
INTRODUCTION

Iron and steel of buried pipe lines in maritime structures
are exposed at a severe corrosion. To avoid this problem,
cathodic protection with sacrificial anodes is generally used,
in order to shift corrosion potential of the materials towards
cathodic values and make them cathodically protected. Zinc
remains the most widely adopted anode materiel for cathodic
protection in the conductive environments1-4, despite the
existence of other metals such as aluminium and magnesium.
It should be noted that these metals are well known for their
application in high resistivity environments (underground pipe-
lines)5. The zinc is used in the oil industry for protecting steel
storage tanks from corrosion as well as in the protection of
structures buried in the soil. It is also used as hot-dip coatings
to protect iron and steel against corrosion.

It is well known that on the surface of zinc, in contact
with aqueous solution or in atmospheric exposure, a thin layer
of zinc oxide and hydroxide develops6,7. This is why the repro-
ducibility of zinc electrochemical measurements (corrosion
potential and corrosion current) depends on the preparation
of the zinc surface8 and on the experimental conditions (pH of
the solution, oxygen concentration, hydrodynamics, etc.).

In this study, we have compared the corrosion behaviour
of pure Zn and Zn-xAl (x = 0.2, 0.4, 0.6 and 0.8 wt %) alloys
immersed in 0.5M NaCl aerated aqueous solution at 25 ºC in
order to find the optimal composition of Al which deactivates
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The effect of aluminium in small additions (0.2, 0.4, 0.6 and 0.8 wt %) as alloying element on the corrosion behaviour of pure zinc as
sacrificial anode was investigated in an aerated 0.5M NaCl solution. The electrochemical studies of the rotating zinc disc and zinc-
aluminium electrodes were performed by means of the following electrochemical methods i.e., linear polarization resistance, potentiodynamic
polarization, electrochemical impedance spectroscopy (EIS) and Evans diagrams. All the results showed a decrease in the corrosion
current density value with increasing the percentage of Al in Zn indicating that there is an improvement of the alloys corrosion resistance
with respect to the pure zinc. Besides, the highest Al composition (0.8 wt % in Al) deactivates the sacrificial zinc anode without passivates
it.
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the Zn electrode without passivates it. The comparative electro-
chemical tests were performed using electrochemical impedance
spectroscopy (EIS), linear polarization resistance, the potentio-
dynamic polarization and the Evans diagrams.

EXPERIMENTAL

Electrode preparation: The Zn-Al alloys with different
percentages of Al (0.2, 0.4, 0.6 and 0.8 wt %) were elaborated
from Zn (Aldrich, 99.99 % purity) and Al (Aldrich, 99.99 %
purity) which were melted in an induction furnace (CELES)
under controlled argon atmosphere. The working electrodes
were pure Zn and Zn-Al alloys disc of 5 mm diameter mounted
on a rotating disc electrode (RDE) system. The rotation speed
of the disc was set at 500 revolutions per minute (rpm) in order
to control the diffusion rate of dissolved oxygen. The electrode
was mechanically polished with wet abrasive paper of increas-
ingly finer grit up to 1200 mesh, rinsed with acetone then with
distilled water. After that, it was immediately transferred into
the test solution.

Electrochemical cell and electrolyte: The experimental
piece of equipment to draw the curves was traditional device
with three electrodes. A working electrode (Zn, Zn-Al alloys),
a saturated calomel electrode was used as a reference elec-
trode (Hg/Hg2Cl2/Cl–) and a platinum plaque (5 mm × 5 mm)
was used as a counter-electrode. A cell with double wall in
order to maintain at 25 ºC was used. The corrosive solution



(0.5M NaCl) was prepared from NaCl (Prolabo) and distilled
water.

Experimental techniques: The current-potential and
impedance response of RDE were recorded with a Potentio-
stat-Galvanostat type PGP201 and PGZ301 (Voltalab
Radiometer Analytical) piloted by Volta Master 4 Software.
The potentiodynamic polarization curves were recorded by
changing the electrode potential automatically from cathodic
to anodic potential with a scan rate of 1 mV/s. Linear polari-
zation (Rp) measurements were carried out by applying an
over-voltage of ± 20 mV at Ecorr with scan rate of 0.1 mV/s.
The EIS response of the samples was recorded in the range of
100-100 mHz, at free potential. The anode-carbon steel cou-
pling in 3 % NaCl solution by the Evans method was studied
with the surface ratio 1/2.5. All these techniques were conducted
after maintaining the working electrode at its free potential
for 20 min, until the steady state was obtained.

X-Ray diffractometer (Panalytical XPert PRO MPD) was
used to identify the various phases using a cobalt anode (λ =
1,789 Å). The surface states were observed with a scanning
electronic microscope (SEM), LEO S440, coupled with an
energy dispersive X-ray EDX analysis system.

RESULTS AND DISCUSSION

Characterization of the surface samples: XRD patterns
of Zn and Zn-xAl alloys (x = 0.2, 0.4, 0.6 and 0.8 wt %) are
presented on the Fig. 1. While comparing between the various
spectra, there is a broadening of the peaks and a variation of
their intensities according to the increase in the percentage of
aluminium.

40 60 80 100 120

0

10000

20000

30000

40000

50000

60000

70000

80000

 

 

In
te

ns
it

y 
(a

. u
)

2 Theta (°)

Pure Zn[0
0
2
]

[1
0

0
]

[1
0

1
]

[1
0
2

]

[1
0
3

] [1
1
0

]

[0
0
4

] [1
1
2

]

[2
0
0

]

[2
0

1
]

[1
0
4
]

[2
0

2
]

 

40 50 60 70 80 90 100 110 120

0

10000

20000

30000

40000

50000

60000

70000

A
l

 

In
te

ns
ity

 (
a.

 u
)

2 Theta (°)

Zn-0.8Al

A
l

[0
0
2

]
[1

0
0

]

[1
0
1

]

[1
0

2
]

[1
0
3

]
[1

1
0
]

[0
0
4

] [1
1

2
]

[2
0
0

]

[2
0
1

]

[1
0

4
]

[2
0

2
]

40 42 44 46 48 50 52 54

1000

2000

 

 

In
te

n
s
it
y
 (

a
. 
u
)

2 Theta (°)

A
l

A
l

Fig. 1. XRD patterns of Zn and Zn-Al alloys

Aluminium enters the crystal lattice of zinc at the compo-
sition 0.2 wt % where the cell parameter decreases monotoni-
cally (Table-1) owing to the smaller radius of Al (1.18 Å)
compared to that of Zn (1.25 Å). At x = 0.8 wt %, a mixed
phase Zn0.98-Al0.2 (β-phase) coexists with α-phase rich in
Al9. The detected second phase (α-phase) is well crystallized
with a preferential orientation (111)10.

TABLE-1 
CRYSTALLOGRAPHIC PARAMETERS 

OF Zn AND Zn-Al ALLOYS 

Samples 
Crystal 
system a = b (Å) c (Å) α = β γ 

Zn 
Zn-0.2Al 
Zn-0.4Al 
Zn-0.6Al 
Zn-0.8Al 

Hexagonal 
Hexagonal 
Hexagonal 
Hexagonal 
Hexagonal 
Cubic face 
centred 

2.66590 
2.66493 
2.66486 
2.66486 
2.66472 
4.04940 

4.94610 
4.95305 
4.95331 
4.95190 
4.95299 
4.04940 

90 
90 
90 
90 
90 
90 

120 
120 
120 
120 
120 
90 

 
The SEM micrographs (Fig. 2) of a mechanical polished

samples surface  showed that the second phase (dark) starts to
be formed in the alloy Zn-0.6Al wt % and that aluminium is
distributed in this phase according to the energy dispersive X-
ray (EDX) analysis carried out for the sample Zn-0.6Al wt %.
For the other samples (Zn-0.2Al and Zn-0.4Al alloys) it is
possible that α-phase is masked by matrix.
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Fig. 2. Representative SEM micrographs of pure Zn and Zn-Al alloys after
polishing: (A) pure Zn; (B) Zn-0.6Al; and (C) Zn-0.8Al

Open circuit potential (OCP): The variation of open circuit
potential of zinc and its alloys in aerated 0.5M NaCl, at 25 °C,
according to immersion time of 20 min is presented in Fig. 3.
The open circuit potential of all the studied samples is shifted
towards more positive values until its stabilization, suggesting
the formation of a corrosion products layer that slows down metal
dissolution11. It is also noticed that the free potential becomes
more negative when the percentage of aluminium increases.
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Fig. 3. Variation of open circuit potential for zinc and zinc-aluminium
alloys in aerated 0.5M NaCl solution, at 500 rpm, T = 25 ºC

Potentiodynamic polarization curves: Fig. 4 shows the
potentiodynamic polarization curves recorded for the rotating
disc electrode of zinc and zinc-aluminium alloys in the studied
solution. The cathodic branches of these curves exhibit two
separated diffusion plateaux12,13.
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Fig. 4. Polarization curves of zinc and zinc-aluminium alloys in aerated
0.5M NaCl solution at scan rate of 500 rpm, T = 25 ºC

In order to separate the two cathodic processes a
voltammogram (not presented here) was recorded on a bare
surface of zinc and another on a surface covered by the oxide
film formed after immersion of electrode for 20 min in the
studied corrosive solution. The comparison between the two
voltamograms shows a growth of the cathodic peak in the
presence of the oxide. This observation can be explained by
the formation of an electro reducible film on pure Zn. The
results established more recently by Pilbath et al.14, from the
cyclic voltammograms and polarization curves of oxygen
reduction on zinc disc electrode, show that the cathodic peaks
of ZnO (de-aerated solutions) are superimposed on the oxygen
reduction plateau. Besides it is reported in the literature15-17

that the corrosion products formed on the surface of zinc are
reduced at around -1.2 V. Thus, the plateau located at potentials
lower than -1,23 V would correspond to the cathodic reduction
of the film which is chemically formed during the immersion18,19

and to the dissolved oxygen; the two corresponding reactions
are presented below:

Zn(OH)2 + 2e– → Zn +2OH– (1)

O2 + 2H2O + 4e– → 4OH– (2)

It can be noticed that the half-wave potential is constant
and independent of the composition of the alloy. However, in
the second plateau the cathodic reactional process depends of
the alloy composition. The polarization curves of Zn and
Zn-0.2Al wt % indicated that small amount of aluminium has
not changed the cathodic branch shape. It is noted that the
cathodic curves of other alloys showed a wider potential range
of a mixed diffusion-activation control process at the plateau
situated in the vicinity of Ecorr. Therefore, the addition of Al to
Zn from 0.4 wt % modifies the mechanism of oxygen reduc-
tion. It can be seen, that when the percentage of aluminium
increased, the cathodic curves moved towards lower current
values indicating that the surface exposed to the corrosive
medium was less active.

Vol. 24, No. 10 (2012) Effect of Aluminium Additions on the Deactivation of Zinc in NaCl Solution  4357



One can see that the anodic current density increased
according to the potential which corresponds to an extensive
dissolution of the samples. Over a potential of -1 V, all the
anodic curves were practically overlayed.

Linear polarization resistance: Polarization resistance
Rp is defined as the slope of polarization curve at over poten-
tial of ± 20 mV/Ecorr. We have then, recorded this curve for all
the studied materials (not presented here) in 0.5 M NaCl solution.

It is a matter of fact that the corrosion current density icorr

is proportional to the value of Rp-1 according to Stern and Geary
equation20:

Rp
B

icorr = (3)

The constant B can be calculated from the eqn. 4:

)bb(303.2

bb
B

ca

ca

+
= (4)

ba and bc represent Tafel slopes of the anodic and cathodic
portions respectively of the polarization curves.

As the value of bc → ∞,

then Rp303.2

b
i a
corr = (5)

The electrochemical parameters, of the studied samples
in 3 % NaCl solution, obtained from polarization curves plots
and linear polarization resistance method are given in Table-
2. This includes: corrosion potential (Ecorr), anodic Tafel slope
(ba), corrosion current density (icorr), polarization resistance (Rp)
and the constant (B).

As it can be seen from Table-2, the corrosion potential
(Ecorr) has slightly shifted towards the cathodic potentials. It
can be observed that the corrosion current density (icorr)
decreases with the increase of Al percentage in pure Zn. It can
be suggested the formation of a protective layer of aluminium
and zinc hydroxides, acting as a barrier to oxygen diffusion,
which reduces drastically the rate of cathodic reaction and
therefore the corrosion current density of Zn-0.8Al in
particular.

The obtained values of corrosion current density (icorr) from
the method of linear polarization resistance show the same
trend with Tafel results. We can deduce that the presence of
aluminium in the alloy slowed down the dissolution of the
sacrificial anode, prolonging therefore its lifetime.

Analysis of electrochemical impedance spectroscopy:

To discuss and correlate between the data obtained from the
linear polarization resistance and those computed from
potentiodynamic polarization technique we have used the electro-

chemical impedance spectroscopy (EIS) method. Electro-
chemical impedance spectroscopy is a valuable tool to study
the degradation process in a corroding electrolyte and provides
sensitive information on the diffusion behaviour of corroding
systems. The impedance diagrams corresponding to zinc and
its alloys in the corrosive medium are illustrated in Fig. 5.
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Fig. 5. Electrochemical impedance spectroscopy diagrams of zinc and zinc-
aluminium alloys in 0.5M NaCl at scan rate of 500 rpm, T = 25 ºC;
(a) Nyquist plots (b) Bode magnitude plots (c) Bode phase plots

TABLE-2 
ELECTROCHEMICAL DATA OBTAINED FROM TAFEL METHOD AS WELL AS FROM LINEAR POLARIZATION 
RESISTANCE CARRIED OUT IN AERATED 0.5M NaCl SOLUTION, FOR ZINC AND ZINC-ALUMINIUM ALLOYS 

Linear polarization resistance 
Samples Ecorr (mV/SCE) 

Tafel method ba 
(mV/dec) icorr (µA/cm2) 

Rp (Ωcm2) B (mV/dec) icorr (µA/cm2) 
Pure Zn 

Zn–0.2Al 
Zn-0.4Al 
Zn-0.6Al 
Zn-0.8Al 

-1033 
-1050 
-1065 
-1077 
-1088 

24.00 
24.00 
  6.20 
  5.00 
  4.80 

116.41 
77.62 
19.95 
14.79 
9.86 

  72.40 
121.40 
128.50 
141.80 
152.60 

10.42 
10.42 
  2.69 
  2.17 
2.08 

143.94 
  85.84 
  20.95 
  15.31 
  13.62 
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The Nyquist complex plane plot of the samples exhibits
two capacitive loops. The high frequencies loop can be related
to the charge transfer in combination with the accumulation
of a corrosion product formed on the working electrode surface,
whereas the second one is attributed to the diffusion process
related mainly with the reduction of oxygen18,21-23.

We remark that the addition of Al to Zn induces an increase
of the circle diameter, indicating that the metallic dissolution
is reduced. This change may be attributed to a decrease in the
real surface of the specimen24. In the Bode diagrams, we can
notice the presence of two time constants.

To simulate the electrochemical behaviour, an electrically
equivalent circuit was proposed as model for the corrosion
system on basis of the literature13,21,25-31 and EIS characteristics:

here, Rs represents the solution resistance, Rt and Cdl represent
the charge transfer resistance and double layer capacitance
associated with the corrosion process, R2 and C2 are the para-
meters related to the mass transport across the porous corrosion
product layer. In addition, both Cdl and C2 were replaced with
constant phase element (CPE) in fitting procedure on conside-
ration of the non-ideal capacitive response of he interface
electrode/solution.

The electrochemical parameters deduced from the EIS
technique are presented in Table-3.

The charge transfer resistance values (Rt) were calculated
from the difference in impedance at the lower and higher
frequencies, as suggested by Tsuru et al.32. To obtain the double
layer capacitance (Cdl), the frequency (f) at which the imaginary
component of impedance is maximum (Zim max) was found and
(Cdl) values were obtained from the equation:

tdlmaxim RC
2

1
)Z(f

π
=− (6)

The Ecorr measured (Table-3) for the different samples
remain almost constant. However, there is an improvement of
the charge transfer resistance which was observed for the
alloys with respect to pure zinc. Rt increased with increasing
the percentage in element addition, giving evidence of the
better resistance corrosion of the alloys. The high double layer
capacitance (C2) obtained for the zinc is in good agreement

with the one observed by other authors in the case of zinc
corrosion in aerated chloride or sulphate containing solution
near neutral aqueous solutions and ascribed to the presence of
porous layer of corrosion products19,33. The resistance R2 was
assumed to be related to the diffusion phenomenon, increases
with increasing the percentage of Al in Zn.

Evans diagrams: We have studied the intrinsic behaviour
of the sacrificial anode in 3 % NaCl solution by the curves
I = f(E) and EIS method, whereas the behaviour of the
galvanic-coupling anode with the structure to be protected was
studied in 3 % NaCl solution by the Evans method. A compa-
rison of the dissolution potentials of the different samples can
lead to some aberrations34. Indeed, in present case, the
Zn-0.8Al alloy whose dissolution potential is more electrone-
gative (about -1088 mV) than that Zn which has a potential
around -1033 mV, has a less reactive behaviour than Zn. Conse-
quently, it is more efficient to measure the coupling current
density, which gives the importance of galvanic corrosion.

The results obtained by Evans diagrams are shown in Figs.
6 and 7. From these results, one notices that the batteries
function practically under cathodic control. The diagram of
Zn alloy-steel shows a dual potential of -964.8 mV/SCE and a
dissolution current density of 0.285 mA/cm2 which indicates
that this alloy is less reactive than pure Zn. Indeed, the appli-
cation of Faraday's law gives for a current density of 0.285
mA/cm2 (2,85 A/m2) an annual mass loss of 30.45 kg, whereas
for a current density of 0.321 mA/cm2 (Zn-steel) the annual
mass loss is 34.29 kg. We have then succeeded in extending
the life of our sacrificial anode by addition of 0.8 wt % Al.
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Fig. 6. Evans diagram galvanic coupling of  Zn– carbon steel (surface ratio
1/2.5)

TABLE-3 
ELECTROCHEMICAL DATA OBTAINED FROM EIS, IN AERATED 0.5M NaCl 

SOLUTION, FOR ZINC AND ZINC-ALUMINIUM ALLOYS 
1st loop 2nd loop 

Samples 
Ecorr (mV/SCE) 1st loop Rt (Ωcm2) Cdl (µF/cm2) R2 (Ωcm2) C2 (µF/cm2) 

Pure Zn 
Zn-0.2Al 
Zn-0.4Al 
Zn-0.6Al 
Zn-0.8Al 

-1040 
-1045 
-1047 
-1049 
-1052 

46.55 
65.28 
79.74 
96.13 

142.90 

8.55 
6.09 
6.31 
5.23 
4.45 

68.80 
81.90 
82.05 

133.80 
198.90 

3654 
3110 
3064 
2377 
1999 
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Conclusion

The addition effect of Al (0.2-0.8 wt %) on the dissolution
rate of pure zinc was investigated in aerated aqueous sodium
chloride (0.5 M) at 25 ºC. The following points can be
emphasized.

• The corrosion potentials for the samples tend towards
more negative values according to an increase in the percent-
age of aluminium. In all cases, the potential was sufficiently
low to allow as using these alloys as sacrificial anodes which
can shift the mixed potential of the structure to be protected to
immunity zone.

• All the electrochemical methods give the same results.
In fact, all theses methods revealed that Zn-0.8 Al alloy has a
good corrosion resistance, which gives anode a better lifespan
with a good yield in the cathodic protection of immersed
marine installations. Owing to the fact that the studied medium
(sodium chloride solution) having NaCl content similar to that
of natural sea water.
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