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Electrochemical Corrosion Behavior of Arc Sprayed

Zn and Znl5Al Coatings in Simulated Salina
Soil and Neutral Meadow Soil Solutions
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Abstract: Arc sprayed Zn and Znl15Al coatings were chosen to protect the metal ends of prestressed
high-strength concrete (PHC) pipe piles against corrosion of salina soil in northern china and neutral meadow
soil in northeast China. The corrosion behavior of the coated Q235 steel samples in two simulated soil solutions
were investigated by potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) methods.
The experimental results show that the corrosion of the matrix Q235 steel in both simulated solutions is
remarkably inhibited by Zn and Zn15Al coatings. The corrosion products on Zn and Zn15Al are thick, compact,
firm and protective. The corrosion current density i of both Zn and Znl5Al-coated samples is decreased

evidently with corrosion time, and the charge transfer resistance R is increased greatly. The corrosion resistance
indexes of Zn and Zn15Al in simulated neutral meadow soil solution are more outstanding than those in salina
soil. The corrosion resistance of Zn15Al in salina soil is slightly superior to that of Zn. When the sprayed coatings
are sealed with epoxy resin, the corrosion resistance of the coatings is further enhanced markedly.
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1 Introduction

PHC pipe piles are increasingly to be used in
some aggressive areas of Northern and Northeast
China, which have been originated and widely used
in Southern China. With the demanding durability
requirements about the engineering structures!”, the
durability of PHC pipe piles should be clarified as the
anticorrosion behavior of the pile body and the metal
ends. The durability of the concrete pile body has
been investigated and the improved measures were
put forward”. However, there are few attentions being
paid to the corrosion behavior of the metal ends. The
metal ends of PHC pipe piles consist of apron, end
plate and steel bar, which the materials are different.
In corrosive soil, various corrosion such as chemical,
electrochemical and galvanic corrosion will occur™.
Lin et al has found that the corrosion resistance of
the steel bar is inferior to that of the end plate; the
corrosion resistance grade of the steel bar in saline soil
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is poor; and steel bar is anodic and end plate is cathodic
when they were coupled in soils. The durability of PHC
pipe piles would be impaired, and the safety of the
engineering structures might thus be affected.

Arc sprayed metal coatings have been widely
applied to the corrosion protection of the metal
structures!”""). Zinc, aluminum and zinc-aluminum
alloy coatings can be acted as both physical barriers
and sacrificial anodes, and the corrosion products are
protective. Recent reports about the corrosion behavior
of the sprayed metal coatings in marine environment
could be found"*"'”, but that in aggressive soils is
scarcely'®.

The soils in northern and northeast china are
characterized separately as salina and neutral meadow
soil. In this paper, arc sprayed Zn and Zn15Al coatings
were used to protect the metal ends of PHC pipe piles
against the corrosion of these two soils. The corrosion
behavior of the coated Q235 steel in simulated soil
solutions was studied.

2 Experimental

The matrix material was cold-rolled Q235 steel.
Zn and Znl5Al wires (¢ 2 mm) were as the sprayed
material. The purity of Zn is 99.99wt%. Zn15Al alloy
contains 15wt% Al and balanced Zn.

The arc spraying parameters are as follows: spray
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voltage 28 V, spray current 200 A, spray distance 200
mm and air pressure 0.65 MPa. The thickness of the
sprayed coatings is about 160 um.

The simulated solutions of salina soil in northern
China and neutral meadow soil in northeast china were
prepared on the basis of the physicochemical properties
of salina soil in “Code for Investigation of Geotechnical
Engineering (GB50021-2008)” and neutral meadow
soil in shenyang national soil corrosion test station,
respectively. The chemical composition and pH value
of them are listed in Table 1.

Table 1 Chemical compositions and pH values of two
simulated soil solutions

Soil type Chemical compositions/(g * L™) H
NaCl  NaSO, NaHCO, '

Salina 1.810 17.74 - 8.6

Neutral meadow 0.028 0.190 0.110 7.4

Potentiodynamic polarization and EIS
measurements were carried out using electrochemical
workstation (Model: CS360) with a conventional three-
electrode cell system. A Saturated Calomel Electrode
(SCE) was used as a reference electrode, and a
platinum electrode was served as an auxiliary electrode.
The exposed area of the working electrode was 1.0
cm’. The scan rate for polarization was 1 mV/s. EIS
measurements were performed at corrosion potential in
a frequency range between 100 kHz and 0.01 Hz with a
potential sine signal of 10 mV. The EIS diagrams were
analyzed and fitted usinga Zview software.

The sample coated with pure Zn was denoted as
Zn, and that with Zn15A1 was denoted as Zn15Al.

3 Results and Discussion

3.1 Potentiodynamic polarization analysis

Only white rusts were observed when Zn and
Zn15A1 were immersed in simulated solutions of
salina soil and neutral meadow soil for 200 days.The
corrosion products are not flaked off after intense
vibration in solution. And the exposed surface of the
coatings is insulated to the external conducting wire
which was welded on back of the sample and sealed by
epoxy resin. The corrosion products on Zn and Zn15Al
are thick, firm and insulated, which thus can effectively
inhibit the corrosion of the matrix Q235 steel.
or
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Fig.1 Polarization curves of Zn and Zn15Al
in two simulated solutions

Fig.1 shows the polarization curves of Zn and
Zn15A1 immersed in two simulated soil solutions,

and the corresponding corrosion potential £, and
Table2 E_  andi_,, of Zn and Znl5Al immersed in two simulated soil solutions
Salina soil Neutral meadow soil
Sample » Sample N
E./(mVvs SCE) L, /(A *+ cm™) E./(mVvs SCE) L. /(uA = cm™)
Zn -1257.5 23.1 Zn -1199.2 2.33
Znl5Al -1351.4 14.6 Znl5Al -1235.7 2.43
Table3 E . andi,, of Znand Znl5Al immersed in two simulated soil solutions for different time
Salina soil Neutral meadow soil
Sample ) R Sample . R
Time E../(mVvs SCE) I, /(UA *cm™) Time E../(mVvs SCE) [ /(uA*cm™)
30 min -1257.5 23.1 30 min -1199.2 2.33
30d -1086.5 5.09 30d -936.0 1.06
Zn 50d - - Zn 50d -774.6 0.38
70d -1061.6 0.46 70d -855.6 0.12
155d -1013.8 0.87 155d -664.4 0.10
30 min -1351.4 14.6 30 min -1235.7 2.43
30d -1073.6 3.99 30d -958.1 2.30
Znl5A1 50d -1065.8 1.14 Znl15Al 50d -930.9 0.87
70d -1064.8 0.82 70d -925.9 0.15
155d -1088.5 1.08 155d -754.5 0.13
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corrosion current density i, are listed in Table 2.

As shown in Fig.1, the polarization curves of Zn
and Zn15Al in two simulated soil solutions is similar.
The cathodic process is controlled by activation
polarization, but the cathodic branch of Zn15Al is at
the left side of Zn. The change of the anodic process
is as following: a passivation region near E_, a quick
increase of i with E, another passivation region when
E is higher than about —800 mV. The first passivation
region in salina soil is larger than that in neutral
meadow soil, and that of Zn15Al is slightly greater than
that of Zn in the same solution. Compared with Zn, the
anodic branch of Zn15Al in salina soil is appreciably
left-shifted, while in neutral meadow soil it is slightly
right-shifted.

In Table 2, E,,. of Zn and Zn15Al in salina soil is
more negative than that in neutral meadow soil. This
may be due to that E_, is related to ionic activity and
pH of solution"”. And i_,, of Zn and Zn15Al in neutral
meadow soil is quite smaller than that in salina soil.

Table 3 shows E,, and i, of Zn and Zn15Al
immersed in two simulated solutions for different
time. With an increase in corrosion time, E, . and i,
of Zn and Zn15Al are increased differently, i, of
them at 155 days is more than one order of magnitude
smaller than that at 30 min, due to the protective
corrosion products. i, of them in neutral meadow soil
is markedly smaller than that in salina soil, which can
be attributed to the fewer content of the corrosive ions
of chloride and sulfate in the former soil. i, of Zn
in neutral meadow soil is slightly smaller than that of
Znl15Al. In salina soil, i, of Zn in the initial corrosion
stage is larger than that of Zn15Al, but in the middle
and later corrosion periods the former is appreciably
smaller than that of Zn15Al.

3.2 EIS analysis

Fig.2 shows the Nyquist diagrams of Zn and
Zn15Al immersed in simulated salina soil solution
for different time (The change law of them in neutral
meadow soil solution is similar). Prolonging the
corrosion time, the size of the impedance diagrams
is increased greatly, indicating a large increase of the
impedance value of Zn and Zn15Al

As shown in Fig.2, these EIS diagrams
are composed of two time constants which are
corresponding to high frequency capacitive loop
(HFCL) and low frequency capacitive loop (LFCL).
In the case of a shorter corrosion time, HFCL can be
attributed to the capacitance and the pore resistance
of the arc sprayed coatings. For a longer time, HFCL
can be ascribed to the capacitance and the resistance
of the corrosion products. LFCL can be attributed
to the capacitance of the electric double layer of the
solution/substrate interface and the charger transfer
resistance!'*'",

The EIS diagrams in Fig.2 can be described by
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Fig.2 Nyquist diagrams of Zn and Zn15A1
immersed in simulated salina soil
solution for different time

Fig.3. R, is the solution resistance, CPEr is the HFCL
capacitance and R, is the pore resistance; CPEdI is the
LFCL capacitance of the electric double layer and R, is
the charge transfer resistance.

Comparing with the pure capacitance, the
frequency response characteristics of the capacitance
in practical electrochemical system is deviated which
is manifested as the depression of the semicircle in
Nyquist diagram "**") And a constant-phase element
of CPE is used to characterize the practical capacitance
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Fig.4 Comparison of the experimental and fitted curves

of the electric double layer. CPE has an impedance
dispersion relation of O=1/Y,(jw)", where, n can be
expressed as n=1—20/180 , a is the depression angle
of the semicircle. If n=1, 0 or —1, CPE represents a
capacitance (C), a resistance (R) or an inductance
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(L), respectively. When 0<n<1, CPE is denoted as
the dispersion effect of the capacitance of the electric
double layer.

Fig.4 shows the experimental and fitted curves
of Zn and Zn15Al immersion in simulated salina
soil solution for 165 days. It is found that the fitted
curves follow well with the experimental curves, and
the fitting error is less than 10%. Thus the proposed
equivalent circuit model is feasible.

Table 4 lists the EIS fitted parameters of Y-
CPEdI, n-CPEdl and R, at LFCL of Zn and Znl15Al.
n-CPEdl is in the range of 0< n-CPEdI <1. Benedetti
et al®™ found that the smoother and more clear the
electrode surface is, the larger the n value is. The
surface of the sprayed coatings is coarse'™'”, and the
species and quantity of the corrosion products adsorbed
on the micro-regions of the electric double layer are
different.

As shown in Table 4, Y,-CPEdI of both Zn and
Znl15Al in salina soil and Zn15Al in neutral meadow
is increased with corrosion time from 30 min to 2
days but decreases gradually for a longer corrosion.
Because the capacitance value is proportional to
the dielectric constant and the surface area, and it is
inverse proportional to the distance of the two layers
] 'When the surface of the sprayed coatings is covered
with the corrosion products, the dielectric constant
will be decreased ""”. The more compact the corrosion
products’ layer is, the smaller the surface area of the
capacitance is. The thicker the layer of the corrosion
products is, the longer the distance of the two layers
is. The increase of Y,-CPEdI in the initial stage of
corrosion may be due to the quicker dissolution of Zn
or Zn15Al than the formation of the corrosion products.
The decrease of Y,-CPEdI value can be attributed to
the slower dissolution of the coatings, and the gradual
formation, the stable existence, the densification and

Table4 EIS parameters of Y, —CPEdl, n,—~CPEdl and R, of Zn and Zn15A] immersed in two simulated

soil solutions for different time

Salina soil Neutral meadow soil
Sample Corrosion  Y,-CPEdl  4-CPEdl R, Sample  Corrosion Y,-CPEdl  »-CPEdI R,
time /(Q'ecmTes™) /(Q * cm’) time /(Q e em™” e s™) /(Q * cm®)

30 min 5.864X107" 0.783 700 30 min 4.059X10™"  0.576 1529

2d 15.01x107" 0.514 489 2d 1.214%X107" 0.453 3651

10d 5.046X107" 0.473 1492 10d 0.3982X10™"  0.313 55977

20d 3.591X107" 0.349 2826 20d 0.2439X107™"  0.275 87880

Zn 30d 1.967X107" 0.489 10068 Zn 30d 0.1861X10™" 0.293 97617
50d T - - 50d 0.1410X107°  0.322 188170
70d 2.354X10 ~ 0.289 16560 70 d 0.1169X10™"  0.316 240050
120d  2.529X10 = 0.309 25322 120d 0.1212X107"* 0314 277590
165d  2.558X10 0.219 22660 165d 0.09192X10™ 0.332 331500

30 min 2.629%X10~" 0.655 842 30 min 1.000X10™"  0.697 1962

2d 3.765X107" 0.636 844 2d 1.514X10™"  0.592 2555

10d 3.496%X10* 0.537 1260 10d 0.8172X10™"  0.556 4921

20d 1.976X10°* 0.550 1861 20d 0.6125X10™"  0.534 12056

Znl15Al1 30d 1.608X107" 0.534 2979 Znl15Al 30d 0.4473X107"  0.520 19380
50d 1.180%x107" 0.536 12861 50d 0.3629X10™"  0.485 57852

70d 1.050X 107" 0.534 29458 70d 0.2815X107"  0.487 96374
120d 1.039X107" 0.538 38157 120d 0.2365X10™"  0.505 126040
165d 1.036X107" 0.492 56779 165d 0.1834X107"  0.546 169030
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the thickening of the corrosion products.

R, of Zn and Zn15Al in two simulated solutions
is markedly increased with corrosion time, as shown
in Table 4. R, represents the resistance of the charge
transfer. The thicker and more compact the corrosion
products are, the more difficult the charge transfer is.

As shown in Table 4, Y,-CPEdIl of Zn and
Znl15Al in neutral meadow soil is very smaller than
that in salina soil, and R, in neutral meadow soil is
significantly larger than that in salina soil. n-CPEdIl of
Zn in two simulated solutions is smaller than that of
Zn15Al. In the middle and later stages of corrosion,
the corrosion resistance indexes of Znl15Al in salina
soil are more outstanding than those of Zn, while
in neutral meadow soil the former is worse than the
latter. This is in good agreement with the result of the
potentiodynamic polarization.

4 Conclusion

The corrosion of the matrix Q235 steel in
simulated solutions of salina soil in Northern China and
neutral meadow soil in Northeast China is effectively
inhibited by arc sprayed Zn and Zn15Al coatings. With
an increase in corrosion time, ., is decreased greatly,
and R, is increased. In the later corrosion stage, i, is
reduced for more than one order of magnitude, and R,
is increased for about one to two orders of magnitude.
The corrosion resistance indexes of Zn and Zn15Al
in simulated neutral meadow soil solution are more
outstanding than those in simulated salina soil solution.
The corrosion resistance of Zn15Al in simulated salina
soil solution is appreciably better than those of Zn,
while in simulated neutral meadow soil solution that of
Zn is slightly superior to that of Zn15Al.
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