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Optimization of the HOVF Spray Parameters by Taguchi
Method for High Corrosion-Resistant Fe-Based Coatings
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Taguchi method was used to optimize the parameters of the high velocity oxygen fuel (HVOF) spray process
and obtain the high corrosion-resistant Fe-based coatings. Based on the signal-to-noise (S/N) ratio and the
analysis of variance, the significance of spray parameters in determining the porosity of the coatings was
found to be in the order of spray distance, oxygen flow, and kerosene flow. Thus, the optimal parameters for
the porosity of the HVOF sprayed Fe-based coating were determined as 280 mm for the spray distance,
963 scfh for the oxygen flow, and 28 gph for the kerosene flow. The potentiodynamic polarization and EIS
tests indicated that the Fe-based coating prepared with the optimal parameters exhibited a higher corrosion
potential (E.orr) of —196.14 mV, a lower corrosion current density (icorr) of 0.14 pA/cm?, and a higher
coating resistance (R.) of 2.26 X 10° Q cm” than those of the hard chromium coating in 3.5% sodium
chloride solution. This superior corrosion resistance could be attributed to the dense structure with low
porosity and partially amorphous phases of the Fe-based coatings.
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1. Introduction

Corrosion is one of the major problems in engineering
applications by causing great injuries and enormous economy
lost (Ref 1-3). Therefore, the high corrosion-resistant coatings
deposited on the surface of components by various thermal
spray technologies have been explored to solve this problem
(Ref 4-9). Among those widely used thermal spray technolo-
gies, high velocity oxygen fuel (HVOF) is taken as a
competitive one due to its unique advantages (Ref 10-12).
The most important is that, during HVOF spraying, the
feedstock powders will be injected into a high velocity hot
jet, which is generated through combustion of a fuel (mostly
using kerosene) and oxygen with a desired mass ratio, and thus
a dense coating with low porosity and few oxides could be
produced.

On the other hand, the cost-effective Fe-based alloy
coatings, especially Fe-based amorphous/Nanocrystalline ones,
have shown promising applications in severe corrosive envi-
ronments, and replacement of hard chromium coatings in some
special applications (Ref 4, 13-15). Many studies have been
made to investigate the engineering performance, especially the
corrosion resistance of HVOF sprayed Fe-based alloy coatings.
Bakare et al. (Ref 4) prepared HVOF sprayed FeCrMoCB
amorphous coating, which showed better corrosion resistance
than that of its crystalline form in 0.5 mol/L sulfuric acid
solution and 3.5% sodium chloride electrolytes. Farmer et al.
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(Ref 16) studied the corrosion resistance of Fe-based amor-
phous coating prepared by HVOF and found that the coating
exhibited a very good corrosion resistance in simulated
groundwater. Guo et al. found that the HVOF sprayed
Feg9.7Cr13Mn; 9Mo74W 1 6B152C;588i.4  amorphous  coating
showed good corrosion resistance in 3.5% sodium chloride
solution (Ref 17). Overall, it could be concluded that the
elevated corrosion resistance could be usually attributed to the
appropriate microstructures, such as the low porosity,
the amorphous phases, and the compact bonding of the coating
with the substrate.

Furthermore, the spray parameters in HVOF spray process
also have a significant influence on the microstructures and then
corrosion resistance of the coatings (Ref 18-20). Zhou et.al
(Ref 21) indicated that the porosity and amorphous fraction of
the Fey3Cr;sMo;4C5BgY, amorphous coating decreased as the
kerosene and oxygen flow increase within the parameter range
examined. Wang et al. (Ref 22) found the FeCrMoMnWBCSi
amorphous metallic coatings obtained with the oxygen/fuel
ratio of 4.2 and the powder feed rate of 40 g/min by HVOF
spray process exhibiting the best corrosion resistance in 1 wt.%
sodium chloride solution. In addition to the spray parameters
stated above, flow rate, powder size distribution, and spray
distance also play a crucial role in the manufacturing and
quality of coating (Ref 18-22). Although many researchers have
studied the effect of HVOF spray parameters on the coating
properties, it is hard to make consistent conclusions since
different spray parameters are focused by researchers. It is
necessary to make further investigation of spray parameters
during HVOF process in preparing Fe-based alloy coatings.

Taguchi method (Ref 23) is a powerful approach to
investigate the effects of multiple factors on performance in a
simple, an efficient, and a systematic way. In recent years,
numerous applications of the Taguchi method have been seen
in the preparation of other materials and coatings (Ref 19,
24, 25). However, the application of the method in Fe-based
coatings is still limited.

In this study, the main objective is to apply the Taguchi
design method on optimization of spray parameters of HVOF
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sprayed Fe-based alloy coatings applied to achieve the lowest
porosity, as well as to study the corrosion performance of
coating with optimal spray parameters in 3.5% sodium chloride
solution.

2. Experimental Procedure

2.1 Preparation of the Goating

The commercial Fe-based alloy powder was used with a
chemical composition of a (28.0-32.0 wt.% Cr, 17.0-21.5 wt.%
Ni, 8.4-11.0 wt.% Co, 3.3-4.5 wt.% Mo, 3.1-4.0 wt.% B, 2.0-
30wt% Cu, 1.0-1.6wt% Si, 0.12max wt.% C,
0.02 max wt.% S, and the balance Fe) and a particle size of
15-45 um. The stainless steel (1Cr18Ni9Ti) plates served as
substrate with a dimension of 35 mm x 35 mm x 6 mm. It was
machined and polished, then degreased by acetone, dried in air,
and grit-blasted for spraying by a Tafa-JP5000 system.

In this study, the spray parameters of spray distance, oxygen
flow, and kerosene flow will be investigated. At the point of
impacting on the substrate, the characteristics of the in-flight
particles, such as the velocity, temperature, degree of melting,
and the oxide content, were strongly influenced by the
optimization of spray parameters, including spray distance,
oxygen flow, and kerosene flow. With the increase of spray
distance, both the temperature and velocity of the in-flight
particles will decrease, thus increasing the volume fraction of
unmelted particles and oxidation products. When the oxygen
flow increases, the fuel is combusted more completely, resulting
in particles with higher temperature and enough kinetic energy.
However, much higher oxygen flow can also lead to the
oxidation of the particles. The increase of kerosene flow will
result in the large amount of unmelted particles. Thus, the three
spray parameters of spray distance, oxygen flow, and kerosene
flow are selected as shown in Table 1. Then the Taguchi
method based on a Ly orthogonal array with four columns and
nine rows was used. Each parameter was assigned to a column,
nine spray parameter combinations being available. Since the
Lg orthogonal array had four columns, one column of the array
was left empty for the error of the experiments. Therefore, the
number of experiments to be conducted was reduced to 9 as
shown in Table 2. Other parameters were employed at an argon
carrier gas flow rate of 23 scfth, a powder feed rate of 5 rpm,
and a spray gun traverse velocity of 600 mm/s.

2.2 Gharacterization of the Coatings

The phase composition of the powder and coating was
investigated by x-ray diffraction (XRD, Bruker D8-Advanced,
Germany) with a copper Ka radiation. The microstructure of the
as-sprayed coating was observed by scanning electron micro-

Table 1 Spray parameters and levels used in this
experiment

Level
Symbol Spray parameter 1 2 3
A Spray distance, mm 280 330 380
B Oxygen flow, scth 1850 2049 2251
C Kerosene flow, gph 5.8 6.2 6.6

scope (SEM, Hitachi S-3400N, Japan). Selected area electron
diffraction (SAED) pattern and finer-scale microstructural
characterization of the coating were performed using a
transmission electron microscope (TEM, JEM-2000EX, Japan)
operated at 200 kV. The porosity of the coatings was calculated
through OLYMPUS-BXS51M optical microscope combined
with DT-2000 image analysis software. Fifteen measurements
were averaged for each reported value to ensure the reliability.

The porosity of the coating will be used as the optimizing
criterion in the Taguchi method in order to achieve the lowest
porosity, as well as the best corrosion resistance. Many
researchers demonstrated the relationship between the porosity
of the thermal sprayed coatings and the corrosion resistance.
The lower the porosity, the better the corrosion resistance
(Ref 20, 21, 26, 27). Zhou et al. (Ref 21) found that the
corrosion resistance of the Fe-based amorphous metallic
coating by HVOF thermal spraying increases evidently when
the porosity decreases from 1.89 to 1.22% due to the
elimination of through pores. Wang et.al (Ref 26) demonstrated
that the corrosion resistance of Fe-based amorphous coating
increased after sealing treatments.

The corrosion behaviors of the coatings and hard chromium
coating were evaluated by electrochemical measurement on a
Parstat 2273 electrochemical site. Prior to the electrochemical
measurements, the specimens were cold mounted using epoxy
resin, prepared by sequential grinding with 240-2000 mesh
grade silicon carbide abrasive papers, polished by 2.5 and
0.5 pm diamond pastes, and then degreased in acetone by
ultrasonic bath and dried in air. Electrochemical measurements
were performed with a standard three-electrode system using a
platinum counter electrode (with exposed area of 1.2 mm?) and
saturate calomel reference electrode. The specimen served as
the working electrode with the area of only 1 cm? exposed. All
experiments were carried out in 3.5% sodium chloride solution
at 298 K. The experiments were conducted after being
immersed for 1 h and the open-circuit potential (OCP) became
almost steady. Potentiodynamic polarization swept from —0.25
to +1.5 V relative to the open-circuit potential at a fixed rate of
1 mV/s. Electrochemical impedance spectroscopy (EIS) mea-
surements were performed using a sinusoidal potential pertur-
bation of 10 mV in a frequency range of 10 kHz to 10 mHz.
The good reproducibility was ensured by repeating each test
twice.

Table 2 Experimental layout using an L9 orthogonal
array

Spray parameter level

Experiment A (spray B (oxygen C (kerosene

no. distance) flow) flow) D (error)
1 Al Bl Cl D1
2 Al B2 C2 D2
3 Al B3 C3 D3
4 A2 B1 C2 D3
5 A2 B2 C3 D1
6 A2 B3 Cl1 D2
7 A3 Bl C3 D2
8 A3 B2 Cl1 D3
9 A3 B3 C2 D1
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3. Results and Discussion

3.1 Analysis of the Signal-to-Noise Ratio

The signal-to-noise (S/N) ratio is usually used in the Taguchi
method to measure the performance characteristic deviating
from the desired value (Ref 11, 19, 24, 25). The S/N ratio (n) is
defined as

n = —10log(MSD), (Eq 1)

where MSD is the mean-square deviation for the output char-
acteristic. The MSD is different according to the category of
characteristic. There are three categories of performance char-
acteristics, that is, the nominal-the-better, the higher-the-bet-
ter, and the lower-the-better. Regardless of the category of the
performance characteristic, the larger S/N ratio corresponds to
the better performance characteristic. Therefore, the optimal
level of the spray parameters is the level with the highest S/N
ratio (). The aim of this paper is to prepare coatings with
better corrosion resistance. Lower porosity represents a higher
corrosion resistance of the coating (Ref 22). Thus, the lower-
the-better performance characteristic for porosity should be
implemented to obtain optimal corrosion resistance perfor-
mance. The MSD for the lower-the-better performance char-
acteristic can be expressed as

1 n
MSD =->"P}, (Eq 2)
n i=1

where 7 is the replication number of the experiment and P; is
the value of porosity for the ith test.

The experimental results for porosity and the corresponding
S/N ratio calculated by Eq 1 and 2 are exhibited in Table 3.
Since the experimental design is orthogonal, it is then possible
to separate out the effect of each spray parameter at different
levels. In the Ly orthogonal array of Table 3, spraying condition
could be optimum as 6.375 S/N ratio for porosity.

The S/N response table for porosity is shown in Table 4,
which presents the calculated mean S/N ratio for each level of

the spray parameters. The spray parameter that has the strongest
influence is also determined depending on the value of A (delta)
as shown in Table 4. Delta equals the difference between
maximum and minimum S/N ratios for a particular spray
parameter. The higher the value of delta, the more influential is
the spray parameter. It can be seen that the strongest influence is
exerted by the spray distance and the oxygen flow, which have
the highest values of delta, 4.579 and 2.025 dB, respectively.
Figure 1 shows the mean S/N response plot for porosity. The
plot shows the variation of S/N ratio as the spray parameters
changed from one level to another. The larger is the S/N ratio,
the lower is the porosity. It can be suggested that the optimal
spray parameter for porosity is the combination of Al, B2, and
C2. It is evident from Fig. 1 that the spray distance has the
greatest increasing effect on the porosity. With the increase of
spray distance, both the temperature and velocity of the in-flight

-
T

Mean S/N Ratio (dB)

Al A2 A3 Bl B2 B3 C1 C2 (3
Spray Parameters

Fig. 1 The mean S/N graph for porosity

Table 3 Experimental results for porosity and corresponding S/ ratio

Experiment no. Spray distance, mm Oxygen flow, scth Kerosene flow, gph Porosity, % S/N ratio, dB
1 280 1850 5.8 0.64 3.876
2 280 2049 6.2 0.48 6.375
3 280 2251 6.6 0.69 3.223
4 330 1850 6.2 0.80 1.938
5 330 2049 6.6 0.92 0.724
6 330 2251 5.8 0.99 0.087
7 380 1850 6.6 1.15 —1.214
8 380 2049 5.8 0.83 1.618
9 380 2251 6.2 1.08 —0.668

Table 4 S/N response table for porosity

Mean S/N ratio, dB

Symbol Spray parameter Level 1 Level 2 Level 3 A (max — min)
A Spray distance 4.491 0.916 —0.088 4.579
B Oxygen flow 1.533 2.906 0.881 2.025
C Kerosene flow 1.860 2.548 0911 1.637
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particles will decrease, thus increasing the volume fraction of
unmelted particles and oxidation products. As a result, a
coating with higher porosity will be produced, which is similar
to the conclusion obtained by other researchers (Ref 28, 29). As
for the oxygen flow and kerosene flow, the porosity of the
coating first decreases and then increases with the level of spray
parameters increased. With the increase of oxygen flow, the fuel
is combusted more completely, resulting in particles with
higher temperature and enough kinetic energy. However, much
higher oxygen flow can also lead to the oxidation of the
particles, since the completely melted particles exposed to the
high temperature atmosphere will react with oxygen further
(Ref 22). Therefore, the porosity of the coating can be
decreased with a proper proportion of oxygen flow and
kerosene flow, and thus a much denser microstructure coating
can be obtained.

3.2 Analysis of Variance

The purpose of the analysis of variance (ANOVA) is used to
investigate which spray parameters significantly affect the
porosity. This is accomplished by separating the total variability
of the S/N ratios into contributions by each of the spray
parameters and the errors. The total variability of the S/N ratio
is measured by the sum of the squared deviations from the total
mean S/N ratio. Then the Fisher’s values (F) are calculated for
each spray parameters. Usually, if /"> 4, the related spray
parameter has a significant effect on the performance charac-
teristic. If the F value for a factor is below 4, it means that this
factor is not significant and can be neglected (Ref 30).

Table 5 shows the results of ANOVA for porosity. It can be
found that the spray distance and the oxygen flow are the
significant factors in affecting porosity with 74.63 and 13.76%
contributions, respectively, while the kerosene flow is the
insignificant factor with 8.71% contribution. It has been
demonstrated that the spray distance is a significant variable
in determining the porosity of the coatings. Therefore, based on
the S/N ratio and ANOVA analyses, the optimum conditions are
the spray distance at level 1, the oxygen flow at level 2, and the
kerosene flow at level 2. In other words, the optimal parameters
under the same condition for the porosity of the Fe-based alloy
coating according to the range of spray parameter provided in
the paper are 280 mm for the spray distance, 963 scth for the
oxygen flow, and 28 gph for the kerosene flow. Moreover, the
No. 2 Fe-based alloy coating was just prepared with the optimal
Spray parameters.

3.3 Microstructural Characterization

The x-ray diffraction pattern of Fe-based alloy coating is
shown in Fig. 2. It can be seen from the pattern that the coating
exhibits a broad halo peak at 20 = 40°-50° which overlaps with
a small amount of crystalline diffraction peaks. The broad halo

Table S5 Results of the AVONA for porosity

peak indicates the existence of amorphous phase, which is
similar to the results showed in other researches (Ref 14-16).
The major crystalline phases in the coatings are composed of o-
Fe (Cr) solid solution and some types of borides, including
CrB, FeB, Cr,B, Fe,B, and Ni,B.

In order to obtain detailed microstructural information, TEM
was undertaken at a finer scale of Fe-based alloy coating.
Figure 3 shows the TEM image of the coating. The diffused
halo ring in the SAED pattern (inset of Fig. 3) confirms the
formation of amorphous phase. As shown in Fig. 3, the coating
consists of amorphous phase, crystalline phases, and some
crystalline phases were embedded in the amorphous matrix.
These diffuse characters seen in the TEM agree with the XRD
results noted in Fig. 2. The formation of the amorphous phase
is probably due to the high cooling rate during the HVOF spray
process and the proper powder composition (Ref 14).

Figure 4 presents the typical morphology on the cross
section of the optimized coating (No. 2 Fe-based coating,
Fig. 4a) and No. 7 Fe-based coating (Fig. 4b) prepared by
different spray parameters. It is evident that the No. 2 coating
shows a very dense structure with porosity of 0.48%, few
unmelted or half-melted particles, and compact bonding with
the substrate. While compared to the optimized coating, the No.
7 coating exhibits much more small pores with a porosity of
1.15%.

3.4 Electrochemical Gorrosion Behavior

The coatings of Nos. 2 and 7, with the lowest and highest
porosity of 0.48% and 1.15% separately (Table 3), were
selected for comparison of the corrosion resistance in a 3.5%

8000 - Z o—u-Fe(Cr) ;—CrB
! x—FeB  A—CrB
7800¢ %—FeB  A—NiB
~ 2
=
& 7000- .
= A
.; _ VZ
§ 6500
=]
[
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5500 1 1 1 1 1 1
20 30 40 50 60 70 80 90
2Theta(deg.)

Fig. 2 XRD patterns of the Fe-based alloy coating

Symbol Spray parameter Sum of square, § Degrees of freedom Variance, V/ F Contribution, %
A Spray distance 34.760 2 17.38 25.691 74.63

B Oxygen flow 6.410 2 3.205 4.738 13.76

C Kerosene flow 4.055 2 2.0275 2.997 8.71

Error 1.35 2 0.675 2.90

Total 46.575 8
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“ 200 nm

Fig. 3 TEM images of the Fe-based alloy coating

sodium chloride solution. The hard chromium coating was also
selected as a reference material.

Figure 5 and Table 6 show the potentiodynamic polarization
curves and the calculated values of corrosion potential (E.o) as
well as the corrosion current density (i.) according to the
method of the Tafel extrapolation, respectively. The potentio-
dynamic polarization curves of Fe-based coatings and hard
chromium coating exhibited a similar profile, indicating that all
of the coatings are obviously spontaneous passivated in the
3.5% sodium chloride solution. The transpassive potentials for
the Fe-based and hard chromium coating are higher than 1.0 V,
suggesting the high resistance localized corrosion. The passive
current density of the No. 2 coating (~10~* A/em?) is much
lower than that of the No. 7 coating and hard chromium
coating. Simultaneously, No. 2 coating also showed a much
higher corrosion potential and much lower corrosion current
density than those of the No. 7 coating and the hard chromium
coating. The superior corrosion resistance of No. 2 coating
could be attributed to its dense structure and low porosity.
Table 6 shows the electrochemical parameters of the samples
from potentiodynamic polarization curves. The corrosion
potential (E.,) of the No. 2 coating was higher than that of
No. 7 and hard chromium coatings, while the corrosion current
density (i.or;) Was lower than that of the other two coatings. As
is known to all, higher corrosion potential exhibits higher
chemical stability and lower corrosion tendency. Lower corro-
sion current density leads to lower corrosion rate (Ref 31).
Therefore, No. 2 Fe-based coating has the highest corrosion
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Fig. 4 The typical morphology on the cross section of the coating
prepared by different parameters: (a) No. 2 Fe-based coating and (b)
No. 7 Fe-based coating
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Fig. 5 Potentiodynamic polarization curves of HVOF sprayed Fe-
based coatings under different conditions and hard chromium coating
in 3.5% sodium chloride solution

potential (E o) and lowest corrosion current density (icor),
indicating the best corrosion resistance in 3.5% sodium chloride
solution.
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Table 6 Summary of the electrochemical parameters of
the samples from potentiodynamic polarization curves

Coatings Ecors MV icorn uA/cm2 be, mV  b,, mV
No. 2 Fe-based coating —196.14 0.14 98.61 294.98
No. 7 Fe-based coating —287.49 5.04 186.58 172.83
Hard chromium coating —554.35 14.12 223.41 225.63
L - - —fitting plot
No. 2 coating
300k -
No.
NA I
g 200k 4 No.7 coating
£
e
N 100k r Hard chromiun coating
P
' 0.0 2.0k 4.0k
No. 7 coating
0 1 1 1
0 100k 200k 300k
(a) 7’ (ohm cmz)
80 I No. 2 coating - - ~fitting plot
’:-D 60 No. 7 coating
Q
S
S 40
o0
=]
«®
% 20 Hard chromium coating
=
[a
0
_20 ! L 1 ] 1 L
10° 10" 10° 10° 10° 10° 10* 10°
(b) Frequency(Hz)

Fig. 6 The Nyquist diagrams (a) and Bode phase plots (b) of the
Fe-based coatings and hard chromium coating in 3.5% sodium chlo-
ride solution

In order to evaluate the variation in the electrochemical
reactions of the Fe-based coatings and the hard chromium
coating, EIS was measured in the 3.5% sodium chloride
solution as shown in Fig. 6. Figure 6(a) and (b) show the
Nyquist and Bode phase plots of the coatings in 3.5% NaCl
solution at OCP, respectively. It can be seen that for each
coating there is only one large high frequency capacitive loop
on Nyqusit diagram (see the enlargement in the inset of Fig. 6a)
and one inflection point on corresponding Bode phase plot
(Fig. 6b), indicating that all the coatings exhibited single time
constants in the corrosion process. The equivalent circuits
based on the different of time constants are selected. This high
frequency loop could be physically related to the coating
characteristic and a large magnitude of the impedance showed

2642—Volume 24(7) July 2015
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Fig. 7 The equivalent circuit representative of the Fe-based coat-
ings and the hard chromium coating

Table 7 Electrochemical parameters obtained from EIS
spectra of the Fe-based coatings and hard chromium coat-
ing

Coatings R, Q cm? O uF/cm2 N, R, Q cm?
No. 2 Fe-based coating 12.19 27.06 0.86 2.26 x 10°
No. 7 Fe-based coating 10.24 70.96 0.78 1.05x 10°
Hard chromium coating 12.74 93.28 0.66 2.04x 10°

an enhanced corrosion resistance. The magnitudes of the
capacitive loop in the 3.5% sodium chloride solution decrease
in the order of the No. 2 Fe-based coating, the No. 7 Fe-based
coating, and the hard chromium coating. It indicates the No. 2
Fe-based coating shows the highest corrosion resistance in
3.5% sodium chloride solution.

Based on the above analysis, the equivalent circuit to
describe the electrochemical reaction for the Fe-based coating
and the hard chromium coating is shown in Fig. 7. It contains
the elements of a solution resistance (R;), a coating resistance
(R.), and a constant phase element CPE-c (Q.) used to replace
capacitance, since there is hardly a pure capacitance in a real
electrochemical process. This equivalent circuit has been
reported in other Fe-based alloy coating or amor-
phous/nanocrystalline coating systems (Ref 32-34) in 3.5%
sodium chloride solutions.

The dotted line in Fig. 6 represents the calculated EIS
spectra based on the equivalent circuit (Fig. 7), which fit very
well the test results for the coatings under most frequencies.
The electrochemical parameters extracted from the equivalent
circuits (Fig. 7) are summarized in Table 7. The R, values of
the Fe-based coatings are higher than that of the hard chromium
coating, indicating the better corrosion resistance of the
Fe-based coating. In addition, it is noted that the R, values of
No. 2 Fe-based coating (2.26 x 10° Q cm?) is higher than that
of the No. 7 Fe-based coating (1.05 x 10° Q cm?). All EIS
plots agreed well with the results of the potentiodynamic
polarization mentioned above (Fig. 5).

Taking the potentialdynamic polarization and EIS tests into
consideration, compared to the No. 7 Fe-based coating, the No.
2 Fe-based coating displayed superior corrosion resistance as
indicated by a higher corrosion potential, lower corrosion
current density, and higher coating resistance (R.). This
phenomenon may be due to the different porosity with different
spraying parameters of the two coatings. The absence of pores
and microcracks, which are mainly paths for the electrolyte to
reach the steel substrate, played an important role in preserving
the integrity of the coating. This result also reflected the
unfavorable effect of pores existing in the No. 7 Fe-based
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coating on corrosion resistance and the improvement of the
corrosion resistance through optimizing the thermal spraying
parameters is necessary. In addition, the corrosion resistance of
the Fe-based coating is better than that of the hard chromium
coating in 3.5% sodium chloride solution. The Fe-based coating
fabricated by HVOF technology with a rapidly cooling rate has
a very dense structure, low porosity, and partially amorphous
phase with less crystalline defects. It is difficult for the
aggressive solution to penetrate into the coating and conse-
quently improve the resistance to charge transfer (Ref 26).
While due to the existence of a high density of pores and
microcracks in the hard chromium coating, the electrolyte
penetrates into the coating more easily through such coating
defects. Thus, the hard chromium coating could be replaced by
the HVOF sprayed Fe-based coatings in some corrosive
environments.

4, Conclusion

The spray parameters (spray distance, oxygen flow, and
kerosene flow) of HVOF were optimized with the method of
Taguchi design on a Lo orthogonal array to obtain corrosion-
resistant Fe-based coatings. The main conclusions are as
follows.

(1) Based on the S/N ratio and ANOVA analyses, the spray
parameters for the porosity were optimized as 280 mm
for the spray distance, 963 scfh for the oxygen flow,
and 28 gph for the kerosene flow. The significance of
spray parameters in determining the porosity of the coat-
ings was in the order of spray distance, oxygen flow,
and oxygen flow.

(2) The coating prepared with the optimal spray parameters
(i.e., the No. 2 Fe-based coating) showed a dense struc-
ture with a porosity of only 0.48%, few unmelted or half-
melted particles, and compact bonding with the substrate.
However, the porosity of No. 7 coating exhibits much
more small pores with a porosity of 1.15%. The as-pre-
pared coatings were both composed of a-Fe(Cr) solid so-
lution, some types of borides and amorphous phases.

(3) The potentiodynamic polarization and EIS tests in 3.5%
sodium chloride solution indicated that the No. 2 Fe-
based coating exhibited the highest corrosion potential
(E o) of —196.14 mV, the lowest corrosion current den-
Sity (i,or) Of 0.14 pA/cm?, and the highest coating resis-
tance (R.) of 2.26 x 10° Q cm? than those of the No. 7
Fe-based coating and the hard chromium coating. The
superior corrosion resistance of the Fe-based coating
with the optimal spray parameters could be attributed to
the dense structure with low porosity and partially amor-
phous structure, thus making the replacement of the hard
chromium coating possible in some corrosive environ-
ments.
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