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Abstract: High velocity arc spraying was used to prepare FeCrAl/Al composite coating on Q235
steel substrate by simultaneously spraying FeCrAl wire as the anode and Al wire as the cathode.
The composite coating was sprayed with varying voltage and current to obtain optimum coating
characteristics. FeCrAl coating was also prepared for comparison purposes. The surface microstructure
of the coatings was characterized by scanning electron microscope (SEM) and X-ray diffraction (XRD).
The average microhardness of the coatings and the substrate was analyzed and compared. Corrosion
resistance was investigated by means of electrochemical tests. The image results showed that a
lamellar structure consisted of interwoven layers of FeCrAl and Al. Al and FeCr constituted the
main phases with traces of oxides and AlFe intermetallic compounds. The average porosity was
reduced and microhardness of the coatings was improved with increasing voltage and current.
The FeCrAl/Al coating formed alternating layers of hard and ductile phases; the corrosion resistance
of the coatings in the sodium chloride (NaCl) solution depended on the increase in Al content
and spray parameters. The corrosion resistance tests indicated that FeCrAl/Al coating had a better
corrosion resistance than the FeCrAl coating. FeCrAl/Al can be used to coat steel substrates and
increase their corrosion resistance.

Keywords: high velocity arc spraying (HVAS); FeCrAl/Al composite coating; polarization tests;
surface morphology

1. Introduction

Steel components are used extensively in the chemical, bridge construction, agricultural equipment,
and other industries. Q235 steel is a widely used material in these industries for its relatively good
mechanical properties. Q235 steel is a common material for the main components of mechanical
equipment. Besides having relatively lower cost than stainless steels and superalloys, this material
has good machinability and welding performance [1]. Due to the complex working conditions where
friction, high temperature, and corrosion occur frequently, the durability and service life of the steel is
reduced. Thermally sprayed coating methods can be used to increase service life of these machine
parts and structures made of Q235 steel. It is therefore of great value and significance to study the
structure and properties of coatings on Q235 steel.

Among different thermal spray processes used to protect steel surfaces, arc spraying method is
widely used for anticorrosion coatings [2]. The high velocity arc spraying (HVAS) is an important
technique used to protect steel surfaces and small metal components from corrosion. The material to
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be coated is introduced in the arc in form of two consumable electrodes. In the process, two similar
or dissimilar wires are used to form an arc at the tip of the spray gun the arc melts the wires and the
high compressed air is blown directly behind the point of contact, atomizing and projecting the melted
particles onto the surface [3,4]. HVAS is an improved design of the electric arc wire spray because of
its high velocity and better atomizing of melted droplets. According to Gedzevicius et al., arc sprayed
coatings offer dense structure coatings with high bond strength and have several benefits such as
low running cost, high deposition rate of metallic coatings, and high efficiency [5,6]. The sprayed
coating layer acts as a corrosion barrier as well as provide cathodic protection for the substrate against
corrosive environment. Thermally sprayed coatings not only provide resistance to corrosion but also
against high and alternating temperatures and abrasion/erosion resistance [7]. However, arc spraying
method forms oxides in coatings due to the presence of oxidation of the molten material by air, which
reduces quality of coatings [8].

HVAS can be used to prepare composite and alloy coatings by an alternative method of arc
spraying two dissimilar metal wires or cored wires to form pseudo-alloys. Spraying of different metal
wires offers a variety of possibilities in producing composite coatings. The resulting coatings combine
the properties of both materials to achieve better properties than individual materials [9]. However, it
has been noted that using two different metal wires to form composite coatings by arc spraying can be
challenging due to the difficulty in the electrode control. The combination of two different wires leads
to arc instability because of the unbalanced melting rates of the metals at the electrode tips. In this
case, however, the higher melting point materials can be used as the anode, while the lower melting
point materials used as the cathode in order to obtain a better droplet dispersion produced from the
corresponding wires [10]. Some of the composite coatings formed by arc spraying include but not
limited to nickel-aluminium intermetallic compound coatings, zinc—aluminium alloy, 321 stainless
steel-aluminum wires, and FeCrAl-aluminum-bronze [11,12].

In arc spraying process a coating is formed when molten droplets solidify on impact; the coating
is built up by continuous layers of the splats that stack on top of each other [13,14]. The internal
phase composition of the coatings mostly contains pores, oxides, and semi-melted particles, which are
dependent on the spray parameters that are used. Both the particle velocity and the temperature of the
sprayed particles at the impact have a strong influence on the flattening ratio and the contact of the
particle, which in turn influence the solidification rate, adhesion and ultimately the microstructure. The
excessive particle temperature would cause substrate damage and result in low bonding strength [15].
The amount and distribution of these defects, as well as other coating properties as for instance
thickness, hardness and bond strength, will be defined by the selected spray parameters. Therefore,
the correct choice of the spray process as well as respective parameters such as arc current, arc voltage,
particle velocity, and spray distance are very important for the deposition.

FeAl intermetallic coatings have been widely used in the recent years due to their low density,
availability of the raw materials, and good sulfidation resistance properties and wear resistance. The iron
aluminide coatings have outstanding high temperature abrasive and erosion properties. These FeAl
intermetallic properties can be modified by adding third components [13,16,17]. Aluminum has good
properties such as high strength-to-weight ratio and good corrosion resistance. High temperature
corrosion resistance of FeCrAl can be improved by spraying Aluminium coating on the FeCrAl coating.
High Cr content in Fe alloys improves the high temperature oxidation and corrosion resistance as
well [18]. Corrosion studies on Aluminum and Stainless steel have been extensively studied in various
environments. Much of the knowledge attributed the corrosion resistance of Al due to its protective film
of Al,O3 and stainless steel due to the passivating layer of Cr,O3. Moreover, a recent study on corrosion
behavior of Zinc and Zn-Co alloy electrodeposits Zn—0.89 wt.% Co exhibited higher corrosion resistance
due to its smaller grain size than the coating with coarser grain size. The higher grain boundary density
in the coating with smaller grain size sped up formation of a stable and protective film. Zinc alloy
coatings display sacrificial cathodic protection as is the case in corrosion behavior of zinc-rich epoxy
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primers. The reduction of the coating porosity lead to enhancement of the coating physical barrier as
well as enhanced zinc sacrificial cathodic protection [19,20].

The purpose of this study is to improve the corrosion properties of high velocity arc sprayed
FeCrAl coatings by simultaneously arc spraying FeCrAl and Aluminum wires. The emphasis is
to combine the individual properties of the two materials. FeCrAl coating was sprayed alone for
comparison purposes. The surface morphology tests, microhardness of the coatings and substrate
were examined in this research. Corrosion behavior of the FeCrAl/Al coating was studied using
potentiodynamic polarization tests.

2. Materials and Methods

2.1. Substrate and Feedstock Material

The substrate material was Q235 steel plate of dimensions 50 mm x 30 mm X 8 mm. Shaping of the
substrate was done to avoid the sharp edges and improve adherence of the coating to the substrate [4].
Before coating process, the steel substrate surfaces were grit blasted using compressed air and abrasive
grit blasting that was carried out in a hand operated cabinet type blast cleaning machine. The substrate
was blasted with 18-mesh steel grit at a pressure of 0.6 MPa. Grit blasting was done to improve the
mechanical bonding, surface activation and cleaning rust and oxide scale. After grit blasting, the
specimen was blow dried by compressed air to remove any debris on the surface and a surface finish
controlled to surface roughness, R, of about 4 pm was achieved.

The spraying feedstocks were commercially available FeCrAl and aluminium wires, both 2 mm in
diameter. The chemical compositions of the spraying wires, as provided by the vendor, are listed in
Table 1. According to a previous experiment, it is proven that material with higher melting point is
used as anode and material with lower melting point as the cathode. This can improve the arc stability
owing to the relatively unbalanced melting rates at the two electrodes [11]. Owing to the higher
melting point, FeCrAl wire was used as the anode and Aluminium wire as the cathode. The dual
FeCrAl wires was used to prepare the FeCrAl coating for comparison purposes.

Table 1. Chemical composition of the spraying wires FeCrAl and Al (wt.%).

Feedstock Wire Al Cr Fe
FeCrAl 6 26 Balance
Al 99.9 - -

2.2. Spraying Process

In the arc spraying process, an electric arc is struck between the two consumable electrodes to
form molten droplets. The molten droplets were atomized by the compressed air onto the Q235 Steel
substrate. The arc spraying process was conducted with the LSARC arc spraying machine equipment,
as shown in Figure 1 below (Shanghai Liangshi Co., Ltd., Shanghai, China), at a standoff distance of
200 mm, a primary air pressure of 0.65 MPa, and a secondary air pressure of 0.55 MPa. The FeCrAl
coating used for comparison purpose was sprayed under the following conditions: standoff distance
of 200 mm, voltage of 32 V, current of 160 A, and pressure of 0.6 MPa [18]. The voltage and current
spraying parameters of the composite coating were varied accordingly, as shown in Table 2, in order to
achieve a stable arc and optimize the properties of the coating. The standoff distance for the composite
coating was 200 mm. FeCrAl/Al composite coatings with varying parameters are referred to as #A, #B,
#C, and #D.
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Figure 1. LSARC arc spraying equipment: (a) Wire feed, (b) spray gun, and (c) spray controller and
power supply.

Table 2. Process parameters.

Sample Voltage (V) Current (A)
#A 32 160
#B 36 200
#C 40 220
#D 44 260
FeCrAl 32 160

2.3. Surface Morphology Evaluation

The surface characterization and cross-sectional microstructure of the HVAS coatings and the
corroded coatings were examined by a FEI Quanta FEG 250 scanning electron microscope (SEM,
Thermo Fisher Scientific, Waltham, MA, USA). Phase composition of the coatings was analyzed using
X'Pert powder X-ray diffraction (XRD, Malvern Panalytical, Malvern, Worcestershire, UK) apparatus
with Cu K« radiation (A = 1.5406 nm) generated at 40 kV and 40 mA. Image analysis software Image]
(Image]J 1.52a) was employed to measure the average porosity of the coatings. The procedure was
listed as follows: the cross-sectional images were collected and input in the software; images were
processed and porosity recorded [13]. An average value of porosity was taken from 15 cross-section
images for each sample.

Scratch adhesion strength of the coatings to substrate was measured with CETR-Universal
Materials Tester (CETR-UMT, Bruker, Billerica, MA, USA) according to ASTM C1624-05 standard [21].
A constant normal load of 150 N was applied to the sample coatings. The scratch length was 7 mm and
loading rate of 100 N/min. The average adhesion strength was calculated from five measurements [22].

2.4. Microhardness Test

The coating hardness was measured by the Automatic Tester Duramin-40 machine (Ballerup,
Copenhagen, Denmark) with a pyramidal indenter. The applied load and dwelling time for the
hardness test were 100 gf and 15 s respectively. Vickers microhardness test was measured along the
plane of the cross section of coatings. Hardness value was calculated from 15 measurements of each
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polished sample to ensure repeatability. The indentation diameter is converted into microhardness
units (HV) using the applied Equation (1). as shown below [23].

18544 xF

HV 7

@
where HV is the Vickers hardness, F is the force applied, and d is the average of two diagonals.

2.5. Corrosion Test

Corrosion of the samples was quantified via a potentiodynamic polarization technique employing
a three-electrode configuration, consisting of the saturated calomel electrode (SCE) as reference,
platinum as counter electrode, and the coated samples as working electrode. The corrosion resistance
was tested by electrochemical work station (CS350, Wuhan Corrtest Instruments Corp., Ltd., Wuhan,
China). The samples were connected to electrical wires in order to allow electrochemical measurements
and embedded in an epoxy resin to seal off surface pores. The coated area of 1 cm? was left exposed to
the 3.5 wt.% sodium chloride (NaCl) electrolyte at room temperature (25 °C, pH 6.5). Potentiodynamic
polarization was measured at the scan rate of 0.5 mV/s and frequency range of the electrochemical
impedance spectroscopy test (EIS) was from 100 kHz to 10 mHz. The polarization resistance was
calculated by the Stern—-Geary relationship [24]. The polarization resistance, Rp, of a material is defined
as the slope of the potential-current density (dE/di) curve at the free corrosion potential, yielding the
polarization resistance as shown in Equation (2):

Rp_ _ BaPe 1A

T 23(Ba+Bo)  dcorr A @)

where icorr is the current density.
The proportionality constant B [25], can be empirically obtained from (3, and (3. the slopes of the
anodic and cathodic Tafel, respectively, as shown in Equation (3):

s Bibe .
2.3(Ba + Be)
After the coatings were exposed for 1 h in the NaCl solution, the corrosion rate of the coatings in

mm/yr was derived from the Faraday’s law [26,27] using Equation (4):

Corrosion rate (@) = 3272 icorn EW @
yr dA

where iqorr is the corrosion current density in wA/cm?, EW is the Equivalent weight in grams, d is the

density in g/cm?, and A is the area of the sample in cm?.

3. Results and Discussions

3.1. Microstructure of the Coating

Figure 2 illustrates the surface morphology of the coatings. The surface images show disk- shaped
individual splat droplets and flattened areas formed by high velocity impact of molten droplets on
the substrate. Coatings #C and #D display more flattened areas, showing a better spreadability of the
molten material with little splashing. It is commonly depicted that thermal spray particles have good
spreadability and high degree of deformation in the more flattened areas [28]. Increasing the voltage
lead to increase in arc temperature, and hence there is more energy to heat the particles; however, the
spray velocity decreases [29]. This affects bonding enhancement of coating to the substrate material.
Increase in the voltage from 32 to 44 V raised the arc temperature which resulted in splats forming
circular disks, and increase in the arc voltage decreased diameter of the droplets formed at the wire
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tip [12]. Coatings #A and #B were of lower voltage, and thus the droplets splashed on the surface
forming irregular splats. Low voltage and current could not provide sufficient heat energy to melt all
the particles, thus resulted in nonuniform microstructure of the coatings. On the other hand, higher
current supplies more heat input to the molten droplets which helps to improve interaction between
the droplets and the substrate at the interface [30]. The particles were completely melted to produce
flattened splats.

Figure 2. Surface morphology images of the coatings: (a) #A, (b) #B, (c) #C, (d) #D and (e) FeCrAl.

The average porosities of the coatings are listed in Table 3. FeCrAl coating, #A, #B, #C, and #D
had porosities of 3.77, 5.34, 4.97, 4.29, and 3.46 (%), respectively. Coating #D had the lowest porosity,
which implies a denser compact structure than FeCrAl coating.

Table 3. Properties of the coatings.

Scratch-Test Surface Roughness,

Coating Microhardness, HV 1 Adhesion Porosity, % R, (um)
Strength (N) alh
FeCrAl 409.10 40.12 + 2.11 3.77 £ 0.82 1.63 + 0.39
#A 329.10 41.02 + 741 5.34+1.13 1.79 + 0.36
#B 332.80 45.10 + 10.65 497 +1.29 227 +0.13
#C 394.33 48.17 + 8.96 4.29 +1.39 2.44 +0.07

#D 513.51 67.43 +13.02 3.46 + 0.84 293 +£0.33
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Cross-sectional SEM images of both the composite coating FeCrAl/Al and FeCrAl are shown in
Figure 3, the average coating thickness was 335 + 4 um. The cross-section images show typical lamellar
structure characterized by Fe-based metallic phases, Al splats, semi-melted particles, oxide layers, and
some pores. The composite coating displays relatively long alternating layers of FeCr and Al uniformly
distributed on the substrate surface, indicating good wettability and spreadability of the particles.
The molten droplets distributed evenly on the substrate surface to form layers that stacked on top of
each other to form the coating [13,31]. Al particles were homogeneously distributed throughout the
microstructure of the coating.

- substrate

200 Lm

Figure 3. Cross-section images of the coatings (a) #A, (b) #B, (c) #C, (d) #D and I FeCrAl with (i) matrix
phase comprised of FeCr, AlFe, Cr,O3, and (ii) aluminum and aluminum oxides.

It is also evident from the cross-sectional images that splats of FeCrAl/Al coating were thicker
than those of the FeCrAl coating. From a combination of the cross-sectional images, XRD, and EDS
results, the light gray region (i) in Figure 3 is the matrix phase comprised of iron-chrome (FeCr),
AlFe intermetallic compound and chromium oxide (Cr,O3); The dark gray region (ii) comprises of
aluminum and aluminum oxides (Al,O3).

The EDS analysis on Figure 4 shows an increase in the amount of Aluminum content in the
composite coatings. The chemical compositions of FeCrAl and FeCrAl/Al coatings were Fey4 94, Cr16.82,
and Alg o4, and Fesy g1, Crg 06, and Alsg 13 (at.%), respectively.
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Figure 4. Energy-dispersive X-ray spectroscopy (EDS) analysis of the (a) FeCrAl coating and (b)
FeCrAl/Al coating.

3.2. XRD Patterns

Figure 5 shows the XRD patterns of different FeCrAl/Al composite coatings. The diffraction peaks
that correspond to FeCr, Al, AlFe intermetallic compound, Cr,O3, and Al,O3 were observed. FeCr
and Al were the principle phases of the composite coatings. The oxide phases detected (Cr,O3 and
Al,O3) were formed during the spraying process when the inflight molten particles interact with the
atmospheric oxygen and when the molten particles hit the substrate. Oxides had an effect on corrosion
resistance of the coatings and reduced the porosity of the coatings [32]. During spraying of FeCrAl/Al
composite coating, the amount of Al increased with the increasing voltage from 32 to 44 V and the
highest peak of Al formed in #D coating. The Al peak for the #B coating was nearly as high as that of
the #D coating. This anomaly could be as a result of the arc instability between the two wire feeds.
As compared to the FeCrAl coating, the FeCr phase was observed to be lower in the composite coatings.
The amount of the Al phase as supported by the EDS results, increased with increase in voltage and
current, however inhibiting formation of the FeCr phase in the composite coatings. The higher amount
of Al could be attributed to the increase in voltage that raised the amount of heat required to melt the
feed material [14,31]. Due to the lower melting point of Al, a higher amount of Al was introduced
into the molten arc thus the higher Al peak. The melting extent of coating particles and the amount of
decomposed phases were enhanced with increasing spraying power [15].

#A|
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INTENSITY

Figure 5. Cont.
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Figure 5. XRD patterns of the coatings (a) #A, (b) #B, (c) #C, (d) #D, and (e) FeCrAl

The AlFe phase alloys that were detected in the XRD analysis explain the possibility of an
intermetallic reaction between FeCrAl and aluminum during the spraying process. These phase alloys
were formed on a diffusion layer which was found at the FeCrAl and Al substrate interface as a
result of mixing of FeCrAl and Al during the spraying process [33]. Al has a lower melting point of
approximately 660 °C, whereas FeCrAl alloy has a higher melting point of approximately 1500 °C, and
therefore Al readily melted and reacted with the Fe rich alloy forming FeAl. The composite coating
was, therefore, an interwoven mixture between FeCrAl and Al to form interlamellar structure with
aluminium splats and FeCrAl splats [13,34].

3.3. Microhardness

Properties of the coatings are listed in Table 3. Figure 6 shows the microhardness of both the
coatings and substrate. The average hardness of the mild steel substrate was 165.52 HV, 1, while that
of the composite coatings ranged between 329.10 and 513.51 HVj 1, which is related to the varying
voltage and current. The hardness of the composite coating #D is ~2-3 times in comparison with the
substrate. In addition, microhardness of the composite coating #D was higher than that of the FeCrAl
coating as shown in Figure 6. The increase in voltage decreased the size of molten particles. Larger
surface area of the smaller droplets made them more prone to be oxidized during the inflight and to
the point of deposition. Oxidation of these molten droplets during spraying process was likely to
increase coating hardness [6,35]. The presence of increased Al and the Cr in the alloy wire form films
of protective oxides Al,O3; and Cr,Os respectively, contributing to the high hardness of the composite
coating #D [36]. High current and voltage increase the ability of the molten particles to bond with the
substrate and the coating was characterized with fewer microcracks on the surface, hence significant
increase in the microhardness. This can be explained that the surface structure of coatings #C and
#D displayed good spreadability of the molten particles and possessed a more compact structure
with fewer pores. Coatings #A and #B had less of a compact structure with some unmelted particles
that affected the microhardness of the coating. However, the increase in Aluminum content had a
significant effect on the overall microhardness of the coating because microhardness was low in areas
where there were layers of Al. The FeCrAl/Al composite coating formed interwoven layers of hard and
ductile phases which is consistent with a former study [11]. As the voltage of the coatings increased, the
particle velocity reduced. As reported, as arc current increases the surface roughness slightly increases
the wire feed rate. The higher wire feed rate increased in the amount of material atomized resulting in
less efficient atomization and larger particles [37]. The surface roughness increased as listed in Table 3.
The highest surface roughness was achieved on coating #D which had the highest current.
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Figure 6. Vickers microhardness of high velocity arc spraying (HVAS) coatings.

The adhesion strength of particles, as shown in Table 3, improved relatively with increase in the
operating voltage and current [12]. The adhesion strength shows the combinative characteristics of
the coating and substrate. The adhesion strength of FeCrAl coating was 40.12 N, which was lower
than the FeCrAl/Al composite coatings. Coating #D had the highest adhesion strength of 67.43 N.
Different parameters such as the porosity and oxides affect the adhesion strength [28]. Adhesion
strength of the #D coating was highest due to its good wettability and spreadability of the molten
droplets. The adhesion strength of the coatings followed a similar trend as the microhardness.

3.4. Corrosion Behavior

Figure 7 illustrates the potentiodynamic polarization curves of the coatings. The corrosion
current densities and corrosion potentials extrapolated from the Tafel curves are presented in Table 4.
The polarization resistance Rp, as shown in Table 4 was obtained using the Stern—-Geary equation.
According to the results obtained, it is noted that FeCrAl coating has a current density of 14.95 p1A/cm?
while Coating #D has a current density of 7.44 pA/cm?, which is less than the former. Current density
is the main parameter used to measure the efficiency of protective coating kinetics; the higher the
current density, the poorer the electrochemical behavior. This indicates that the coating #D passivates
more than the other composite coatings due to its lowest current density.

-0.4

—a—#A
—e— #B
—A—#C
—v—#D
—o— FeCrAl

-0.6

-0.8 4

Potential (V)

Current density log(A/cm®)

Figure 7. Potentiodynamic polarization curves of the composite coatings and FeCrAl coating.
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Table 4. Potentiodynamic polarization parameters of the sprayed coatings.

. Ba Be icorr Ecorr Corrosion Rate Rp
Coatings 11y (mV) (uA/cm?) V) (mm/yr) (KQ/em?)
FeCrAl  343.05 114.72 14.95 ~0.82 0.18 2500.00
#A 1237.80  181.93 18.35 -0.92 0.22 3758.04
4B 8182.80  194.44 23.38 -0.93 0.28 3531.34
#C 113860  157.92 7.69 ~0.94 0.09 7841.06
4D 2263 139.77 7.44 -0.93 0.09 7690.75

This difference can be attributed to the increased amount of Aluminum in the composite coatings.
Al corrosion resistance is dependent upon protective oxide films that inhibit the electrolyte penetration
into the substrate. The stable Al,O3 oxide layer, as shown in XRD, acts as a physical barrier against the
corrosive environment. The passivating layer of Cr,Os3 also enhances the corrosion resistance of the
coating. As for the composite coatings there was no significant change in the corrosion potential (Ecorr)-
It is noted that coating #C had a more negative corrosion potential.

Coating #A has corrosion potential of —0.92 V and current density of 18.35 uA/cm?. The coating
exhibited low corrosion resistance because of its structural imperfection that was exposed to the
electrolyte. The pores and cracks in the coating caused by high porosity act as the channels for the
Cl” ions to penetrate into the coating [38,39]. The presence of defects and pores in the coating allow
electrolyte diffusion, thus promoting the failure of the protective coating.

The data in the Table 4 shows that current density of the composite coatings first increased and
then decreased with increase in the voltage and current.

The highest polarization resistances were detected in coatings #C and #D, which are approximately
three times that of the FeCrAl coating. Thus, effect of simultaneous spraying with Al and increasing the
voltage and current of the coating resulted in the better corrosion resistance. In addition, the lamellar
structure of the coating improved corrosion resistance because of reduced pores and cracks that would
cause pitting. [40]. The smooth flattened splats in the coatings #C and #D contributed to a compact
structure with few pores and cracks, slowing the penetration of NaCl solution.

Coating #D had the lowest corrosion rate and current density which indicates that the voltage had
an effect on the corrosion resistance. From the XRD results, Al content increased with the increase in
voltage and thus improved corrosion properties of the composite coating. This can also be attributed
to the dense structure of the coating, with reduced porosity, formed by the molten particles on
impact [3,41]. From the observations, it is noted that the coatings #C and #D had better corrosion
properties. Simultaneous arc spraying of FeCrAl and Al and increasing the voltage and current
improved the corrosion properties of the traditional FeCrAl coating.

The surface of the coatings was mostly covered by the corrosion products of the composite coatings
as shown in Figure 8. The white layer on the surface likely suggests the passivation films formed after
oxidation of Al and Cr to form thin oxide films that prevent further penetration of the solution. These
corrosion products therefore enhanced protective barrier for the coatings.



Coatings 2019, 9, 542 12 of 15

Figure 8. Surface morphologies of the coatings after corrosion (a) #A, (b) #B, (c) #C, (d) #D, and
(e) FeCrAl

4. Conclusions

A composite material, FeCrAl/Al, was successfully prepared by high velocity arc spraying two
different metal wires using FeCrAl as the anode and aluminum as the cathode. The voltage
and current of spraying materials were varied to achieve the optimum spraying parameters for
the coatings.

Microstructure of the coatings were quite similar exhibiting a typical lamellar type structure
with alternating layers of FeCrAl and Al. Increasing voltage and current resulted in smooth
flattened areas, hence improved the spreadability of the molten particles. FeCrAl/Al coatings were
composed of Al and FeCr as the main phases with presence of intermetallic compounds AlFe.
The increase in voltage and current improved the mechanical properties of the coatings as well.
The microhardness increased and was highest in coating #D (513.15 HV ;) with alternating
layers of hard and ductile phases. Good spreadability and deformation of the molten particles at
higher voltage improved the adhesion strength of coating to the substrate hence, reduced average
porosity and increased microhardness of the composite coating. The average adhesion strength of
the composite coating increased from 41.02 to 67.43 N. The results indicate that 44 V and 260 A
was the best combination under the tested conditions, in which the Q235 substrate bonds well
with the FeCrAl/Al coating, enhancing the adhesion strength.
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e  Results of the polarization test showed that the composite coatings with higher voltage and
current contributed to good corrosion resistance. The composite coating had better corrosion
resistance than the traditional FeCrAl coating. The FeCrAl/Al composite can therefore be used to
protect steel structures from NaCl aqueous solutions.
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