistance in the 3.5% NaCl solution. Unfortunately, as shown
in Fig. 9(b), many tiny pits are observed on the surface of the
coating after electrochemical measurement in the 1 mol/L HCl
solution, indicating that the Fe-based coating primarily suffered
pitting corrosion in the acid solution. This observation agrees
with the finding that the Fe-based coating has a poor corrosion
resistance in a 1 mol/L HCl solution. Figure 9(c) shows the
corrosion morphology of the Fe-based coating after electro-
chemical measurement in the 1 mol/L NaOH solution. It is
apparent that some black corrosion products have formed on
the coating. The composition of the corrosion products (point
A) was obtained by EDS and is listed in Table 4. The corrosion
products contain a high amount of Fe, Cr, O and Na, implying
that the corrosion products have the structure of (-M-H2O-M-)
or (-M-OH-M-). The corrosion products are considered to be
active sites of the coating (Ref 35), and this is consistent with
the above analyses.

4. Conclusions

1. HVOF thermal spraying technology was adopted to pre-
pare the Fe-based coating on Q235 steel. The coating has
a dense structure, with a porosity of 0.48%± 0.15%. The
Fe-based coating was composed of an amorphous phase,
nanocrystalline grains and several kinds of borides.

2. The Fe-based coating exhibits better corrosion resistance
in a 3.5% NaCl solution and a 1 mol/L HCl solution than

Fig. 9 SEM images of the surfaces of Fe-based coatings after electrochemical measurements in: (a) 3.5% NaCl solution, (b) 1 mol/L HCl solu-
tion and (c) 1 mol/L NaOH solution

Table 4 Composition of the corrosion products of the Fe-based coating in 1 mol/L NaOH solution

Composition Cr K Fe K O K Na K B K Cu K Si K C K Ni K Co K

Atom percent 33.17 20.52 18.60 12.70 3.91 0.29 2.95 7.16 0.25 0.45
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the EHC coating because of the dense structure and fewer
defects of the Fe-based coating, while the Fe-based coating
shows less corrosion resistance than the EHC coating in a
1 mol/L NaOH solution because of the lower passivation
of the Fe-based coating relative to the EHC coating.

3. The Fe-based coating has better corrosion resistance in
the 3.5% NaCl solution than in the 1 mol/L HCl solution
or the 1 mol/L NaOH solution, which is primarily attrib-
uted to the hydrogen ion concentration and the hydroxide
ion concentration of the solutions.
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