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Zn-Al coatings were prepared by high-velocity arc spraying process and were sealed by the silicone resin to
improve their corrosion resistance. The corrosion behavior of the unsealed and sealed Zn-Al coatings in the
presence of sulfate-reducing bacteria (SRB) in seawater was evaluated, and the related mechanism was
discussed. The results showed that the charge transfer resistance value of the sealed coating was almost ten
times higher than that of the unsealed coating, and the concentration of element S in the covering layer of
the former was half lower than that of the latter. The corrosion resistance of the coating was apparently
improved by the sealing treatment. The corrosion rate of the coatings first increased and then decreased
during the immersion time of 8 days in the seawater with SRB. The removal of the passive films in the
initial period was attributed to penetration of the corrosion medium into the coating and the dissolution of
the active zones inside the coating. The adhesion of SRB and accumulation of corrosion products on the
coating surface would protect the coating from being further damaged.
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1. Introduction

The problem of corrosion is always accompanied by the rapid
development of themarine industry,which accounts for enormous
economic loss. Recently, much attention has been paid to the
corrosion behavior, mechanism and corresponding protection
methods of the metal constructions. Among different factors
causing the corrosion of marine constructions, microbiologically
induced corrosion is the most representative one that closely
related to safety incidents and economic losses (Ref 1-4). The
sulfate-reducing bacteria (SRB) are ubiquitous microbiology
under anaerobic or low dissolved oxygen concentration condition
in themarine environment (Ref 5-7). Sulfate acts as a final electron
acceptor for the degradation of organism, resulting in the
production of sulfide ions, hydrogen sulfide, and sulfides from
SRB (Ref 8).According to Iverson�s estimation,more than 77%of
the corrosion in the producing oil well in America is induced by
SRB, which renders the related research urgently needed (Ref 9).

Due to low cost and relatively long service life, zinc,
aluminum, or zinc-aluminum alloy coatings by thermal spraying
techniques on the metal constructions are effective ways to
reduce corrosion damage in the marine environments (Ref 10-
12). Arc spraying is a thermal spray process in which an arc is
struck between two consumable electrodes of coating materials,
and the compressed gas is used to atomize and propel the
materials to the substrate. To date, many researches were reported
on the fabrication of Zn-Al alloy coatings and the related

corrosion mechanism in the marine environments (Ref 13-18).
Djerourou et al. (Ref 15) investigated the effects of spray distance
on themicrostructure and corrosion resistance of arc-sprayed Zn-
Al coatings. They found that the coating prepared at spray
distance of 100 mm presented higher hardness, low porosity
fraction, and better corrosion resistance to seawater solution
compared to other prepared coatings. Kroemmer (Ref 16)
demonstrated possible ways of improving the corrosion protec-
tion of arc-sprayed Zn-Al coatings in the course of a 25-week
cyclic aging test as defined in ISO 20340. Kim and Lee (Ref 18)
carried out cyclic corrosion tests of arc-sprayed Zn-Al coatings to
evaluate their marine corrosion behavior. They showed that the
formation of corrosion products such as ZnO and Zn5(OH)8Cl2Æ-
H2Owas observed while oxidation of carbon steel substrates was
effectively prevented due to the sacrificial anode effect. Previous
investigations mainly considered the influence of Cl� on the
corrosion behavior of arc-sprayed Zn-Al coatings in seawater.
However, what is the role that microorganism plays in corrosion
process of the coatings is still not clear. In particular, SRB as a
ubiquitous microbiology in seawater can cause serious corrosion
failure of the coating besidesCl� due to the effect of themicrobial
activity.

In the present work, the effects of SRB on the corrosion
behavior of arc-sprayed Zn-Al coatings in seawater were
studied by using open circuit potential (OCP), electrochemical
impedance spectroscopy (EIS), potentiodynamic polarization
curves, scanning electron microscopy (SEM), and energy
dispersive spectroscopy (EDS). The failure mechanism of the
coatings was discussed, and the possible methods to improve
their corrosion resistance were proposed.

2. Experimental

2.1 Specimen Preparation

The Q235 steel substrate was cut to produce 10 mm9 10
mm9 5 mm specimens. Its nominal components are listed in
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Table 1. Zn-Al wire, containing 85% Zn and 15% Al (mass
fraction) and 3 mm in diameter, was selected as the spraying
material wire. Prior to spraying, all the surfaces of steel
substrate were cleaned in acetone and then sandblasted using
corundum powder. A CD-500 arc spraying system was used to
deposit the coatings with the parameters of spray voltage as
32 V, spray current as 100 A, spray distance as 200 mm, and air
pressure as 0.65 MPa. The total thickness of the coatings was
controlled by the number of passes of the spray gun. The
coatings were built up to a thickness of 160± 20 lm. After the
coating process, a group of specimens were sealed in a mold of
silicone resin.

2.2 The Culture of SRB and Test Medium

The SRB was obtained from muddy sediment in Jiaozhou
Bay of Qingdao. Fresh marine sediment was added into a sterile
modified Postgate�s C (PGC) medium to enrich anaerobic
bacteria. The bacteria were subsequently purified in sterile agar
plates by picking up several single colonies with a sterile
inoculation loop. The procedure was repeated until the colonies
of single SRB strain were formed on the solid PGC medium.
The modified Postgate�s C culture solution contained 0.5 g
KH2PO4, 1 g NH4Cl, 0.06 g CaCl2Æ6H2O, 0.06 g MgSO4Æ7-
H2O, 6 mL 70% sodium lactate, 1 g yeast extract, and 0.3 g
sodium citrate in 1 L seawater from Qingdao offshore area. The
pH value was adjusted to 7.0 using the appropriate amount of
sodium hydroxide before the medium was autoclaved at 121 �C
for 20 min.

2.3 Electrochemical Tests

Before tests, working electrode, counter electrode, rubber
stoppers, and salt bridge were degreased with ethanol using an
ultrasonic bath followed by exposure to a UV lamp for 20 min.
All electrochemical experiments were performed at 30 �C.

All the electrochemical tests were carried out using the
Solartron SI1287 electrochemical interface and SI1260 im-
pedance/gain phase analyzer control systems. The electrodes
used were as follows: a working electrode, a Ruthenium-
titanium counter electrode, and a silver/silver chloride (Ag/
AgCl, 3 M KCl) reference electrode (CH Instruments, Inc.).
The EIS data were measured at OCP with sine wave voltages
(10 mV) peak to peak in a frequency range of 100 kHz to
10 mHz. The experimental data were interpreted on the basis of
equivalent analogs using the software ZsimpWin3.21 to obtain
the fitting parameters. The potentiodynamic polarization curves
were carried out from �400 to 400 mV versus OCP with a
fixed sweep rate of 0.5 mV s�1. Each test was repeated at least
thrice to make sure a good repeatability of the experiment
result.

2.4 Surface Analysis

The samples were immersed for 2 h in a 5% glutaraldehyde
solution in order to fix the bacteria on their surface, and then
they were sequentially dehydrated through a graded series of

ethanol solutions (15 min each): 50, 75, and 100%. The
microstructures of the samples were characterized by scanning
electron microscopy (SEM) and electron dispersive spec-
troscopy (EDS) analysis, respectively.

3. Results and Discussion

3.1 Coating Microstructure

Arc-sprayed coatings were built up by splat with particles
impacting on those already solidified during the spraying
process, which had a highly anisotropic and layered structure
with a certain amount of micro-cracks and pores. The structural
defects would be preferential corrosion initiation sites, provid-
ing diffusion channels for electrolytes from the outer surface to
the interior and deteriorating the corrosion resistance of the
coating. Therefore, it is necessary to conduct sealing treatment
for arc-sprayed coatings in practical applications. In this
experiment, the silicone resin was used as sealing agent due
to its superior flowability and permeability.

Figure 1(a) and (b) shows the surface morphologies of the
coating before and after sealing, respectively. It can be seen that
roughness and porosity of the coating were greatly reduced
after sealing. In addition, open cracks and pores in the coating
were filled with silicone resin, leading to the improvement of
surface quality and the reduction in the initiation sites of
corrosion damage. This would improve the corrosion resistance
of the coating.

3.2 Open Circuit Potential

Figure 2 shows the Eocp obtained for both unsealed and
sealed Zn-Al coating versus immersion time in SRB culture
solution during a growth cycle. Under the unsealed condition,
the Eocp shifted in a direction from �994 to �1022 mV during
first 24 h. The fall of the potential could be attributed to the
corrosion medium (Cl� and metabolites of the SRB, including
S2�, H2S, organic acids, etc.) penetrated into the coating, which
caused the dissolution of the active zones inside the coating
(Ref 19, 20). After 24 h, the Eocp shifted slowly in a positive
direction from �1022 to �983 mV. This can be due to (a) the
corrosion products, such as zinc sulfide, plugged the pore in the
coating, (b) the adhesion of SRB and the accumulation of
corrosion products on the coating surface hindered the corro-
sion medium into the coating (Ref 21, 22). Under the sealed
condition, the Eocp shifted in a positive direction from �985 to
�948 mV during first 48 h. It can be due to the adsorption of
the SRB and corrosion products on the sealed coating surface
(Ref 22). After 48 h, the Eocp reached an almost constant value
of �945 mV, which indicated the kinetics of electrochemical
processes of the sample surface was relatively stable. In
addition, the Eocp value of sealed Zn-Al coating was always
higher than that of unsealed one during the whole experiment
processes, which meant that unsealed Zn-Al coating had more
greatly corrosion tendency than that of sealed Zn-Al coating.

Table 1 Chemical composition of the Q235 steel substrate

Element C Si Mn P S Fe

Weight percent (wt.%) 0.14 to 0.22 £ 0.35 £ 0.14 £ 0.045 £ 0.05 Balance
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3.3 Electrochemical Impedance Spectroscopy

Figure 3 shows the Nyquist plots of unsealed (a) and sealed
(b) Zn-Al coatings after immersion for 1-15 days in seawater
with SRB. The results of EIS were analyzed using ZsimpWin
software; the quality of the fit to the equivalent circuit was
based on the sum of the square of the differences between the
experimental data and the fitting results. Moreover, the average
variance v2 value reached the level of 10�3 (Ref 23). The
equivalent circuits describing the electrochemical reaction for
unsealed and sealed Zn-Al coatings are shown in Fig. 4.

According to the characteristic of Nyquist plots of unsealed
Zn-Al coating after immersion for 1 day and sealed Zn-Al coating
after immersion for 1 to 15 days, the equivalent circuit of two time
constants (Fig. 4(a)) was used to fit the EIS data. A constant phase
element (CPE) is commonly used to replace capacitance, because
it has hardly a pure capacitance in a real electrochemical process
(Ref 24). The presence of CPE can be interpreted by dispersion
effects that attributed to the surface roughness of the sample. The

Fig. 1 The surface morphology of Zn-Al coatings: (a) unsealed (b) sealed

Fig. 2 Time dependence of Eocp for Zn-Al coatings under unsealed
and sealed conditions in seawater with SRB

Fig. 3 The impedance plots of Zn-Al coatings under unsealed (a) and sealed (b) conditions in seawater with SRB
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CPE impedance is described as ZCPE = Yo(jw)
�n (0< n <1),

where n is an empirical exponent, the value of n can reflect the
degree of heterogeneities on the sample surface (Ref 20). In this
case, Rs, Rp, Rct, CPE�c, and CPE�ct represent the solution
resistance, the resistance of pores, the charge transfer resistance of
the coating/substrate interface, the capacitance of the coating, and
the capacitance of the double layer, respectively. A pair of
elements in parallel, namely CPE�c and Rp, represents the
dielectric properties of the coating. Another pair of CPE�ct andRct

in parallel is adopted to describe the electrochemical reaction
process at the coating/substrate interface.

Increasing the immersion time from 2 to 15 days, the style
of the Nyquist plots of unsealed Zn-Al coating was changed. A
straight line appeared at low frequency, suggesting that
Warburg impedance occurred when mass-transfer reaction
was influenced by the accumulation of the corrosion products
in the pore (Ref 25). The equivalent circuit in Fig. 4(b) was
used to fit the Nyquist plots of unsealed Zn-Al coating after
immersion for 2 to 15 days, which consisted of an additional
element Warburg impedance (Zw) compared to the equivalent
circuit in Fig. 4(a), a parameter containing diffusion coefficient
and characteristic of stagnant layer.

Fig. 4 Equivalent circuit for Zn-Al coatings under unsealed (a, b) and sealed (a) conditions in seawater with SRB

Table 2 Parameters of EIS for the unsealed Zn-Al coatings in SRB solution after immersion for different times

Time, days Rs, X cm2 CPE2c, F cm22 n1 Rp, X cm2 CPE2ct, F cm22 n2 Rct, X cm2 Zw

1 14.9 4.459 10�5 0.667 1.549 102 4.199 10�4 0.793 1.689 103

2 13.2 2.939 10�4 0.839 1.109 102 6.169 10�5 1.00 2.239 102 0.0256
5 15.7 3.279 10�4 0.629 1.989 102 5.829 10�5 0.809 7.939 102 0.0170
11 18.5 3.459 10�4 0.458 2.789 102 3.159 10�5 0.739 1.189 103 0.0246
15 29.6 2.129 10�4 0.685 2.879 102 1.039 10�5 0.689 1.919103 0.0252

Table 3 Parameters of EIS for the sealed Zn-Al coatings in SRB solution after immersion for different times

Time, days Rs, X cm2 CPE2c, F cm22 n1 Rp, X cm2 CPE2ct, F cm22 n2 Rct, X cm2

1 28.5 1.859 10�5 0.418 2.199 103 3.329 10�4 0.584 1.239 104

2 19.4 1.61910�4 0.371 1.399 103 1.249 10�4 0.660 1.159 104

5 25.7 1.509 10�4 0.342 1.259 103 7.789 10�5 0.691 1.079 104

11 23.4 1.159 10�4 0.341 1.689 103 3.449 10�5 0.727 1.259 104

15 32.5 7.399 10�5 0.358 2.339 103 2.599 10�5 0.803 1.399 104

Fig. 5 Potentiodynamic polarization curves of Zn-Al coatings under unsealed (a) and sealed (b) conditions in seawater with SRB
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To compare the corrosion resistance of Zn-Al coatings with
andwithout sealing, typical electrochemical corrosion parameters
extracted from thefitting equivalent circuit for unsealed and sealed
Zn-Al coatings are listed inTables 2 and3, respectively.As shown
in Table 2, the Rp and Rct values of unsealed Zn-Al coatings
decreased during the first 2 days, which was attributed to
penetration of the corrosion medium (Cl� and the metabolites of
SRB, including S2�, H2S, organic acids, etc.) into the coating
continuously through the pore and microcracks and the dissolu-
tion of the active zones inside the coating (Ref 26). TheRp andRct

values increasedwith increasing the immersion to 15 days. This is
because the ionmass transfer via the coating defectswas restricted
(Ref 27). The galvanic pairwas formed between the steel substrate
and coating, which was probably due to the coating was nobler
than the steel substrate. When corrosion attack occurred prefer-
entially in the coating, the formation of the corrosion products in
the permeable channels could not be completely transferred and
diffused into solution, and some of the corrosionproducts plugged

the channels, which was called ‘‘plugging effect’’ (Ref 28).
Meanwhile, the adhesion of SRB and the accumulation of
corrosion products on the coating surface would hinder the
penetration of the corrosion medium into the coating.

The Rp and Rct values of sealed Zn-Al coatings show a
similar trend (as can be seen in Table 3). The Rp and Rct values
decreased during the first 5 days, indicating that the localized
corrosion occurred on the sealed coating surface due to the
heterogeneity after sealing. Then the values increased with
increasing the immersion to 15 days. This could also be
attributed to the adhesion of SRB and the accumulation of
corrosion products on the coating surface.

Comparing the Rct values in Tables 2 and 3, it can be seen
that the corrosion resistance of the sealing Zn-Al coating was
much larger than that of the unsealed Zn-Al coating. It may be
suggested that the sealants prevented the corrosion medium
from penetrating into the coating and reduced the corrosion rate
after appropriate sealing treatment.

Table 4 Analysis parameters of potentiodynamic polarization curve of unsealed and sealed Zn-Al coatings in seawater
with SRB

Time, days

Ecorr, V icorr, A cm22

Unsealed Sealed Unsealed Sealed

1 �1.08 �0.997 6.409 10�6 3.31910�6

3 �1.12 �1.05 2.739 10�5 5.929 10�6

5 �1.17 �1.05 1.659 10�5 4.039 10�6

8 �1.14 �1.04 1.089 10�5 3.699 10�6

Fig. 6 SEM and EDS analysis for Zn-Al coatings under unsealed (a) and sealed (b) conditions in seawater with SRB
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3.4 Tafel Polarization Tests

The potentiodynamic polarization curves of unsealed and
sealed Zn-Al coatings in SRB solution at static condition for
different times are shown in Fig. 5(a) and (b), respectively. The
corrosion potential (Ecorr) and corrosion current density (icorr)
extracted from the curves are shown in Table 4.

As shown in Table 4, the icorr of the unsealed and sealed
coatings both increased to the maximum values after immersion
for 3 days, and then decreased continuously with increasing the
immersion to 8 days. This could be attributed to the combined
effects of Cl� and the metabolites of SRB. The removal of the
passive films in the initial period by the corrosion medium
would accelerate the corrosion process. However, the adhesion
of SRB and accumulation of corrosion products on the coating
surface protected the coating from being further damaged.
Thus, the corrosion rate of the coatings first increased and then
decreased during the immersion time of 8 days in the seawater
with SRB.

The icorr of the sealed Zn-Al coating was lower than that of the
unsealed Zn-Al coating, suggesting that the sealing treatment
decreased the corrosion rate and thus enhanced the corrosion
resistance of the Zn-Al coating apparently by reducing the
porosity inside the coating and retarding the penetration of the
corrosion medium into the Zn-Al coating (Ref 29).

3.5 Surface Analysis

Figure 6 shows the SEMandEDS analysis of unsealed (a) and
sealed (b) Zn-Al coatings in SRB solution after immersion for
15 days. A covering layer which was constituted by the SRB and
corrosion products can be seen on the unsealed Zn-Al coating
surface in Fig. 6(a). While in Fig. 6(b), a large amount of SRB
was attached on the sealed Zn-Al coating surface. Moreover,
some floccules were found among the SRB biofilms, which were
supposed to be corrosion products by the interaction between the
coating and the metabolites of SRB. It can be seen from Fig. 6
that the covering layer on the sealed Zn-Al coating surface was
more homogeneous than that of unsealed Zn-Al coating, while
the structure of the covering layer on the sealed Zn-Al coating
surface was more loose. The EDS analysis of both point A and B
indicated that the covering layer of the coating immersed in SRB
solution was composed of C, O, Zn, P, and S. However, the Al
element was not detected due to its low content. It is considered
that the main component of the corrosion products was ZnS.
Comparing the elements concentration of both point A and B, it
can be seen that the concentration of S and Zn in the covering
layer under the sealed condition was smaller than that under
unsealed condition, suggesting that the corrosion level under
unsealed condition was more severe than that under sealed
condition. It demonstrated that the surface analysis was consis-
tent with the results of electrochemical tests.

4. Conclusions

(1) In the early stage of immersion process, the sulfate-
reducing bacteria (SRB) caused the corrosion of arc-sprayed
Zn-Al coatings mainly by the metabolites. In the middle and
later stages of immersion process, the production dissolved
from the coating in the corrosive medium reacted with S-
containing metabolism of SRB, and thus generated corrosion
product of ZnS to plug the pores in the coating.

(2) The pores in the coating had a significant effect on the
corrosion resistance, i.e., the larger was the porosity, the worse was
the corrosion resistance. Sealing treatment can significantly improve
the ability of the coating to resist the corrosive attack by seawater.

(3) In seawater with SRB, corrosion protection of the steel
substrate by arc-sprayed Zn-Al coating mainly depended on
cathodic protection and sealing effect of corrosion products.
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