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frequency could be effected. At this writing it is felt that
the significant fault may be in the strength of material
approximation to wing stiffness. This type analysis im-
plicitly assumes, as is usual in swept wing analysis, that a
lateral force to the elastic axis produces no twisting. Since
frequency appears to be the variable which has an unde-
sirable trend, it is felt that the effect of fluid and inertial
forces on wing twist should be considered for nonrectangu-
lar plan forms.

Conclusions

The theory presented appears to provide a reasonably
consistent divergence speed up to sweep angles of 20°.
However flutter frequency appears to have a trend which
indicates further refinement is still necessary to complete-
ly describe the behavior of the foil. It is suggested in the
text that it is felt that the strength of material approxi-
mation may be the cause of the flutter frequency variation
determined, and the incorporation of wing twist due to
lateral loads at the elastic axis of a foil, with a large sweep
angle, may improve this frequency characteristic of this
solution.
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Impressed-Current Cathodic Protection
of Aluminum-Hulled Craft

Boyce E. Miller* and Harvey P. Hack*
Naval Ship Research and Development Center, Annapolis, Md.

Overprotection is a major problem accompanying cathodic protection of aluminum-hulled craft.
Investigations were conducted concerning the protection and overprotection of aluminum under
various conditions of galvanic coupling, seawater velocities and dilutions, dielectric shield materi-
als, lengths of exposure and influence of seawater location. Overprotection was found to occur
above -1500 mv, the exact value depending on seawater velocity and other conditions. The corrosion
resulting from overprotection was severe, making imperative a protection system design which
eliminates the possibility of accidental overprotection. Data is presented which can aid in the de-
sign of a reliable protection system.

ALUMINUM alloys of the 5000-series are used for the
hulls of hydrofoils, surface effect ships, and other weight-
critical craft. While these alloys have good inherent resis-
tance to corrosion in seawater, they are subject to acceler-
ated attack if electrically connected to other structural al-
loys. The galvanic effect of coupling dissimilar metals in
this electrolyte results in accelerated attack of the anodic
member of the couple. Aluminum alloys are anodic to
copper, nickel, and titanium alloys, steels, and any other
common structural materials used for propellers, hydrofoil
struts and foils, and seawater systems. In addition, metal
barges or docks which might be accidentally coupled to an
aluminum-hulled craft through a gangway or wire rope
may also be constructed of these materials.
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Use of a "protective" coating on the anodic alloy is like-
ly to be more harmful than beneficial. Since some flaws or
breaks in the coating are probable, the coating only serves
to reduce the effective anodic area of the imperfections,
leading to rapid attack in localized areas. Although coat-
ing of the cathodic materials is the recommended ap-
proach to reduce the galvanic current acting on the anodic
material, this is not practical on aluminum craft where
many of the other alloys encountered are in parts not suit-
able for coatings. Also, the aluminum hull should be coat-
ed for fouling resistance. For these reasons a cathodic pro-
tection system is required.

Several types of cathodic protection systems have been
used on aluminum ships including zinc anodes, magne-
sium anodes, sprayed zinc coatings, and impressed-cur-
rent systems. This note concerns the use of impressed-
current systems such as illustrated in Fig. 1. A varying
potential is applied between the hull and hull-mounted
anodes in order to keep the hull at a constant potential
relative to a Ag-AgCl reference cell. Two cells, several
inches across, are usually located in the hull, well away
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Fig. 1 Impressed current cathodic protection system.

from the anodes. One may be used as a spare or as a
check on proper operation of the reference cell controlling
the system. Depending on the craft, 2-6 anodes, about 1 ft
in diameter can be used. They are generally lead-silver, plat-
inum-coated titanium, or platinum-coated tantalum. Sur-
rounding the anodes for 2-4 ft is a thick, waterproof, non-
conductive material called the dielectric shield. In the ab-
sence of this shield the current would follow the path of
least resistance to the hull and, therefore, be concentrated
in the area surrounding the anodes. The shield increases
the distance and voltage drop through the water, thereby
lowering the apparent anode potentials at the hull be-
yond.

Impressed-current cathodic protection systems have
been used effectively on aluminum-hulled craft. There
have, however, been some problems related to electrical
design faults, inadequate failsafe devices and dielectric
shield failures. The major problem which can result from
improper control on aluminum craft is overprotection.
This condition occurs when the potential of the protected
metal is too cathodic, creating hydroxyl ions and a condi-
tion of alkalinity at the cathode-sea water interface. Alu-
minum, being amphoteric in nature, may be rapidly cor-
roded by a high pH environment; steel, however, is not
affected. Therefore, overprotection corrosion is a problem
which exists only on aluminum and not steel, craft.

Review of Service Problems

Adherence failure or mechanical damage of the dielec-
tric shield material may cause localized corrosion near the
anodes where voltages may exceed -1.5 v. This is shown
in the anode potential scan in Fig. 2. Shield failure may
also be caused by an electrical malfunction in a controller
which has no failsafe features. This malfunction could
cause excessive anode voltages which blister the shield.
The corrosion resulting from overprotection at failed
shields has been known to completely penetrate a % in.
thick hull approximately one month after shield failure.
The potential applied to the anode in this failure was be-
lieved to be much greater than those illustrated in Fig. 2.

Table 1 Corrosion of 5456-H117 aluminum galvanically
coupled to various alloys

Alloy coupled
to 5456

Monel 400
70-30 Cu-Ni
AISI 1040
Ni-Al bronze
HY-80 steel
IN625
HastC
3045.5.
T1-6A1-4V
Zinc
5086 Al
Uncoupled

Rate (mil/year)
8 fps 40 days

76.7
75.3
67.9
65.7
51.7
51.6
42.1
38
35.5

2.3
2.1
2.4

Rate (mil/year)
13 fps 30 days

62.3
72.7

100
90.3
70.7
66.1
68.3
58
59.1
6.4

—
5
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Fig. 2 Potential across a dielectric shield.

Such electrical failures may also be due to either shorts
or breaks in the reference cell connection, a faulty or er-
ratic reference cell, or improper selection of maximum
and minimum currents. If the minimum current output of
the controller is too high it may cause overprotection of
aluminum craft with freshly coated appendages. The
newly coated appendages have little exposed area to ab-
sorb the anode current. One vessel has had its unit made
operational by bypassing a portion of the excessive con-
troller output current through an external resistance.

Even properly designed units without an appropriate
maximum potential limit may cause overprotection if the
craft is accidentally coupled to a steel barge or dock, de-
manding additional current and overdriving the system.
Large negative potentials in the range where aluminum
experiences overprotection may also have deleterious ef-
fects on certain materials coupled to the aluminum hull.
For instance 17-4PH stainless steel presently used in come
hydrofoil struts and foils may be embrittled by the hydro-
gen evolved at the more negative potentials.

Laboratory Investigation

Tests were performed on unprotected 5456-H117 alumi-
num specimens to determine the current and potential
demands on the protection system under various condi-
tions of galvanic coupling.

Open Circuit Potentials

Open circuit potentials of aluminum indicate the mini-
mum potentials to which a hull can be protected. Unpro-
tected specimens of aluminum alloy 5456-H117 were im-
mersed in fresh seawater at Harbor Island, N.C. and

_ -noo
FRESH SEA WATER 3 FPS-

FRESH SEA WATER 13 FPS-

, ,\ i , , , i i i i i ,̂ FRESH SEA WATER 131 FPS

T 16 20 24
TIME, DAYS

SPECIMEN IMMERSED
IN STORED SEA WATER

Fig. 3 Open-circuit potentials of 5456-H117 aluminum in Har-
bor Island seawater.
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Fig. 4 Stabilization of galvanic current in the 8 fps test.

Puget Sound, Wash. Specimens were also exposed at An-
napolis in seawater shipped from Harbor Island. Open-cir-
cuit potentials vs an Ag-AgCl half-cell were monitored and
recorded over a 40-day period. Figure 3 illustrates the va-
riety of potentials displayed under the various conditions
of immersion in Harbor Island seawater. In Puget Sound
seawater, the potentials all fell between -730 and
—770mv. This may be related to a difference in seawater
chemistry at the two locations. Brief immersion in stored
seawater at Harbor Island was found to stabilize the po-
tential at less negative values.

Galvanic Coupling

Galvanic couples were created by affixing plates, 13A6 X
27/s x % in., of 5456-H117 aluminum and of the material
to be coupled, in a flowing seawater test cell at Harbor
Island. Specimens were positioned facing each other, \
in. apart, secured and electrically coupled from the out-
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Fig. 6 Current variations of cathodically protected 5456-H117
Aluminum, 8 fps.

side of the cell. Wetted area of each plate was 2.8 in.2.
Natural seawater was pumped between the plates at two
velocities, 8 and 13 fps. The weight loss was measured
after 30-40 days and corrosion rates were calculated.

Table 1 shows that acceleration of corrosion due to the
coupling is large for all materials tested except zinc; from
2-5 mils/year for uncoupled aluminum to 35-100 mils/
year when coupled. Representative current-time curves in
Fig. 4 show that the galvanic current stabilized within 3
weeks to approximately the same value for all materials,
1.0 ma. The Monel and HY-80 curves are representative of
most of the materials tested. The only two exceptions, ti-
tanium and 304 stainless steel, showed an initial current
increase instead of a decrease.
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Fig. 5 Corrosion rate of cathodically protected aluminum. Fig. 7 Ag-AgCl potential shift with seawater dilution.
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Constant-Potential Studies

Figure 5 shows corrosion rates of 5456-H117 aluminum
vs control potential at seawater velocities of 3, 8, and 13
fps. In these tests, potentiostats were employed to main-
tain constant control potentials ± 10 mv. The anodes used
were platinum-coated titanium and the reference cells
were Ag-AgCl. Test lengths were 30-35 days.

Between -1300 and -1500 mv the total amount of cor-
rosion increases slightly. This probably is due to higher
initial corrosion rates, as can be seen in Fig. 6 which pre-
sents protection current vs time.

Curves at the more negative potentials up to —1500 mv
start with initially higher current, but the differences dis-
appear with time. Overprotection begins to occur between
-1500 and -1600 mv at all velocities. At -1600 mv the
curve does not level off rapidly, indicating that the initial
corrosion continues. The drop in current with time may
be due to the buildup of calcareous deposits on the ca-
thodic aluminum surface. Therefore, -1500 mv should be
the maximum protection potential permitted on uncoated
aluminum using a cathodic protection system.

Dielectric Shield Studies

Resistance of two dielectric shield materials to imposed
voltages was studied. Both materials, an epoxy mastic and
a cold tar epoxy are in use on cathodically protected alu-
minum or steel vessels. Several of the 5456-H117 alumi-
num specimens were coated with these materials, and a
pinhole was drilled through the coating on each to simu-
late a break. These plates were immersed at Harbor
Island and a 6.0 v potential applied between the specimen
and a platinized titanium electrode. The specimen was
cathodic. Test duration was 6 months. The epoxy mastic
material proved superior, showing no signs of blistering or
deterioration.

Seawater Dilution Effects

Diluted seawater would be encountered if the craft were
to cruise into fresh-water bodies. The potential of Ag-
AgCl reference cells varies with chloride content, whereas
that of saturated calomel electrodes (SCE) does not. It is
not practical however to use SCE on an operating vessel
due to dilution of fluid in the cell with seawater. The
magnitude of the potential drift of the Ag-AgCl cell in
fresh water relative to SCE is therefore important in de-
termining the operation of the cathodic protection system
in rivers or lakes.

Water taken from Harbor Island, Puget Sound, and the
Severn River in Maryland was used in these tests. The

Harbor Island seawater was used in the dilution runs. The
magnitude of the potential shift was less than 80 mv, even
in highly diluted seawater (Fig. 7). The direction of the
shift was positive, away from the lower Overprotection
limits. Therefore, the net effect of reference cell shift on
the system should be small, without danger of overprotec-
tion. However, for hull potential to remain constant as
seawater resistivity increases, higher anode voltages are
necessary due to the greater voltage drop through the sea-
water adjacent to the dielectric shield. This increases the
possibility of Overprotection near the dielectric shield.

Conclusions

Severe corrosion due to Overprotection will occur on alu-
minum in seawater where the potential is more negative
than -1500 mv. This can be avoided on craft with im-
pressed current cathodic protection systems by using a
suitable shield material, properly applied, and by pre-
venting the current controller from overdriving the an-
odes.

The controller design should include features to sup-
press the current if the reference cell is either disconnect-
ed or shorted to the hull. A second reference cell might be
placed adjacent to the shield to detect protection voltages
more negative than —1.5 v and either suppress the current
automatically, or sound a warning. This would automati-
cally detect accidental coupling to steel barges or docks.
The same warning device could be used to signal reference
cell shorts or disconnection. Finally, the controller unit
should be designed to deliver minimum currents lower
than those delivered by impressed current systems de-
signed for use on steel-hulled vessels.

The results of this investigation indicate that with
proper attention to selection of equipment and with spe-
cial emphasis on quality of dielectric shield materials,
aluminum-hulled craft may be satisfactorily protected
from galvanic corrosion effects.

References

iDeltombe, E. and Pourbaix, M., "The Electrochemical Behav-
ior of Aluminum,"Corrosion, Vol. 14, No. 11, Nov. 1958, pp. 496-
500t.

2Draley, J. W and Ruther, W. E., "Aqueous Corrosion of Alu-
minum," Corrosion, Vol. 12, Sept. 1956, pp. 441t-448t.

3Ailor, W. H., "Flowing Sea Water Corrosion Potentials of Alu-
minum Alloys," Paper 36, NACE 26th Annual Conference, Phila-
delphia, Pa., March 2-6, 1970.

4Niederberger, R. B., Basil, J. L., and Bedford, G. T., "Corro-
sion and Stress Corrosion of 5000-Series Al Alloys in Marine En-
vironments," Corrosion, Vol. 22, No. 3, March 1966, pp. 68-73.


