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Study of Corrosion Behavior of Arc Sprayed
Aluminum Coating on Mild Steel

Erfan Abedi Esfahani, Hamidreza Salimijazi, Mohamad A. Golozar, Javad Mostaghimi, and Larry Pershin

(Submitted January 25, 2012; in revised form June 28, 2012)

In the current study, aluminum coating was deposited on mild steel by arc spraying. A well-adhered
coating with low level of porosity was successfully obtained. To evaluate the corrosion behavior of the
coating, electrochemical impedance spectroscopy (EIS) and polarization tests in 3.5% NaCl solution
were carried out. The as-coated samples were also subjected to a 1500-h salt spray assay. Polarization
tests indicated that the corrosion current density of the aluminum coating is more than that of bulk
aluminum. This could be due to the penetration of the electrolyte through open pores, resulted in the
acceleration of aluminum corrosion. EIS measurements showed that the corrosion performance of the
coating is improved during a long time immersion and exposure to saline mist. This could be due to
plugging of pores by corrosion products which hinder further penetration of the electrolyte through the
coating. The results obtained indicated that twin wire arc sprayed aluminum coatings can reliably protect
steel structures against corrosion in chloride-containing aqueous solutions.

Keywords Aluminum coating, Wire arc spray, Corrosion,
Electrochemical impedance spectroscopy

1. Introduction

Plain carbon steels are widely utilized in structures
because of their suitable mechanical properties, good
performance, and low cost. However, in some harsh con-
ditions such as seashore environment with high humidity
and salt particles, corrosion of carbon steels becomes a
major concern and thus their applications would be
limited.

Up to now, protection of steel structures against cor-
rosion degradation instead of using more resistant bulk
materials, which would bring a significant cost issue, has
been the main objective of extensive research. It would
reduce costs by preserving the structure and increasing its
service life (Ref 1). Anodic (Ref 2) and cathodic protec-
tions (Ref 3), metallic coatings (Ref 1, 4, 5), paintings
(Ref 6-9), and inhibitors (Ref 10, 11) are some of the most
used methods in order to delay and/or to reduce corrosion.

An effective way to improve the corrosion resistance of
steel is to use protective coatings on surfaces. A wide
variety of metallic coatings are used for this purpose. The
most commonly used metals for protection of steel against
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corrosion are anodic to substrate such as zinc, aluminum,
and zinc/aluminum which eliminate the need for com-
pletely pinhole-free barriers (Ref 4, 12, 13).

Numerous methods exist for applying protective coat-
ings, such as hot dip (Ref 4, 14, 15), physical vapor
deposition (Ref 16, 17), chemical vapor deposition
(Ref 18, 19), and various thermal spray methods. Amongst
various types of spray processes, twin wire arc spray is
widely used for deposition of anti-corrosion coatings. This
is due to its economical advantages and high deposition
rate (Ref 20) compared with other coating processes. It
can also be used as a mobile unit to coat complex and
large steel structures such as vessels, bridges, and offshore
platforms. Wire arc spray is a process which utilizes two
wires as consumable arc electrodes, an electric arc melts
the tips of the electrodes. The liquid metal is then atom-
ized by a gas jet and projected towards the substrate. The
molten droplets are spread and solidified upon the impact
to the substrate forming so called “splats”. The coating
can build up by laying the individual splats on top of each
other (Ref 21).

Various corrosion tests have been performed to study
the corrosion performance of the thermally sprayed alu-
minum. Han et al. (Ref 22) investigated the corrosion
behavior of the thermal sprayed aluminum and the effect
of its thickness on STS 304 using polarization tests in
seawater. They found that thermal sprayed aluminum
coatings act as a sacrificial protection to the substrate.
They also showed that the coating with higher thickness
represent a better corrosion resistance in seawater.
Chaliampalias et al. (Ref 23) and Rodriguez et al. (Ref 24)
also used salt spray tests to show that thermal sprayed
aluminum coatings could protect low carbon steels from
corrosion in chloride-containing atmospheres. Panossian
et al. (Ref 12) and Schmidt et al. (Ref 25) used field tests
in the marine atmosphere to investigate the corrosion
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behavior of aluminum coatings. Liu et al. (Ref 26) inves-
tigated the corrosion performance of the sealed aluminum
arc sprayed coatings on 6061 aluminum alloy and found
that hydrothermal sealing could improve the corrosion
behavior of the coatings.

Despite the fact that large amount of work has been
carried out in the field of thermally sprayed aluminum
coating and its corrosion behavior, an evident gap in the
knowledge exists: how and why the mechanism of the
coating protection against corrosion changes. In the
present work, the mechanism of the aluminum coating
corrosion protection and its changes during long-term
immersion in chlorine-containing solution was compre-
hensively investigated. Electrochemical impedance spec-
troscopy (EIS) was employed at different exposure times
to study long-term protective performance of the arc
sprayed aluminum coating on mild steel in 3.5% NaCl
solution which is related to its sacrificial abilities as well as
its barrier protection. Appropriate interpretation of EIS
data with an equivalent circuit could provide detailed
information on the corrosion process at the electrolyte/
electrode interface. In order to study the corrosion resis-
tance behavior of the wire arc coating during exposure of
steel structures to chlorine-containing solutions, EIS
measurements after salt spray assay were carried out. The
results can be used to evaluate coatings barrier or pore
resistance effects during exposure.

2. Experimental Procedure

2.1 Materials and Methods

Commercially available 99% aluminum wire with
1.6 mm in diameter was supplied by Sulzer-Metco Inc.,
(Westbury, NY, USA). Aluminum coating was deposited
on mild steel sheets (Fe-0.05C-0.04A1-0.25Mn-0.01P-
0.004S-0.01Si wt.%) using a twin wire arc spray system
(ValuArc, also from Sulzer-Metco). Details of spraying
process parameters are tabulated in Table 1.

Prior to the deposition, surfaces of substrates were grit
blasted by white aluminum oxide to enhance the adhesion
of the coating by means of mechanical interlocking
mechanisms. The degree of cleanliness Sa3 was achieved
by comparison with the surface quality standards of the
NACE RM 01 70 code (Ref 27).

Table 1 Twin wire arc spray process parameters

Spray parameters Unit
Coating material 99% Al
Wire diameter 1.6 mm
Nozzle type HV cup
Alr inlet pressure 586 kPa
Stand off distance 100 mm
Feed rate 82 g/min
Voltage 33V
Current 200 A

Substrate temperature Room temperature

1196—Volume 21(6) December 2012

2.2 Coatings Characterization

Cross sections of coatings were examined using scan-
ning electron microscope (SEM, Philips XL 30) operated
at 20 kV, equipped with an EDS tool for the elemental
analysis. The porosity of the coatings was determined by
image analysis software (Image Tool 3.00) using several
SEM images.

Phase compositions of the coatings were analyzed by
x-ray diffraction (XRD, Philips X’Pert-MPD) using Cu Ko
radiation (A=1.54056 A) generated at 40 kV and 30 mA.

The adhesion strength between the coating and sub-
strate is a major requirement for any coating to maintain
its integrity under service conditions, it was measured
based on ASTM-C633 standard (Ref 28).

2.3 Corrosion Tests

Tafel polarization tests were conducted in a conven-
tional three-electrode cell with the sample as the working
electrode, the platinum as the counter electrode, and
saturated calomel electrode (SCE) as the reference. The
working electrodes were cut (15 mm x 15 mm) and
electrical wires were soldered to the rear side of the
coupons in order to allow electrochemical measurements.
Samples were then embedded in an epoxy and the
sprayed area of 1 cm? was left exposed to the electrolyte.
The edges of the coupons were also masked using lac-
quer to avoid crevice corrosion. Prior to the corrosion
tests, samples were washed in distilled water and ethanol,
and then dried in warm air. All the measurements were
done in 3.5 wt.% aqueous sodium chloride (NaCl) solu-
tion at room temperature under the static and natural
aerated condition, using an AMETEK potentiostat
(model PARSTAT?2273) at the scan rate of 1 mV/s. Prior
to polarization tests, specimens were kept in the solution
for 3 h in order to establish the free corrosion potential
(Ecorr)- The corrosion potentials as well as the corrosion
current densities were extracted from the Tafel polari-
zation plots.

EIS measurements were carried out to evaluate the
coating properties for various immersion times up to
44 days. A corrosion cell was constructed by sticking a
glass tube with an area of 7 cm” on the coated sample. The
counter and reference electrodes were the same as Tafel
polarization test. Impedance values were recorded in the
frequency range from 100 kHz to 10 mHz under con-
trolled potential conditions with an AC potential signal of
10 mV varied about the open-circuit potential. The
impedance curves were fitted to the coating model using
Zview software. Cross sections of the corroded samples
were polished and examined by SEM after 44 days of
immersion.

Standard neutral salt spray test was also performed to
evaluate the corrosion resistance of the coated samples.
The assay was conducted according to ASTM B 117/90
standard (Ref 29). The edges of the coated samples
(75 mm x 70 mm) were sealed using molten wax and then
fixed on a plastic sample holder at an angle of 30° to
vertical in the salt spray chamber. After 1500 h of the
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exposure to the salt spray, specimens were also analyzed
for their barrier or pore resistance using EIS measure-
ment. To identify the corrosion products on the surface of
the coatings, the coatings were analyzed by XRD
technique.

3. Result and Discussion

3.1 Coatings Characterization

The XRD pattern of the coating is shown in Fig. 1. The
only distinguishable phase is pure aluminum in the coat-
ing. No other minor phase could be detected due to their
low concentration in the coating.

SEM micrograph of the cross section of the aluminum
coating is shown in Fig. 2. The overall porosity percentage
was around 7% and the coating thickness was about

AL(111)

-
3
s
= A1(200)
2
% AL(220) AL(31D)
J A1(222)
20 30 40 50 60 70 80 90

26O (deg.)

Fig. 1 XRD pattern of the as-sprayed aluminum coating

-substrate

50 um

Fig. 2 The backscattered SEM micrograph of the cross section
of aluminum coating. Arrows show oxide phases in the coating
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150 pum. The overall oxide content was around 4%. A
well-bonded coating to the substrate with no distinctive
irregular interface can be observed in the micrograph.
Bright and dark regions were identified in Fig. 2. Results
obtained by EDS indicated that the chemical composition
of the bright regions is 98 £ 1.1 at.% Al and 0.5 £
0.1 at.% Fe and the chemical composition of the dark
regions, which were marked by arrows, is 83 + 0.9 at.%
Al and 16 £ 0.6 at.% O. These results indicate that the
dark regions contain more oxides coming from the
in-flight particle oxidation during spraying.

The adhesion strength of the coatings was measured
and results are tabulated in Table 2. All failures were
occurred at the line of coating/substrate interface. The
mean value of the adhesion strength was 27 MPa which is
slightly higher than those reported somewhere -else
(Ref 21).

3.2 Corrosion Behavior

3.2.1 Tafel Polarization Tests. Figure 3 shows Tafel
polarization plots (E-log i) of the arc sprayed aluminum
coating and steel substrate in 3.5% NaCl solution at room
temperature under static and natural aerated conditions.
The values of the corrosion potential (E¢,,,) and the cor-
rosion current density (ico;) Were extracted from the
curves using the Tafel extrapolation method. The E...
values were —1030 and —610 mVgcg for the aluminum
coating and steel substrate, respectively. It is clear that the
corrosion potential value of the steel substrate was more

Table 2 Bond adhesion strength of the arc sprayed
coatings

Sample 1 2 3 4 Average
Bond strength, MPa 24 30 26 28 27+3
0
0.2 s Arc Spray coating
=== Substrate (mild steel)
0.4
3
S 061
3
§ 081
[}
Q
-1
-1.2 1
1.4 T . - - - v
1.00E-08 1.00E-07 1.00E-06 1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01

current density (Afcm?)

Fig. 3 Tafel polarization curves of mild steel substrate and
aluminum arc sprayed coating in 3.5% NaCl solution
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positive than that of aluminum coating. Thus, the corro-
sion of the aluminum coating can take place in preference
to the corrosion of steel.

The i.o. values were 5 and 6 uA/cm2 for the sprayed
coating and steel substrate, respectively The current den-
sity of the arc sprayed aluminum is higher than that of the
bulk aluminum reported elsewhere (Ref 30). There is
some level of interconnected porosity (7%) in the coating
that allows the electrolyte to reach the substrate. This
behavior has been seen in several other thermal spray
coatings such as Al and Al/SiC composites on Mg by flame
spray (Ref 31) and stainless steel sprayed by HVOF in
NaCl solution (Ref 32), plasma sprayed Al,O3+TiO, and
NiCrAl coatings in H,SO, solution (Ref 33). The devel-
opment of the galvanic effects between these dissimilar
materials at the coating/substrate interface leads to form
galvanic corrosion. Since, the steel substrate is nobler than
the aluminum coating; corrosion of aluminum coating
would be accelerated and become higher than the corro-
sion current density of the bulk aluminum (Ref 34).

The coating showed a passive behavior (see Tafel plots
in Fig. 3). The polarization curve of the coating exhibited
a breakdown at higher anodic potentials, around
—700 mVgcg. The presence of transpassivation point is
due to the formation of pitting corrosion on the surface
(Ref 26).

3.2.2 EIS of Coatings for Long Time Immersion. Fig-
ures 4 and 5 show the Nyquist and Bode plots of the arc
sprayed aluminum coating for different immersion times
in 3.5% NaCl solution, respectively. After 3 h of

exposure, two semi-circles on Nyquist plot (Fig. 4), and
accordingly, two inflection points on the corresponding
Bode phase plot can be distinguished (Fig. 5). It means
that the system shows two time constants. The high-
frequency loop corresponds to the coating, while the low-
frequency loop can be attributed to the corrosion process
(Ref 13, 34-36). The electrolyte which penetrated into
the coating through the pores and splat boundaries
caused the dissolution of the active zones inside the
coating and generated capacitive loop at low frequencies.
The electrolyte could also reach the substrate, but since
the substrate is nobler than the coating, corrosion did not
occur on steel. This type of spectra can be modeled by
the equivalent circuit which was represented in Fig. 6.
This equivalent circuit proposed for the two sub-elec-
trochemical interfaces (Ref 13, 37). The equivalent cir-
cuit consists of a solution resistance (R;) which relates to
the test electrolyte between the working electrode and
the reference electrode; a pair of elements of the pore
resistance (Rpore) and the coating capacitance (Ceoq) in
parallel which relates to the coating defects. Their mag-
nitudes can be extracted from the high-frequency loop on
Nyquist plot. Another pair of elements; the charge
transfer resistance (R.;) and the double-layer capacitance
(Cq) in parallel can be related to the corrosion param-
eters and could be estimated from the low-frequency
loop on Nyquist plot (Ref 13). Constant phase element
(CPE) is commonly used to replace capacitance, because
it hardly has pure capacitance in the real electrochemical
process (Ref 37).

4500
20 days
?E‘ 4000
o -
g 0 7 days
S 3000
]
100000 E 200
¢ Jhrs ‘a 2000 L] 1 day
90000 | |—3 hours (cal) g
4 1day E o0 3 hours
—1day (cal) N
E 80000 | o 7days 1000
— 7 days (cal)
w 700009 | 0 20days 500
g — 20 days (cal)
S 60000 1 28 days _ 0 : : : :
< 28days (cal) 44 days 0 100 2000 3000 o0 5000 6000 7000
© 50000 - 35 days Z real (ohms cm?)
1] ~— 35 days (cal)
£ « 44 days 35 days
o) 400001 | __44days (cal)
E 28 days
= 30000 4
N
20000 -
10000 -
0 T T T T
0 20000 40000 60000 80000
Z real (ohms cm?)

Fig. 4 Experimental and simulated Nyquist spectra of the aluminum coated steels in 3.5 wt.% NaCl solution using equivalent circuit

shown in Fig. 6 and 7 for different exposure times
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By increasing the immersion time more than 20 days,
the style of Nyquist and Bode phase plots was changed
and a straight line appeared at low frequencies instead of
the capacitive loop on Nyquist plot. It has been
reported that the straight line appears due to the Warburg

é

impedance created when the charge transfer is influenced
by a semi-infinite length diffusion process (Ref 36). Under
this condition, the equivalent circuit shown in Fig. 7 is useful
for describing the electrochemical cell (Ref 34-38). Gener-
ally, the accumulation of the corrosion products in the pores
of coatings leads to the appearance of Warburg behavior

ad * 3 hours which causes the mass-transfer reaction (Ref 39, 40).

80 = 2::” (eal) The EIS data were interpreted based on the proposed

" —1 day (cal) equivalent circuits using a suitable fitting procedure elabo-
e L;ﬁ: (cal) rated by Zview program software. Table 3 summarizes the
§ 60 O 20days circuit parameters using the fitting circuits in Fig. 6 and 7 and
S 5 —;g g:ﬁ (cal) simulated spectra were shown in Fig. 4 and 5.
:S_ ”daﬁ (cal) By increasing the immersion time, Rpoe Values in-
o0 4 35days creased. The E,., value was raised to —854 Vgcg after
g % § g:ﬁ (cal) 44 days of immersion, suggesting that pores within the
by —44 days (cal) coating were blocked due to the local accumulation of the
24 corrosion products in the pores, which increased the pore
2 0 resistance called “plugging effect” (Ref 31, 36, 38, 40). On

the other hand, by increasing the immersion time more
0

a0 o I 10 100 1600 10000 100000

log frequency (Hz)
Fig. 5 Experimental and simulated Bode Phase spectra of the

aluminum coated steels in 3.5% NaCl solution using equivalent
circuit shown in Fig. 6 and 7 for different exposure times

Fig. 6 Equivalent circuit for the coated sample after 3 h up to
20 days of immersion

Fig. 7 Equivalent circuit for the coated sample after 20 days up
to 44 days of immersion

than 20 days, Warburg impedance decreased while Rpore
increased up to 44 days. These two phenomena indicate
that penetration of the electrolyte through the pores is
restricted by increasing the immersion time due to the
plugging effect (Ref 38).

Figure 8 shows the SEM micrograph of the cross sec-
tion of the coating after 44 days of immersion. The coating
is still well-adhered to the substrate and only some locally
attacked areas can be observed (see arrows in Fig. 8)
indicating that the penetration of the electrolyte through

Rs CPE-c the coating pores can affect the electrochemical behavior
CPE-d| of the sprayed coatings. Elemental analysis by EDS

showed that the chemical composition of the dark region

Reore M is 81 + 0.9 at.% Al 16 + 0.6 at.% O, and 0.5 + 0.1 at.%

Cl. The dark regions contain oxides which formed during
immersion. The oxide content of the coating increased
during immersion, and was around 30% after 44 days of
immersion. This aluminum oxide phase can act as a seal-
ant for the coating porosity and passive layer to prevent
further corrosion.

3.2.3 Salt Spray Tests. After 1500 h of exposure to

Rs CPE\'C saline mist, the aluminum deposited coating became dar-
7 ker (Fig. 9) due to the oxide film. Red iron corrosion
Rpore W product did not appear in the coating, confirming absence

of steel (substrate) corrosion. A typical SEM cross-sec-
tional micrograph of the Al-coated samples after salt spray
assay is shown in Fig. 10. The corrosion of the specimen
was not severe and was found in particular coating areas.
The EDS analysis traced about 1 at.% chlorine and

Table 3 Electrochemical parameters obtained from the equivalent circuits simulation

pamaInay Jead

Exposed Ecomrs R, CPE-c, Ryores CPE-dl, Rdl, f

time mVgcg Q cm’ pF/cm2 NCPE-¢ Q em? pF/cm2 NCPE-dI Q cm?® u/(cm2 Q %)
3h —1,012 42 128 0.86 2,100 1571 0.71 4,900

1 day -990 5.0 82 0.88 3,339 1499 0.82 5,040

7 days —983 42 71 0.89 5,320 642 0.76 16,800

20 days -970 16.1 57 0.87 8,400 400 0.8 34,300

28 days —880 10.4 28 0.91 9,100 546

35 days —876 17.5 35 0.86 20,300 350

44 days —854 11.2 36 0.85 31,500 322
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Fig. 8 SEM micrograph of the cross section of the coating after
44 days immersion in 3.5% NaCl solution. Arrows show attacked
regions in the coating after immersion

39 at.% oxygen in the dark regions. These regions in the
coating were formed during the corrosion process in the
salt spray chamber.

To further illustrate the effects of barrier or pore
resistance, the coated samples were analyzed by EIS after
the accelerated exposure test. The spectra before and after
exposure are presented in Fig. 11. The results showed that
after 1500 h exposure, impedance values became higher
which confirms that the effect of barrier or pore resistance
could be significantly improved during exposure. This
improvement is attributed to the pore sealing by corrosion
products during exposure which is in a good agreement
with statements reported by Rodriguez et al. (Ref 24).

Figure 12 shows the XRD pattern of the coating after
1500 h exposure. Identification of the peaks revealed that
the phase composition of the surface of the coating is
Al,Oj3, aluminum hydrate, and pure aluminum. The exis-
tence of these oxide and hydrate impedes further pene-
tration of the corrosive elements as they are compact and
highly impervious.

According to the EIS measurements of the coating,
anti-corrosion performance of the anodic coating can be
improved by increasing the exposure time. This is due to
the plugging of defects such as porosities, which are
inherent characteristic of the thermally sprayed coatings
(Ref 31). Plugging of defects occurs by the corrosion
products which suppresses more penetration of the elec-
trolyte into the coating. This could be the main reason for
increasing the impedance values during exposure.

4. Conclusion

1. Thermally sprayed aluminum coatings can reli-
ably protect steel structures against corrosion in

1200—Volume 21(6) December 2012

Fig. 9 Aluminum coating before (a) and after (b) 1500 h salt
spray

chloride-containing aqueous solutions. Twin wire arc
spray provides economical and operational (filed use)
advantages compared with other deposition processes
which can be beneficial for coating complex and large
steel structures.

2. Tafel polarization readings in 3.5% NaCl solution
indicated that the current density of the arc sprayed
aluminum coating is higher than that of the bulk alu-
minum which could be related to the existence of
pores in the thermal spray coating. The electrolyte
penetrated through the interconnected pores and
reached the substrate and the current density of alu-
minum (less noble metal) accelerated due to the gal-
vanic corrosion.

Journal of Thermal Spray Technology



The EIS measurements showed that the penetration of
the electrolyte through the coating defects affect the
electrochemical behavior of the coatings during the
exposure time. By increasing the exposure time, War-
burg impedance observed for the coating indicated that
the corrosion was strongly under diffusion control.

of aluminum coating after 1500 h exposure in a salt spray
chamber

<

which confirm that the corrosion products act as bar-
riers to the electrolyte penetration during exposure to
salt spray. This improvement can be attributed to the
pore sealing by corrosion products such as Al,O3 and
Al(OH); during exposure.

. 25000
The EIS measurements also showed that the coatings -
performance can be improved by increasing the E
. . G 20000 -
exposure time due to the plugging of defects by cor- b
rosion products which hinder higher penetration of E
the electrolyte through the porosities. % 15000 1
The EIS measurement after 1500 h salt spray test 8
showed that the impedance values became higher B 100007
-E- — —=— As-received coating
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100000
L -
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Fig. 10 The backscattered SEM micrograph of the cross section Fig. 11 EIS Nyquist (a) and bode impedance (b) plots of alu-

minum coating before and after 1500 h exposure in a salt spray
chamber

intensity (a.u.)
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Fig. 12 XRD pattern of the aluminum sprayed coating after 1500 h salt spray
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