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The corrosion behavior and mechanism of aluminum brass (HAI77-2) in artificial seawater were investigated using
electrochemical measurement, Scanning Electron Microscope (SEM) and Energy Dispersive X-ray spectroscopy (EDX)
analysis. The electrochemical results revealed that the corrosion of HAI77-2 in the desalination artificial seawater
depended on chloride ion concentrations, displaying a maximum with a chloride ion concentration of 2.3 wt.%. Corrosion
rate of HAI77-2 initial increased and subsequently decreased with the increasing of chloride ion concentration. Moreover,
corrosion of HAI77-2 becomes more severe when temperature rises. The above results obtained by electrochemical
impedance spectroscopy and potentiodynamic polarization tests were in a good agreement. The results of SEM and EDX
methods showed selective localized corrosion appeared remarkably on the surface of HAI77-2.
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1. INTRODUCTION

Naturally available fresh water reserves are not capable
of meeting the fresh water demands because of water
scarcity and pollution [1,2]. Luckily, desalination
technology was developed and proven an effective way to
solve this problem [3, 4]. Desalination is widely adopted in
Asia, Africa, Arab countries, Europe, Middle East, America,
and Australia to meet their fresh water and process water
demands [3,4]. The three most commonly applied
desalination technologies are: Multi-stage Flash (MSF),
Reverse Osmosis (RO) and Multi-Effect Distillation (MED)
[5-11]. Meanwhile, aluminum brass is widely used to heat
exchanger tubing, evaporator shells, tube plates, fabricate
piping, water boxes, etc. in these desalination plants.
Moreover, the evaporators for MSF and MED technologies
are mainly constructed by aluminum brass and require a
long-term operation under the environment of seawater
desalination. Especially, key metal parts in distillation plant
are susceptible to corrosion induced by the aggressive
chloride concentration [12]. Therefore, it has significant
value for the protection of desalination plant to investigate
the corrosion behavior and mechanism of key aluminum

Table 1. Composition of HAI77-2 (wt.%)

brass parts in desalination environment.

In this work, the electrochemical behaviors and
mechanism of the aluminum brass corrosion in the
desalination environments were investigated by several
conventional  electrochemical  techniques [13-17],
including open circuit potential (OCP), potentiodynamic
polarization, and Electrochemical Impedance Spectroscopy
(EIS). Two affected corrosion factors, chloride ion
concentration and temperature, which have an obvious
influence on the corrosion behavior of aluminum brass in
desalination environment, were discussed in detail. SEM
and EDX were also employed to analyze the corrosion
morphology of the HAI77-2 surface.

2. EXPERIMENT

2.1. Specimen preparation

The chemical compositions of aluminum brass (HAI77-
2) are listed in Table 1. The working electrode specimens
were regular arranged as a 10 mm x 10 mm x 10 mm
matrix, and embedded in polyester excluding its underneath
surface with a surface area of 1 cm?.

Composition Cu Al

Fe Pb As Zn

wt.% 76.0 ~79.0 1.8~25

0.06 0.07 0.02 ~0.06 Remaining

Table 2. Chloride formulation compositions and conductivity of artificial seawater with different chloride ion concentrations

L. wt.% Composition, g/l NaCl MgCl2-6H20 CaClz pH Conductivity, mS/cm
, Wt.7

1.5 19.46 8.80 0.92 8.05 47.1

1.9 24.53 11.11 1.16 8.07 57.6

2.3 29.98 13.52 1.42 7.73 67.3

2.7 35.26 16.03 1.67 7.60 76.5

1Corresponding author: Tel.: +86-187-24733900; fax: 0532-86983300.
E-mail address: juhong@upc.edu.cn (H. Ju)
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The surface of working electrodes mechanically
abraded prior to use with different emery papers from 500 to
1200. Then, the working specimen was degreased with
acetone, and rinsed with distilled water. Finally, the working
electrodes were stored in a desiccator until use.

2.2. Experimental condition

According to the actual environmental conditions of the
seawater desalination evaporator, experiments were carried
out in artificial seawater with different concentrations of CI-
(wt.%). The artificial seawater was prepared by ultra-pure
water and A.R. reagents including NaCl, MgCl,, CaCl,, etc.,
in accordance with the national standard (GB8650-88), and
the concentrations of CI- (wt.%) in the artificial seawater
were 1.5 %, 1.9 %, 2.3 %, and 2.7 % respectively.

The compositions, pH and conductivity of artificial
seawater are shown in Table 2. According to the temperature
range in the MSF and MED desalination evaporator, four
temperatures of the experiment condition were 298 K,
313 K, 328 K, and 343 K, respectively.

2.3. Electrochemical measurements

All the electrochemical measurements were carried out
with a conventional three-electrode cell system, consisting
of a saturated calomel electrode with Luggin capillary (SCE,
reference electrode), a platinum sheet (2 cm? area) counter
electrode and a working electrode with an exposed area of 1
cm?. All potentials were given according to this reference
electrode (E° = 0.241 V vs. SHE).

The  Solartron 1287 + 1255 B  electrochemical
workstation instrument was used with a Modulab software
controller to measure the electrochemical behavior of the
HAI77-2. Electrochemical measurements, including Open-
circuit potential (OCP), electrochemical impedance
spectroscopy (EIS), and potentiodynamic polarization test,
were performed in the artificial seawater with different
concentrations of Cl. After the OCP value stabilized, the
impedance measurement was performed firstly, and then
was the potentiodynamic polarization test. EIS measurement
was carried out at open circuit potential in the 100 kHz to
10 MHz frequency range, with a 10 mV signal amplitude
perturbation.

The potentiodynamic polarization curve was obtained
by scanning the working electrode from —250 mV to
250 mV versus OCP value with the rate of 0.1667 mV/s. The
corrosion rates (corrosion current densities) were analyzed
and fitted from the polarization curves by linear
extrapolation of the anodic and cathodic arms of the Tafel
plots as well as the corrosion potential (Ecorr).

2.4. SEM and EDX analysis

The surface morphology analysis of HAI77-2
specimens after immersion in artificial seawater with
concentrations of Cl- as 1.9 wt.% for 30 days was performed
on scanning electronic microscope (FEI Quanta200 ESEM),
equipped with energy dispersive X-ray spectroscopy (EDX)
detectors. The accelerating voltage was 25 kV.

3. RESULTS AND DISCUSSION

3.1. Effect of ClI- concentration on corrosion
behavior of HAI77-2

Effect of CI- concentration on corrosion behavior of
HAI77-2  was investigated using electrochemical
experiments in the artificial seawater at 313 K. The OCP
values of HAI77-2 in artificial seawater with different
concentrations of ClI- are presented in Table 3. From the
table we can find that, when concentration of Cl-was below
2.3 wt.%, the OCP values of HAI77-2 had an
electronegative direction shift with the concentration of CI-
increasing. However, and then, when the concentration of
ClI-was higher than 2.3 wt.%, the OCP value raised slightly
with concentration of CI- increasing, indicating that
corrosion tendency of HAI77-2 increased with the
concentration of CI- increasing, and reached the extreme
when the concentration of Cl-was 2.3 wt.%.

The potentiodynamic polarization curves of HAI77-2 in
artificial seawater with different concentrations of Cl- are
shown in Fig. 1. As shown in the figure, passivation
behavior occurred in the anode process of polarization
curves. And it also was obviously revealed from the figure
that, concentration polarization phenomenon appeared in the
cathode process of polarization curves, because the diffusion
of dissolved oxygen was the main controlling step of
corrosion rate for cathodic process in artificial seawater.

Parameters such as anodic Tafel slope (b,), cathodic
Tafel slope (b.), corrosion potential (Ecorr), and corrosion
current density (icorr) Obtained from the potentiodynamic
polarization curves of HAI77-2 in artificial seawater with
different concentrations of CI- are listed in Table 4. It is
observed from the table that the chloride ion concentration
affected both cathodic as well as the anodic reactions but
cathodic reactions are more affected than anodic reactions,
as the change in values b, is more. It was easily to found the
corrosion potential (Ecorr) of HAI77-2 dropped first and then
enhanced with the concentration of Cl- increasing. When the
concentration of Cl-was 2.3 wt.%, the corrosion potential of
HAI77-2 performed the most negative value. Meanwhile, its
corresponding corrosion current density (icorr) 0of HAI77-2
initial increased and subsequently decreased. The maximum
corrosion current value of Hal77-2HAI77-2 appeared when
the concentration of CI- reached 2.3 wt.%. At this time, the
anode corrosion behaved the most serious. In summary, the
corrosion of anode initially accelerated by increasing
concentration of CI- in artificial seawater. However, when
the concentration of Cl- was higher than 2.3 wt.%, the
corrosion rate of the anode started to decrease. This
phenomenon was due to the combined effects of both
chloride concentration and concentration of dissolved
oxygen. Specifically, the solution conductivity increased
with increasing concentration of CI-, thereby enhancing the
corrosion tendency associated to galvanic metal elements of
HAI77-2, such as Zn, Al, Cu, etc.. However, at high
concentration of chloride ion, the dissolved oxygen
concentration decreased and, as a result, the corrosion rate
reduced by cathodic process of corrosion hindering. And the
possible anodic Eg. 1 and cathodic Eq. 2 are as following:

Zn—7Zn%+2e / Al—>Al¥*+3e; Q)
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Table 3. The OCP values of HAI77-2 in artificial seawater with
different concentrations of Cl-at 313 K

Cer-, wt.% 1.5 1.9 23 2.7
OCP,V -0234 | -0239 | —0.265 | —0.263

—=— 1.5%(CI, wt %)
—e— 1.9%(CI', wt..%)
—a—2.3%(CI, wt .%)
—v—2.7%(CI,

log i , Alcm’

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1
E ’ VSCE

Fig. 1. Potentiodynamic polarization curves of HAI77-2 in
artificial seawater with different concentrations of Cl- at

313K
Table 4. Parameters from potentiodynamic polarization curves for
HAI77-2 in artificial seawater with different
concentrations of Cl-at 313 K

Ccr-, wt.%| ba, mV-sec™! | be, mV-sec! | icorr, Accy? | Ecorr, V

1.5 28.321 —119.86 | 3.132x10°% | —0.235

1.9 35.804 -199.61 | 4.698x10% | —0.239

23 53.799 -218.99 | 7.336x10% | —0.273

2.7 37.304 —163.04 | 4.058x10°% | —0.253

The impedance behavior of HAI77-2 in artificial
seawater with different concentrations of Cl is shown in
Fig. 2.

-2500

—m—1.5%(CI, wt. %)
—0— 1.9%(Cl, wt. %)
—A—2.3%(Cl, wt. %)
¥ 2.7%(CT, wt. %)

-2000

-1500

,acm?

z

-1000

-500

0 . I . I . I . I . I
0 1000 2000 3000 4000 5000

Z', Qcm’

Fig. 2. EIS response of HAI77-2 in artificial seawater with
different concentrations of Cl- at 313 K
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As shown in the figure, there was a capacitive loop at
higher frequencies, and then appeared a second tail loop at
the lower frequencies. The high frequencies loop related to
the charge transfer from the ionic double layer capacitance,
while the second tail loop attributed to the diffusion process
of corrosion product or passivation film. Since the HAI77-2
was mainly composed of Cu, Al and Zn, the corrosion of the
surface considered as a homogeneous corrosion, and Zn and
Al dissolved at priority when metal surface exposed to the
artificial seawater. The selected corrosion resulted in two
loop characters in the impedance behavior. The ions diffused
from the metal surface to the solution giving a second tail
loop indicating diffusion resistance from the passivation
film of Al and Cu at low frequencies in the electrochemical
impedance spectroscopy of HAI77-2. Fig. 2 also showed
that before the concentration of ClI- reached 2.3 wt.%, the
polarization resistance decreased with the concentration of
Cl- increasing, which indicated an increase in the active
surface area caused by concentration of Cl"increasing, and
indicated the corrosion process became accelerated.

The equivalent circuit used is given in Fig.3. Rs
revealed the solution resistance between the working and
reference electrodes, CPE1 was capacitance of corrosion
product film, CPE2 was double layer capacitance, R1 was
the polarization resistance of corrosion product film, and R2
represented the resistance of the double electric double
layer.

Rs CPET
W >
R4 CPE2

R2

Fig. 3. Electrical equivalent circuits diagrams used to model
metal/solution interface, Rs: the solution resistance
between the working and reference electrodes, CPEL:
corrosion product film capacitance, CPE2: double layer
capacitance (due to dispersion effect, CPE was used to
represent pure capacitance C), R1: the polarization
resistance of corrosion product film, R2: the resistance of
the double electric double layer

The electrochemical parameter values obtained are
listed in Table 5. As seen in the table, the solution resistance
(Rs) decreased continually due to the increase of the
concentration of CI-, because the solution conductivity
increased with the ion concentration increasing. The results
were also revealed that polarization resistance (R1 and R2)
decreased with the CI- concentration increasing firstly, and
then increased with the concentration of Cl- increasing.
When the concentration of CI° was 2.3 wt.%, the
polarization resistance presented the smallest value,
revealed that the corrosion of HAI77-2 was the most serious.
The results were in a good agreement with the
potentiodynamic polarization experiment. By comparison,
the charge transfer resistance R2 and film resistance R1, R2
was far bigger than R1. Thus, the charge transfer process
was the main rate control step for corrosion of HAI77-2.

On the other hand, when increasing the concentration of
ClI-, double layer capacitance values tend to increase first,
and then decrease reaching the highest values when the
concentration of Cl" was 2.3 wt.%, revealing the highest
corrosion rate.



Table 5. EIS parameters of HAI77-2 in artificial seawater with different concentrations of Cl-at 313 K

Cel, wt.% Rs, Q-cm? CPEI, F-cm? S(D nl RI, Q-cm? CPE2, uF-cm=Sm1 n2 R2, Q-cm?
1.5 3.197 5.30 0.875 2.893 188.57 0.694 3992
1.9 2.724 3.41 0.807 2.561 214.44 0.703 2898
2.3 2.464 5.97 0.804 2.141 318.51 0.665 2200
2.7 2.345 3.24 0.842 4.235 136.22 0.718 2613

3.2. Effect of temperature on corrosion behavior of
HAI77-2

Effect of temperature on corrosion behavior of HAI77-
2 was also investigate during electrochemical experiments,
and the tests was performed in the artificial seawater with
the concentration of Cl- as 1.9 wt.%. The OCP value of
HAL77-2 in artificial seawater at different temperatures is
presented in Table 6.

Table 6 The OCP value of HAI77-2 at different temperatures in
artificial seawater with 1.9 wt.% chloride ion

298
-0.197

343
-0.272

313
—-0.237

328
—-0.263

TK
OCP. V

As presented in the figure, the OCP value behaved a
trend of continuous electronegative shift with the
temperature increasing, indicating corrosion tendency of
HAI77-2 in artificial seawater increased with the rise of
temperature. Meanwhile, when the temperature increased
from 328 K to 343 K, the negative shift level of OCP value
was alleviating slightly, indicating when the temperature
rises to high value, effect of temperature on corrosion
behavior of HAI77-2 will be weakening.

Fig. 4 shows the polarization curves of HAI77-2 in
artificial seawater at different temperatures. The figure
showed that anodic passivation phenomenon appeared in the
anodic process, and the cathode process had obvious
concentration polarization. Hence, cathode process of metal
corrosion was controlled by the diffusion of dissolved
oxygen in solution, while its affect effect was mitigated with
temperature increasing.

-

2

logi, Alcm
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Fig. 4. The polarization curves of HAI77-2 at different

temperatures in artificial seawater with 1.9 wt. % CI-

Table 7 presents the parameters obtained from

potentiodynamic polarization curves for HAI77-2
artificial seawater at different temperatures.

in

Table 7. Parameters from potentiodynamic polarization curves of
HAI77-2 at different temperatures in artificial seawater
with 1.9 wt.% chloride ion

T,K | bo, mV-sec! | be, mV-sec! | icom, Accm® | Ecomr, V
298 30.473 —120.14 2.800x10°¢ -0.209
313 35.804 —199.61 4.698%10° -0.239
328 47.523 —245.24 6.629x10° —0.268
343 45.262 —279.23 1.372x10° -0.263

1
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It can be concluded by the table that corrosion potential
(Ecorr) of HAI77-2 shifted to electronegative direction
constantly and the corrosion current (icorr) increasing with
the increase of temperature. It revealed corrosion of HAI77-
2 increased with the rise of temperature. Anodic Tafel slope
(bs) and cathodic Tafel slope (bc) showed that both anodic
and cathodic reaction are affected by the temperature. The
values of b. and b. are increasing as the temperature
increasing, meanwhile, the change in values &. is more than
ba.

EIS response of HAI77-2 in artificial seawater at
different temperatures is presented in Fig. 5, and the curve
feature was similar to Fig. 2. The equivalent circuit in Fig. 3
was used to fit the curve and get the parameters were
presented in Table 8.
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Fig. 5. EIS response of HAI77-2 at different temperatures in
artificial seawater with 1.9 wt. % chloride ion

As seen in the table, both solution resistance (Rs) and
the resistance of the double electric double layer (R2)
decreased continuously with the increase of temperature,
and double layer capacitance values increased with the
temperature, illustrated that corrosion reaction resistance of
HAI77-2 decreases with the temperature rising, and
corrosion become more serious at the higher temperature.
This conclusion was consistent with the results obtained
from the potentiodynamic polarization method.



Table 8. EIS parameters of HAI77-2 at different temperatures in artificial seawater with 1.9 wt. % chloride ion

CPEI, CPE2,
T K Rs, Q'cm? WF-om? S nl R1, Q-cm? WF-om? S n2 R2, Q-cm?
298 2.956 3.11 0.861 7.705 137.72 0.744 6676
313 2.724 3.41 0.807 2.561 214.44 0.703 2898
328 2.485 8.69 0.844 5.400 245.95 0.644 651.7
343 2.188 3.81 0.913 2.844 256.98 0.674 645.3
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Energy - keV Energy - keV
a b
Region (a) Region (b)

Element wt.% at.% Element wt.% at.%
C 8.69 23.04 C 2.30 8.98
O 17.26 34.34 O 8.01 23.49

Mg 1.35 1.77 Si 1.65 2.75
Al 0.83 0.97 Cl 0.94 1.25
Si 5.96 6.75 Cu 50.01 36.92
Cl 1.66 1.49 Zn 37.09 26.62
Cu 24.72 12.38
Zn 39.54 19.25

Fig. 6. SEM and EDX analysis for HAI77-2 after immersion in artificial seawater 1.9 wt.% chloride ion at 313 K for 30 days

3.3. SEM and EDX analysis

Fig. 6 presents the SEM and EDX analysis results for
HAI77-2 after immersion in artificial seawater 1.9 wt.%
chloride ion at 313 K with for 30 days. The surface
morphology showed that the character of localized
corrosion appeared remarkably on the surface of HAI77-2.
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Several metal components, such as Al, Zn, Mg, Cu, etc.,
were contained in HAI77-2. Thus, when aluminum brass
was immersing in artificial seawater, selective localized
corrosion occurred on the surface of aluminum brass, and
reactive metal components, such as Zn and Al,
preferentially corroded. It was easily to found zinc and
aluminum corroded in priority on the surface of HAI77-2 by



contrasting the element from region (a) and (b).

4. Conclusions

1.

Corrosion of HAI77-2 in the desalination artificial
seawater depended on chloride ion concentrations.
Corrosion rate of HAI77-2 initial increased and
subsequently decreased with the chloride ion
concentrations increasing, and the maximum appeared
when the concentration of Cl- reached 2.3 wt.%. At this
time, the anode corrosion behaved the most serious.

Corrosion potential (Ecorr) of HAI77-2 shifted to
electronegative direction constantly and the corrosion

current (icorr) increased with the increase of temperature.

Corrosion of HAI77-2 increased with temperature
enhancing.

Selective localized corrosion appeared remarkably, and
zinc and aluminum corroded in priority on the surface
of HAI77-2.
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