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ABSTRACT

The corrosion of copper and nine wrought copper alloys
is reported for exposures in five tropical environments for
one, two, four, eight, and sixteen years. Weight loss, pitting,
and change in tensile strength w e r e measured to evaluate
corrosion resistance. Higher corrosion rates are shown for
tropical sea water immersion and tropical m a r in e atmo-
sphere than similar exposures in temperate climates. Of
the various alloys studied, 5% Al bronze showed the highest
general corrosion resistance; its 16-year losses in sea wa-
ter we r e only 1/5 that of copper. C opper and the high-
copper alloys were resistant to all environments and gener-
ally had decreasing corrosion rates with time of exposure.
Tensile tests revealed heavy dezincification in t h e lower-
copper brasses when exposed in marine environments, and
for two of the brasses in fresh water immersion. As a re-
sult of the decreasing corrosion r at e s or dezincification,
antifouling properties of copper alloys decreased with time
of exposure. All were moderately to heavily fouled after 16
years in sea water. Galvanic e f f e c t s were pronounced in
tropical sea water. The corrosion of copper alloys was ac-
celerated appreciably by contact with stainless steel (316)
of 1/7 their area, while s i m i 1 a r carbon steel strips gave
effective cathodic protection to plates of brass and bronze
over the long term.

Tropical atmospheric corrosion of cupreous metals was
generally very low, but dezincification of a + 03 brasses
caused average penetrations three to five times greater than
alloys of less than 20% zinc content.

PROBLEM STATUS

This is an interim r e port; work on this problem is
continuing.

AUTHORIZATION

NRL Problem C03-11
Projects RR 007-08-44-5506
and Army MIPR-64-33-02-01

Manuscript submitted June 22, 1966.



CORROSION OF METALS IN TROPICAL ENVIRONMENTS

PART 7 - COPPER AND COPPER ALLOYS -
SIXTEEN YEARS' EXPOSURE

INTRODUCTION

This report is the seventh in a series describing the results of a comprehensive
corrosion investigation initiated in 1947 in the Panama Canal Zone. In the complete study,
52 metals and alloys were exposed to five diverse tropical environments for a total of 16
years. Both simple plates and bimetallic couples were included in the program, and suf-
ficient replicates of each were exposed to provide for removal of duplicate samples at 1,
2, 4, 8, and 16 year periods. More than 13,000 individual samples were exposed. Earlier
reports on this work were based on data from the first 8 years' exposure and were con-
cerned with the more rapidly corroded ferrous metals (1-5). One sixteen-year report on
light metals also has been published (6). The first report in the series (1) presents more
detailed information on the program background and test procedures.

From earliest history, copper has been a very important metal for use in marine
environments. With the continuing development of many copper alloys, the importance of
copper-base metals has increased steadily. The present Panama Canal and proposed
designs for future modifications or sea level construction in Panama include a consider-
able amount of copper and copper alloys. In 1946-1947, as design work on new canal
structures was initiated, it became evident that very little quantitative information was
available on the corrosion rates of metals in tropical environments. To help supply the
necessary data, this comprehensive corrosion study was initiated. Among the metals
included were copper and nine of its alloys, the diversity being fairly representative of
the complete spectrum of copper alloys in production.

METALS AND METHODS

In addition to electrolytic 99.9% copper, the wrought cupreous metals tested included
three high-copper bronzes: 2-1/2% silicon bronze, 4-1/4% tin-phosphor bronze, and 5%
aluminum bronze; three alpha-phase copper-zinc alloys: 90-10 commercial bronze, 80-20
low brass, and 70-30 cartridge brass; and three alpha-beta 60-40 brasses: naval brass,
arsenical Muntz metal, and manganese bronze. Complete chemical compositions and
physical properties of these metals are given in Tables Al and A2 in Appendix A.

The Panama Canal Zone has within its 45-mile length a unique variety of exposure
conditions. Available here are deep jungle and extensive cleared areas, access to the
Caribbean with off-shore reefs and heavy surf and. the Pacific with a normally calm shore-
line, a large body of tropical fresh water in Gatun Lake, and a brackish-water, constant-
level lake at Miraflores. The five sites employed in this investigation included Caribbean-
marine and Miraflores-inland atmospheric exposures, fresh-water immersion in Gatun
Lake, and continuous and mean tide sea-water immersion in the Pacific. Location of the
test sites in the Canal Zone are shown in Fig. 1.

The marine atmospheric site was on the roof of the Washington Hotel, in Cristobal,
at a 55-foot elevation and 300 feet from the shore of Limon Bay on the Caribbean coast
(Fig. 1(a)). Here the prevailing wind is from the sea, and offshore breakers normally
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provide a salt-bearing atmosphere. The inland open site was located at Miraflores, C.Z.
(Fig. l(b)), about 5 miles inland from the Pacific coast. The prevailing wind at this site
is from the land, and atmospheric conditions can best be classified as tropical, semirural.
Two immersion sites were used; one in tropical fresh water, in Gatun Lake (Fig. l(c)),
where the test pier is about 50 feet from the natural shore line. Samples were submerged
here an average of 6 feet below the surface in 30-foot water. There is no measurable
current flow at this location. The second pier was located over the Pacific Ocean off the
Fort Amador causeway, about 1-1/2 miles out from the natural shore line (Fig. l(d)).
The average water depth is about 40 feet, average tidal range is 13 feet, and the maximum
currents measured 1/2 foot per second. Two elevations, 14 feet apart, were employed
for the ocean exposures. The upper rack was at half-tide level, and the lower at an ele-
vation just under minimum low tide.

Weight losses, pit depths, and dimensional changes were determined by standard
procedures. Loss in tensile strength was determined by comparing the average of three
to seven tensile coupons cut from the corroded plates with the average of three to 15 con-
trol samples retained in dry laboratory storage during the exposure period.

RESULTS

Comprehensive Tabulation

Table 1 presents a comprehensive summary of results for the ten copper-base met-
als evaluated for 1, 2, 4, 8, and 16 years' exposure in five tropical environments. All
values represent the average of duplicate panels for each exposure period. In order to
conform to generally accepted corrosion terminology, weight loss is presented in grams
per square decimeter, while penetration values are presented in mils (0.001 in.). The
average penetration is calculated from the weight loss and specific gravity, and thus in
effect is a volume loss. Corrosion losses of metals of diverse densities are more directly
comparable on the basis of average penetration than on the basis of loss in weight. Depth
of pitting is given as the average of the 20 deepest pits, which is calculated from the five
deepest on both sides of duplicate panels. Maximum penetration on any of the four sur-
faces is recorded in the table as the deepest pit. Percent tensile loss is shown for the 8
and 16 year samples. As there is a difference in sample thickness between the atmo-
spheric sheets (1/16 in.) and the immersion plates (1/4 in.), the percentage losses must
be adjusted by a factor of four if direct comparisons of atmospheric and immersion ten-
sile results are desired.

Comparison of Tropical and Temperate Climate Corrosion

One of the principal objectives of the investigation was to compare corrosion rates in
the tropics with those reported for temperate climates. Results from several temperate
climates using some of the same metals and alloys have been published. Those used here
for comparison with data from the tropical environments include copper, silicon bronze,
and naval brass exposed at Eastport, Maine (7), copper and silicon bronze at Kure Beach,
North Carolina (8), copper and naval brass at Port Hueneme, California (9), and copper and
70-30 brass at Key West, Florida (10), Figure 2 compares results from these exposures
with the Canal Zone data. Bar graphs are used to show temperate climate losses, as these
are reported for one or two time periods only, while the curves represent the Canal Zone
data.

Generally, the tropical environments caused considerably higher weight losses in the
copper-base metals than comparable temperate climate exposures. Exceptions were at
mean tide, where the copper and silicon bronze corroded appreciably less in the Canal
Zone. Because of the very high tides and calm seas, exposure of the metals in the highly
corrosive splash zone is of relatively short duration at the Amador site. This condition,
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Table 1
Comprehensive Evaluation of Corrosion Damage for Copper and Copper Alloys in Five Tropical Environments

Weight Loss
(g/dm')

Average Pene
(Mils)

lyrl2yrI 4yr 18yr116yr lyrI2yrI4yr

2.74 5.03 5.95 12.06
1.47 1.85 4.30 2.45
0.50 0.81 1.29 1.86

0.37 0.52 0.86 1.29
0.18 0.26 0.34 0.43

etration

8yr 6 yr

1.21 2.22 2.62 5.33 6.02 27(15) 36(17)
0.65 0.82 1.90 1.08 1.32 9(2) (0)
0.22 0.36 0.57 0.82 1.03 (0) (0)

(0) (0)
(0) (0)

Depth of Pitting (Mils)

Average 20 Deepest Pits (a) L Deepest Pit

1yr -2yr 14yr l8yr-'[i yr 1yr 2 yrf4yrleyrli6 yr

16(11)

7(2)
(0)

28 31
10 (0)
(0) (0)

(0) (0)
(0) (0)

Immersion
SeaWater 5.17 3.43 7.56 13.30 12.75 2.38 1.58 3.47 6.10 5.85 15(18) 40(14) 19 21 21(17) 37 80 51 46 36 1.9 3.5 E, R
Mean Tide 1.61 2.09 2.61 3.35 4.45 0.74 0.96 1.20 1.53 2.04 (0) (0) 24(7) 14 41(7) (0) (0) 38 42 65 1.3 0.2 R

B Silicon Fresh Water 0.71 1.10 1.56 2.20 2.44 0.33 0.51 0.72 1.01 1.12 (0) (0) (0) (0) 9(2) (0) (0) (0) (0) 9 1.2 1.6 A, R
Bronze Atmospheric

Marine 0.67 0.87 1.41 2.36 4.06 0.31 0.40 0.65 1.09 1.86 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 0.0 3.9 B, A
Inland 0.35 0.44 0.64 0.82 1.33 0.16 0.20 0.30 0.38 0.61 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 1.4 1.5 B, A

Immersion
Sea Water 2.42 3.40 4.88 9.07 12.38 1.07 1.51 2.16 4.01 5.48 4(6) 15(16) 14 13(10) 2(18) 9 35 22 22 29 1.1 7.0 E
Mean Tide 1.09 1.70 2.90 4.63 7.85 0.48 0.75 1.28 2.05 3.47 (0) (0) (0) (0) 11(2) (0) (0) (0) (0) 11 3.6 2.4 E

C Phosphor Fresh Water 0.26 0.56 0.71 1.04 1.63 0.12 0.24 0.31 0.45 0.72 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 0.1 1.9 A
Bronze Atmospheric

Marine 0.44 0.64 0.91 1.37 2.16 0.20 0.29 0.40 0.61 0.96 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 6.6 2.4 K, A
Inland 0.13 0.24 0.36 0.56 0.81 0.06 0.11 0.16 0.25 0.36 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 2.0 0.0 K, A

Immersion
Sea Water 0.39 0.75 1.25 1.58 2.62 0.18 0.36 0.60 0.76 1.26 (0) (0) (0) 14(3) (0) (0) (0) (0) 21 (0) 1.9 3.2 1
Mean Tide 0.20 0.35 0.58 0.77 1.19 0.09 0.1' 0.28 0.37 0.56 (0) (0) (0) (0) (0) (0) (0) (0) (0) 1.8 1.7 K

D Aluminum Fresh Water 0.13 0.20 0.31 0.57 O.B7 0.06 0.10 0.15 0.27 0.42 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 1.7 2.3 K
Bronze Atmospheric

Marine 0.18 0.23 0.31 0.47 0.84 0.08 0.11 0.15 0.23 0.39 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 1.5 2.4 K, A
Inland 0.10 0.15 0.20 0.28 0.52 0.05 0.07 0.10 0.13 0.25 - (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 0.5 0.4 K, A

Immersion
Sea Water 2.01 4.67 5.33 10.63 11.01 0.90 2.08 2.39 4.75 4.93 72 65(16) 28(19) 25 33(20) 158 174 54 44 51 2.6 5.1 RO,J
Mean Tide 0.88 1.02 1.26 1.62 2.33 0.40 0.46 0.56 0.72 1.04 6(10) (0) (0) 8(4) (0) 10 (0) (0) 11 (0) 1.4 1.8 C

E Commercial Fresh Water 0.50 0.88 1.39 2.23 2.98 0.22 0.40 0.62 0.99 0.34 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 1.6 1.8 C
Bronze Atmospheric

Marine 0.25 0.32 0.50 0.67 1.10 0.12 0.14 0.22 0.30 0.49 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 2.3 3.3 A, K
Inland 0.11 0.18 0.31 0.42 0.71 0.05 0.08 0.14 0.19 0.32 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 0.6 0.0 A, K

Immersion
Sea Water 1.43 2.75 4.09 6.54 8.18 0.66 1.25 1.86 2.97 3.73 8(9) 53(16) 18(12) 33 22 22 130 23 53 46 1.7 3.3 0, C, Q
Mean Tide 0.70 0.69 0.76 1.09 1.44 0.32 0.31 0.35 0.50 0.66 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 0.7 2.0 0
Fresh Water 0.61 1.06 1.64 2.52 3.62 0.28 0.48 0.74 1.15 1.66 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 1.6 3.0 C

F Low Brass ___ - - -__ __ - - -

Atmospheric
Marine 0.18 0.23 0.35 0.49 0.81 0.08 0.11 0.16 0.23 0.37 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 4.8 3.2 A
Inland 0.08 0.15 0.24 0.35 0.65 0.04 0.07 0.11 0.16 0.30 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 0.7 0.0 A

Immersion
Sea Water 1.01 2.17 3.39 5.28 8.45 0.47 1.00 1.56 2.43 3.90 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 13.7 20.0 0, C
Mean Tide 0.37 0.34 0.55 0.82 1.93 0.17 0.16 0.25 0.37 0.89 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 1.3 4.2 0, K

G Cartridge Fresh Water 0.75 1.30 1.87 2.84 3.87 0.34 0.60 0.86 1.31 1.79 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 0.6 2.7 0, A

Brass Atmospheric

Marine 0.11 0.15 0.24 0.39 0.72 0.05 0.07 0.11 0.18 0.33 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 5.3 3.6 A, R
Inland 0.05 0.10 0.17 0.26 0.54 0.03 0.05 0.08 0.12 0.25 (0) (0) (0) (0) (0) (0) (0) (0) (a) (0) 0.6 0.0 A, R

Immersion
Sea Water 6.26 8.51 12.71 15.01 26.52 2.94 3.99 5.97 7.04 12.44 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 34.6 57.6 C
Mean Tide 2.05 3.45 4.43 8.60 12.70 0.96 1.62 2.08 4.03 5.96 (0) (0) (0) 7 (0) (0) (0) (0) 7 (0) 18.2 21.7 C
Fresh Water 0.68 1.48 1.89 3.29 3.96 0.32 0.70 0.88 1.55 1.86 (0) (0) (0) (0) 8(6) (0) (0) (0) (0) 11 13.8 12.0 C

H Naval Brass
Atmospheric

Marine 0.13 0.16 0.28 0.44 0.81 0.06 0.08 0.13 0.21 0.39 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 2.7 6.8 K, A
Inland 0.07 0.10 0.18 0.30 0.61 0.03 0.05 0.09 0.14 0.29 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 0.4 1.4 K, A

Immersion
Sea Water 2.40 3.27 5.68 9.12 17.33 1.13 1.53 2.67 4.30 8.16 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 32.7 45.5 C, B
Mean Tide 1.73 2.84 4.02 7.73 12.00 0.81 1.33 1.89 3.63 5.65 4(4) (0) (0) (0) (0) 6 (0) (0) (0) (0) 31.8 36.2 C, B
Fresh Water 1.15 2.30 3.51 5.01 7.36 0.54 1.08 1.64 2.35 3.47 3(9) (0) (0) (0) 11(15) 6 (0) (0) (0) 13 7.7 10.5 0

I Muntz Metal - - -___

Atmospheric
Marine 0.14 0.18 0.30 0.48 0.97 0.07 0.09 0.14 0.23 0.45 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 4.3 8.4 K
Inland 0.09 0.13 0.21 0.34 0.68 0.00.06 0.11 0.16 0.32 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 1.3 3.5 K

5.79 11.75
2.27 3.84
0.40 0.59

17.19 22(2) (0)
7.53 (0) (0)
0.93 (0) (0)

Atmospheric
Marine 0.381 0.40 0.63 0.70 1.26f0.18 0.19 0.30 0.33 0.60 1 (0) 1 (0)
Inland 0.33 0.32 0.44 0.45 1.071 0.15 0.15 0.20 0.21 0.50 (0) (0)

12 21(13) 27(13) (0) (0) 20 36
(0) 12(1) (0) (0) (0) (0) 12
(0) (0) (0) (0) (0) (0)

(0) (0) (0) (0) (0)
(0) (0) (0) (0) (0)

(0) (0) (C
(0) () ((

Metal

Copper

Exposure

Immersion
Sea Water
Mean Tide
Fresh Water

Atmospheric
Marine
Inland

Tensile
Strength

Loss
% (b)6yrL1 yr

0.17 0.23 0.38 0.57 0.77
0.08 0.12 0.15 0.19 0.27

Type
Corrosion
Attack (c)

16 yr

Manganese
Bronze

Immersion
Sea Water 6.45 7.53 12.32 25.00 36.56
Mean Tide 2.10 2.81 4.83 8.18 16.03
Fresh Water 0.38 0.57 0.85 1.25 1.98

NOTES:

(a) Numbers in parenthesis indicate number of measurable pits when less than 10 - a measurable pit is one > 5 miles

(b) Percent losses are for samples of 1/4 inch thickness for immersion exposure and 1/16 inch thickness for atmnospheric exposure.

(c) Corrosion types are described in detail in the .Appendix of Part 1. Those referred to here are:
A -uniform attack, B - granular reaction, C - uniform dezincification, 0 - random dezincification. E - local attack (uniformly distributed),
R local attack (randomly located), 3 - fouling contact, K - no visible attack.

45.8
13.8

0.2

8.0
4.2

0 C
0, C
C

K, A
K, A

I
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Fig. 2 - Comparison of tropical and temperate climate corrosion

combined with the rinsing of samples when they are above the sea level by frequent trop-
ical showers and the rapid drying from tropical sunshine, probably accounts for the lower
mean tide corrosion rates in this tropical exposure.

During continuous immersion in sea water, the copper-base metals corroded more
rapidly at Fort Amador than in temperate latitudes. The largest differences were between
Eastport, Maine, and the Canal Zone, where the difference in losses of all three metals
was more than a factor of two. Corrosion losses at Kure Beach and Port Hueneme were
somewhat closer to those found at Fort Amador. Copper, after one year at Kure Beach,
corroded 40% less than copper exposed to the sea at Fort Amador. As marine fouling and
its effects have a reduced significance on copper and its alloys, the continually higher
temperature is perhaps the most important factor contributing to the greater tropical
losses.

Corrosion in the marine atmosphere in Panama was appreciably higher than losses for
similar periods reported from Key West, Florida. Small temperature differences between
these two geographical locations were certainly of less significance than differences in the

SEA WATER

CONTINUOUS
IMMERSION

SEA WATER

MEAN TIDE

MARINE

ATMOSPHERE



NAVAL RESEARCH LABORATORY

constituents in the atmosphere. As reported by Ambler and Baine (11) and May, et al.
(12), concentration of salt in the atmosphere has much greater effect on metallic corro-
sion than existing differences in temperature. The high atmospheric salinity on the
Caribbean Coast of Panama and the continuously higher tropical humidity combine to
provide ideal conditions for hygroscopic solution of the positive salts, providing a contin-
uing corrosive environment on the metals. These conditions, in all probability, account
for the higher atmospheric corrosion rates at the Canal Zone site.

Underwater Corrosion of Copper Alloys

Most of the corrosion rates of immersed nonferrous metals found in handbooks or
treatises on corrosion are determined from one short-term exposure of the metal in a
particular environment. From this result, a rate, usually mils per year (mpy) or milli-
grams per square decimeter per day (mdd), is calculated as the rate of corrosion in the
medium, e.g., copper at 1.1 mils per year in Galveston Bay, determined with a 130-day
test (13). However, with durable metals, such as these high-copper alloys, the short-
term loss is usually of minor significance and can be quite misleading, because early
establishment of a linear relation does not appear to be typical for these metals in under-
water exposure. Bulow (14) has reported a time relation for copper corroding in sea
water as:

Total corrosion = Ct 1/3

where C is a constant and t is the time of exposure. In these long-term exposures in trop-
ical sea water the relation was found to be closer to:

Total corrosion = Ct 1/2

where (for average penetration in mils) C = 1.5 and t is the time of exposure in years.
This approximate relationship reveals the magnitude of error inherent in the use of the
commonly accepted one-year secant rates. From the one-year rate, the average pene-
tration for 50 years' exposure of copper in tropical sea water would be predicted as 75
mils, while actually the 50-year penetration, computed from the equation, is only 11 mils.
Comparison of the average corrosion penetration of 75 mils predicted from the one-year
rate with that calculated from Bulow's equation would have resulted in an even larger
discrepancy, since the calculated 50-year penetration would be only 5.7 mils.

The considerable variation in the shape of the curves for the different environment-
alloy combinations precluded the establishment of one comprehensive empirical relation
for the copper group; however, an accurate prediction of the service life of each specific
combination can be made by extrapolating its 16-year curve. This has been done for a
few metals in Table 2, which, for comparison, includes predictions based on the one-year
rate. From Table 2, it is apparent that the selection of copper alloys for underwater use
on the basis of the short-term results can be most unreliable. For example, a copper
alloy might be rejected for use as a thin sheathing material in sea water because of the
predicted loss of 32 to 45 mils over 50 years, whereas the true loss of 3 to 9 mils might
make it the logical choice. Also, selection between alloys of different metals, such as
copper alloy vs nickel alloy, would probably lead to even more erroneous conclusions.

The American Society for Testing Materials and the National Bureau of Standards
have conducted sufficient long-term atmospheric and soil burial exposures of metals to
provide a reasonable basis for corrosion rates in these environments; but for underwater
use, structural designers often must rely on rates established from a few inadequate
short-term exposures. In view of recently expanded interest in undersea development, with
almost unlimited possibilities for mining, transportation, and living in the environment,
oceanographic engineers may find themselves seriously handicapped by a fundamental
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Table 2
Service Life Predictions

Average Penetration
at 50 years (mils)

Predicted From Extrapolated From

One-Year Rate 16-Year Curve

Silicon Bronze Continuous fresh water 16.5 1.49
Commercial Bronze Continuous fresh water 11.0 2.86

Phosphor Bronze Mean tide level 25.0 9.45
Silicon Bronze Mean tide level 39.0 4.25

Low Brass Continuous sea water 32.0 3.40
Commercial Bronze Continuous sea water 45.0 8.70

materials knowledge gap, similar to, but of much more widespread significance than that
encountered by the Panama Canal design engineers in 1946. It is hoped the following 16-
year data will contribute significantly in this area and that these results will serve to
highlight the pressing need for additional investigations of open-ocean corrsoion-time
relations.

The next three figures will show weight loss as a function of time for nine copper
alloys in the three underwater environments. The first group of curves, shown in Fig. 3,
are for continuous immersion in fresh water. Corrosion losses in fresh water were rea-
sonably close to predictions, with the high-copper bronzes showing the least corrosion.
The a -phase copper-zincs were next in corrosion magnitude and were closely grouped in
exact order of zinc content; i.e., the higher the zinc content, the higher the loss. The
maximum fresh-water corrosion loss was found in the a + f3 group (Fig. 3(c)). However,
the corrosion rates of the three a + j3 brasses were much more varied that those in the
other two groups, so that a considerable range of corrosion magnitude was included.

Arsenical Muntz metal (metal I), containing 0.2% arsenic, was the least resistant to
corrosion in fresh water. Apparently the addition of arsenic as an inhibitor for the high
brass was ineffective in this environment. The small tin addition in naval brass (metal H)
was a somewhat more efficient inhibitor, as this metal corroded at about the same rate
as lower zinc 70-30 alloy (metal G). The best corrosion inhibition for the 60-40 brasses
exposed to fresh water appeared to result from the small additions of aluminum, iron,
and manganese in manganese bronze (metal J).

The curves of Fig. 4 show the weight loss of the copper alloys during continuous
immersion in tropical sea water. These have been scaled down from the previous fresh-
water curves by a 5 to 1 change in ordinate, since the corrosion magnitude of the group
is generally about 5 times higher than the fresh-water corrosion.

Silicon bronze (metal B) and phosphor bronze (metal C) were both about equal to cop-
per in their undersea corrosion, fouling, and pitting resistances. Five-percent Al bronze
(metal D) was consistently more resistant to sea-water corrosion than the other copper
metals; after 16 years it showed only 1/5 as much weight loss as copper. Because of the
low corrosion rate of this metal, there was a heavier accumulation of marine fouling than
on the other high-copper metals; but fouling-initiated pitting, which has been occasionally
reported for aluminum bronzes, was insignificant during these exposures. During its 16
years in the ocean there were only three measurable pits, with a maximum depth of 20
mils. This was slightly less pitting than the other two bronzes and copper, all of which
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had some scattered light pits at each of the time periods. However, a definite relation of
pitting with time did not develop for any of the copper metals. Pit depth measurements
for all the metals are included in table 1.

On the basis of weight loss, the a-phase copper-zinc alloys with 10, 20, and 30 per-
cent zinc content were very resistant to this quiet sea-water exposure. All corroded at
a lower rate than pure copper, and the curve positions seem to indicate a slight increase
in resistance with increasing zinc content; but, because these were uninhibited alloys,
some dezincification occurred on the 70-30 samples (metal G). This tends to confuse the
weight loss results for this brass, as only part of the corrosion effect is measured by
weight loss on dezincified metal.

The two-phase brasses in Fig. 4(c) had the highest weight losses of any of the copper
alloys in any of the three environments. Again, because of dezincification, the residue of
which could not be removed by cleaning, the actual corrosion penetration of these metals
is even greater than indicated. Tensile losses discussed later will give a better quantita-
tive evaluation of corrosion penetration for alloys subject to dezincification attack.

Weight losses for the copper alloys at mean tide are shown by the group of curves in
Fig. 5. In general, these losses are about double those for fresh water and 2/5 those for
continuous sea water. Five percent Al bronze (metal D) was again the least corroded of
the ten metals, losing about 1/3 as much weight as copper after 16 years. Silicon bronze
(metal B) had a rate of loss in this environment slightly higher than copper. Phosphor
bronze (metal C) showed a lower initial loss than either copper or silicon bronze, but
after 16 years weight loss was 2.6 times that of copper and 1.8 times that of Si bronze.
Further divergence is indicated for longer exposures.

(a)
HIGH COPPER

BRONZES

(b)

a-PHASE
COPPER-ZINC

ALLOYS

(C)
a+8

BRASSES

Y E A R S E X P O S E D

Fig. 5 - Corrosion weight loss as a function of time for copper
alloys exposed at mean-tide elevation in tropical sea water
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The corrosion rates of the a-phase copper-zinc alloys were quite low at mean tide.
Weight losses at 16 years were only 1/2 to 3/4 those of pure copper. As in continuous
immersion, 70-30 brass (metal G) incurred some dezincification, as revealed by tensile
tests. No measurable dezincification occurred with the 80-20 low brass (metal F), which
appears to be optimum among a brasses in this quiet sea water.

The a + A high brasses (Fig. 4(c)) sustained the highest losses of any of the metals
in the mean tide exposure. At 16 years their order of loss was identical to their ranking
in continuous immersion; i.e., the Mn bronze had the highest loss, closely followed by
naval brass and arsenical Muntz metal.

In both marine environments all the high brasses reached a fairly definite linear
relation with time after the first 2 to 4 years' exposure. In contrast, most of the higher
copper alloys did not approach a linear relation until 8 or more years.

Dezincification of Brasses

Dezincification of copper-zinc alloys is still not a clearly understood phenomenon,
and, while it is known to be a selective type of attack occurring only in copper alloys con-
taining more than 15% to 20% zinc, some confusion exists pertaining to the mechanism of
zinc removal. Regardless of the exact mechanism of attack, however, the insidious and
destructive results of dezincification are quite real when certain copper-zinc alloys are
used in or near the ocean, and this characteristic is the cause of considerable misunder-
standing and apprehension in the use of all copper alloys in marine environments.

The photographs in Figs. 6 and 7 show some of the effects of long-term dezincifica-
tion in tropical ocean water. Polished and etched end sections of the 2, 4, 8, and 16 year
samples of naval brass from continuous sea-water exposure are shown in Fig. 6. The
progression of the very uniform dezincification and the sharp line of demarcation between
the dark dezincified material and the bright-colored sound metal center can be seen in
this picture. With the thick layer of dezincified metal incasing the uncorroded core, a
stifling effect on further corrosion is suggested, but it is obvious from this photograph
and the preceding curves, showing straight line relations after 2 to 4 years' exposure,
that this did not occur.

2 YR 4 YR 8 YR 16 YR

YEARS EXPOSED

Fig. 6 - Polished and etched end sections of naval
brass continuously immersed in tropical sea water
showing progression of dezincification and the sharp
line of demarcation between sound and dezincified
metal (4X)
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Fig. 7 - Cross-sectioned view of broken
Z-inch-wide tensile sample showing vari-
ation in uniformity of dezincification

The second photograph (Fig. 7) shows cross sections of broken tensile samples from
the 16-year plates. The nonuniform dezincification sustained by the arsenical 60-40
brass compared to the uniform attack on naval brass is revealed by these views. In
single-phase brass, arsenic is known to be a very effective inhibitor of dezincification.
Rogers (15) reports practically 100% inhibition for 0.02% to 0.05% additions to a
brasses. But considerable controversy exists concerning the effectiveness of arsenic in
two-phase brasses. These photographs and the previous weight loss data reveal how the
differences in opinion might arise. If evaluation is based solely on weight losses, and
especially if the short-term 1 and 2 year losses are the criteria, the arsenic additive
appears to be beneficial. On the other hand, the nonuniformity and increased maximum
depth of attack revealed by the cross-section photographs indicate that the arsenical
brass, while having less total dezincification, was subject to deeper penetration. Thus,
an evaluation based entirely on service life to perforation, as probable with many types
of operating equipment, would condemn this additive for 60-40 brasses as not only inef-
fective but even harmful.

During dezincification, the porous copper residue remains firmly attached to the
unattacked base metal, and the actual depth of corrosion cannot be ascertained either by
surface measurements or by weight loss. Thus, with metals subject to this selective
attack, we must rely on tensile values for reasonable quantitative information. However,
the need for both methods of evaluation is apparent when it is considered that the weight
loss gives much more precise results than the tensile tests, especially for unevenly cor-
roded samples, and thus greater reliability is provided by the weight loss in establishing
the pattern of corrosion penetration or for comparing alloys of equal zinc content. In
addition, most published corrosion data is based on weight loss results, so this type of
evaluation is necessary if comparisons are desired.

Tensile losses compared with weight losses for all the metals are summarized in
Fig. 8. For the metals with 80% or more copper, dezincification or selective corrosion
did not develop; and tensile losses generally agree with weight losses. Thus, the 5% Al
bronze (metal D) again appears to be the most corrosion resistant of the metals in marine
environments, and dealumnification, while unlikely at this low Al content, is shown defi-
nitely not to have occurred. The variable differences of 1% to 3% between tensile and
weight losses shown for the other high-copper metals are considered to be within the lim-
its of experimental error and of no real significance. On the other hand, the large
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differences between tensile losses and weight losses for most of the two-phase brasses
and for the 70-30 a brass in sea water indicate that heavy dezincification has developed
in these metals.

For all the dezincified brasses, the penetrations indicated by tensile losses were 2.2
to 5.5 times the average penetrations calculated from weight loss. In the case of the
uninhibited 70-30 brass (metal G), weight loss from continuous sea-water immersion
indicated no appreciable dezincification, but the high tensile loss reveals that by 16 years
there was actually penetration to an average depth of 25 mils. The tensile data in this
figure also suggest that some dezincification had occurred in two of the 60-40 brasses in
fresh water. Naval brass (metal H) and Muntz metal (metal I) were penetrated to an aver-
age depth of 16 and 13 miles respectively after 16 years' immersion in Gatun Lake. How-
ever, the mild corrosion of manganese bronze in fresh water shown by weight loss was
confirmed by equally low tensile loss. With the exception of this alloy- environment com-
bination, all the 60-40 brasses showed some measurable dezincification in all environ-
ments and all alloying additions were ineffective in inhibiting dezincification of high-zinc
brass.

Galvanic Effects

A large number of bimetallic couples were exposed in this 16-year investigation in
both underwater and atmospheric environments. Underwater couples were made up of a
2 in. x 9 in. strip of one metal bolted to a 9 in. x 9 in. plate of a dissimilar metal. The
area relation is 1 to 6.9. The undersea bimetallic couples containing a copper alloy as one

40-

301-



NAVAL RESEARCH LABORATORY

component of the couple were: copper < carbon steel,* naval brass < C steel, low brass
< C steel, Al bronze < C steel, P bronze < Monel, P bronze < Cu-Ni, P bronze < 14 dif-
ferent ferrous metals, stainless 316 < naval brass, stainless 316 > P bronze, and C steel
< each of the 10 copper-base metals. The complete results of all these combinations are
much too detailed to present here but will be included in a subsequent report on bimetal-
lic couples.

A few of the galvanic results of specific interest to this copper alloy report will be
presented in the next two figures.

In Fig. 9 curves show the results for phosphor bronze and naval brass plates coupled
to strips of 316 stainless steel. In both of these couples, the copper-alloy plates acted as
anodes and their corrosion was galvanically accelerated by the more noble stainless.
Normal corrosion of the copper alloy is shown by dashed lines so the galvanic effect can
be assessed by comparison of the two. From this it can be seen that copper-alloy corro-
sion in tropical sea water will be accelerated by coupling with a metal only slightly more
noble. Although this was only a 1 to 6.9 stainless steel to copper alloy area ratio, the
weight loss corrosion of the copper-base metal plates was increased 42% for the bronze
and 24% for the brass at 16 years. Had the area ratios favored the stainless steel, a
highly accelerated attack on the copper alloys would probably have developed. In fact,
when the area ratio was reversed with the phosphor bronze strip and stainless steel plate
combination, the bronze strip corroded at about 24 times its normal rate. From these
data it is apparent that under certain coupling conditions, copper alloys usually consid-
ered to be on the safe end of the galvanic series, can be susceptible to destructive gal-
vanic attack in warm tropical sea water.

_ =COUPLED CORROSION ------- NORMAL CORROSION

• AVERAGE OF DUPLICATE PLATES OF COPPER ALLOY

" PHOSPHOR NAVAL
BRONZE BRASS

Nl 30-
E

0

10-

lo -/

O 2 4 8 16 0 2 4 8 16
YE A RS EtX P0S E D

Fig. 9 - Galvanic corrosion for coupling with
1/7-area 316 stainless steel

*The "less than" sign (<) is used to indicate the metal having the lesser area.
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In Fig. 10 the copper-alloy plates act as cathodes and are being protected by carbon
steel strips with the 1 to 6.9 area ratio. Prolonged and efficient protection of the brass
and bronze with mild carbon steel is indicated by these two curves. They show that the
strip anodes lasted over 8 years for the brass plates and over 12 years for the bronze
plates. In both cases, almost complete protection was afforded during the life of the anode.

= COUPLED CORROSION ------- = NORMAL CORROSION
* AVERAGE OF DUPLICATE PLATES OF COPPER ALLOY

* INDICATES PROBABLE TIME OF ANODE DEPLETION

16 PHOSPHOR NAVAL

BRONZE BRASS /

E

12 -
'o /
¢00 /

F- 8 -I, /

W 4 - ----, I

< /, I

0 I/

' ~ ~ ~ ~ 2 41 16 18 l'l T ,I'

0 2 4 6 8 10 12 14 16 0 2 4 6 8 1 ,2 14 16

YEARS EXPOSED

Fig. 10 - Cathodic protection of copper alloys under tropcial
sea w ate r showing effectiveness and duration of protection
with 1/7-area carbon steel strips

Biofouling of Copper Base Metals

Inspections and photographs of the marine fouling attachment on the sea water expo-
sure panels were made at 9 months, 2 years, and 16 years. Normal fouling growth in both
continuous and mean-tide immersion was very heavy at the Amador site. At the lower
rack elevation, the attachment consisted of a multitude of organisms, with bryozoa, tuni-
cates, mollusks, tubeworms, and barnacles among the more prevalent. At the mean tide
location, the heavy coverage consisted almost entirely of barnacles, with some tubeworms.

Simple plates of copper had no fouling in 9 months and were fairly clear of fouling at
the 2-year period but were moderately to heavily covered by 16 years. This loss in anti-
fouling property was a result of the decreasing rate of corrosion of copper in sea water.
LaQue and Clapp (16) have reported a copper solution rate of 5 mdd necessary for effec-
tive antifouling. With the empirical relation 1. 5t0/ 2 found for copper in tropical sea water,
5 mdd loss would be exceeded for only the first 0.9 years (determined from the first deriv-
ative of the function with respect to time). At two years, the rate of copper solution has
decreased to 3.4 mdd and by 16 years was only 1.2 mdd. All of the high-copper alloys
showed decreased antifouling effectiveness with time of exposure. All had slight to no
fouling at 9 months and 2 years but were moderately to heavily fouled at 16 years.

As would be expected, these same metals were very heavily fouled when galvanically
protected, as the corrosion rate of copper was then much lower than required for effective
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prevention. The dezincification of a + 3 brasses also presented a copper surface to which
marine organisms attached readily. After two years of continuous immersion in sea
water, the uniformly dezincified naval brass was covered completely by marine fouling,
principally encrusting bryozoa. For the same exposure, the nonuniformly attacked arsen-
ical Muntz brass had spots of fouling over darkened areas of the metal, which appeared
to be the first areas of dezincification. At 16 years all the duplex brasses were com-
pletely covered with heavy biofouling attachment.

Atmospheric Corrosion of Copper Alloys

The effects of sixteen years' exposure in marine and inland tropical atmospheres
is shown by weight-loss time curves in Fig. 11. These graphs are somewhat similar to
the underwater curves in that the variety of patterns obtained for the different metal-
environment combinations preclude the possibility of establishing a single empirical rela-
tion for the copper alloys in tropical atmospheres. However, there is considerably more
similarity of curve patterns among the atmospheric results than among'the underwater
exposures. The six alloys containing zinc and the aluminum bronze produced weight-loss
time relations sufficiently similar in magnitude and shape to fit into the bands shown by
the crosshatched areas in this figure. The only significant difference for the metals con-
tained in the band was in the first 1 to 2 years, after which all corroded at almost con-
stant and equal rates. The median rates for the bands are 0.05 g/dm 2 - yr for marine
atmosphere and 0.04 g/dm 2 _ yr for the inland site.
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CRISTOBAL, CANAL ZONE
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E- COMMERCIAL BRONZE
F- LOW BRASS

G- CARTRIDGE BRASS
H-NAVAL BRASS

I-MUNTZ METAL
J- MANGANESE BRONZE
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Fig. 11 - Corrosion weight loss as a function of time for copper-base
metals exposed to tropical atmospheres

Percent tensile losses for the ten cupreous metals in the two atmospheres are included
in Table 1. The data are based on percent loss of the 62.5-mil-thick atmospheric sheets.
When converted to one average surface penetration, the 16-year values range from 0.75
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mil for Al bronze to 2.6 mils for arsenical 60-40 brass. Compared to weight losses,
tensile results show that some dezincification was sustained by the 60-40 a + 03 brasses
and a slight amount by the 70-30 a brass. After 16 years' exposure, penetrations indi-
cated by tensile loss averaged 4.8 times the penetrations from weight loss for the duplex
brasses, and 3.3 times for the 70-30 brass.

On a practical basis, all of the copper metals were very resistant to tropical atmo-
spheres, and can be considered excellent for long-term exposure in this environment.
There are, however, relative differences between some of the metals which, when extrap-
olated to long exposure periods, are revealed to be of some significance. This can be
seen in the probable 50-year corrosion penetrations shown in Table 3 for a representa-
tive number of the copper alloys.

Table 3
Probable Corrosion Penetrations at 50 Years

Probable Penetration
at 50 years (mils*)

Metal Marine Inland

Atmosphere Atmosphere

Copper (A) 1.45 0.54
Si bronze (B) 5.06 1.66
P bronze (C) 3.17 0.84
Al bronze (D) -1.26 0.99
80-20 Brass (F) 1.21 0.94
Naval brass (H) 60-39-1 Sn 32.4t 4.95t

*Obtained by extrapolation of 16-year weight loss curves.
tIncludes tensile correction.-

All of these values are much lower than results determined with the commonly used
one-period secant rates. For example, the one-year rate for the low brass in this marine
atmosphere is 0.19 mpy and the rate based solely on the 8-year samples is 0.11 mpy.
With these rates, 50-year penetration predictions would be 9.50 mils or 5.50 mils respec-
tively, which is appreciably higher than the 1.21 mils predicted from the 16-year curves.

Industrial contamination, or excessively high salt content in the air, such as would
occur near a surf beach, will cause higher corrosion rates of copper alloys than the
losses reported here. But excluding such specific contaminated conditions, these tropi-
cal losses are probably near the upper limit of the corrosion range of copper-base met-
als in natural atmospheres and should be useful as a safe estimate of the atmospheric
corrosion of copper alloys in any latitude.

CONCLUSIONS

Copper and copper alloys exposed to tropical sea water had corrosion weight losses
1.4 to 2 times higher than losses in temperate sea water on the east and west coasts of
the United States. Tropical marine atmospheres also caused higher weight losses to
cupreous metals. Mean tide exposure at Fort Amador, C.Z., generally was less aggres-
sive tharl temperate climate mean tide exposures.

Because of distinctly different patterns for the corrosion-time curve, a general
empirical equation for the copper-base metals was not feasible, but the corrosion of
commercially pure copper in sea water during 16 years was found to be approximately
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proportional to Ct 1/ 2 . Corrosion-time functions for the other high-copper and a phase
copper-zinc alloys were generally curvilinear for the first 4 to 8 years' exposures.
Extrapolation of the curves emphasize the unreliability of the normally used short-term
secant rates for predicting long-term corrosion of the copper metals. Errors as much
as one order of magnitude are probable in estimating loss over 50 years' exposure.

In the different tropical environments 5% Al bronze had the best overall corrosion
resistance. Sixteen years' loss was 1/2 that of copper in fresh-water immersion, 1/3 at
mean-tide immersion, and 1/5 in continuous sea-water immersion. In the tropical atmo-
spheres, the Al bronze was also excellent, having 1/2 the sixteen-year loss of copper at
the marine site and very low corrosion, equal to copper in the inland atmosphere.

Alpha-phase copper-zincs had slightly higher losses than copper in fresh water
and equal to or somewhat lower than copper in the two sea-water and two atmospheric
exposures.

The 60-40 a + 3 brasses had considerably higher weight losses than copper in all
underwater exposures, except manganese bronze in fresh water, where the results approx-
imated the copper losses.

Heavy dezincification occurred on all the a + 0 brasses in the two sea-water expo-
sures and a moderate amount was revealed for these duplex brasses in fresh water and
marine atmospheric exposures. The small additives of arsenic, tin, and manganese were
ineffective in inhibiting marine dezincification of high brasses.

Tensile tests generally confirmed weight losses for the high-copper alloys but
revealed heavy dezincification in the duplex brasses with penetrations 2.2 to 5.5 times
that shown by weight loss for the sea-water exposures.

Galvanic effects of bimetallic coupling were pronounced under tropical sea water.
Corrosion of plates of P bronze and naval brass was anodically accelerated 42% and 24%
by weight loss when coupled with 1/7-area strips of type 316 stainless steel. Coupling
plates of the same copper alloys with strips of carbon steel provided efficient cathodic
protection of the bronze and brass and the 1/7-area carbon steel anodes lasted 8 to 12
years.

Copper and copper alloys showed varying degrees of fouling resistance in the bioac-
tive tropical waters. Marine fouling collected directly on copper panels when the corro-
sion rate of the copper was too low to provide an effective concentration of copper ions.
Thus, galvanically protected copper metals, including dezincified surfaces, were moder-
ately to heavily covered at the 2-year inspection. Simple plates of copper and high-copper
alloys showed decreasing fouling resistance with time of exposure. The loss in antifouling
was proportional to the decreasing corrosion rates of the metals. Panels that rated trace
to slight fouling at 2 years with corrosion rates of 3 to 4 mdd were moderately to heavily
covered at 16 years, when rates were down to 1 to 2 mdd.

Corrosion of all the cupreous metals in the tropical atmospheres was very low, and
they can be considered excellent for long-term service in this environment. Al bronze
and copper zinc alloys corroded linearly with time after 1 or 2 years' exposure in the
atmospheres at approximate rates of 0.05 g/dm 2_ yr at the marine site and 0.04 g/dm 2_ yr
at the inland location.
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Appendix A

ANALYSES OF METALS AND ENVIRONMENTS

So that exact test conditions would be known, considerable effort was expended during
the course of the investigation in analyzing the metals under study and the environments
in which they were exposed. Tables Al - A4 and Fig. 1 give summaries of the pertinent
results of these tests.

All sampling and testing for the appendix data were done by personnel of the Canal
Zone Corrosion Laboratory with the exception of the 20-year meteorological summary,
which was supplied by the Panama Canal Company.
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Temperature (OF)
Average Maximum
Average
Average Minimum

Average Relative Humidity
(percent)

Total Rainfall
(inches)

Average Wind Velocity
(mph)

and Prevailing Direction

Sunshine (percent of
possible hours)

Water Temperature (OF)
Maximum
Average
Minimum

GATUN (GATUN LAKE)

Fig. Al - Canal Zone climatic conditions
(average records, 20 years minimum)
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