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ABSTRACT

Galvanic aspects of aluminum sacrificial anode alloys in
artificial seawater were investigated. Specifically, two
mercury-bearing alloys and one tin-bearing alloy were studied.
The polarization behavior of the aluminum sacrificial anode
alloys coupled to HY-80 steel is discussed. Current versus
time curves were obtained for aluminum/steel galvanic couples
immersed in artificial seawater for specific intervals.
Scanning electron microscopy was used to characterize the
anade dissolution patterns and the corrosion mechanisms. A
correlation is made between the dissolution morphologies
exhibited by each anode alloy and the polarization and

galvanic current data.
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volt

weight lost

average
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I. INTRODUCTION

The purpose of this thesis is to present the experimental

procedures, results and conclusions of research conducted

into the galvanic aspects of aluminum sacrificial anode

alloys. Several aluminum anodes are now being developed and

manufactured. Since a study of all available alloys would be

redundant and beyond the scope of this thesis project, a total

of six different alloys from three available manufacturers

were judiciously selected for this research.

The United States Navy has been aware of the importance

of good cathodic protection of its ships hulls for many years

[1] and has relied on military specification zinc anodes to

afford this protection [2]. Microscopic aspects of the

anodic corrosion of these zinc anodes has received attention

in previous research at the Naval Postgraduate Schocl [3,4]. A 4

In recent years (1973 to present) the zinc anode systems on

some surface ships have been replaced with impressed-current
4 cathodic protection systems. "Current" U.S. Navy plans are
: to install eventually impressed-current systems on all
surface ships [5].
b Given that the hulls of Naval vessels will be protected
by impressed-current systems, one may ask: What use will be
i made of aluminum sacrificial anodes? It is reported that

the aluminum anode will be used in accordance with General

Specifications for Ships of the United States Navy, section

"cmﬂ‘r.
5%

-

?’4 ek s

a

633, to protect machinery, bilges, engineering space

b3
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structural supports and other internal areas of the ships [5].
Therefore, the present research was initiated to develop a
fundamental understanding of the corrosion of commercially
available aluminum sacrificial anode alloys.

To achieve this goal a number of experimental approaches
was applied, resulting in the accumulation of considerable
information on the behavior of the subject materials.
Briefly, these experiments were designed to: (1) establish
the time-dependence of galvanic current for different
aluminum anode alloys when coupled to HY-80 hull steel and
immersed in artificial seawater; (2) characterize the
polarization behavior of these aluminum alloys in artificial
seawater; (3) utilize surface microanalytical techniques
such as scanning electron microscopy and energy dispersive
X-ray spectroscopy in order to study details of the corrosion
processes of the different alloys, and (4) discover if any of
the alloys exhibited inhomogeneous attack or passivation
effects that might hinder practical application as
sacrificial anodes for marine cathodic protection.

Prior to discussing experimental procedures and resul<s,
it will be useful to present a brief summary of previous
research that led this author to the experimental plan for

the present research.
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II. PREVIOUS RESEARCH ON ALUMINUM
A CIAL ANO ALLOYS

To date, the major contributors in the field of research
pertaining to aluminum sacrificial anode alloys have been
the producers and users of the product. Much research on
this subject started in the early 1960's, and an assortment
of basic and empirical work has been accomplished in the
fields of electrochemistry and physical metallurgy.

It has long been realized that aluminum possesses the
primary attributes needed by a sacrificial anode [6], namely:
(1) a potential sufficiently electronegative to provide an
adequate current flow; (2) a high electrical output per pound
of anode consumed, and (3) a sufficiently low cost. However,
pure aluminum cannot be utilized as a sacrificial anode
because of a protective oxide surface layer which forms on
it [7] and limits its current output [7]. Prior to the early
1960's, some aluminum alloy development was partially .
successful in overcoming the detrimental effects of the oxide
film (8], but the alloys were inconsistent in their
electrochemical behavior and had a much lower efficiency than
the theoretical 1352 ampere-hours per pound of pure aluminum
[9l.

A major thrust to develop a superior aluminum sacrificial
anode alloy began when the economics of the metals industry
dictated a shift from conveﬁtional zinc- and magnesium-based

alloys to aluminum-based materials [10]. Especially as more
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and more oil-drilling platforms were put into use, the
aluminum industry had greater justification to conduct active
research to improve and market economical and useful aluminum
alloy sacrificial anodes.

Such research was conducted by producers in Europe [11-15],
Japan [16] and the United States [17-30], and consisted of two
phases: (1) the development pnase [6,8,9,12,16,18,21,27,29],
and (2) macro, or bulk, testing of these alloys in laboratory
and field conditions [7,10,11,13-15,17-20,22-29].

The United States Navy began to conduct significant
research into the usefullness of aluminum sacrificial anode
alloys on Naval vessels in the mid-1960's [9]. This research
has been centered at the Naval Research Laboratory in
Washington, DC [9,31-34]. The results of JRL-based research
have been most beneficial to anode producers and have recently
resulted in a preliminary Military Specification for aluminum
anodes [35].

On the standard EMF series, aluminum is between magnesium
and zinc in electronegativity; but for a galvanic series in
salt water, it is below magnesium and zinc because of
passivation by a surface film [7]. Since research had shown
that magnesium and zinc could be made more active by additions
of mercury [12], some experimenters believed that mercury
added to aluminum would make it more active and prevent
passivation [9]. The major problem was in obtaining an
aluminum-mercury alloy since a very minute amount of mercury

in contact with aluminum is a catalyst for the formation of
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aluminum oxide [12]. A simple experiment conducted during
this research graphically demonstrated this fact. A specimen
of 1100 aluminum was stirred in a beaker of mercury for a few
seconds and then withdrawn. A few globules of mercury were

on the end of the aluminum specimen. In less than one minute
in air, "ribbons" of an aluminum oxide were growing from the
tip of the specimen. This growth continued until the movement
of the ribbons forced the mercury from the specimen.

In 1963, B. Rachlot developed a method to add small
amounts of mercury to aluminum without the catalytic reaction
discussed above [12]. It was of interest to develop a
mercury-bearing alloy in order to maintain a non-passivated
surface on an aluminum sacrificial anode. Rachlot accomplished
this by use of a pre-alloy of magnesium-zinc-mercury. This
pre-alloy was successful in limiting the catalytic action of
the mercury upon aluminum. Rachlot's work also considered
the methods by which the appropriate percentage of each alloy
constituent was determined [12].

The magnitude and variety of difficulties encountered
during initial research toward better aluminum sacrificial
anode alloys must be appreciated. As late as 1966 there was
only limited information available on the effect of alloy
additions on the performance of an aluminum alloy as a
sacrificial anode. As with Rachlot, most of the experimentat’ sn
involved large numbers of empirical observations [7-30]. As
a case in point, J.T. Reding and J.J. Newport of the Dow

Chemical Company reported that over 2500 alloys were processed
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and evaluated in order to be able to produce an anode with a
high enough efficiency to be marketable [6].

Reding and Newport made extensive studies of the effects
of alloying elements added singly and in combination to
aluminum, and determined that gallium, tin, indium, zinc,
magnesium, barium, cadmium and mercury caused aluminum to
exhibit a potential more anodic than unalloyed aluminum [61].
It was shown that the required concentrations of these
elements were quite small. Of course, the effect of each
alloying constituent was somewhat different; for instance,
mercury-bearing alloys had efficiencies on the order of
90-95%, while some tin-bearing alloys exhibited only 30%
efficiencies. When the various favorable elements were
combined in various proportions and added to aluminum, Reding
and Newport [6] found that aluminum-mercury-tin and
aluminum-mercury-bismuth alloys were fairly good, but still
not appreocaching the theoretical efficiency of aluminum, and
that aluminum-mercury-zinc, consistent with Rachlot's
conclusions, showed a high efficiency, approximately 95%
(1290 ampere-hours per pound of aluminum alloy). At this
point extensive macro-scale seawater testing was started on
the aluminum-mercury-zinc alloy by Dow Chemical Company and
the Navy [9,32].

Of major concern to governments and commercial oceanic
shippers was the possible mercury contamination which might
be caused by an aluminum-mercury-zinc alloy if used in the

internal areas of the ships. Even though the actual mercury
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content is normally less than one-half of one percent, this

was and is a legitimate concern. Although concern about

mercury contamination was not publicized until the late-1960's

and early-1970's, there were some experimenters, particularly
in Japan [16], that were already attempting to find other
alloys which had suitable efficiency but lacked the problems
of mercury. Sakano, Toda and Hanada [16] found that an anode
with long continuing activity and high current efficiency
could be prepared by the addition of indium and zinc to
aluminum. Reding and Newport [6] had noted that indium was a
possible addition to aluminum, but it was quite a few years
before Dow Chemical marketed an aluminum-indium-zinc anode
(Galvalum®III) [29,30].

Sakano, Toda and Hanada [16] introduced additive elements
to the melt in a "pre-alloy" with zinc; galvanic efficiencies
of about 92% were obtained. (Smith, et. al., in Ref. 29,
reported an 88% efficiency for their aluminum-indium anode -~
ten years after the Japanese work.) This compared quite
favorably with the 95% efficiency figure reported by Reding
and Newport [6] for aluminum-mercury anodes.

One difficulty with the aluminum-indium-zinc alloy was
irregular corrosion patterns over the test anode surfaces.
These irregular patterns were obtained in both field and
laboratory studies [16]. Various alloy additions were tested
to try to increase the uniformity of corrosive attack, and
eventually cadmium in small amounts (0.01-0.02%) was found

to be useful for this purpose [16]. The distribution of

25




corrosive attack on the macroscale is important because,

after all, an anode must be attached to the structure it is

to protect; and if the area around the attachment is corroded
or consumed at a higher rate than the remaining portion of

the anode, there is a distinct possibility that the anode will
fall from the structure long before it has provided its full
output.

After laboratory development of the'aluminum-indium-zinc
anode alloy, it was full-scale tested in the ocean [16].
(Author's note: The tests were similar to other alloy
testing énd development reported in Refs. 13,17,22,24,etc.)
Sakano, et. al. [16], reported that there were some
discrepencies between laboratory and ocean data, but they
were of such small magnitude that both sets of data were
considered accurate enough to begin active commercial
production and marketing.

Anode performance tests and evaluations have been
conducted on a continuing basis sincé the early-1960's
(7,12,27,33,34,etc.]. Unlike the alloy development work,
thase tests have not been conducted by the anode manufacturers
alone but also by some of the prime users of the products
(9,18,21-23,31-34]. Notable in the later category have been
Lennox, Peterson, et. al., of NRL [9,31-34], previously
mentioned.

With the proliferation of off-shore oil drilling
platforms have come series of large field tests [11,13,14,20,

21,23,25,26,28] to verify that aluminum anodes will perform
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at their rated values in deep water, thereby protecting the
multi-million dollar structure. This is of extreme
importance since many drilling rigs require over 200,000
pounds of anodes to provide adequate protection over a 10-20
year period [24]. It has been reported [13,14] that aluminum-
mercury-zinc anodes exhibit 90-95% efficiency at depths as
much as 490 feet. Davis, Doremus and Bass [24] evaluated the
performance of aluminum-mercury-zinc anodes on drilling
platforms in the Gulf of Mexico, and verified the high
efficiency of these anodes. They also commented that a
financial savings of 100% could be obtained with the use of
aluminum anodes rather than zinc or magnesium [2u].

Some of the significant results obtained by Lennox,
Peterson, et. al. [9,31-34], include the following:
Aluminum-mercury-zinc anodes typically show efficiencies
greater than 90%. When this efficiency is compared to the
efficiency of the military specification zinc anode, it is
found that the aluminum anode is about 3.5 times as efficient
[31]. Electrochemical efficiencies and corrosion patterns of
some anode alloys, particularly aluminum-zinc-tin, are found
to have such wide variation that their reliability for
cathodic protection systems may be questioned [34]. Aluminum
anodes of both mercury and tin bearing alloys have been found
suitable for protection of ships with structural aluminum
alloy super-structures, in that the alloying constituents do
not accelerate corrosion of the structural aluminum [33].

Finally, mercury bearing anode alloys, although most efficient,
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sometimes exhibit localized corrosive attack at unpredictable
sites on the anodes and could, in the long term, result in
(dramatically) decreased protection because the anode might
fall from the vessel [32].

In 1976, Finn 0. Jensen of the Ship Research Institute of
Norway agreed with the concerns expressed in NRL findings
that aluminum anodes may fall off protected structures.
Jensen reported that some anode users (ship and drilling-rig
owners) were asking whether any aluminum anodes behaved "as
advertised" [11], a concern reported to be especially true in
the case of aluminum-mercury-zinc anodes.

The only information to date in the microgalvanic
behavior of aluminum anodes was reported in a thesis by P.W.
Wright at the Naval Postgraduate School [36]. Wright noted
that an aluminum-mercury anode experienced non-uniform
microcavity formation over its surface when galvanically
coupled and immersed in quiescent artificial seawater. He
proposed that the observed mode of dissolution attack is
caused by an anti-intergranular corrosion process.

The research conducted for this current thesis was
designed to continue the study of the microgalvanic behavior
of aluminum anode alloys and to correlate the results, as

much as possible, to the previous research discussed in this

section.
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IIT. PLAN OF ATTACK

After studying the large amount of information available
on the subject of aluminum sacrificial anodes, it became
cbvious that large scale ocean experiments would be redundant
and beyond the scope of this research program. A full-scale
on-site experimental program would probably take several years
to complete, an amount of time not available. Also, most
experimental programs completed to date have involved special
on-site stfuctures, such as along sea walls, or elaborate
laboratory apparatus. Because this research was not directly
funded, a large, complex and extensive study was ruled out
in favor of selected laboratory experiments, and it was
decided to focus on commercially available aluminum anodes
at the microscopic scale. Specifically, it was decided to
study the microscopic aspects of corrosive attack using
synthetic seawater in the laboratory.

It should be noted that the U.S. Navy has apparently
already decided, on the basis of empirical studies [9,31-3u4],
what type of alloy should be used aboard surface vessels,
and a preliminary military specification has been drafted
[(35]. Early in the conception of this study, it was verified
[(37,38] that information on the microscopic behavior of
various anodes would certainly provide basic insight and
might even be of practical use, such as contributing to the

iterative process of alloy development. To be quite frank,




cognizant individuals in the Navy Department have not
expressed much interest in the microscopic properties of
sacrificial anode alloys, apparently because their philosophy
is more oriented towards large scale empirical results.

Prior to beginﬁing the experimental portion of this
thesis a decision was made to obtain representative samples
of the basic types o>f commercially available aluminum anodes,
i.e., aluminum-mercury-zinc, aluminum-tin-zinc, and aluminum-
indium-zinc alloys. With the assistance of Dow Chemical

U.S.A., Reynolds Metal Company and Kaiser Magnesium Company,

these types of aluminum sacrificial anode alloys were obtained.

It was then prudent to construct an experimental plan of
attack, a data matrix and a list of basic questions that
needed answers. Such questions included the following:

1. Do aluminum anode alloys that have similar alloy
constituency (e.g., aluminum-mercury-zinc) experience the
same form of corrosive attack (on the macroscale) and have
similar dissolution patterns (on the macroscale)?

2. Do the microstructural characteristics of the
alloys, such as affected by casting and/or heat treating
processes, affect the corrosion mode and morphology?

3. Exactly what is the distribution and mode of
corrosive attack on the various alloys?

4. What is the relation between microscale corrosion
processes and galvanic current output?

5. Can the utilization of small specimens in a

limited test program provide information that can be correlated

with large-scale field tests.
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6. If information relating to basic differences
between the corrosion behavior of the various alloys can be
obtained, can this information be utilized to make viable
decisions relative to the utility of the various alloys, and
in what circumstances is it necessary to go to full-scale
field tests?

7. What are the polarization characteristics of the
various alloys, and what is their relationship to, and
correlation with, the modes of corrosive attack and galvanic

current output?

8. What are the corrosion products formed on

sacrificial aluminum anode alloys in seawater?
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A. MATERIALS

IV. EXPERIMENTAL METHODS

Six commercially-developed aluminum sacrificial anode

alloys were obtained from three producers for study in this

research.

The alloys and trade names are proprietary.

nominal chemical compositions are as follows:

Galvalumoi*:

Galvalum®II#:

Galvalum®III#:

Obtained from:

0.
0.
3.

O O O O

.047%Hg
.45%Zn

.019%Cu
.034%Fe

O48%Hg
0018%Cu
0%Zn

Fe - not determined

0.
2.
0.

0156%In
9%Zn
13%Si

ReynodésII**:

Ka-90Buws

KA-95Bunn

*Dow Chemical U.S.A.

**Reynolds Metal Company

**%Kaiser Magnesium Company

The

1.25-2.0%Zn
0.03-0.06%Hg
0.003%(max)Cu
0.07%(max)Fe

6.0-7.4%Zn
0.12-0.20%Sn
<0.1%Fe
<0.1%S1i
<0.005%Cu

1.2%Zn

0.05%Hg
<0.1%Fe
<0.1%Cu

These anode materials were machined into specimens for

polarization studies and galvanic current measurements.
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B. POTENTIODYNAMIC POLARIZATION DETERMINATIONS
Potenticdynamic polarization studies were conducted to
determine the single metal corrosion rates and polarization i
characteristics of the aluminum sacrificial anode alloys [39].
These tests were conducted in artificial seawater electrolyte
(Appendix A]. The specific procedural methods are described
in Appendix B of this thesis. The potentiostat used was a
Princeton Applied Research Mocdel-331 Deluxe Corrosion
Measurement System (Figure B2, Appendix B). A rapid-scan T
potentiodynamic technique was used by which the potential was
scanned from the least noble potential through Ecorr
(corrosion potential) to the most noble potential. It has
been postulated that this rapid-scan technique is successful
(40] because dissolved oxygen is removed from the specimen
surface by hydrogen liberation during the cathodic polarization,
and the anodic polarization curve is completed before the
oxygen is replenished. Also, the electrode (specimen) is
electrochemically cleaned during the cathodic reactions, and
the plotting of the anodic curve is completed before the
surface returns to an equilibrium state (40].
It was noticed at the start of the polarization studies
that the aluminum sacrificial anode alloys were very
sensitive to changes in the specimen preparation method and

the techniques used when running the potentiostat. But

e

after developing a standardized procedure (Appendix B),

]
7
£

accurate and reproducible potentiodynamic measurements were

obtained [u41].
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Briefly, the specimen preparation consisted of surface
finishing and cleaning, standard timing (two minutes) between
immersion in the electrolyte and commencement of the
potentiodynamic polarization run, and a standard operational
"check-list" to insure that each run was conducted in

precisely the same way.

C. GALVANIC CURRENT MEASUREMENTS

These experiments were designed to determine the galvanic
current produced by an aluminum sacrificial anode alloy
coupled to HY-80 steel and immersed in quiescent artificial
seawater, and it was intended to study subsequently these
anode specimens microscopically in order to investigate the
details of the corrosion process.

Initially, six différent aluminum anode 21loys were
studied in duplic-te, fourteen-day immersion tests. After
these initial trials were completed, three of the six alloys
were selected for further study. The three alloys were:
GalvalumoI, ReynodeOII and KA-QO'. Each of these three
alloys was subjected to a series of ten timed-interval
immersions of from fifteen minutes to 96 hours. These
timed-interval tests were intended to provide a history of the
corrosion process as well as additional galvanic current data.

Design of the cells for galvanic current measurements
was kept simple so as to reduce unknown parameters. The
apparatus used is shown in Figure 1, consisting of an array

of 3000 ml beakers, each containing 2500 ml of artificial
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seawater. Aeration was accomplished by connections to a
manually regulated air supply to simulate the aeration of
ocean water at the level of ships-hull anodes and of bilge
water. The instrumentation used to measure the galvanic
current, pH, and conductivity of the electrolyte is shown in
Figures 2 and 3. A clip-on d.c. milliammeter was used to
obtain galvanic current.

The clip-on d.c. milliammeter does not interrupt the
electrical circuit in order to obtain a current reading. The
head of the electrode-probe, seen in Figure 3, separates to
fit around a wire and is firmly closed to obtain a reading.
For accuracy and consistency in the use of such a meter, it
must be kept in mind that the meter actually measures magnetic
flux that surrounds the wire and is therefore sensitive to the
magnetic flux of the earth. All readings must be taken with
the probe degaussed and consistently oriented in the same
geometric plane.

As previously stated, construction of the galvanic cell
was simple in design. The aluminum sacrificial anode specimen
was connected to an HY-80 steel cathode with 14 in. (36 cm) of
insulated #12 solid copper wire having a resistance of 1.85 x
107° ohms, a resistance considered negligible to these experi-
ments. The HY-80 steel cathode had dimensions of 3.25 in. x
3.25 in. x 0.13 in. (8.25 cm x 8.25 cm x 0.32 cm), giving a
surface area ratio between the opposing faces of the cathode
and anode of approximately 46:1. Specimens machined for
galvanic current measurements were 0.48 in. x 0.48 in. x 0.20

in. (1.22 em x 1.22 em x 0.51 em). A 0.375 in. (0.95 cm) deep
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hole was drilled into one side of the specimen, and a #12
copper wire was inserted to connect the aluminum anode and
HY-80 steel cathode.

Consistency in experimental procedure is of course
essential to allow the researcher to collect accurate and
reliable data in a series of experiments. Therefore, the
total of thirty timed-immersion tests were conducted with
special care to employ a consistent procedure. All the
galvanic couples were prepared and tested in the same manner
so that variations in results obtained could be reasonably
assumed to be associated with differences in the
characteristics of the subject materials. The following is
a chronology of steps taken to prepare the materials,
laboratory apparatus and galvanic cells.

HY-80 plates were cut to size, with a hole (sized for
#12 gauge wire) drilled into one edge. Surfaces of the steel
plates were not polished, so that they would more accurately
represent actual hull plating. The plates were ultrasonically
cleaned in acetone and boiled in a solution of 20% NaOH and
200 g/1 zinc dust for ten minutes [42], then cleaned with
steel wool, rinsed with acetone and alcohol, and blow-dried
with warm air. The steel plates were stored under a nitrogen
blanket in sealed plastic bags to minimize corrosive action
prior to their use.

The laboratory apparatus was thoroughly cleaned prior to

filling each beaker with 2500 ml of artificial seawater.
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The end of the aeration tubing was placed 0.25 in. (0.64 cm)
to 0.5 in. (1.3 cm) from the bottom of the beaker, and air
supplied to each beaker was mechanically regulated to provide
approximately the same amount of aeration in each test.

Prior to the start of each immersion test, the artificial
seawater was aerated for two hours, with aeration continued
through the timed immersion.

Fourteen-inch (36 cm) sections of #12 gauge copper wire
were connected between the sacrificial aluminum anode specimens
and HY-80 steel plates. The anodes and cathodes were sharply
peened at the spot above the inserted wire to insure a better
mechanical bond. For immersion tests of 96 hours or longer,
an epoxy resin was used to seal the area around the inserted
wire, and paraffin was used to seal this area for all other
immersion tests. Both of these sealing techniques were
successful in preventing bi-metallic corrosion at this area.

After the anodes and cathodes were connected, they were
cleaned with acetone and blow-dried. The anode and cathode
were placed approximately 4 in. (10 cm) apart with faces
parallel. This galvanic couple was placed in the cell in a
position to avoid the bubbles from the aeration systems and
keep the anode and cathode from touching the side of the
beaker. The probe of the clip-on d.c. milliammeter was
placed around the wire of the galvanic cells used for the
fifteen-minute to 24-hour timed-immersion tests prior to
inserting the cells into the electrolyte. This was done to

avoid moving the cell during the immersion test because the
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galvanic current was being monitored on a strip-chart-recorder,
and movement of the cell was found to vary the galvanic
current.

As a summary note, the above procedures were in accordance

with the applicable sections of Ref. u2,

D. SCANNING ELECTRON MICROSCOPE AND X-RAY FLUORESCENCE STUDIES

Aluminum sacrificial anode alloy specimens that were used
for the timed immersion (galvanic current) tests were also used
to study the microscopic corrosion mechanisms of the GalvaluﬂDI,
ReynodeoiI and KA-909 alloys. A Cambridge Stereoscan Su4-~10
scanning electron microscope (SEM) and a Princeton Gamma Tech
(PGT-1000) X-ray fluorescence analyzer were used in these
studies. These instruments are illustrated in Figures 4 and
5.,

A difficulty in using the SEM to study corroded aluminum
anodes is the electron charging of the corrosion products.
Bombardment of the non-conductive corrosion products with an
electron beam tends to build up a charge which, if not
conducted away, causes image distortion. In order to
minimize the electron charging, a 40-50 A layer of gold was
evaporated over the specimen surfaces [43]. This technique
was successful for all specimens except some (kA-90%®)
specimens which had significant corrosion product present,
in which case the gold coating did not significantly improve
the photo quality at high magnifications. One specimen of

each alloy was not gold coated so that it could be used with
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the PGT-1000, in conjunction with the SEM, in an attempt to

determine the chemical makeup of the corrosion products.
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V. RESULTS AND DISCUSSION

A. GALVANIC CURRENT STUDIES

Fourteen-day immersion tests were done twice with each of
the six available aluminum sacrificial anode alloys.

Duplicate testing was accomplished to gather redundant galvanic
current vs. time data for each alloy and to establish baseline
information to aid in the selection of alloys for more
detailed study. One zinc alloy anode was also tested in a
fourteen-day test. Galvanic current vSs. time curves were
prepared in order to make comparisons with the predictions

of potentiodynamic polarization curves. Also, it was planned
to correlate visual observations of the galvanically expoéed
samples with trends exhibited by the galvanic current vs. time
curves. The fourteen-day tests produced very similar
electrochemical data for the various alloys but distinctly
different macro-galvanic corrosion characteristics and
morphology. Macrophotographs of the anodes and cathodes

after these immersion tests are shown in Figures 6 to 19.

Two sets of curves are presented for each of the three
alloys investigated (Figures 20-25). One set of curves
(Figures 21,23,25) presents galvanic current for short
immersion times, i.e., fifteen minutes to two hours, while a
separate set of curves (Figures 20,22,24) shows galvanic
current as a function of tiﬁe over the entire fourteen-day

immersion periods.
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Observations from the galvanic current vs. time curves
include the following:

1. The aluminum anodes have a relatively high starting
current density (C.D.) compared to MIL-SPEC zinc. For
instance, the MIL-SPEC zinc anode tested showeda starting
C.D. of approximately 3mA/cm?, while Galvalum®I started at
about 4.5mA/cm?, ReynodeGﬁI started at about 7.4mA/cm?, and
KA-90® started at about 8.4mA/cm?. The high starting C.D. of
Ka-90® may be related to the large number of pits that form
on the surface of the specimens within fifteen minutes after
the start of each immersion.

2. The aluminum sacrificial anode alloys all exhibit
the same general trend of galvanic current, with a high
starting C.D. which rapidly decreases to a stable value.

3. The decrease in galvanic current output from each
anode with time is not entirely attributable to a passivation
phenomenon on the anode surface but is also due to calcareous
deposits which form on the coupled cathodes. This deposit
reduces the cathodic area which the anode has to protect,
thereby lowering the required galvanic current output.

The fourteen-day immersion tests produced very similar
electrochemical data for the various alloys but distinctly
different macro-galvanic corrosion characteristics and
morphology. MIL-SPEC zinc (Figure 6) shows a more general
uniform pattern of corrosion than any of the aluminum alloys,
with no local dissolution cavities. The surface of the zine

anode becomes covered with a powdery white corrosion product
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which has previously been determined to consist of an array
of microscopic zinc oxide crystal platelets [3,u4].

All mercury-bearing alloys, except Galvalum®rI (Figure 8),
show attack that is free of corrosion product buildup.

OII and KA-95O (Figures 7,10 and 12

Galvaluﬁ.I, Reynode
respectively) develop a corrosion pattern that has previously
been reported as typical of mercury-bearing anode alloys
[9,31-34], consisting of large areas of general dissolution,
with other areas of the surface void of significant corrosion,
or corrosion product. On the other hand, GalvaludOII becomes
covered with 2 white and fragile corrosion product (Figure 8).

The specimen of Galvalum®r shown in Figure 7 is seen to
have corroded along the lower edge of the specimen, while
the Reynodé'II specimen in Figure 10 formed two elongated
dissolution cavities parallel to its vertical edges. It is
characteristic of the respective anode alloys to corrode in
this manner, i.e., Galvalum®I tends to corrode along specimen
edges, while Reynode‘II tends to develop a set of parallel
elongated cavities on the surface of the specimens, that grow
by "worming" vertically down the face.

Both of the alloys (Galvalum®I and Reynodd‘II) have
approximately the same alloy composition, but Reynode®II is
heat treated. It is reasoned that the heat treatment of
Reynodé'II, as compared to the simple chill casting of
Galvalud.I, must account for the distinect differences in
corrosion patterns observed for these two alloys. While an

exact mechanism accounting for the different behaviors cannot
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ki be described, it may be that the heat treatment effect is
realized in terms of the location of alloying elements in
the respective microstructures. This contrast in behavior
between two compositionally similar commercial anode alloys
serves to point out that factors other than alloy composition
can be of great importance in aluminum sacrificial anode
j alloys. This becomes particularly evident when comparing the
macroscopic corrosion patterns.
The macroscopic appearance of KA—€<)0o (mercury-zinc-tin
alloy) after fourteen days exposure is illustrated in Figure
11. The specimens are coated with a white, brittle corrosion
product which when dried and scraped from the specimens
‘ reveals a uniformly corroded surface. The corroded anode is
brittle, and relatively large areas of it can be chipped off.
The texture of the corroded KA-90O anode is grainy and coarse,
indicative of severe intergranular corrosion. It would be of
interest to conduct velocity studies with the xa-90% alloy
to determine what effect, if any, this mode of corrosive
attack may have on the erosion characteristics.
Tin is added to the alloy composition in order to increase
the potential above the potential of pure aluminum [16]. It
was reported in Ref. 6 that small additions of tin (0.12-
: 0.20%) will increase the potential of aluminum from 0.7 volts
SCE to approximately 1.3 volts SCE, with any greater addition
not having a significant effect.
One might ask whether observations on these small-scale

anode coupons are comparable with the behavior of full=scale
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sacrificial anodes. The answer is very definitely "yes", as
can be seen by comparing the macroscopic photographs of
specimens studied in this research (Figures 6 through 12)
with the macroscopic appearance of large scale field test
specimens (Figure 26) [44].

When the fourteen-day immersion studies were completed
three alloys were selected for in-depth studies: Galvalud'I,
Reynodé’II and KA-Qd'. GalvaluﬁgI and Reynodé’II were
selected because of their mercury content (They met the alloy
constituent percentages indicated in the preliminary military
specification [35].) and KA-QOO, because it displays a high
initial galvanic current and has a different alloy
constituency.

Two other notable observations of the fourteen-day
immersion tests are:

1. All cathodes connected to the anodes become
covered with a calcareous deposit, reseﬁbling calcite
(calcium carbonate)..

2. A large amount of flocculent precipitate forms
and settles out in the artifical seawater (collecting in
the bottom of the cells in these tests).

Figures 13 through 19 show macrophotographs of the
various cathodes, with some calcareous deposits remaining
on them after most of the deposits were removed for x-ray
diffraction analysis. Cathodes galvanically coupled to

Reynode™II and KA-QOo anodes had more deposits on them than

cathodes coupled to the other anodes.
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Fr Artificial seawater (Appendix A), containing predominately
| sodium chloride, also contains significant amounts of
§ ; bicarbonates and sulphates [45]. These compounds are
important in the corrosion process because they act as
cathodic inhibitors [46]. Under quiescent conditions, as in
the fourteen-day immersion tests, calcium carbonate and other
compounds may be precipitated at the cathodic areas [46]; and
if the deposits adhere to the cathodic surfaces, the cathodic
process will be stifled [45]. The calcareous deposits
effectively reduce the area of the cathode and therefore
reduce the anodic current output required for adequate
cathodic protection [46,47]. It is believed that this factor
* contributed to the reduction in galvanic current output
observed for all the aluminum anode alloys tested. This may
be of particular importance in the case of the alloy anodes
which do not become covered with corrosion product, i.e.,
Galvaluﬂ'I, Reynode‘&l, Galvalum‘iII and KA-SOO.

X-ray diffraction analyses weie conducted on the deposits
removed from the cathodes that had been galvanically coupled
to the GalvalumOI, Reynode‘ﬁI and KA-90® anodes. These

analyses were not totally conclusive, but there was good

L .

correlation with some peaks of calcium carbonate and a

-y

dihydrous calcium sulphate (CaSO“-ZHZO). Per LaQue [47], the

composition of calcareous deposits found on steel cachodes

immersed in seawater includes calcium carbonate and calcium
sulphate, plus various other bicarbonates, sulphates and

water. The variable proportion of water bound in the various
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F" compounds [48] is what causes difficulty in identification by
x-ray diffraction. While positive identification was not
possible, it was observed that the cathodic deposits for
different anodes have identical x-ray diffraction patterns,
which at least verifies that the deposits are of the same
identity, independent of the coupled anode alloy.

Formation of the opaque, flocculent precipitate in the
seawater was in the same proportion as the calcareous deposits
on the cathodes. That is, couples involving Reynodé'II and
ka-90® form the most precipitate. The cell solutions used
for the timed immersion tests of Galvaluﬂ'I, Reynodé'II and
KA-90o were subsequently filtered to collect these precipitates,
which were then analyzed by x~ray diffraction. The finely
powdered precipitate material 4id not produce coherent x-ray
diffraction patterns, indicating that it is either an amorphous
substance, or if crystalline, the crystals are so small the

X-ray peaks are smeared out.

B. POTENTIODYNAMIC POLARIZATION BEHAVIOR
The freely corroding potentiodynamic polarization behavior
of Galvalud®: (Figures 27-28) is very similar to that of
Reynode®II (Fi -30).
eynode®II (Figures 29-30) Parameters such as Icorr’ Rmdd’
etc. (Table I), obtained and calculated from these potentio-
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