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Abstract: Electrochemical impedance spectroscopy( EIS) and electrochemical noise( EN) were used to study the

corrosion electrochemical behavior of brass tubes in circulating cooling seawater using the developed sensor. EIS

study shows that the inhibitor can lead to the formation of corrosion products on metal surface, which will then in-

hibit the corrosion process. When the flow rate of the seawater increases, the diffusion of oxygen speeds up and the

action of filming on HAI177-2 tube accelerates, resulting in decrease of corrosion rate. EN analysis shows that the

flow rate of the seawater has little effect on pitting susceptivity of HSn70-1 tube; however the pitting susceptivity of

H A177-2 tube increases with increasing flow rate. Good agreement is observed between the spectral noise resistance

R (f) calculated from EN data and the modulus of impedance. It is shown that the electrochemical noise technique

can be used in corrosion monitoring.
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1 INTRODUCTION

Copper and its alloys possess excellent proper-
ties, which helps them to be widely applied in the
fields of architecture, naval construction, electrici
ty, petrochemical engineering and many other
fields of great importance. The copperbased alloy
in which zinc behaves as the main additional ele-
ment is called brass. Brass tubes are often used as
heat exchanger, in which fouling products are
inclined to come into being and microbe is ready to

grow' " ?, thereby the tubes will fail by reason of

' Up to now no efficient ways have

perforation
been found to monitor the corrosion of brass tubes
in flowing medium.

Electrochemical impedance spectroscopy( EIS)
technique is very useful for evaluation of inhibitor
performances, analysis of electrochemical mecha-
nisms and corrosion processes. Equivalent circuit
models provide a helpful way to interpret and
quantify the EIS spectra if the physical models are
understood*.  So EIS s

established technique in corrosion research, which

considered a well
has been applied successfully in studies of many
corrosion systems' !

The potential and current spontaneous fluctu-
ations occurring on metal electrodes immersed in
aqueous solutions, have been extensively studied in
the last twenty years. It has been demonstrated

that these fluctuations, known as electrochemical
noise( EN), can provide information about non-
equilibrium systems of complex electrochemical re-

[6]

actions And the electrochemical noise analysis

has become a very promising tool in localized cor
rosion studies'” .

In this paper, a sensor, with the diameter less
than 1 mm, to monitor the corrosion in the tubal
metal, was developed'®, which is composed of
A g/ AgCl reference electrode and Pt/ Ir alloy assis-
tant electrode. Using the sensor developed, the
corrosion electrochemical behavior of brass tubes in

circulating cooling system was studied.
2 EXPERIMENTAL

2.1 Experimental system

The circulating cooling system was designed
and manufactured by Chemical Engineering Center
State
Power Company, China. It is composed of hot wa-

of Heat Engineering Research Institute,

ter case, cooling tower, water tank, and seawater
pump. There were altogether six brass tubes in the
circulating system, which were placed in the hot
water case, arrayed in three layers. The structure
is described elsewhere in detail'”. The sensors
were placed in HSn70-1 and HA177-2 tube respec
tively in the inferior layer and the compositions of
the tubes are listed in Table 1. The cooling seaw a-
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ter is taken from Tanggu of Tianjin, China, where
inhibitor was added thereafter to help the tubes to
form protecting film in advance. The concentrating
ratio of the seawater is in the range of 2. 0~ 2. 2.
When the system was operated stably, the flow
rate in the tube was 0. 6 m/s.

Table 1 Compositions of HSn70-1 and
H A177-2 tubes( mass fraction, %)

Alloy Cu Sn Al As

HSn70-1 69.0~-71.0 0.871.3 - 0.03~0.06

HAI177-2 76.0~79.0 - 1.872.3 0.0370.06

Alloy Fe Pb Sh Bi P
HSn70-1 0.10 0.05 0. 005 0.002 0.01
HSn70-2  0.06 0.05 0.05 0.002 0.02

Outside the tubes the circulating distilled wa-
ter was heated to 60 C. The sensor in HSn70-1
tube was placed along the flow, with the distance
from the tube mouth of about 20 cm and the water
temperature of 35 C; while the sensor in HA177-2
tube was placed against the flow, with the distance
from the tube mouth of 20 cm and the water tem-
perature of 45 C. The experiment lasted for 17 d.
From the 4th day on, measurements were also con-
ducted when the system ran stably at the flow rate
of 1.2 m/s and 1. 8 m/s respectively.

Some synchronizing tests were carried out on
non-filmed HAI77-2 and HSn70-1

specimens, with the exposed area of 1 em®, for

pre-filmed,
contrast.

2.2 Experimental method

Electrochemical noise of brass tubes was re-
corded at ®or. EIS measurements on brass tubes at
®orr were made with an applied sinusoidal voltage
signal of 10 mV over a frequency range of 20 kHz
to 20 mHz, with the frequency sweep of eight
steps in each decade.

Potentiodynamic test was also made on brass
tubes, with the scanning velocity of 0.2 mV/s, in
the range of %= T30mV.

In all the measurements made above, PC4/300
electrochemical system of Gamry'" was used with
a conventional three electrode configuration applied
with Ag/ AgCl reference electrode and Pt/Ir alloy
assistant electrode.

In the synchronizing experiments,
PARSTAT2263, Advanced Electrochemical Sys-
tem of Princeton Applied Research'™ was used to
conduct EN measurements of specimens using zero
resistance ammeter( ZRA) mode, with a saturated
calomel electrode ( SCE) used as reference elec
trode.

3 RESULTS AND DISCUSSION

3.1 EIS analysis
3.1.1 EIS features of HA177-2 specimens
Electrochemical impedance spectra of HA177-2
specimens immersed for 4 d are shown in Fig. 1.
Nyquist plot of non-filmed specimen in natural sea-
water presents a single capacitive impedance arc,
with one time constant, and the corresponding
electrochemical equivalent circuit is shown in Fig. 2
(a). Nyquist plots of non-filmed and prefilmed
specimens in condensed seawater both exhibit a
feature of two capacitive impedance arcs, with two
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Fig. 1 Electrochemical impedance spectroscopy of
HA177-2 specimens immersed for 4 d
( O —Non-filmed specimen in natural seaw ater;
V —Non-filmed specimen in condensed seaw ater;
® —Pre filmed specimen in condensed seaw ater)
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Fig.2 Electrochemical equivalent circuits of

Nyquist plots for non-filmed specimen(a) and

pre-filmed specimen(b)
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time constants. The capacitive impedance arc at
high frequency of Nyquist plot of the nomfilmed
specimen in condensed seawater indicates that the
inhibitor can form protective film on the surface of
the specimen beforehand, thereby restrain the cor
rosion process. The capacitive impedance arcs at
high frequency in the Nyquist plot of the pre
filmed specimen are more evident, which shows
that the corrosion resistance of the pre-filmed spec
imen is enhanced significantly.

The
Nyquist plot for prefilmed specimen is shown in
Fig. 2(b), in which R, Ca, R\, C:, and R: present

solution resistance, capacitance of double layer,

electrochemical equivalent circuit of

electrochemical reaction resistance, film capacr

tance, and film resistance respectively.

3. 1.2 EIS features of brass tubes in circulating
cooling seaw ater

Fig. 3 represents the electrochemical impedance
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Fig.3 Electrochemical impedance spectroscopy of brass tubes after

immersed for different periods of time
(a), (¢), (e) —HSn70-1 tube; (b), (d), (f) —HAI77-2 tube
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spectra of brass tubes at flow rate of 0. 6 m/s after
immersed for different period of time and they all
have two time constants. The corresponding elec
trochemical equivalent circuit is also given in Fig. 2
(b). It is obvious that there is no apparent varia-
tion in the impedance modulus of HSn70-1 and
HAI177-2 tubes.

The electrochemical impedance spectra of
brass tubes at different flow rates after immersed
for 4 d are shown in Fig. 4. When the flow rate in-
creases, the impedance modulus of HSn70-1 tube
changes somewhat but not significantly; while the
impedance modulus of HAI772 tube increases
comparatively much, which means that the corro-
sion rate decreases at higher flow rate in that the
corrosion procedure of HA177-2 tube is inhibited.

The above analysis suggests that the diffusion
speed of oxygen in the seawater increases when the
flow rate gets larger, which makes the filming pro-
cedure between the inhibitor and surface of HA177-
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2 tube boosts and therefore the corrosion rate de-
creases. While the filming action between the in-
hibitor and HSn70-1 tube does not change greatly
as the flow rate varies, therefore the impedance
modulus of HSn70-1 tube does not change distinct-
ly. The fact that the impedance modulus of HA177-
2 tube is a little higher than that of HSn70-1 tube
at the same flow rate indicates that the corrosion
resistance of HAI177-2 tube is somewhat better,
which is because that HA177-2 is more susceptive
to the flow rate or the oxygen content.

M eanw hile, parameters such as Tafel constant
ba, b. and corrosion current density Jwr can be ob-
tained by potentiodynamic scanning fit and R, can
also be calculated according to SternGeary equa-
tion. The results are listed in Table 2. At the same
flow rate, R, of HA177-2 tube ranks higher than
that of HSn70-1 tube in evidence. When the flow
rate is increased, R, of both tubes gets a little
higher, which is in accordance with the results of
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Fig. 4 Electrochemical impedance spectroscopies of brass tubes at

different flow rates after immersed for 4 d
(a), (¢), (e) —HSn70-1 tube; (b), (d), (f) —HAI77-2 tube
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EIS.

As we know that only in limited area of work
electrode can the current be distributed, which is
determined by the structure of the sensor'”,
this limited area is called effective testing area.
From Fig. 1 and Fig. 3,
HAI177-2 specimens ( with exposed area of 1 cm?)
and that of HA177-2 tube are compared, and the
effective testing area of the sensor is estimated to
be around 200 cm®. The values of R, in T able 2 are
calculated when taking the effective testing area as

200 cm”.

and

impedance modulus of

3.2 Features of EN spectrum
The existence of CI” makes local corrosion

such as pitting tend to happen in metal. The ran-
dom occurring, growing, and dying of the pits on
the electrode surface lead to random fluctuation of
the current at constant potential, which is called
electrochemical noise caused by current fluctua-

[10]

tion' . The time domain spectra of brass tubes at

®orr under different flow rates are given automati-
cally by PC4/300 Gamry'", as shown in Fig. 5.
The current in the spectra is the root mean square
current after trend removal using linear meth-
Od[ll. 12] .

From Fig.5 we can see that the current noise
of HSn70-1 tube and that of HA177-2 tube are sim-
ilar when the flow rate is kept at 0. 6m/s. Howev
er when the flow rate is increased to 1.8 m/s,

Table 2 Corrosion rates of tubes at different flow rates

Brass tube Flow rate/(m ¢ s~ ") b,/ mV b/ mV Jere! (A * cm™?) R,/ (kQ* cm?)
HSn70-1 0.6 145.2 124. 4 1.46x 107 ° 19.9
HSn70-1 1.2 93.5 94.9 0.78 x10° ¢ 26.3
HSn70-1 1.8 125.2 112.5 0.90x 10 ¢ 28.6
HA177-2 0.6 98.7 91.5 0.33x10°°¢ 62.4
HA177-2 1.2 87.5 112.1 0.31x10°°¢ 68.7
HA177-2 1.8 126.5 105.0 0.37x10°° 67.3
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Fig. 5 Current noise spectra of brass tubes in condensed seaw ater
(a) —HSn70-1 tube, 0.6 m/s; (b) —H AI177-1 tube, 0.6 m/s;
(¢) —HSn70-1 tube, 1.8 m/s; (d) —HAI177-1 tube, 1.8 m/s
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current noise of HA177-2 tube triples, while that
of HSn70-1 tube has a little change. The integral
values( Qi) of current noise of brass tubes are given
in Table 3. The integral values of current noise do
the flow rate of
0.6 m/s; however when the flow rate is increased,

not change significantly at
the integral values of of current noise of HA177-2
tube triple, while those of HSn70-1 tube have a lit-
tle change. This shows that at higher flow rate,
the total amount of charges of HSn70-1 tube that
participate in the electrochemical reaction changes
a little while that of HA177-2 tube triples. This at-
tributes to HA177-2 tube s increasing susceptivity
to local corrosion at higher flow rate. Therefore
the EN technology can be used to monitor the
change of susceptivity to local corrosion in this
way.

On the other hand, EN data of HSn70-1 and
HAI177-2 specimens immersed in still condensed
seawater after 24 h are collected. Current noise
spectra of both kinds of specimens are shown in
Fig. 6, from which linear trend is removed using
polynomial method ™ ', because the presence of
the trend can mask the shape of current and po-
tentialfluctuations'”' . Similarcurrentfluctuationam-

Table 3 Current integration of brass tubes

System operating Flow rate/ s PE
time/ d (m*s ') HSn70-1 HAI177-2
4 0.6 117.7 136. 4
11 0.6 123.9 117. 1
16 0.6 165.8 183.6
17 1.2 163.6 553.6
17 1.8 169. 6 616.9

plitude of HSn70-1 and HA177-2 specimens is ob-
served which presents good agreement with the a-
bove results.

EN data are transformed from the time domain
into the frequency domain by fast Fourier transfor-
mation( FFT). Spectral noise resistance is defined

ast'®
o= Se(f)
Ra(f) = Tevr (f (D
where %er (f) and Iver (f) are the FFT of the

potential and current fluctuations respectively.
Spectral noise resistances of non-filmed

HSn70-1 and HA177-2 specimens in condensed sea-

water are compared with corresponding modulus of

impedance, which are shown in Fig.7. Good
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Fig. 6 Current noise spectra of specimens in condensed seaw ater
(a) —Norrfilmed HSn70-1 specimen; (b) —Nomfilmed H A177-2 specimen
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Fig. 7 Comparison of spectral noise resistance and impedance modulus
(a) —Norrfilmed HAI177-2 specimen; (b) —Nonfilmed HSn70-1 specimen
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agreements are observed between the spectral noise
resistance and the impedance modulus, which is
consistent with what Bertocci et al has proved .

4 CONCLUSIONS

1) EIS measurement in circulating cooling sys-
tem shows that the corrosion resistance of brass
tubes can be ameliorated by adding inhibitor into
the solutions or by filming beforehand on the
tubes. The corrosion resistance of HA177-2 tube is
better than that of HSn70-1 tube in seaw ater.

2) Good agreement between the spectral noise
impedance and the modulus of the impedance is ob-
served.

3) The integral values calculated from EN
current can be used to monitor the change of sus-
ceptivity to local corrosion of brass tube in circulat-
ing cooling seaw ater.
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