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Abstract

Titanium tubes have recently been used in condensers of nuclear power plants since
titanium has very good corrosion resistance to seawater. However, when it is connected to Cu
alloys as tube sheet materials and these Cu alloys are connected to carbon steels as water box
materials, it makes significant galvanic corrosion on connected materials.

It is expected from electrochemical tests that the corrosion rate of carbon steel will increase
when it is galvanically coupled with Ti or Cu in sea water and the corrosion rate of Cu will
increase when it is coupled with Ti, if this couple is exposed to sea water for a long time. It is
also expected that the surface area ratios, R;(surface area of carbon steel/surface area of Ti)
and Rj(surface area of carbon steel/surface area of Cu) are very important for the galvanic
corrosion of carbon steel and that these should not be kept to low values in order to minimize
the galvanic corrosion on the carbon steel of the water box. Immersed galvanic corrosion tests
show that the corrosion rate of carbon steel is 4.4 mpy when the ratio of surface area of Fe/
surface area of Al Brassis 1 while it is 570 mpy when this ratio is 1072 . The galvanic
corrosion rate of this carbon steel is increased from 4.4 mpy to 13 mpy at this area ratio, 1,
when this connected galvanic specimen is galvanically coupled with a Ti tube. This can be

rationalized by the combined effects of R; and R, on the polarization curve.
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1. Introduction

Titanium tubes have been used recently in con-
densers of nuclear power plants since titanium has
very good corrosion resistance to sea water.
However, when it is connected to Cu alloys as
tube sheet materials and Cu alloys are connected
to carbon steels as water box materials, significant
galvanic corrosion can take place and has been
experienced on connected materials in nuclear
power plants'’?. 1t was reported that the galvanic
corrosion current is much more evenly distributed
in the case of high conductivity than it is for lower
conductivity™ and that galvanic current density
increases with the increasing average free stream
velocity of sea water'”. It was also reported that
the galvanic corrosion of carbon steel coupled to
Pt shows the maximum value in the solution con-
taining about 1% NaCl and its galvanic corrosion
value is almost constant in the pH range from 5 to
9 While rubber lining or epoxy coating is ap-
plied on the inner surface of water boxes and
epoxy materials are painted on some tube sheets
in order to reduce galvanic corrosion in nuclear
condensers, some lined or painted parts are not
protective after a long period of exposure to flow-
ing sea water and this greatly changes the catho-
dic to anodic surface area ratio. This work was
performed to evaluate the area effect on the gal-
vanic corrosion in nuclear condensers since the

reported data are limited.
2. Experimental

2.1. Materials and Test Solution

N

Cylindrical specimens of commercially pure
Ti(%), Cu(%) and SA 285 grade C carbon steel
were made to have a 0.63cm diameter and 3.0cm
length for electrochemical tests. ASTM B-338
grade 2 seam welded titanium tubes, carbon steel
and Al-Brass were machined and assembled as in
Figure 1 for immersed galvanic corrosion test to
investigate area effect and applied potential effect.
The surface area ratio was controlled by painting
of lacquer(MICCROSTOP). Their chemical com-
positions are listed in Table 1. The solution for the
electrochemical test had 18,500 ppm Cl™ as NaCl
and pH was adjusted to 8 with NaOH. Natural sea

water was used for the immersion tests. Table 2
gives analyzed data for natural sea water.

2.2. Electrochemical Test

Cylindrical specimens were prepared with SiC
papers down to 600 grade. These were degreased
with aceton and rinsed with distilled water before
the tests. A Princeton Applied Research Model
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Fig. 1. Schematic Drawing of a Immersed Galvanic
Test Specimen
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Table 1. Chemical Compositions of Test Specimens for Electrochemical and Immersed Galvanic Tests.

Material Chemical Composition(Weight %)
AST, B-338* 0.01 Fe, 0.14 O, 0.0035 N. 0.0019 H, Bal Ti
grade 2 Ti
Al-Brass™ 76.12 Cu. 20.43 Zn, 3.22 Al, 0.08 Ni, 0.04 Fe, 0.02 Mn, 0.02 Si

Carbon Steel*
SA 285 grade C
Commercially
Pure Ti
Commercially
Pure Cu

98.60 Fe, 0.49 C, 0.32 Mn. 0.28 Al, 0.14 Co, 0.08 Si, 0.06 Cu 0.02 S, 0.01 Cr
0.57 Mn, 0.15 C, 0.017 P, 0.006 S, Bal Fe
0.0016 H, 0.111 O, 0.115 N, 0.004 C, 0.1 Others, Bal Ti

0.047 O, 0.0006 S, 0.039 Pb, 99.89 Cu

* Materials for immersed galvanic corrosion tests

Table 2. Analyzed Data for Natural Sea Water Used
for Immersed Galvanic Test

pH 8.13 Fe* 0.19
Tatal Cond. 41960 NH,* N/D
(#s/cm) SO, 2646
coD* 1.76 Si0,* 1.35
D.O.* 7.7 cr* 18742
Turbidity 0.56 Suspended 1.95
Ca* 348 Solid*
Mg* 1293
* ppm

173 Potentiostat, Model 376 Logarithmic Current
Converter, Model 175 Universal Programmer and
X-Y recorder were used for electrochemical tests.
A saturated calomel electrode and two graphite
electrodes were used as a reference electrode and
counter electrodes, respectively. Anodic and
cathodic scanning were started from corrosion
potentials right after the specimen preparation de-
scrived above, scanning rate 30mv/min to get

polarization curves.
2.3. Immersed Galvanic Corrosion Test

Specimens were finally ground with SiC 600
grade paper, degreased with aceton in a ultrasonic
cleaner and rinsed with distilled water. The speci-

mens were painted with a commercial lacquer

(MICCROSTOP) except exposure areas to control
area ratio. Specimens were tested for 3 weeks and
the solution was changed every 2 days. The speci-
mens were treated with a nylon brush in flowing
water, cleaned ultrasonically and dried after the
tests. Weight losses were measured before and
after the tests. Corrosion rates were calculated by
the following formula®.
Corrosion rate(mpy)=K.W/AT.D
Where K : constant(3.45 X 109
T : time of exposure in hours
A area in cm?
W :mass loss in g
D : density in g/cm®
Brinkman Model MP 81 Potentiostats were used
to apply potentials.

3. Results and Discussion
3.1. Electrochemical Tests

Corrosion potentials were measured as a func-
tion of time in the solution containing 18,500 ppm
Cl™ as NaCl at pH 8.0 and 307 in Figure 2. The
corrosion potentials for Cu and SA 285 grade C
slightly decreased to —0.2 V after a 22 hour test
and to —0.7 V after a 7 hour test respectively.
However, the corrosion potential for Ti increased
gradually from —0.55 V to —0.1 V during this test.
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Fig. 2. Corrosion Potentials for Cu, Ti and SA 285
Grade C as a Function of Exposed Time.
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Fig. 3. Polarization Curves for SA 285 Grade C, Cu
and Ti (Dotted Lines Mean Cathodic Current
Density).

From Figure 2 it is expected that the corrosion
rate of carbon steel, SA 285 grade C, will increase
when it is galvanically coupled with Ti or Cu
which is the major element of Cu alloy tube sheet
materials. It is also expected that the corrosion
rate of Cu will increase when it is coupled with Ti,
if this galvanic couple is exposed in the sea water
for a long time. Figure 3 shows polarization curves
for SA 285 grade C, Cu and Ti in the same
condition. The corrosion rate of SA 285 grade C
will be greatly increased from this curve if its
corrosion potential is raised due to glavanic con-
tact with Ti or Cu. The similar tendency will occur
for Cu after some exposure time when it is galva-
nically coupled with Ti.
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Fig. 4. Galvanic Couple Between Two Corroding
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Fig. 5. Change of Corrosion Potential for SA 285
Grade C When it is Galvanically Coupled With
Cu.

Figure 4 explains fundamental galvanic coupling

7 The corrosion

between two corroding metals
rate of metal N(i corr N) will be increased to i corr
M-N by the galvanic contact with metal M when
total oxidation and total reduction rates are consi-
dered. When a metal surface area increases, its
current will increase. From the polarization curves
for SA 285 grade C and Cu with a surface area
ratio Sg./Sc,=0.1, the corrosion current and
corrosion potential(E’corr) for SA 285 grade C can
be obtained in Figure 5 by considering total ox-
idation and total reduction rates as in Figure 4,
when it is galvanically coupled with Cu. The cur-
rent curve for Cu will be shifted as its surface
area is changed. The surface area of SA 285
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grade C was 6.32 cm®.

The effect of surface area ratios of Sg./Sy; and
Sre/Scu were plotted on the polarization curve for
SA 285 grade C in Figure 6. The corrosion poten-
tials for SA 285 grade C coupled galvanically
were obtained as in Figure 5 by increasing Cu and
Ti surface areas with the same surface area of SA
285. When Rj{surface area of Fe/surface area of
Cu) is decreased from 1 to 1072 | the corrosion
rate of SA 285 grade C is greatly increased, Ry is
more effective on its corrosion than Rj(surface
area of Fe/surface area of Ti). Titanium condenser
tubes are expanded to tube sheets and these tube
sheets are connected to water boxes in nuclear
power plants and these surfaces contact sea water.
Since the number of Ti tubes in a condenser
ranges from 47,664 to 100,296 in Korean nuclear
power plants, a large surface area of Ti is ex-
pected. The carbon steel surface of the water box
is usually lined by rubber or painted with epoxy
materials and the Cu alloy surface of tube sheet is
sometimes painted with epoxy materials too.
However, some parts of these surfaces are ex-
posed to flowing sea water during long-term ser-
vice and these exposed areas change ratios R,

and Ry . In order to minimize the galvanic corro-
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Fig. 6. Effect of Surface Area on Ratio on Galvanic
Corrosion of SA 285 Grade C on Its Polariza-
tion Curve When it is Coupled With Ti or Cu.

sion on the carbon steel of the water box, R; and
Ry should not be kept to low values. In the case
of Ry, the corrosion rate of the carbon steel can
be lowered by painting the exposed Cu surface
frequently. In the case of Ry, exposed Ti surface
area can not be reduced. If the exposed Fe sur-
face area is increased, galvanic corrosion rate is
reduced but the corrosion occurs in wide area.
Therefore, cathodic protection is applied. Howev-
er, the cathodic protection can produce hydrogen
and it reacts with Ti easily to form hydrides. This
can make a hydrogen embrittlement problem.
Therefore, the potential range for the cathodic
protection should be optimized by considering

corrosion‘m

galvanic and hydrogen
embrittlement'. Rs(surface area of Cu/surface
area of Ti) effect was plotted on polarization
curves for Ti and Cu in Figure 7 and 8. If Rz is
increased to 1, corrosion rate for Ti is slightly
increased but its value is very low{1#A/em?). In
addition, Rj3 is usually much less than 1 since Ti
condenser tube surface area is relatively very
large. R; does not increase the corrosion of Cu in
Figure 8. However, corrosion potentials for Cu
and Ti are changed as a function of time and the

corrosion potential for Ti is higher than the value
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for Cu after 22 hour exposure in Figure 2. There-
fore, it is expected that this R3; can affect the
corrosion of Cu if the polarization curve for Ti is
obtained after stabilizing the Ti specimen in the
solution for 22 hours.

3.2. Immersed Galvanic Corrosion Tests

Specimens shown in Figure 1 were immersed in
natural sea water for 3 weeks with or without Ti
tubes. The effect of the area ratio(surface area of
Fe/surface area of Al Brass) on the galvanic corro-
sion rate of a carbon steel was plotted in Figure 9.
Its corrosion rate without a Ti tube is 4.4 mpy
when this area ratio is 1, while it is 570 mpy when
the area ratio is 1072 . This kind of tendency was
expected in Figure 6, even though the values by
immersion tests are lower than the wvalues
obtained from polarization curves by considering 1
mA/cm? is equivalent to 461.8 mpy. When this
ratio was maintained at 10% , the corrosion ratio
was 0.04 mpy. The corrosion of this carbon steel
was increased from 4.4 mpy to 13 mpy at the
area ratio, 1, when it is galvanically coupled with
a Ti tube. This can be rationalized by the increase
of corrosion potential due to the combined effects
of R; and Ry in Figure 6 since the additional R;
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Fig. 8. Effect of Surface Area Ratio on Galvanic
Corrosion of Cu on [Its Polarization Curve
When it is Coupled With Ti.
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effect raises the potential further.

The effect of the applied potential and area
ratio on the corrosion rate of carbon steel was
shown in Figure 10. The corrosion potential at the
interface between a carbon steel plate and a Al
Brass plate with a Ti tube reached —0.48 V after
40 minutes exposure in the natural sea water.
When the surface area of Fe/surface area of Al
Brassis 1 and R; is 8.0X 1072, the corrosion rate
of carbon steel is 12.9 mpy. However, its corro-
sion rate is reduced to 1 mpy at —09 V. lts
corrosion rate is greatly increased to 1230 mpy
when the surface area of Fe/surface area of Al
Brass is 1072 and R;=2.7X10 3. As the potential
is applied cathodically, its corrosion rate is de-
creased. However, its value is 45.3 mpy at —0.9
V. This indicates that cathodic protection is not so
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Fig. 9. Effect of Area Ratio on the Corrosion Rate of a
Carbon Steel Coupled With Al Brass With or
Without a Ti Tube.
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effective if the surface area ratio is not well con-

trolled.

4. Conclusions

1. The corrosion potentials for Cu and carbon

steel, SA 285 grade C, slightly decrease to
-0.2 V and —0.7 V respectively while the
corrosion potential for Ti increases gradually
from —0.55 V to —0.1 V during this test.
Therefore, it is expected that the corrosion rate
of the carbon steel will increase when it is
galvanically coupled with Ti or Cu and the
corrosion rate of Cu will increase when it is

coupled with Ti in sea water for a long time.

. It is expected that the surface area ratios.

R,(surface area of Fe/surface area of Ti) and
R,(surface area of Fe/surface area of Cu) are
very important to the galvanic corrosion of car-

bon steels and that R, is more effective on its

galvanic corrosion rate in this test condition. In
order to minimize the galvanic corrosion on
the carbon steel of the water box, R; and Ry
should not be kept to low values.

. Immersed galvanic corrosion tests show that

the corrosion rate of carbon steel is 4.4 mpy
when the ratio of surface area of Fe/surface
area of Al Brass is 1, while it is 570 mpy when
this ratio is 1072, The galvanic corrosion rate
of this carbon steel is increased from 4.4 mpy
to 13 mpy at this area ratio, 1, when it is
galvanically coupled with a Ti tube. This can
be rationalized by a combined effect of Ry and

R, on the polarization curve.

. The cathodic protection is not so effective on

the galvanic corrosion of the carbon steel if its
surface area ratios with Al Brass and/or Ti are
not well controlled.
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