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ABSTRACT

Aluminum alloy 5086-H32 when not coupled to dissimilar
metals was observed to be corrosion resistant in seawater
or in the Potomac River at Washington, D.C. Severe
corrosion occurred in seawater however when coupled to any
of the following dissimilar metals: copper nickel, I0%;
yellow brass; 304 stainless steel; or mild steel. This
galvanic corrosion could not be completely prevented by
cathodic protection. A magnesium anode also caused severe
corrosion of the aluminum in seawater.

In the Potomac River at Washington, D. C. the dissimilar
metal corrosion of 5086-H32 aluminum was more severe than
in seawater. Except for the mild steel couple, cathodic
protection did not significantly reduce the depth of
corrosion caused by the dissimilar metals in the Potomac
River water, although the incidence of attack was reduced.

Cuprous oxide antifouling paint caused corrosion at bared
areas of 5086-H32 aluminum even when a vinyl anticorrosive
barrier paint was applied beneath the antifouling paint.
The corrosion caused by the cuprous oxide toxicant was more
severe in the Potomac River than in seawater. The depth of
corrosion on the cuprous oxide coated specimen that was
cathodically protected and exposed in the Potomac River was
not significantly less than on the unprotected specimen
which was coated with the tributyltin oxide toxicant. If
an antifouling paint is required, the best overall corrosion
mitigation system on coated 5086-H32 aluminum was obtained
on a specimen coated with tributyltin oxide and cathodically
protected.

Aluminum alloy 6061-T6 was severely corroded when
continuously immersed in quiescent seawater or in the
Potomac River. In seawater corrosion caused by the cuprous
oxide toxicant was not as severe as that observed on un-
coated and unprotected 6061-T6 aluminum, but in the Potomac
River the depth of corrosion was significantly increased by
the cuprous oxide antifouling coating. The depth of
corrosion was less on the unprotected specimens coated with
the tributyltin oxide toxicant than on the specimens coated
with the cuprous oxide toxicant. The most effective method
of reducing the corrosion on 6061-T6 aluminum coated with
antifouling toxicants was the combination of the vinyl
anticorrosive barrier, the tributyltin oxide toxicant. and
cathodic protection.

The uncoated aluminum alloys were heavily fouled with
marine growth in seawater, but in the Potomac River only
slime developed on their surfaces. After 1264 days in
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seawater moderate fouling was observed on the cuprous oxide
coated specimens and moderate to heavy fouling with a few
barnacles on the tributyltin oxide coated specimens.
Cathodic protection had little or no effect on the degree
of fouling observed on the specimens immersed for 1264 days
in seawater.

Status

This report completes one phase of the task; work is
continuing on other phases.

Authorization

NRL Problem No. 63M04-02
Task No. SF 51-542-602-12431
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INTRODUCTION

Aluminum alloys have been used over the past several years
for some ship hulls, other naval structures and oceano-
graphic instrument packages. Alloys 6061-T6 and 5086-H32
have been of particular interest for use in seawater. The
former alloy is weldable and heat treatable. The latter
alloy is also weldable, but its strength is realized through
strain hardening.

Marine structures are usually designed with strength require-
ments as the primary parameter governing the choice of
materials. It may also be necessary to use more than one
metal in the structure to obtain the desired mechanical
strength. Because alloys with less than optimum corrosion
resistance maybe used, and because of the accelerated
corrosion that will be catqed by dissimilar metal couples,
it is prudent to control the corrosion to acceptable l.imits
through the use of protective coatings and cathodic
protection.

, ,ntifouling coatings are also often required to limit weight
increases and to minimize the additional drag created by
marine organisms growing on the structure. The standard
Navy antifouling coating is Formula No. 121 of MIL-P-15931
which contains cuprous oxide as the toxicant. At one time
this antifouling toxicant was considered tolerable on
aluminum provided there was a 6 mil barrier-layer of pore-
free vinyl anticorrosive paint between the cuprous oxide
and the aluminum. This undoubtedly would be satisfactory
if the barrier film remained intact during service, but
almost invariably the paint coating is damaged in service
and bare metal is exposed at some areas.

The present study was initiated to determine the corrosion
characteristics of 5086-H32 and 6061-T6 aluminum alloys in
seawater and fresh water. Another objective was to determine
whether cathodic protection could prevent the corrosion of
aluminum alloys caused by dissimilar metals or the toxicants
in antifouling paints. A comparison of the corrosive effects
of cuprous oxide (Cu 2 0) and tributyltin oxide (TBTO) anti-
fouling paint toxicants on the aluminum alloys and the
response to cathodic protection was also included in this
Study.

Interim results have been previously reported (1,2,3, and 4).

The present report includes data from specimens exposed for
longer time periods and correlates data for several time
periods and different exposure locations.

1



PROCEDURES

Most of the study was conducted in seawater at the NRL
Marine Corrosion Research Laboratory, Key West, Florida,
and in the Potomac River at the Naval Research Laboratory,
Washington, D.C,

Each aluminum specimen measured 12 x 12 inches and was
sheared from larger plates. The 5086-H32 specimens were
1/8-inch thick except for the welded specimens which were
3/16-in. thick. Welded specimens were fabricated using
5356 filler metal. The 6061-T6 specimens were all 1/16-in.
thick.
The dissimilar metals or galvanic anodes that were coupled

to the aluminum specimens measured 1/2-in. x 1 1/4-in. x
6-in. with an area ratio of the dissimilar metal or cathodic
protection anodes to the aluminum specimer of approximately
1:18. The dissimilar metals included copper nickel, 10%;
yellow brass; 304 stainless steel;and mild steel. The
galvanic anodes used for the cathodic protection phase of
this study included proprietary aluminum anodes, zinc
anodes (MIL-A-18001H), and magnesium anodes (MIL-A-21412A).
The dissimilar metals and anodes were drilled and tapped
and fastened to the aluminum by stainless steel bolts
through the specimensý. No insulating barrier was used
between the faying surfaces of the aluminum specimen and
the dissimilar metal (or anode), but the bolt heads and
the area around the through bolts were sealed with epoxy
resin. The metallic resistance between the aluminum
specimens and the coupled metals (or anodes) was less than
0.001 ohm before and after these immersion studies.

The aluminum specimens were solvent-wiped prior to coating
and the following anticorrosive paint system was applied:

(a) one coat (0.5 mil) Wash Primer-Formula No. 117 of
MIL-P-15328

(b) six coats (6 mils) zinc chromate primer, Vinyl-
Formula No. 120 of MIL-P-15930.

The antifouling paint toxicants were applied over the anti-
corrosive paint system and included the following two types:

(a) (Cu 0) - Two coats (4 mils) Antifouling Vinyl
(red) - Formula No. 121 of MIL-P-15931

(b) (TBTO) - Two coats (4 mils) Antifouling (proprietary
vinyl formulation, copper-free but pigmented to a
dark red color),
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A circular window (bared area) of approximately one square
inch was left uncoated at the center of one surface of each
painted specimen. This window simulated a damaged area on
the coating, permitted the study of any e.ffects on the
aluminum caused by the toxicants leached irom the antifouling
coatings, and provided for the evaluation of the response
to cathodic protection from the galvanic anodes.

Specimens were mounted on reinforced phenolic rods and
spacers with the flat surfaces of the specimens parallel
and were exposed in the totally immersed condition.
Individual specimens were spaced approximately 4 inches
apart. This mounting method provided an intentional crevice
and reduced the number of support racks required for the
experiment. A typical exposure rack is shown in Fig. 1.

The aluminum alloy specimens and coupled metals were in-
dividually weighed to within one gram prior to assembly and
at the completion of the experiment. All )f the bare
specimens were cleaned of fouling after removal from
exposure, rinsed with fresh water, dried, and sprayed with
an inhibited spray before returning them to NRL for
detailed evaluation.

Final chemical cleaning of the uncoated specimens consisted
of immersion with alternate brushing in a solution of 2 wt.
% chromic acid - 5 wt. % H3 PO4 at 80-85' C (175-185' F).
This was followed by a fresh water rinse and drying. The
paint on the coated specimens was removed by repeated
immersion in acetone and brushing, The stripped specimens
were then cleaned as noted above for the uncoated specimens.

EXPERIMENTAL RESULTS

Uncoated 5086-H32 Aluminum - Seawater Performance - Effects
of Weldments, Dissimilar Metal Couples and Cathodic
Protection. Exposure Periods Up to 809 Days (26W. Months).

The depth of corrosion and the response to cathodic
protection for various areas on the welded specimens of
5086-H32 aluminum are shown in Fig. 2. These data showed
that the deepest corrosion on any of the welded specimens
in seawater was 13 mils and that cathodic protection
effectively eeduced the depth of corrosion except at the
area immediately adjacent to the weld on the circular welded
specimen. There was evidence of cracks in the welds, notably
on the circular welded specimen. The weld cracks were
evident after exposure whether or not the specimen was
cathodically protected by an aluminum anode, but it was not
certain whether these cracks were present prior to the
exposure. The weld area and areas adjacent to the weld on
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the unprotected specimen are shown in F '. 3. A similar
area of the protected specimen is shown in Fig. 4.

The depth of corrosion at various locations on the 5086-H32
aluminum caused by the dissimilar metals and the response
to cathodic protection in preventing this corrosion are
summarized in Figs. 5 thru 8.

Each of the following dissimilar metals: copper nickel, 10%;
yellow brass; 304 stainless steel; and mild steel caused
accelerated corrosion at some location on the 5086-H32
aluminum. Of all the dissimilar metals studied the copper
nickel caused the deepest corrosion beneath the dissimilar
metal and on the general areas of the specimen. The 304
stainless steel accelerated the corrosion of the aluminum
the most at the crevice formed by the phenolic mounting
spacers. Edge corrosion of the aluminum was also caused
by each of the dissimilar metals.

Cathodic protection from the aluminum anodes reduced the
depth of corrosion on the 5086-H132 aluminum caused by the
dissimilar metals, but only in the case of the 304 stainless
steel couple (Fig. 7) was the depth of corrosion reduced
to that observed on the bare, uncoupled and unprotected
5086-H32 aluminum. The depth of corrosion on bare 5086-H32
aluminum (with and without cathodic protection) and not
coupled to a dissimilar metal has been shown on Fig. 9.
The data for the maximum corrosi•,n depth for bare and un-
protected 5086-H32 aluminum hav-. ben shown on the
appropriate graphs for compar.ative purposes.

The weight loss data have ili~o been included in Figs. 5 thru
9 for comparative purposes 31though the weight loss data
were not indicative of the severity of the corrosion on the
aluminum caused by the dissimilar metals. However, weight
loss data as well as depth of corrosion data did show the
accelerated corrosion on 5086-H32 aluminum when cathodic
protection was attempted from a magnesium anode (Fig. 9).
There was also some indication that the depth of corrosion
on the general areas of the specimen may have been slightly
accelerated by cathodic protection from a zinc anode.
Cathodic protection from aluminum anodes prevented the edge
corrosion on tile aluminum alloy specimens that were coupled
to the dissimilar metals.

The photographs in Figs. 10 thru 18 depict the corrosion of
the 5086-H32 aluminum caused by the dissimilar metals and
the response to cathodic protection. In most instances the
areas shown were under and immediately adjacent to the
location of the dispirailar metals on the speci.mens. Figure
19 shows the excellent corrosion resistance of bare
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unprotected 5086-H32 aluminum after 809 days in seawater
when not coupled to a dissimilar metal.

Comparative data showing the depth of corrosion on 5086-H32
aluminum and the effectiveness of cathodic protection in
counteracting the detrimental effects of the dissimilar
metals are shown in Figs. 20 thru 23. These data were
obtained for two time periods from exposures at Key West,
and two time periods from exposures at Ft. Amador, Canal
Zone. The depth of corrosion on unprotected specimens was
generally greater at Key West than at Ft. Amador. This was
evident except when copper nickel was the dissimilar metal
and the exposure time at Key West was relatively short.

The Ft. Amador experiments did not indicate an increase of
corrosion depth with time. The 540 days Ft. Amador data
and the 319 days Key West data also indicated that cathodic
protection from an aluminum anode was completely effective
in preventing corrosion caused by the dissimilar metals.
The longer term (809 days) Key West data indicated, however,
that a prolonged incubation period existed before tiie
detrimental effects of the dissimilar metals copper nickel,
10% and 304 stainless steel became evident (Figs. 20 and 22).
The longer term Key West data also showed that cathodic
protection was not completely effective in counteracting the
detrimental effects on the aluminum caused by any of the
dissimilar metals studied.

Uncoated 5086-H32 Aluminum - Lake and River Water Performance.
Effects of Weldments, Dissimilar Metal Couples and Cathodic
Protection. Exposure Periods up to 675 days (22 Months).

The data for the depth of corrosion on the welded specimens
of 5086-H32 aluminum exposed for 675 days in the Potomac
River are summarized in Fig. 24. The 5086-H32 aluminum
corroded to a depth of 56 mils adjacent to the weld and to
33 mils on general areas of the specimen. The deepest
corrosion occurred on the circular welded specimen which
also showed slight cracks in the weld, but it was not
certain whether these cracks were present prior to exposure.
The weld and adjacent areas on this specimen are shown in
Fig. 25,

A comparison of the data in Figs. 2 and 24, and 3 and 25,
indicates that the corrosion of the unprotected welded specimen
was more severe in the Potomac River than in seawater at
Key West. The response to cathodic protection in preventing
the corrosion on the welded specimens in the Potomac River
is not known because these specimens were lost when the
dock from which the specimens were suspended was removed by
a demolition crew unbeknownst to the authors.
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The depth of corrosion produced on the 5086-H32 aluminum
by the dissimilar metal couples in the Potomac River and the
response to cathodic protection have been shown in Figs. 26
thru 29. Each of the dissimilar metals: copper nickel, 10%;
yellow brass; 304 stainless steel; and mild steel caused
severe corrosion of the 5086-H32 aluminum. On the general
areas of the aluminum the corrosion in the Potomac River
was l1 to 2 times deeper than on similar specimens exposed
in seawater at Key West. (Compare Figs. 5,6,7,8 with Figs.
26,27,28, and 29, respectively).

Cathodic protection from the aluminum anodes did not
significantly reduce the depth of corrosion caused by the
dissimilar metals; copper nickel, 10%; yellow brass; or 304
stainless steel in the Potomac River exposures except in
crevice areas formed by the mounting spacers. Only in the
crevice areas was the depth of corrosion reduced to that
observed on bare, unprotected 5086-H32 aluminum not coupled
to dissimilar metals, Figs. 26,27,28, and 30.

In the case of the mild steel couple in the Potoma: River
cathodic protection was effective and significantly reduced
the depth of corrosion at all locations on the 5086-H32
aluminum, Fig. 29.

Figures 31 to 40 show the appearance of the specimens with
and without cathodic protection from the aluminum anodes.
On the 5086-H32 aluminum specimens coupled to the dissimilar
metals, copper nickel, 10%; yellow brass; and 304 stainless
steel, Figs. 3] through 36, the incidence of corrosion was
reduced by cathodic protection, but as indicated previously
the depth of corrosion was not significantly reduced except
At the crevice areas. There was sufficient weight loss on
the unprotected specimens of 5086-H32 aluminum coupled to
copper nickel, 1C%; and yellow brass, (Figs. 26 and 27) to
indicate that cathodic protection from the aluminum anodes
also reduced the incidence of corrosion. A comparison of
Figs. 37 and 38 shows that essentially complete protection
was obtained by cathodic protection on the 5086-H32
aluminum coupled to mild steel. Figures 39 and 40 show the
excellent corrosion resistance of bare 5086-H32 aluminum
not coupled to a dissimilar metal after 675 days in the
Potomac River.

Figure 41 shows the area on 5086-1132 aluminum beneath a
magnesium anode used for cathodic protection in the Potomac
River. This photograph and the data in Fig. 30 indicate
that the magnesium anode caused some corrosion on the 5086-
1132 aluminum, but it was much less severe than the accelerated
corrosion observed in seawater (compare Figs. 9 and 30).
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Figures 42 through 45 compare the depth of corrosion after
540 days in Gatun Lake, Canal Zone and after 675 days in the
Potomac River. The depth of corrosion data from specimens
at these two locations indicate the severe detrimental effects
caused by the copper nickel, 10%; yellow brass; and 304
stainless steel at both sites, and the ineffectiveness of
cathodic protection from an aluminum anode in counteracting
this corrosion, Figs. 42 thru 44. The detrimental effect
of the mild steel couple was not significantly reduced by
cathodic protection in the Gatun Lake although cathodic
protection was effective in the Potomac River, Fig. 45.

Coated 5086-H32 Aluminum (with and without weldments) Sea-
water Performance - Effects of Cu 2 0 and TBTO antifouling
coatings and cathodic protection. Exposure Periods up to
1264 days (41J months).

The depth of corrosion and response to cathodic protection
at the intentionally bared areas and under the paint on the
welded 5086-H32 aluminum specimens exposed for 1264 days in
qu&escent seawater at Key West are shown in Fig. 46. These
data and the photographs in Fig. 47 show that the Cu 2 0 anti-
fouling coating caused accelerated corrosion of the aluminum
even with the vinyl anticorrosive barrier coating between
the metal and the antifouling coating. Figs. 46 and 47 also
indicate that cathodic protection from the aluminum anode
was effective in preventing the detrimental effects of the
Cu 2 0 antifouling coating. The data (Fig. 46) also show
that the TBTO antifouling coating was not detrimental to
the 5086-H32 welded aluminum and that cathodic protection
was completely effective in preventing any corrosion of the
aluminum when TBTO was the toxicant in the antifouling paint.
Figure 48 shows the weldea specimens coated with TBTO, with
and without cathodic protection, and the one area on the
unprotected specimen which showed some corrosion.

The accelerated corrosion caused by the Cu 2 0 in the anti-
fouling paint on unwelded 5086-H32 aluminum and the
effectiveness of cathodic protection in preventing this
corrosion are shown in Figs. 49 and 50. Cathodic protection
reduced the corrosion on the specimen coated with the Cu 2 0
antifouling paint but the least corrosion was observed on
the cathodically protected specimen with the TBTO as the
toxicant. (Figs. 49 and 51.)

The depth of corrosion data after 809 days exposure in
quiescent seawater at Key West have also been included in
Fig. 49. The 809 day data would appear to indicate thEp
cathodic protection was less effective in reducing the
corrosion caused by the Cu 2 0 and that TBTO antifouling paint

7



plus cathodic protection was only slightly better to control
corrosion on 5086-H32 aluminum than Cu 2 0 plus cathodic
protection.

However, the 1264 day data confirmed an earlier suspicion
that the procedure used to remove the coatings from the
specimens after 809 days exposure caused an artifact in the
data. Cleaning of the coated specimens after 809 days
exposure was on a mass-production type basis in which the
stripping solutions normally used by a commercial paint
shop to remove old paint from aluminum prior to repainting
were used. The anomalies in the data caused by this
cleaning procedure confirm that extreme caution must be
exercised in removing paint from corrosion specimens. Undue
expedience in any phase of a corrosion study is generally
unwise especially when considerable exposure time is involved.

Coated 5086-H32 Aluminum - Potomac River Water Performance.
Effects of Cu 2 0 and TBTO antifouling coatings anid cathodic
protection. Exposure period of 675 days (22 months).

The depth of corrosion and response to cathodic protection
data at the intentionally bared window areas and under the
paint on the 5086-H32 aluminum exposed for 675 days in the
Potomac River are shown in Fig. 52. Figure 53 is a photograph
of the severe corrosion that occurred at the window area of
the specimen coated with the Cu 2 0 antifouling paint. As
noted with the dissimilar metal couples, the corrosion
observed on the Cu 2 0 antifouling paint coated 5086-H32
aluminum was more severe in the Potomac River than in sea-
water. Cathodic protection of either the Cu20 or TBTO
coated specimens did not reduce the corrosion significantly
below the corrosion depth observed on the unprotected TBTO
coated specimen. Figure 54 is a photograph showing the
condition at the window area of the cathodically protected
Cu 2O coated specimen. Figure 55 shows the appearance at
the window area of unprotected 5086-H32 aluminum coated
with TBTO, and Fig. 56 shows a similar specimen that had been
cathodically protected.

Coated 6061-T6 Aluminum - Seawater Performance. Effects of
Cu2 0 and TBTO antifouling coatings and cathodic protection.
Exposure Periods up to 1264 days (41J months).

The dep, h of corrosion and response to cathodic protection
data at the bared window areas and under the paint on the
6061-T6 aluminum exposed for 1264 days in quiescent sea-
water at Key West are summarized in Fig. 57. The un-
protected specimen coated with Cu 2O antifouling paint was
severely corroded. The depth of corrosion was not as great
as on the uncoated specimen, but was approximately twice as
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deep as on the unprotected specimen coated with TBTO. Al-
though cathodic-protection reduced the depth of corrosion on
the Cu 0 coated specimen, the most effective combination
for regucing corrosion on the antifouling coated specimens
of 6061-T6 aluminum was the TBTO antifouling paint and
cathodic protection.

The 809 day data on the coated 6061-T6 aluminum alloy showed
similar trends although the effectiveness, of the TBTO anti-
fouling paint system plus the cathodic protection from an
aluminum anode was less evident. This is believed to be a
result of the previously discussed artifact caused by the
method used to remove the coating from these specimens.
Figures 58 and 59 are photographs of 6061-T6 aluminum
specimens cozated with Cu 2 0 and TBTO antifouling coatings,
respectively. Selected areas on the cathodically protected
specimens are also shown.

Coated 6061-T6 Aluminum - Potomac -River Water Performance.
Effects of Cu 2 0 and TBTO antifouling coatings and cathodic
protection. Exposure Period of 675 days (22 months).

The data for the depth of corrosion and response to cathodic
protection at the bared window areas and under the paint on
the 6061-T6 aluminum exposed for 675 days in the Potomac
River are summarized in Fig. 60. Uncoated and unprotected
6061-T6 aluminum corroded to a depth of 20 mils. The data
in Fig. 60 and the photograph in Fig. 61 show that the
Cu 2 0 antifouling paint increased the depth of corrosion.

The data in Figure 60 and a comparison of Figs. 61 and 62
show that cathodic protection from an aluminum anode
significantly reduced the depth of corrosion caused by the
Cu 0 antifouling paint. As indicated in other phases of
this study, the TBTO antifouling paint caused less severe
corrosion on the aluminum alloy, and the combination of TBTO
and cathodic protection from an aluminum anode resulted in
the greatest corrosion protection. Photographs of the corrosion
on the unprotected and protected specimens of 6061-T6 aluminum
coated with TBTO are shown in Figs. 63 and 64, respectively.

Effectiveness of Antifouling Coatings and Response to
Cathodic Protection.

A qualitative summary of the corrosion of 5086-H32 and 6061-
T6 aluminum alloys, the corrosion caused by antifouling

PN paint toxicants, the response to cathodic protection, and
the order of ranking of each material in the specific
environment are shown in Table 1. This should be a useful
guide in appraising the relative performance of these alloys
when bare or coated with Cu 2 0 or TBTO type antifouling paints.
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Bare 5086-H32 aluminum was highly corrosion resistant when
continuously immersed in either quiescent seawater or in
the Potomac River even without cathodic protection. From
a corrosion viewpoint TBTO is preferred over Cu2 0 as an
antifouling toxicant on 5086-H32 aluminum. When TBTO was
used in conjunction with cathodic protection corrosion of
the aluminum was at a minimum. In the Potomac River bare
5086-H32 aluminum either with or without cathodic protection
was least corroded.

Table 1 also shows that bare 6061-T6 aluminum was severely
corroded in both seawater and Potomac River water when not
cathodically protected. In either environment the most
satisfactory corrosion protection was obtained with the
TBTO type antifouling paint and cathodic protection from an
aluminum anode.

Marine Growth (Fouling) Characteristics

Uncoated (bare) 5086-H32 and 6061-T6 aluminum fouled
severely in seawater. In the Potomac River the only fouling
observed was slime.

The Cu 2 0 and TBTO antifouling paints resisted marine growth
equally well for approximately 10 months in seawater. At
10J months the first growth of barnacles was noted on some
of the TBTO coated specimens. The Cu 2 0 coated specimens
were free of fouling during the same time period.

After 809 days (261 months) in seawater a difference in the
effectiveness of the antifouling coatings was more evident.
The Cu 2 0 coated specimens were still essentially free of
marine fouling, but the TBTO coated specimens were fouled
over approximately 20 percent of the surface. There was
also a slight discernible difference in the fouling
characteristics attributable to the cathodic protection
from the aluminum and zinc anodes. The slight reduction
in antifouling properties attributable to cathodic
protection was evident only on the specimens coated with
the TBTO antifouling paint.

The characteristics of the antifouling paints on 5086-H32
and 6061-T6 aluminum after 1264 days in seawater are
summarized in Table 2. These data show that moderate
fouling was observed on the Cu 2 0 coated specimens and
moderate to heavy fouling with a few barnacles on the TBTO
coated specimens. Essentially no difference in the degree
of fouling was observed on the protected and unprotected
specimens after 1264 days in seawater.

10



There was a marked difference between the color retention
on the Cu 2 0 and TBTO coated specimens. The Cu20 anti-
fouling paint changed from a deep red color to that of the
usual green patina on copper, while the TBTO paint
essentially retained its original reddish color.

In the Potomac River, specimens coated with TBTO initially
seemed to have less slime on the bared window areas, but
this was only a temporary effect, i.e., for a time period
much less than the 675 days exposure period. Slime was
the principle type of fouling observed on the specimens
exposed in the Potomac River.

SUMMARY

1. Bare. uncoupled, and unprotected 5086-H32 aluminum was
inherently corrosion resistant in quiescent seawater, in
lake watel; and in the Potomac River.

2. The following dissimilar metals: copper nickel, 10%/o;
yellow brass; 304 stainless steel; and mild steel,
accelerated the corrosion of 5086-H32 aluminum in seawater.
Cathodic protection from aluminum anodes reduced the depth
of corrosion caused by the dissimilar metals, but was not
completely effective. There were indications that a pro-
longed incubation period existed before the accelerated
corrosion, caused by the copper nickel, 10%; and 304
stainless steel, became evident on the aluminum. Cathodic
protection from a magnesium anode also caused accelerated
corrosion of the aluminum.

3. Cracks were noted on the circular welded uncoated
specimens of 5086-H32 alumninum in seawater even when
cathodically protected, but they may have been present
prior to exposure.

4. The depth of corrosion on 5086-H32 aluminum caused by
the dissimilar metals was greater in the Potomac River
than in seawater. Each of the dissimilar metals, copper
nickel, 10%; yellow brass; 304 stainless steel; and mild
steel, caused accelerated corrosion of the aluminum exposed
in the Potomac River. Cathodic protection did not
significantly reduce the depth of corrosion caused by
copper nickel, 10%; yellow brass; and 304 stainless steel
except in crevices formed by the mounting spacers. Cathodic
protection was effective,however, and did significantly
reduce the depth of corrosion on 5086-H32 aluminum caused
by the mild steel in the Potomac River exposure, but: not
in the freshl water lake exposure. The incidence of
corrosion on the 5086-H32 aluminum caused by the dissimilar
metals was reduced by cathodic protection.
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5. Cracks were evident on the welded specimens of 5086-H32
aluminum exposed in the Potomac River but the response to
cathodic protection could not be established because
specimens were lost due to circumstances beyond our control.
These cracks may have been present prior to exposure.

6. Cu2 0 antifouling paint applied over a vinyl anti-
corrosive barrier coating accelerated corrosion at bared
areas on 5086-H32 aluminum in seawater. Cathodic protection
reduced the corrosion caused by the Cu2 0 toxicant in the
antifouling coating, but did not eliminate it.

7. TBTO antifouling paint did not accelerate the corrosion
of 5086-H32 aluminum in seawater even at bared areas in the
vinyl anticorrosion barrier coating. The best corrosion
mitigation on the coated aluminum specimens was obtained,
however, when TBTO was the toxicant in the antifouling
paint and the specimens were cathodically protected.

8. Severe corrosion was caused by the Cu2 0 antifouling
paint at bared areas on 5086-H32 aluminum exposed in the
Potomac River despite the vinyl anticorrosive barrier
coating. The corrosion caused by the Cu2 0 was more severe
in the river exposure than in seawater. TBTO antifouling
,paint did not cause as severe corrosion as the Cu2 0 anti-
fouling paint in the river exposure. Cathodic protection
on either the Cu2 0 or TBTO coated specimens did not reduce
the depth of corrosion below that observed on the un-
protected TBTO coated specimens.

9. Bare, uncoupled and unprotected 6061-T6 aluminum was
severely corroded in quiescent seawater or in the Potomac
River.

10, Unprotected specimens of 6061-T6 aluminum coated with
Cu2 0 were severely corroded in seawater, but the depth of
corrosion was less than on the uncoated specimen. The
depth of corrosion on the unprotected specimen coated with
TBTO antifouling paint was approximately one-half that
observed on the unprotected specimen coated with Cu2 0.
Cathodic protectioip reduced the depth of corrosion on the
Cu2 0 coated specimen, but the most effective anticorrosive
system for 6061-T6 aluminum in seawater was TBTO anti-
fouli'ng paint over a vinyl anticorrosive barrier and
cathodic protection from an aluminum anode.

11. Cu2 0 antifouling paint significantly accelerated the
depth of corrosion on 6061-T6 aluminum in the Potomac
River despite the vinyl anticorrosive barrier coating.
Cathodic protection from an aluminum anode reduced the
depth of corrosion caused by the Cu2 0 toxicant but the

12
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least corrosion occurred when the antifouling toxicant was
TBTO and the specimen was cathodically protected.

12. Bare 5086-H32 and 6061-T6 aluminum alloys were heavily
fouled by marine growth during exposure in quiescent sea-
water. In the Potomac River these aluminum alloys developed
only slime on their surfaces.

13. After 1264 days in seawater moderate fouling was
observed on the Cu2 0 coated specimens and moderate to heavy
fouling with a few barnacles was observed on the TBTO
coated specimens. Cathodic protection had little or no
effect on the degree of fouling observed after 1264 days
in seawater.

14. There was a marked difference between the color
retention on the Cu 2 0 and TBTO coated specimens with the
TBTO coated specimens essentially retaining their original
reddish color.

A CKNOWLEDGMENT

The assistance of Messrs. C.W. Billow and W. Lazier (retired)
of the NRL Marine Corrosion Research Laboratory, Key West,
Florida, in conducting the experimental phase of this
study is acknowledged. The coated aluminum specimens were
prepared by Mr. W.J. Francis of the Chemical Laboratory,
Norfolk Naval Shipyard. This work was sponsored hy the
Naval Ship Systems Command.

REFERENCES

1. B.F. Brown et al., "Marine Corrosion Studies (Second
Interim Report of Progress),' NRL Memorandum Report 1574,
Nov 1964.

2. B.F. Brown et al., "Marine Corrosion Studies (Third
Interim Report of Progress)," NRM Memorandum Report 1634,
July 1965.

3. T.J. Lennox Jr., et al., "Marine Corrosion Studies
(Fourth Interim Report of Progress)," NRL Memorandum Report
1711, May 1966.

4. T.J. Lennox, Jr., M.H. Peterson,and R.E. Groover,
"Corrosion of Aluminum Alloys by Antifouling Paint Toxicants
and Effects of Cathodic Protection," Proceedings NACE 24th
Conference, Cleveland, Ohio, March 18-22, 1968. National
Association Corrosion Engineers, Houston, Texas, 1969.

13



H 1 c0. U 0 C6 4J 4) ,1
rkov Ha-ov Cv g0

* G)CD 4J~uI 0 sD 40o mD V 0 -40 C 0 0 C . ¶ QD J1 0 04JC 0 -, o k0 a4 ~ .~ 0 1 N a) a e)-L)- 3
4
1 - .a 4* H *,v -

04- 0 0 09 aq Q -0 V14 R W
9:~ 0 40k040-9Cl ) m 6 1-(W )04V a 0 03 u0 0 0 0ýq- 14 :4 s q4 1a cI o r . 0 as0 H.). 0-4JC t5 4 0 0. PD~4 4H IJ 4aC) A. , k0. ci. 

D*~ 
04 QC.i ( 

oHOr;
V% CD4C 01 0 .0 CD 0 ~ 00 C I I . 1 O -4. O o a 00U

4 4 1 0 14 + U I $ WV W 0 0) 1.04 0 J

ri 0144-0 lk C6'U CH r. V

04 0) 
0 1 v-4 0 0. 
Q 41 HC .4.

0 wC0 1
a,3 C 0 H 0 0 0f. >.. 0 0,-I 14) 0 0H . I>~1 a I :hes9 PI 0 0... 4CDý4 -A

COO -4 
U 4H q qs

5) 00U jUS 4

r 4

c.~ >
ISC CD 4) 14

5 )'C . C ' . 0 40 0 0 - 1W 0 0CO, .. M r- :4ujo H ~ 0 
0~. 4-tMU 1. ~ ~ 4 0S 0 0 C! 

.,.
HH ;41 

4 4 0D 04.V . 1 10. .~ ~ 0.1 0 5c~.., 4 
.

14
O DC O.0 5 41 $ 4 1 40 0 C : 0' . 0 1 4 .=~~C C:tO4)(41 4) (a~ 0 (0 0 01 0 4 3 51

50 0001404.
CD00 0~z 4Jo~ Wl 0.14 A: MD I) ~ '4

0.5 4 F-4- PC4I >
0,. CO00 

D H 0 .0 ca3
to14 ) 40 0 4 3 . 00 LO3 . o 0 1

0* In H- 4 )- c o C
" 4 H 1 1 3"-40 0 IN4~)0 

0jH0 v114 14 3 HL .4'0 H 0 0 -Mr. 0. " H4.544 0 C01 14 0 .cr L.5 5a ) o i 0 4 0 0 0-M4 ' 4 4 O O D+ qk- V 4 10 4 1 0C rD '. I -C 0 0 r.) 0'4 4 v~C:41 00 00t 0-C i 2 0 L3, H H r. 0 0 ) 5 4 .4 oo v2 04 . 5
0.M0 .CDOVk em l 444 r400 )4 9

03C t:) 0C~ 0
4 

0 '4 H4 ta4J -14 V 43C)43 ElMCDU)C 0 0 .5
00 CJ4M0s9 0 iCD 9 00 w c 0 = 0"

0 .- r.c 0014 HO 10
0 p 0CS cD y. 

0 0 4 )H OWc 0 CDBD O ''4 )0 1r0 HH V . 0H1 0I D O .40I
C: .. 41 C D O 0 0 4 0 ) 1

ý- 9 0+4 4.)

L, 0 OH4& 0 4 ý 0 0. 4 0 X0 04 C 001#
O cO fC D4 00 O H440) 9,4 .5qC0 ML>2- 0000 ;'4V cOO I c 0. 4 a0'S 4. r. W0 =c0 0 .C

4-) 0
w.2 0 0-

0 M t14



4- 0 0
Q o 11 0 0

9) 0 4 0 0. LrI .
;0 0 0 *..4-Q 00'4 0 0 0 w 0 0

4  .4J bo"I 0 CD w U
0H0. U) 4 $44 0 .4) &101 0r 0 41C 01 0 0)r. CuO VD 4J -P 4D 4C44-) En 4 CO 00H C .: w~.

4J ~ r 0 0C H W O 0 BtD P-1~
0 Q 4.) CDI ra CDI a 4 0 C D." .4 00 .r 4 $4. p4 14 *r 0 A 0

4~ W O O H +. 0 Hi CD:'4 ~HC u.0.. C DD . 0S. 4 d r. 0 0 00u 0r m0 r O C V ..
H9. ;4 En 0 -14 k H 0 ;4S.C QC N $ 0tn S. . r 4 . .0I 4- 44$) (1) En 

00- ; dC r
r. He H VC C4C 0 .cd t ..C HOCD M~ t40 a

C u 0 0 0M u 0 1 > W ) 040) 0 40 .Cbb 4) 0.j CdP4 00 >~ 0.0 0 0 0CS. 2 bDO >u w~ CuV NDC u CuS. CuS.NCIS 4- k hbo0 0 Q) 0 4 - 0 $.Cd -H 0. 404W CuV. 0'0 NS. S. 0 00 00*94 kO0 0. 00 00 ca.a) 0 0 0 0 0 0
bo ~ ~ ~ ~ ~ C S S.0Q 0. C)r

040
Cd C Cu "a

0) 0
0O (D4 

Cd'. O C0 H E-4~ 4- OH OH>I0 0H q I Cu Zd 
4J0 4)~ >0 *-H d.0 0 0) CuC 0 > C 0 C(u 4.Ju x 0 H 0 0 0 0) 0 0 0 0

0D'. 4D -) V .0 r. 4'-+ 4J 01. 401 0 0 0 00 00 0d V49 4~ ..j 0.4-) C r. 2d 24 2Cd2iH 2 u~~ ~
4-4 V) 0 

C.C 
I)d0C da dC00 4 IN 

04; 
o4)4- C) Cm (N $~4 

0.N 4 m

u V "a 
03 ip4 DWO'0 0 0 4 0 0 .0

4-0 0 0 0

5ir4 H HH C
CIS 141 04 V.4. D 04 C)q 2 0 0H

0 4 ý 0.4 
"a0X 0 04 20CcH .C4 0 0 04 0

k Hd

0C( 00 Cz o~ 04 0 02 , 04

0 I0
0 c o N 11

CH s = ; 2 15



.14.

lo~ /1



F
60

.0 DEEPEST CORROSION
* AV 5 DEEPEST
0 WEIGHT LOSS

i-CRACKS EVIDENT IN
WELDS

50-

U,)
o 40-
NJ
I-
Il

a-
0

0-r0

GENERAL
AREAS

ADJACENT MOUNTING0 WELD IN NO CREVICE

CIR. CIR. LINE NO NO W~~Zi L.J AREAS
WELD WELD WELD WELD WELD 0 LIN

NON PWELD LINE LNCP A t'WELD WCP ELD
CP A CP CP A, CIR. CIR. LINE CCP IR. LINE

WELD WELD WELD CR. L'INE Al CIA. WELD WELD
WELD WELD~o WELD CP NJO

At CP

MC 391
Fig. 2 - Welded 5086-H32 aluminum; with and without cathodic

protection (CP), 809 days !n seawater at Key West, Florida.
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Fig. 5 - 5 086-H32 aluminum coupled to copper nickel, 10%; with

'• ad wihoutcathdi."protection (CP), 809 days in seawater at
•Key W~est, Florida.
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Fig. 6 - 5086-H32 aluminum coupled to yellow brass; with and
without cathodic protection (CP), 809 days in seawater at
Key West, Florida.
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Fig. 7 - 5086-H32 aluminum coupled to 304 stainless steel; with
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Key West, Florida.
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Fig. 8 - 5086-H32 aluminum coupled to mild steel; with and
without cathodic protection (CP), 809 days in seawater at
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cathodic protection, 809 days in seawater at Key West, Florida.
Original magnification 1.2 X
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Fig. 29 - 5086-H32 aluminum coupled to mild steel; with
and without cathodic protection (CP), 675 days in the
Potomac River.
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Fig. 30 - 5086-I132 aluminum; with and without cathodic
protection (CP), 675 days in the Potomac River.
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Fig. 31 - 5086-1132 aluminum coupled to copper nickel, 10%r;
without cathodic protection, 675 days in the Potomac River.
Original magnification 0.5 X
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MC422

Vig. 33 - 5086-1132 aluminum coupled to yellow brass; with-
out cathodic pro toe t ion, 675 days in the Potomac River.
Original magnification 0.5 X
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Fig 34 58-12au iu ouldt-elwbas
with cahodic p-otcin 7 asi-tePtmc1 vr
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MC424

Fig. 35 5086-H32 aluminum coupled to 30,4 stainless steel;
without cathodic protection, 675 days in the Potomac River.
Original mag'nification 0.5 X
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Fig. 36 - 5086-1132 aluminum coupled to 304 stainless steel;
with cathodic protection, 675 days in the Potomac Iliver.
Original magnification 0.5 X
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Fig. 37 - 5086-1132 aluminum coupled to mild steel; with-
out cathod ic protection, 675 days in the Potomac River.
Original magnification 0.5 X
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t

TV MC 427.

Fig. 38 - 5086-H32 aluminum coupled to mild steel; with
cathodic protection, 675 days in the Potomac River.
Original magnification O.5X
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9108 sPY

Fig. 39 - 5086-1132 aluminum; without cathodic

protection, 675 days in the Potomac River.

Original magnification 0.5 X
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~ I Est availabl~e copy.

Fig. 40 - 5086-H32 aluminum; with cathodic
protection, 675 days in the Potomac River.
Original magnification 0.5 X
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MC430

Fig. 41 - 5086-1132 aluminum; with cathodic protection
from a magnesium anode, 675 days inl the Potomac Rtiver.
Original magnification 1.2 X
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ii_4

-' (~** 'Y~lox

MC 436

(a) No CP -Window Area, (b) No OP-Flat Area of Specimen,
magnificationi 2.2 X magnification 2.2 X

(c) OP Aluminum Anode-
W~indow Area.
magnification 3.1 X

Fig. 47 - Welded 5086-7132 aluminum coated wvith the Standard 'Navy, Vinyl
Anticorrosive Barrier and C112 0 Antifouling roxicant; with and without
cathodic 1)r o tec t ioni (C P), 1264I days in seawater at Key West, Florida.
Figures reduced 15'"( in printing.
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~~~~~magnification 3.1 Xmanfcto 6.X

Fig. ~ ~ ~ ~ ~ r 48-Wle-0613 lmnmcae vt h tnadNv iy
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Fig.re 48reldued 15086-1p2raluing. cae ihteStnadNv iy
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• I-

(a) No CP - Window Area,
magnification 2.2 X

(b) CP Aluminum Anode - Window Area,
magnification 3.1 X

Fig. 50 - 5086-1132 aluminum coated with the Standard Navy Vinyl
Anticorrosive Barrier and Cu 2 0 Antifouling Toxicant; with and
withouteathodic protection (CP), 1264 days in seawater at
K1ey West, Florida, Figures reduced 10% in printing.
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" r'A

(a) NJo CP -Window Area, (b) No CP -Lower Corner,
magniLfication 3.1 X magnification 3.1 X

,M4A

(c) CP Aluminum Anode -Window Area,
magnification 3.1 X

Fig. 51 - 5086-1132 altuminumi coated with the Standard Navy Vinyl
Anticorro sive B~arrier and rB'1rO Anti foul ing roxilcant; with andI
without c at hi 0(1 i c p)r o toe c tLi o 11 (C P), 1 26-1 days in seawater at
Key West, Florida. Figures reduced 10% in printing.
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Fig.~' 53 50613 lmnmcae.wtitl tnadNv
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If

Fig. 54 - 5086-1132 aluminum coated with the Standard Navy.)
Vinyl Anticorrosivc Barrier and Cu9 0 Antifoul ing Toxicant;
with cathodic 1) r o t e c tLio n, 675 (days in the Potomlac R iver.
Original magnification 6 X, reduced 15% in printing.
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Fig. 56 -5086-1132 aluminum coated Nvith the Stanidardl Navy
Vinvl Anticorrosive B3arrier and TI3TO Ant ifoul ing Toxicant;
with c a t li o (I i c I)1ototdion, 675 days in the Potomac R iver.

Original miagnification 6 X, reduced 15", in printing.
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(a) No CP - Window Area,
magnification 2.5 XP pm V

(b) CP Aluminum Anode -Window Area, (c) CP Zinc Anode -Window Area,
magnification 3.1 X magnification 3.1 X

Pig. 59 - 6061-T'G ,qaluminuni coated with the Standard Navy Vinyl
Anticorrosive Barrier and TBTO Antifouling Toxicant; with and
without c a t hi o d i c p r o t e c t i o n (C P), 1264 days in seawater at
R~ey West, Florida. P igures reduced 15%• in printing.
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Fig. 64 -6061-T6 aluminum coated with the Standard Navy
Vinyl Anticorrosive Barrier and TBTO Antifouling Toxicant;
with cathodic protection, 6'75 days in the Potomac River.
Original magnification 6 X, reduced 15% in printing.
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