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Abstract Corrosion resistance and passivation behavior
of Feg;CrgMos sNisP;oB4C4Sis s amorphous coatings pre-
pared by the activated combustion high-velocity air fuel
(AC-HVAF) and high-velocity oxygen fuel (HVOF) pro-
cesses have been studied in detail by cyclic potentiody-
namic polarization, electrochemical impedance
spectroscopy, cathodic polarization and Mott—Schottky
approach. The AC-HVAF coating shows higher corrosion
resistance than the HVOF coating in 3.5 wt.% NaCl solu-
tion, as evidenced by its lower corrosion current density
and passive current density. It is found that the superior
corrosion resistance of the AC-HVAF coating is attributed
to the enhanced formation of a dense passive film with less
defective structure, higher pitting resistance and passivity
stability, as well as stronger repassivity.
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Introduction

Corrosion is an important issue in numerous industrial
applications where it leads to significant loss of energy as
well as destructive changes in materials. During the last
decades, Fe-based amorphous coatings fabricated using
high-velocity oxygen fuel (HVOF) and high-velocity air
fuel (HVAF) processes show huge application prospects in
the areas involving high corrosion and wear, due to their
unique combination of high hardness, good bonding
strength, outstanding corrosion and wear resistance (Ref 1-
12) Speciﬁcally, the SAM2X5 (Fe49,7Cr17,7Mn1,9M07,4_
W1,6B15_2C3,3512,4 at%) and SAM1651 (Fe4gM014CI'15Y2_
C,5Bg at.%) amorphous coatings have received extensive
attention because of their better performance over others
(Ref 1-9). However, the SAM series alloys contain a large
amount of Mo (> 14 at.%) and/or Cr (> 15 at.%), leading
to an increase in materials cost.

Recently, we have developed an Feg;CrgMos sNisPyq.
B4C4Si; 5 (at.%) amorphous coating by HVOF that exhibits
corrosion resistance comparable to the SAM series amor-
phous coatings despite its very low Cr and Mo content (Ref
13, 14). Moreover, we have found that the Feg;CrgMos s.
NisP;0B4C4Si, s amorphous coating fabricated by activated
combustion high-velocity air fuel (AC-HVAF) shows
superior wear resistance than that fabricated by HVOF
during dry sliding conditions (Ref 15). Some studies
demonstrated that the HVAF amorphous coatings possess
better corrosion resistance than the HVOF amorphous
coatings (Ref 2, 6, 10), indicating the superiority of HVAF
in making wear- and corrosion-resistant coatings. It is well
known that the study of properties of passive films has
fundamental and practical importance in understanding the
corrosion of metallic materials for industrial applications.
It is interesting that passive films formed on the HVAF and
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HVOF amorphous coatings have almost the same compo-
sitions in chloride-containing solutions, even if the corro-
sion resistance of the amorphous coatings is greatly
different (Ref 6). Few reports argued that the superior
performance of HVAF amorphous coatings is mainly
attributed to the formation of a stable protective film on the
etched surfaces (Ref 2, 6).

However, there is still a lack of detailed information
concerning comparative evaluation of the properties of
passive films formed on Fe-based amorphous coatings
prepared by AC-HVAF and HVOF. Therefore, in the pre-
sent paper an attempt has been made to study the differ-
ences of passivation behavior of
Feg3CrgMoj sNisP(B4C,4Si, s amorphous coatings sprayed
by AC-HVAF and HVOF. We have found that the for-
mation of a dense passive film, with higher pitting resis-
tance and stability as well as stronger repassivity, is
responsible for the enhanced corrosion resistance of the
AC-HVAF coating, based on the results of the formation,
rupture and self-repairing of the passive films.

Experimental Procedures

In the present work, the mild steel with a dimension of
20 mm x 20 mm x 3 mm was used as substrate. All
substrates were polished and degreased by ethanol, dried in
air and then grit-blasted prior to thermal spraying. Fegs.
CrgMos sNisP,oB4C,4Si, s powders with sizes in the range
of 20-45 pm manufactured by high-pressure argon gas
atomization were sieved out as the feedstock powders for
spraying. The majority of powders showed good sphericity
and a smooth surface with completely amorphous structure
(Ref 14, 15). The amorphous coatings were fabricated by
AC-HVAF and HVOF thermal spray systems in the open
air. (Detailed spraying parameters were presented in Ref
15). The microstructure and morphology of the as-sprayed
coatings were characterized by x-ray diffraction using Cu
Ko radiation (XRD, D8 Advance) and field emission
scanning electron microscopy (SEM, FEI Quanta FEG
250). The porosity of the coatings was evaluated by ana-
lyzing the SEM micrographs with the Image Pro-Plus 6.0
software. The oxidation rate was examined by the oxygen—
nitrogen analyzer.

For electrochemical studies, the as-sprayed coatings
were electrically connected to copper wires and embedded
in epoxy resin so that only the test surfaces remained free.
The measurements were performed in 3.5 wt.% NaCl
solution open to air at room temperature. An electro-
chemical workstation (Modulab, Solartron) connected to a
cell with three-electrode arrangement with a platinum wire
as counter electrode and a saturated calomel electrode
(SCE) as reference electrode was employed. Cyclic
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potentiodynamic polarization was performed swept from
— 0.6 to 1.5 V at a potential sweep rate of 1.0 mV s~ ' and
then backed to form a hysteresis loop. Electrochemical
impedance spectroscopy (EIS) measurements were carried
out with a potential amplitude of 10 mV in a frequency
ranging from 10 kHz to 0.01 Hz. Current—time transient
measurements were performed by immersing coatings at
applied polarization potentials of 0.2, 0.4, 0.6 and 0.8 V for
1800 s, respectively. Cathodic polarization measurements
were carried out with the constant current of 1 mA. Mott—
Schottky plots were determined with a scanning potential
range from — 0.6 to 1.2 V, and the measured frequency
was 1 kHz. For comparison, the AISI 304 stainless steel
(304 SS) was selected to perform the electrochemical
measurements in the same way. Each test was repeated
three to five times for repeatability and reliability.

Results

Figure 1(a) displays XRD patterns of the coatings prepared
by AC-HVAF and HVOF. The AC-HVAF coating shows
only a broad diffraction hump indicating its fully amor-
phous nature, while the HVOF coating exhibits weak sharp
diffraction peaks revealing a very tiny amount of crys-
talline phases. Figure 2(a) and (b) shows that both coatings
show a dense structure with similar thickness of 200 pum.
However, some micropores and micro-cracks are dis-
tributed in the HVOF coating, for example, the interface of
partially melted particle (Fig. 2d). The porosity of the AC-
HVATF coating is 0.4%, much lower than that of the HVOF
coating (1.5%), as shown in Fig. 1(b). Figure 1(b) also
shows the oxygen content of 0.24 wt.% in AC-HVAF
coating and 0.12 wt.% in HVOF coating, which are all
lower than common values in other literatures (Ref 2).
Although the AC-HVAF coating contains more oxygen
than the HVOF coating, the oxygen obviously concentrated
in dark strip-shaped inclusions in the HVOF coating (the
inset in Fig. 2d) (Ref 16), which are only vaguely detected
in the AC-HVAF coating (Fig. 2c). Thus, the AC-HVAF
coating has a denser microstructure than the HVOF coat-
ing. Besides, the difference in microstructure would exert
an important influence on corrosion resistance of the
coatings.

Figure 3(a) shows the cyclic polarization curves of the
amorphous coatings prepared by AC-HVAF and HVOF in
3.5 wt.% NaCl solution. The data of 304 SS are shown for
comparison. The electrochemical corrosion parameters
obtained from the cyclic polarization curves are listed in
Table 1. Compared to the HVOF coating, the AC-HVAF
coating exhibits a lower corrosion current density (I.oq)
and one order reduction in passive current density (Ipass),
suggesting that the AC-HVAF coating exhibits more
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Fig. 1 (a) XRD patterns and
(b) porosity/oxidation content of
the AC-HVAF coating and
HVOF coating
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Fig. 2 SEM micrograph of the (a) AC-HVAF coating and (b) HVOF coating. (c) and (d) are magnified images from (a) and (b), respectively

superior corrosion resistance than the HVOF coating. The
304 SS passivates spontaneously with much lower I
(~ 107 A cm™?) than the amorphous coatings, which
should be related to the negative effects of defective
regions on coating matrix (micropores and oxide inclu-
sions, as described in Fig. 2). However, the amorphous
coatings can be passivated with much higher transpassive
potential (E, = 1.10 V) and wider passivation region
(~ 1.50 V) than 304 SS due to the homogeneous single-
phase nature of the amorphous coatings (Ref 17, 18).
Besides, it can be seen from Fig. 3(a) and Table 1 that
repassivation potential (E,,, the potential below which pits
repassivate) values of the 304 SS, HVOF and AC-HVAF
coatings are around — 0.27, 0.86 and 0.95 V, respectively.

The higher E,,, of the AC-HVAF coating indicates a better
pitting resistance compared with the 304 SS and HVOF
coating (Ref 19).

Figure 3(b), (c), and (d) presents the SEM images of the
corroded surfaces of amorphous coatings and 304 SS after
potentiodynamic polarization tests. Obvious corrosion pits
with various sizes can be found on the corroded surfaces of
all samples, indicating that these samples in a chloride-
containing solution are governed by a localized pitting
corrosion. The insets of Fig. 3(b), (c), and (d) show the
magnified images of typical corrosion pits. It can be clearly
noted that the average sizes of corrosion pits on amorphous
coatings are much smaller than that on 304 SS. However,
the number of pits on the HVOF coating is significantly
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Fig. 3 Cyclic polarization
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Table 1 Electrochemical

-2

parameters obtained from cyclic Eeom V Leom, A cm Ipass: A em™ Ev V Ep V
polarization curves AC-HVAF coating — 049 1.8 x 107° 39 x 107° 112 0.95
HVOF coating — 045 83 x 107° 1.6 x 107 1.11 0.86
304 SS — 045 76 x 1077 32 % 10°° 0.18 - 027

Ecorrs Ieorrs Ipasss Eir and E, represent the corrosion potential, corrosion current density, passive current
density, transpassive potential and repassivation potential, respectively

more than that on the AC-HVAF coating, suggesting that
pitting is easier to occur on the HVOF coating.

To reveal more details on the pitting behavior, poten-
tiostatic polarization measurements were performed. Fig-
ure 4(a) and (b) shows current—time curves of the
amorphous coatings in 3.5 wt.% NaCl solution at applied
potentials of 0.2, 0.4, 0.6, and 0.8 V (less than E). The
current density initially moves rapidly toward a more
negative value and then reaches a relatively steady value
with time due to the initial formation and growth of the
passive films formed on the sample surfaces (Ref 20, 21).
In addition, the current density values of the AC-HVAF
coating are lower than those of the HVOF coating under all
applied potentials. Moreover, many sharp current transients
can be detected on the HVOF coating at high potentials
(Fig. 4b). These current transients are usually derived from
metastable corrosion pits induced by local breakdown of
the passive film (Ref 22, 23). However, the micro-tran-
sients cannot be distinguished in the AC-HVAF coating
within the present detection limits (Fig. 4a). These results
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demonstrate that the passive film formed on the AC-HVAF
coating has better pitting resistance and protection perfor-
mance than that of the HVOF coating, which agree well
with the result of cyclic polarization (Fig. 3a).

Figure 4(c) displays the Nyquist and Bode plots of the
amorphous coatings prepared by AC-HVAF and HVOF in
3.5 wt.% NaCl solution at applied potentials of 0.2, 0.4, 0.6
and 0.8 V. It can been seen that the impedance of the AC-
HVAF coating is larger than that of the HVOF coating,
suggesting that the passive film of the former provides a
more effective barrier against corrosive ion. An equivalent
circuit, R,R[Q1(R,0>)], is proposed to analyze the impe-
dance data for the amorphous coatings (Ref 24), as shown
in the inset of Fig. 4(d). R, is the solution resistance, Q,
represents the capacitance of the passive film, coupled with
a resistance R, due to the ionic paths through the film, and
0, and R, associate with the capacitance and the charge-
transfer resistance at the interfaces of electrolyte/passive
film/metal, respectively. Figure 4(d) shows the applied
potential dependence of the total resistance (R + R»)
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obtained from the equivalent circuit. Although the trend of
the total resistance with applied potential is similar for both
coatings, the total resistance of the AC-HVAF coating is
larger than that of the HVOF coating, leading to the lower
current density values of the AC-HVAF coating during
potentiostatic polarization measurements, as shown in
Fig. 4(a) and (b).

Figure 5(a) presents the time evolution of the potential
for the amorphous coatings during cathodic polarization
measurements. Both curves increase rapidly at the begin-
ning, representing continuous growth of passive oxide
films, and then become flat and stable with time. Compared
to the HVOF coating, the potential of the AC-HVAF
coating increases to more positive value and the time taken
to reach a stationary potential is reduced. A shorter time to
reach a stable value is related to a faster growth rate of
passive film formed on the AC-HVAF coating (Ref 25).
Higher stationary potential is indicative of thickening of
the passive film formed on the AC-HVAF coating or more
compactness and stability of the passive film (Ref 26).

To further understand the structural characteristic of the
passive film, Mott—Schottky (MS) analysis based on the
measurement of apparent capacitance as a function of
potential was carried out. Figure 5(b) shows the MS plots
for the passive films formed in 3.5 wt.% NaCl solution at
applied potentials of 0.2, 0.4, 0.6 and 0.8 V. The MS plots
have positive slopes at the initial stage, indicating that the
passive films show n-type semiconductor character. With

increasing potential, the electronic properties of the passive
films change from n-type to p-type, suggesting the initia-
tion of transpassive dissolution (Ref 27). However, the
critical potential (~ 0.75 V) of the AC-HVAF coating is
higher than that (~ 0.6 V) of the HVOF coating, revealing
that the AC-HVAF coating shows higher stable passivity.

According to the point defect model, the major carrier
species in n-type oxide films are oxygen vacancies (donors)
generated at the metal/film interface, which contribute to
the formation and breakdown of the passive film (Ref
28, 29). Thus, the donor density (Np) has a great influence
on the stability of the passive films. The variation of Np as
a function of potential is presented in Fig. 5(c). Detailed
calculation method of Np can be found in Ref 23. It is clear
that the Np values of both coatings decrease with
increasing passivated potential, but the AC-HVAF coating
exhibits lower Np than the HVOF coating, suggesting a
more compact and stable passive film formed on the AC-
HVAF coating. This result is in good accordance with other
electrochemical test outcomes.

Figure 5(d) displays the flat-band potentials of the pas-
sive films obtained from MS plots (Ref 30). When the
applied potential is more positive than the flat-band
potential, the upward band bending will become higher. In
this case, it is easier for corrosive anions to intrude into the
n-type semiconductor film and finally result in pitting (Ref
31). As shown in Fig. 4(d), the flat-band potentials of the
AC-HVAF coating are higher than those of the HVOF
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coating under the same applied potentials, indicating that
the localized corrosion occurring on the HVOF coating is
more severe compared to the AC-HVAF coating. The
analysis can be confirmed from previous surface topogra-
phy observations.

Discussion

A metal surface is generally separated from oxygen and
corrosive ions in nature due to coverage by a protective
oxide film, and thus, further corrosion is relatively slow.
This is called spontaneous passivity. The ability to resist
corrosion depends on the formation, rupture (depassiva-
tion) and self-repairing (repassivation) of the passive film
formed on the material’s surface (Ref 17, 32). Therefore, to
explain why the corrosion resistance of the AC-HVAF
coating is superior to that of the HVOF coating in 3.5 wt.%
NaCl solution, it is reasonable to study the differences of
the passive film characteristics of these two coatings, as
discussed below:

1. Formation of the passive film: The growth of the
passive film on the AC-HVAF coating is faster than
that on the HVOF coating (Fig. 5a). Besides, the
electronic character is a key factor that can influence
the properties of passive films with the same compo-
sitions. The higher the donor density, the better the
conductivity of the passive film (Ref 21, 33). The
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donor density values of the passive films of the HVOF
coating are higher than those of the AC-HVAF coating
(Fig. 5¢). This implies an easier oxygen and chloride
ions transport to the passive film formed on the HVOF
coating, which could be further proved by its lower
total charge-transfer resistance (Fig. 4d) and higher
current density during potentiostatic polarization
(Fig. 4a and b). In general, passive films are easily
formed on amorphous alloys with homogeneous sin-
gle-phase nature, due to a rapid dissolution of less
noble elements and fast accumulation of passivation
elements (Ref 18, 34). As shown in Fig. 2, heteroge-
neous phases and slightly crystallization in the HVOF
coating would have a negative impact on its structural
homogeneities. Therefore, it is reasonable that the
passive film formed on the AC-HVAF coating has a
higher growth rate and more compact property than the
HVOF coating. In this view, the faster formation of a
passive film with fewer defects on the AC-HVAF
coating provides greater protective ability to obstruct
the permeation of aggressive ions into the oxide film.
2. Rupture of the passive film: The breakdown of passive
film on a metal surface is proposed to be caused by
pitting corrosion or localized ruptures (Ref 35, 36). In
contrast to the HVOF coating, the AC-HVAF coating
exhibits less number of current micro-transients
(Fig. 4a and b) and microscale pit events during
corrosion process (Fig. 3b and c), indicating that pit
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initiation is inhibited greatly on the AC-HVAF coat-
ing. There are much more micropores and micro-
cracks dispersed in the HVOF coating, which can be
permeated by corrosive medium accelerating the
initiation of pits. Continuous dissolution can make
disconnected pores expand and interconnect, and
eventually to form big gaps destroying the complete-
ness of the passive film (Ref 9). On the other hand, the
galvanic effect between the Cr-depleted and the Cr-
rich zone at the edge of the intersplat regions can also
lead to the pitting initiation in Fe-based amorphous
coatings (Ref 3). Therefore, the HVOF coating with
more distinct oxide inclusions is more prone to pitting
events. Moreover, the donor density of passive film on
the HVOF coating is higher than that on the AC-HVAF
coating, implying that the former is more susceptible to
pitting corrosion (Ref 21). In addition, the relatively
lower transpassive dissolution and flat-band potentials
of the HVOF coating make aggressive anions invade
the oxide film easier, resulting in more severe localized
dissolution (Fig. 5). These results illustrate that the
HVOF coating has more defects such as micropores/
micro-cracks and oxide inclusions as preferred sites for
pitting nucleation and growth, and the AC-HVAF
coating exhibits better passivity stability than the
HVOF coating.

3. Self-repairing of the passive film: When the passive
film is broken by the attack of corrosive environments,
corrosive dissolution and/or rusting of materials will be
promoted. If the film-broken surface is repaired
(repassivation), corrosive damage of the metal can be
prevented (Ref 33). Thus, self-repairing ability of the
passive film is also important for corrosion resistance
of metals. The passivation self-repairing process is
easier to occur in the AC-HVAF coating than in the
HVOF coating, as proved by cyclic polarization tests
(Fig. 3a). Generally, fresh corrosion pits will be
inactive after short time of growth and then repassi-
vate, because a steady salt layer formed on the bottom
of the pit leads to a sharp decrease in the local current
density which is too low to sustain the aggressive
solution (and low pH) around the pit (Ref 36-38).
Structural inhomogeneity can cause aggressive local
environment near the oxides/electrolyte surface result-
ing from a local acidification and a condensation of
chloride ions, which contributes to the formation and
growth of corrosion pits (Ref 22, 39). On the other
hand, the fully amorphous structure of the AC-HVAF
coating is beneficial for inducing a less defective
oxide/metal interfacial region to resist pit propagation
(Ref 22). Therefore, the precursor shallow pits formed
on the AC-HVAF coating will repassivate easier than
those on the HVOF coating, as shown in Fig. 3.

Conclusions

The structure, corrosion resistance and passivation behav-
ior of the Feg3CrgMos sNisPoB4C4Si, s amorphous coat-
ings prepared by AC-HVAF and HVOF have been
investigated. The AC-HVAF coating exhibits lower cor-
rosion current density and passive current density than the
HVOF coating in 3.5 wt.% NaCl solution. Compared to the
HVOF coating, the faster formation of a passive film with
fewer defects on the AC-HVAF coating can provide greater
protection performance against corrosive ions. Besides, the
passive film formed on the AC-HVAF coating exhibits
higher pitting resistance and passivity stability than the
HVOF coating. Moreover, the passive film formed on the
AC-HVAF coating can be easier repassivated than that on
the HVOF coating, indicating a stronger self-repairing
ability of the former. Therefore, the AC-HVAF coating
with a compact and fully amorphous structure is good for
the formation of a denser passive film with higher pitting
resistance and stability as well as stronger repassivity,
leading to better corrosion resistance than the HVOF
coating.
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