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ABSTRACT

Effects of corrosion on 20 structural ferrous metals immersed in
seawater and fresh water and exposed at mean-tide elevation have been
measured at various intervals during 16 years. Corrosion rates and
time-corrosion curves derived from both weight loss and pitting have
been established. A brief state-of-the-knowledge review for seawater
corrosion of ferrous metals reveals the paucity of adequate long-term
data in the corrosion literature. Between 2 and 16 years' exposure,
corrosion rates of most ferrous metals stabilized to constant values.
These final constant rates provide the most significant data for com-
paring the corrosion resistance of the different metals in the various
environments and for estimating service life over more extended pe-
riods. Based on this evaluation, the general corrosion rates of steels
in seawater and fresh water are appreciably less than usually reported,
and the long-term pitting rate of structural steel in seawater is only
1/3 to 1/5 of that normally reported for these metals.

The corrosion of various low-alloy steels has been compared dur-
ing 16 years of seawater exposure. Of the alloying elements consid-
ered, none was found which improves the corrosion resistance of the
metals in the sea, while chromium and nickel seemed to cause increased
general corrosion or pitting during the longer periods of marine expo-
sure. Aston-process wrought iron and various cast irons and steels
have been evaluated for long-term seawater exposure. Only the 18%
nickel cast iron shows any definite advantage over carbon steel. Steel
corrosion, losses in tropical and temperate latitude seawaters have
been compared. Results indicate similar corrosion-time relations for
the different latitudes but slightly higher final rates for the tropical
sea. Useful upper-limit corrosion rates are thus provided by the trop-
ical seawater studies.

PROBLEM STATUS

This is an interim report; work on the problem is continuing.

AUTHORIZATION

NRL Problem C03-11
Project RR 007-08-44-5506

Manuscript submitted November 22, 1968.
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CORROSION OF METALS IN TROPICAL ENVIRONMENTS

PART 9 - STRUCTURAL FERROUS METALS-SIXTEEN YEARS'
EXPOSURE TO SEA AND FRESH WATER

INTRODUCTION

Recently increased interest in structures to be immersed in the sea for extended
periods has focused attention on studies designed to establish the stability of structural
materials in the ocean. Whereas floating designs, such as ships, can be drydocked peri-
odically to inspect and repair the effects of corrosive degradation, this is not possible
with fixed structures which must remain in place over extended periods. Prerequisite to
intelligent decisions on the need for, and design of, protective procedures for these
structures is a reasonable knowledge of the magnitude and direction of the normal
corrosion-time relations for the structural metals involved.

The literature describing long-term corrosive effects of both seawater and fresh
water has been relatively meager. In two instances in the last several decades when
large permanent structures were being planned for construction in the sea, long-term
corrosion programs were initiated to obtain data on which reliable specifications could
be based. These two projects were the Passamaquoddy tidal power development in Maine
and an alternate route for a lock or sea-level canal in Panama. Neither has yet advanced
beyond the design stage, but for both projects the corrosion studies were continued to
completion.

The comprehensive long-term corrosion investigation, begun when preliminary de-
signs were being made for the Panama Canal modifications, now provides valuable data
which should be applicable to these and many related projects presently in the offing.
The tropical study provided for the evaluation of 52 metals and alloys in five natural en-
vironments for exposure periods of 1, 2, 4, 8, and 16 years. Both single plates and bi-
metallic couples were included. A total of more than 13,000 samples was exposed. This
report, ninth in a series (1- 8) and the fourth describing the final results from the Pan-
ama investigation, includes the complete 16-year data obtained for underwater corrosion
of wrought and cast structual ferrous metals.

PREVIOUS STUDIES

Greater effort has been put into the study of iron and steel in underwater environ-
ments than for most other metals, but even so relatively little adequate long-term data
have been published. To appreciate more fully the extent and scope of the experiments
to be described, a brief look at the state of knowledge of the corrosion of iron and steel
in natural seawater appears warranted.

As early as 1916, the American Society for Testing Materials, Committee A-5, ini-
tiated studies to compare the corrosion rates of mild steel and copper steel exposed to
the atmosphere. In 1920 this committee exposed the same metals in estuarine water at
Annapolis, Maryland, and in 1927 a study of the corrosive effects of seawater on these
same metals was initiated in tanks of flowing seawater at Portsmouth, N.H., and at Key
West, Florida. In each of these early efforts, evaluations were based solely on time to
perforation. Since pitting of the metal occurs from two sides and perforation depends to
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a large degree on the random location of opposite pits, the observed results varied con-
siderably. Another incongruity resulted from the masking of penetration by the attach-
ment of marine fouling. In fact, fouling became so serious it was necessary to sandblast
samples before they could be inspected. The final report issued in 1950 (9) acknowledged
the shortcomings of the methods employed and provided very little unqualified data on the
corrosion rates of ferrous metals in seawater.

Corrosion studies were started for the Passamaquoddy tidal project in 1936 (10). A
large number of metals were included, and arrangements were made to examine the
specimens at four intervals throughout an 8-year period. While some good comparative
data were obtained, the number of replicates involved and the methods of exposure could
not yield reliable corrosion-time curves. Although three samples of each metal were
exposed, one in the atmosphere, one at mean tide, and one in the sea, no replicates to
provide for periodic removal were included in any of these environments. Moreover,
each steel sample represented three different surface conditions, namely, mill scale,
roughly machined, and smoothly machined, thus almost assuring some galvanic effects
between adjacent surfaces. As each sample was removed, it was cleaned, inspected, and
weighed, and then returned to its environment for the remaining exposure intervals. This
periodic cleaning procedure removes any protective scale that has formed and, in effect,
starts a new period of accelerated and changing corrosion rates.

Other comparative studies of ferrous metals in seawater have been made by several
organizations in the United States, but in most instances the duration of exposure and/or
number of replicates involved was insufficient to provide significant corrosion-time re-
lationships. Predominant among such tests were single-panel exposures continued for
many years on a clean-and-return basis, thus repeating the error alluded to above. One
of the more useful evaluations of seawater corrosion of steel was made by the U.S. Steel
Corporation at the International Nickel company's exposure facility at Kure Beach, N.C.
(11). Five structural steels were immersed in quiet seawater for periods up to 8-1/2
years; however, only four panels per metal were exposed, providing for single panels to
be removed at 1.5-, 2.5-, 4.5-, and 8.5-year intervals. Corrosion damage was measured
by weight loss.

Meanwhile, underwater corrosion studies were being conducted in Europe, where,
beginning in 1921, the London Institute of Civil Engineering started investigations of car-
bon steels and wrought irons exposed in seawater at four locations around the world (12).
These studies were allowed to continue over a 15-year period. This was an excellent
start for natural water corrosion studies, and some good comparative results were ob-
tained for the few samples exposed without millscale.* However, here also too few
specimens were included; only one sample of each metal was removed at 5-year inspec-
tion intervals. Also, the bar samples used, with their high edge-to-surface ratio, gener-
ally showed greater losses than the plate samples preferred by later investigators. In
1937, the British Iron and Steel Research Association (13) initiated comparative tests at
Gosport, England, using ten plate replicates of each material, all of which were removed
after 1.2 years of exposure. The single time points thus obtained were highly accurate,
but single points were inadequate for establishing corrosion rates or extrapolating to
longer terms. Similar comparative tests at other locations were made by BISRA, but
again only for single time periods.

Comprehensive exposure studies were started in France and Germany in the late
30's but were interrupted by World War II. The French, however, reported on some 3-
and 4-year exposures to seawater and fresh water (14).

*Corrosion testing of ferrous metals with cathodic rolling scale does not evaluate the metal but
rather the integrity and quality of the scale.
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In recent years the Russian Academy of Physical Chemistry exposed four structural
steels for 6 years in the Barents Sea. Most of the samples were tested with rolling scale
surfaces, but one set with shotblasted surfaces was included and provides some useful
corrosion data for far northern seawater (15).

The subject study in Panama is apparently the only major investigation of metallic
corrosion in natural waters that has been conducted in the last 25 years, and it seems to
be by far the most comprehensive and thorough that has ever been undertaken.

EXPERIMENTAL CONDITIONS

Metals

Of the 52 metals included in the Panama program, 26 were ferrous base, and most
of these were structural types generally containing less than 5% alloying elements. The
results from the exposure of these structural ferrous metals in underwater environments
provide the subject of this report. The metals included are identified in Table 1. Varied
compositions are represented, and in some instances different initial surface conditions
are included. Complete chemical compositions and physical properties of the samples
are given in Tables Al and A2 in the Appendix.

Exposure Environments

The five environments included fresh water, seawater, seawater mean tide, and ma-
rine and inland atmospheres. Immersion studies require much larger plates and more
massive supporting racks than those done in the atmosphere. In addition, large over-
water pier structures or floating platforms are required from which specimens can be
suspended. Therefore, underwater studies become very costly and time consuming. Un-
doubtedly, this is the reason, at least in part, for the extreme shortage of information
available concerning the seawater and fresh-water corrosion of metals. In the present
instance a majority of the time and expense of the program was devoted to the three un-
derwater exposures.

Immersion studies were made from two piers designed especially for the project.
One is a tropical fresh-water site in Gatun Lake, which is shown in Fig. 1. Samples at
this pier were suspended at an average depth of 6 feet in 30 feet of water, about 50 feet
out from the natural shoreline. No significant current flow was found at the fresh-water
site. The other pier shown in Fig. 2 is for marine exposures in the Pacific Ocean. It is
located off the Fort Amador causeway at Naos Island, 1-1/2 miles from the mainland.
The ocean exposures were made at two elevations 14 feet apart. Upper racks were at
half-tide level, and the lower racks were just below minimum low tide. Average water
depth is about 25 feet, average tidal range is 13 feet, and maximum currents measure
less than 1 foot per second.

Chemical composition of the fresh water and seawater at the test sites and a 20-year
record of water temperatures are shown in Table A3 and Fig. Al in the Appendix.

Procedures

The details of exposure and the methods by which the specimens were cleaned.
measured, and examined are described in earlier reports (1- 8). The underwater sam-
ples were 9- by 9- by 1/4-inch plates. These were supported in the test racks by ce-
ramic insulators as shown in Fig. 3. Ten replicates for each metal-environment
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Table 1
Structural Ferrous Metals Tested

Key Metals Initial Surface Specification
A __Mild__steel _ _ PiCondition __typeII,_gradeA,_class_1

A Mild steel Pickled QQ-S-741, type II, grade A, class 1

B Mild steel Machined QQ-S-741, type II, grade A, class 1
C Mild steel As received QQ-S-741, type II, grade A, class 

D Mild steel Pickled QQ-S-741, type II, grade A, class 2
(0.31% Cu)

E 2% Ni steel Pickled RR-3A

F 5% Ni steel Pickled SAE 2515
G 3% cr steel Pickled Max 0.10% C

H 5% cr steel Pickled AISI type 501D

I Low-alloy steel Pickled Proprietary Cu-Ni
J Low-alloy steel Pickled Proprietary Cu-Cr-Si
K Low-alloy steel Pickled Proprietary Cu-Ni-Mn-Mo
L Low-alloy steel Pickled Proprietary Cr-Ni-Mn
M Cast steel Machined QQ-S-6816 class 1
N Cast steel As received

0 Gray cast iron Machined QQ-1-652 class 30
P Gray cast iron As received

Q Austenitic cast iron Machined INCO 18-22 Ni
R Austenitic cast iron As received N
S Wrought iron Machined Aston process
T Wrought iron As received f ASTM A42-39

combination were included so that du-
4o; plicate specimens of each could be re-

moved at 1-, 2-, 4-, 8-, and 16-year
time intervals. Weight loss and depth
of pitting were measured to evaluate the

-, 4H M $ A.dextent of corrosion; subsequently, strips
were cut from the cleaned plates and
used to determine changes in tensile
strength.

Since the amount of data collected
throughout the 16-year period is quite
massive, some discussion of possible

Fig. 1 - Pier for fresh-water methods of presentation of these data
immersion in Gatun Lake is in order. First reference is made

to the solid-line curve in Fig. 4a,
which is a hypothetical corrosion-time
curve but very similar to the curve

pattern to be expected for mild steel corroding underwater in nonfouling conditions.
The relation shows that the corrosion rate was very unstable during the first few years,
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changing from a 7.4-mpy average during
the first year to a final constant rate
after 4 years of only 1.0 mpy. Corrosion
rates determined during the period of
changing slope have very limited sig-
nificance. The steady final rate R on
the other hand, is the most useful and
fundamental corrosion rate obtainable
for a metal in a corrosive environment,
but it can only be determined from ex-
posures over an extended period with an
adequate number of properly spaced
measurements.

The method most commonly used
for reporting corrosion rates isto make
a single measurement of corrosion loss,
divide by the time elapsed, and call the
quotient the corrosion rate. The con-
siderable deviation from the true rate
inherent in this method becomes appar-
ent when results are compared with the
actual plot of corrosion loss vs time in
Fig. 4a. Such comparisons are shown
by the dashed lines for single interval
rates of 1 and 8 years. The 1-year se-
cant rate R1 is 7.4 times the final slope
of the curve R, and even the 8-year
single-interval rate R8 is double the
actual final rate Rc.

Often corrosion rates areplotted as
a function of time. Two methods of ac-
complishing this are illustrated in Fig. 4b
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for the same data given in Fig. 4a. The first, shown by the broken line, is obtained by
plotting the single-interval rates (secant rates) vs time. This makes a smooth curve but,
as is evident in this example, can be quite misleading. The rate here is shown as de-
creasing over 12 years, while the actual corrosion rate was constant for the last 7 years
shown. The solid line in Fig. 4b is a plot of the true rate, which provides the correct
reading of rates and rate changes; but it is difficult to obtain unless a mathematical
equation of the corrosion-time relation is available, and it does not permit easy reading
of corrosion losses. The direct corrosion-time curve in Fig. 4a shows most clearly the
progression of corrosion and, when linear, represents a constant rate. This latter
method is used for reporting the 16-year corrosion data to follow.

RESULTS

Comprehensive Tabulations

Tables 2, 3, and 4 present comprehensive summaries of the corrosion results for
all 20 ferrous metal variations in the three underwater environments. To conform to
general corrosion terminology, weight loss is shown in grams per square decimeter, and
penetration values are shown in mils. Pitting represents the average of the five deepest
pits on each surface of duplicate panels.

Stabilized corrosion rates in the tables were determined from the time-corrosion
curves for each metal-environment combination and is the slope of the final tangent or
final linear portion of the curves. Such a value approaches or equals the final steady
rate and gives one of the best evaluations of the different metals and/or environments.
Also, extrapolation of this value to longer exposure periods is quite simple by using

Pt = P1 6 + R (t - 16),
where

Pt = average penetration at time t (t > 16),

P 16 = average penetration at 16 years,

and

R c= stabilized (constant) corrosion rate.

No tensile data have been included in these tables, as it has been shown previously
by Hudson (16) and by Alexander, et al, (1), that for structural steels reduction in tensile
strength is essentially equal to average penetration determined from weight loss. Weight
loss gives far less variable results than mechanical tests for heavily corroded samples
of iron and steel and is therefore a more precise evaluation of loss in tensile strength.
Most panels were approximately 1/4 inch thick, and for these a 25-mil reduction in
thickness would be approximately equivalent to a 10% reduction in tensile strength.

While complete data for all metal-environment combinations are presented in the
three tabulations, the following discussion will be focused on mild carbon steel in all
three environments and on the alloy steels, cast irons, and wrought irons immersed in
seawater.

Structural Carbon Steel

Carbon steel was exposed with millscale, machined, and pickled surfaces. Addi-
tional samples of mild copper-bearing carbon steel (0.31% copper) were exposed with
pickled surfaces. Of the four variations of mild steel, only that with millscale surfaces

6
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SOUTHWELL AND ALEXANDER

showed any significant difference in underwater corrosion, and then only in continuous
seawater immersion was the difference appreciable. Under seawater the millscale sur-
faces sustained much deeper pitting than the others. This is evident from the pit depth
data in Table 3. Any supposition that millscale surfaces will be rapidly removed by cor-
rosion is strongly disputed by the long-term data. Much of the scaled area remained
relatively unattacked through the first 8 years of exposure.

The results for the pickled, machined, and copper-bearing carbon steels are so
similar that average curves for the three probably most precisely represent the relation
of corrosion to time for mild carbon steel. The data from the three have been combined
to obtain more accurate curves for structural carbon steel in fresh water, in seawater,
and at mean tide.

The average results for carbon steels continuously immersed in fresh water are
shown in Fig. 5. Weight loss, which measures general corrosion and loss in strength, is
plotted as the smooth line in the lower curve, while average pitting penetration is shown
by the point-to-point curve above. The maximum pit depth (94 mils) occurred after 16
years. The weight loss shows that there is a very smooth, almost parabolic relation
with time. The corrosion rate decreases from 7.5 mpy average for 1 year to a final,
practically constant, rate of less than or equal to 0.7 mpy. Average pitting depths in-

creased rapidly during the first few
years but leveled off at a rate ap-
uroaching that of general corrosion.

X-X AVERAGE PITTING PENETRATION
(EACH "x" REPRESENTS THE MEAN OF 60
MEASURED PITS-5 DEEPEST ON EACH

80 SURFACE OF 6 PANELS)

,-7, MAXIMUM PIT DEPTH (mils)

O-O AVERAGE PENETRATION CALCULATED

70 FROM WEIGHT LOSS. (EACH "" REPRESENTS
THE MEAN LOSS FOR 6 PANELS)

60 x ITTING

50 X

40-
x

30 
RC 5O.

7
P

20WIGTLOSS

10

2 4 8 16
YEARS EXPOSED

Fig. 5 - Corrosion of carbon steel
continuously immersed in fresh water

The maximum pit depth measured dur-
ing the 16 years was 94 mils, which
gives a pitting factor of 3.4.

Seawater immersion is undoubt-
edly the most important environment
investigated in this study. Curves for
structural carbon steel corroding in
this medium are presented in Fig. 6.
General corrosion loss becomes al-
most linear with time after the first
year or two of immersion. However,
during this initial period, there is a
considerable rate change, which should
not be discounted. The 1-year average
rate is 5.8 mpy, while the final steady-
state rate is less than one-half of this,
at 2.7 mpy. This steady-state rate is
considerably lower than rates usually
reported for mild steel in seawater,
even in temperate latitudes. This is
probably because tests are usually
short-term and initial rate changes
are always included in averages. Lar-
rabee (17), studying 23-year-old H
beams from a seawater structure in
California, also concluded that the
usual corrosion rates reported for
carbon steel in seawater were much
higher than actual long-term rates.

Pitting rates of steels in seawater
are generally reported to be several
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times higher than average penetration.
Fink (18) reports values of 10 to 15 mpy.
Early data from this study would more
than exceed these values (about 40 mils
the first year). However, the completed
long-term pitting curve shows a substan-
tial decrease in pitting rate after the first
2 to 4 years; ultimately, the pitting curve
almostparallels that based on weight loss,
indicating that average pitting penetration
over more extended periods would prob-
ably continue at only about 3 mils per year.

The curves for cast steel, to be dis-
cussed later, are quite similar to those
for carbon steel, and the pitting rate also
decreased to an eventual value approxi-
mating the general corrosion rate. In
fresh water and mean tide average pitting
also followed this same pattern. The
maximum pit depth for continuous immer-
sion in seawater was 157 mils, which
provides a 16-year pitting factor of 3.2.

Results from the Panama mean-tide
experiments are shown in Fig. 7. It should
be emphasized, however, that mean-tide
data have somewhat limited applicability.
Corrosion at mean tide may be influenced
by wind velocity and direction, wave height,
tidal range, fouling attachment, and splash
zone and atmospheric conditions. As a
result, its magnitude may show consider-
able variation with location.

90

80

70 -

0

I--
wz
w
a.

50

40

301

20

10

0

x-x AVERAGE PITTING PENETRATION l
(EACH "x" REPRESENTS THE MEAN OF 60 157
MEASURED PITS- 5 DEEPEST ON EACH x
SURFACE OF 6 PANELS)

%-Z, MAXIMUM PIT DEPTH (mis)

0-o AVERAGE PENETRATION
CALCULATED FROM WEIGHT
LOSS (EACH "" REP- PITTING
RESENTS THE MEAN
LOSS FOR 6
PANELS) X

X~

x

EIGHT LOSS

'I 2 4
YEARS EXPOSED Z

16

Fig. 6 - Corrosion of carbon steel
continuously immersed in seawater

This variation can be best appreciated by considering the ratio of seawater to mean-
tide corrosion for 10 years' exposure at several locations around the world (12), Table 5.

In the Panama mean-tide experiments, initial corrosion was quite high, 10-mil aver-
age penetration for the first year; but between 1 and 3 years almost no increase was ap-
parent, and the rate was very low. Subsequently, the rate increased until finally, after 4
years, it stabilized at a relatively constant value of 2.7 mpy. This was the same final
rate obtained for seawater immersion.

This mean-tide corrosion behavior of carbon steel is an interesting phenomenon.
More or less similar time relations were found for most of the other structural steels
exposed at mean tide, but such was not found for carbon steel immersed in either fresh
or seawater nor for most of the nonferrous metals, even at mean tide.

It is possible that stabilization at mean tide comes more slowly because of the dif-
ferent type and rate of fouling at the immersed and mean-tide elevations. After stabili-
zation, steel corrosion in both seawater environments may be controlled by anaerobic
bacteria thriving under a heavy self-repairing fouling cover.

Early pitting at mean tide was not as great as for immersed samples, but, again,
pitting eventually roughly paralleled weight loss. The maximum pit of 98 mils was about
equal to the maximum in fresh water but 40% less than under seawater. The pitting fac-
tor at 16 years is 2.2 for mean-tide exposure.

11
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Fig. 7 - Corrosion
mean-tide

MI 1E

of carbon steel at
elevation

A comparison of corrosion rates of
carbon steel in waters of different salin-
ity is shown in Fig. 8. These waters
include Gatun Lake with an average sa-
linity of 0.007 ppt, Miraflores Lake
brackish water at an average salinity of
0.4 ppt, and seawater at Fort Amador at
an average 17.4 ppt. The data from
brackish water were obtained from a
preliminary study. They are less sig-
nificant because the experiments were
conducted with fewer panels and less
precise control, and the environmental
conditions, which probably varied con-
siderably in salinity and oxygen content,
were not determined. The results do
show, however, that at similar tempera-
ture and velocity corrosion of ferrous
metals in brackish water can be consid-
erably higher than in either fresh water
or seawater. This higher loss in brack-
ish water could result from higher oxy-
gen content, but the absence of heavy
protective fouling, which did not develop
at this low salinity, probably contributed
also to the higher initial corrosion rate.
With just two points, establishing the
slope of the curve or any sort of final
corrosion rate is not feasible. Without
heavy fouling protection, however, a de-
creasing rate similar to that found in
fresh water is probable.

A comparison of the solid curves for fresh water and seawater in Fig. 8 points to
the inherent dangers in extrapolating long-term corrosion rates from short-term data.
After 1, 2, and 4 years of immersion in Gatun Lake, the average corrosion loss of steel
was higher than in seawater. Only after 8 years' immersion did the two assume their
relative steady-state positions. Examination of the 16-year curves shows that the final
steady-state rates were 2.7 mpy for seawater and < 0.7 mpy for fresh water.

Variability
Table 5

of Mean-Tide Corrosion
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Corrosion RatioLocation (seawater/mean tide)
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Fig. 8 - Comparative weight losses of
carbon steel in different salinity waters

Crennell (19) states that "data from the Canal Zone gave the surprising information
that steel corrodes at about the same rate in fresh water as in seawater." .This conclu-
sion was reached from average rates and partial data that were available at the time of
publication. With the completed 16-year exposures, it is now apparent that corrosion
rates of metals in natural waters change considerably with time, in some instances over
periods of many years. Only the final steady-state rate or one approaching this rate has
any real significance. Based on the steady-state rate evaluations from this study, sea-
water eventually will be about four times more corrosive to steel than fresh water.

Alloy Steels

A systematic study of different alloying elements in steel was not an objective of the
investigation; however, a representative group of the low-alloy metals in commercial
production at the time this study was initiated was exposed to the different environments.

_J~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~"

These metals included a copper-bearing steel, four proprietary low-alloy steels, 2% and
5% nickel steels, and 3% and 5% chromium steels.

Other investigators have studied similar metals in seawater but for considerably
shorter periods and with fewer specimens. Generally, their results have shown that,
with the exception of chromium, alloying additions of 5% or less have very little effect on
the seawater corrosion of steels. With chromium, however, there is some controversy;
some have reported up to a 50% reduction in corrosion rates in seawater with 2 to 5%
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chromium (13,20,21). Chaudron (14), however, reported that chromium increased cor-
rosion. The NRL's 16-year data permit for the first time an evaluation of the long-term
steady-state corrosion rates of the low-alloy steels in quiet seawater. Some of these
data, presented in the next three figures, provide some rather surprising results.

Corrosion losses in seawater of 2% and 5% nickel steels are compared with carbon
steel in Fig. 9. It is apparent from these curves that weight losses for the two nickel
steels were about equal, and both were only slightly higher than for mild carbon steel.
The final steady-state rates were approximately equal for all three at 2.7 mpy.

60
60_PITTING PENETRATION, 8YRS ( mils)|

AVERAGE A E 2 | 2%Ni (E )
U) 50 -20 DEEPEST 66 94 117 5%Ni (F)

W- I'

u W F < S 1 < / f~~~~~~~~~CSTEEL

DEEES 86 1 7 2141

g 40

0 2

YEARS EXPOSED

Fig. 9 - Corrosion of 2%o and 5%0 nickel steels
continuously immersed in seawater

On the other hand, pitting after long immersion periods was considerably higher for
the nickel steels, with the 5% alloy showing greater average pit depth than the 2% alloy.
Short-term data gave the misleading impression that pitting resistance was improved
with increased nickel content. The first year showed pit depths to average 25% and 30%
less for 2% and 5% nickel steel, respectively, than for carbon steel. By 8 years, how-
ever, this pitting relationship was completely reversed, with 2% and 5% nickel steels
showing 42% and 77% deeper pits than carbon steel. At 16 years, perforations of the
nickel steel panels prevented accurate evaluation of final pit depths.

In comparing 2% and 5% chromium steels with mild steel, the weight losses were
more surprising. The long-term general corrosion data plotted in Fig. 10 reveal a con-
siderable disadvantage for chromium steels compared to mild carbon steel. The curves
show the corrosion of both 3% and 5% chromium steels to have started slowly. After the
first year the loss was less than 1/2 that of carbon steel. Between 2 and 4 years, how-

~~~~~~~z~~~~~

ever, there was a sharp increase in the corrosion rates of the chromium steels. After 4
years, the high corrosion rates decreased gradually and seemed to reach a steady rate
of about 3.5 to 3.8 mpy, compared to 2.7 for the carbon steel. Sixteen-year losses were
respectively 22% and 45% higher for the 5% and 3% chromium steels than for carbon steel.

Pitting penetration after 1 year was also much lower for the chromium steels, but
subsequent data showed that by 8 and 16 years, the average pit depth for 2% chromium
steel was approximately equal to that of mild carbon steel. The 5% chromium alloy,
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although having a higher incidence of 80
pitting, continued to exhibit slightly shal- PITTING PENETRATION, 8YRS (mils)
lower penetrations throughout the expo- 70 AVERAGE A_ 6 6 (G)7020 DEEPEST 66 65 63(G
sure periods. DEEPEST 86 78 90 3%Cr

STEEL

Chromium steels have been reputed g) 60 (H)
to be superior to carbon steel in resist- 5%Cr
ing general corrosion in seawater. If E /- STEEL
compared on the basis of short-term data 0 3 50 / (A)
only, this would indeed appear to be true. C STEEL
Also, if the reported superiority of chro-
mium steels was established onthe basis W / /
of the cumulative loss of repeatedly a+
cleaned andreexposed samples,the rela- , 30
tive advantage could erroneously appear =/
to be considerable and might seem to c/
continue so indefinitely. o 20

We next consider the results for four 10
proprietary low-alloy steels. Metals of /
this class have proved extremely resis-
tant to atmospheric corrosion. In fact, o l
following collection of long-term atmos- 1 2 4 8 16
pheric data by the manufacturers, it was YEARS EXPOSED

realized that films of corrosion product Fig. 10 - Corrosion of 3% and 5% chromium
became so protective after severalyears steels continuously immersed in seawater
that the use of these steels in many at-
mospheres without the application of
protective coatings or additional mainte-
nance was feasible. On the basis of this high atmospheric resistance, some of these
metals have been assumed also to possess superior corrosion resistance to seawater,
but the present study has shown repeatedly that such environmental extrapolation is very
unreliable. The 16-year data in Fig. 11 show the long-term effects of seawater on four
of these proprietary metals.

A comparison of the curve for mild carbon steel (broken line, Fig. 11) with those for
the low-alloy steels shows that general corrosion rates for metals (I) and (K) are very
similar to mild steel (A). The other two metals (L) and (J) corrode significantly faster.
The constant rate for (J) leveled out at approximately 4.8 mpy and for (L) at 5.0 mpy vs.
2.7 for mild steel. Chromium is common to both of these alloys of lower resistance.
Alloys (L) and (J) contained 0.6% and 0.7% chromium, respectively, while the others con-
tained only traces. And, of course, as just shown in the preceding Fig. 10, 3% and 5%
chromium also resulted in higher general corrosion losses.

Based on pitting data the low-alloy steels show little or no advantage over mild car-
bon steel; slightly deeper long-term pitting was measured for alloys (I), (J), and (L) but
somewhat lower pitting for (K).

Wrought Iron

The corrosion of Aston-process wrought iron in seawater is compared with mild
steel in Fig. 12. Data for the comparison of steel and clean wrought iron are available
only thru the 8-year period. Machined wrought iron was included to 8 years only be-
cause of insufficient samples. Weight losses for the two surface conditions were rea-
sonably similar through 8 years. In all probability, the curve obtained with the millscale
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1 2 4 8 16
YEARS EXPOSED

Fig. 11 - Corrosion of proprietary
low-alloy steels continuously im-
mersed in seawater
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Fig. 12 - Corrosion of Aston-process
wrought iron continuously immersed
in seawater

surface (T) fairly represents the corro-
sion rate of wrought iron over extended
periods. A slight advantage in favor of
Aston wrought iron is indicated by the
weight-loss data. Comparison of depth
of pitting of steel and wrought iron can
be made only to 8 years between initially
cleaned materials, because the millscale
surface does adversely affect pitting re-
sistance. At 8 years, the pitting pene-
tration in seawater was essentially equal
for the machined wrought iron and ma-
chined carbon steel.

Cast Ferrous Metals

Weight loss and pitting for the cast
ferrous metals are shown in Fig. 13.
The curves are for 1/4-inch-thick plates
with machined surfaces exposed to con-
tinuous immersion in seawater. The
corrosion of cast steel, shown in Fig.
13a, is quite similar to that of wrought
carbon steel as judged from both weight
loss and pitting. Average pitting was
rapid at first, but after 4 years parallels
the slope of the weight-loss curve at ap-
proximately 2 to 3 mpy. The 16-year
pitting factor equals 3.3, which was also
about the same as for wrought steel.

Gray cast iron, shown in Fig. 13b,
was heavily graphitized; after 16 years
in seawater only about 1/5 of the origi-
nal metal remained as a small center
core. The graphite layer remained in
place, and the panels appeared, on the
surface, to be in almost the original
condition. This graphitized material
was mechanically removed before clean-
ing. Apparently the porous graphite of-
fered no protection to the uncorroded
metal; in fact, it probably accelerated
corrosion by galvanic action. Underly-
ing metal corroded at a higher rate than
any other ferrous metal studied. The
steady-state rate approximated 6 mpy.
Pitting was not serious. The pitting fac-
tor was 3.1 at 8 years.

Austenitic cast iron, Fig. 13c, con-
tained 18% nickel and was the most
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Fig. 13 - Corrosion of cast ferrous metals in seawater;
(a) cast steel, (b) gray cast iron, and (c) austenitic cast iron

resistant to seawater corrosion of the metals included in this report. The final constant
general corrosion rate was equal to or less than 1.1 mpy. This was about 1/5 that of
gray cast iron. Average pitting of the austenitic iron seemed to increase steadily in
depth at the rate of about 3 to 4 mpy. The pitting rate decrease noted for most of the
other ferrous metals did not occur. The maximum pit depth at 16 years was 116 mils.
Much less advantage for the high-nickel iron was shown on the basis of pitting than on
weight loss. The pitting factor at 16 years was 5.1.

Results of the exposure of cast metals with as-cast surfaces for 2 and 4 years are
included in Table 2. Examination of these data suggests that such surfaces corrode more
erratically than machined surfaces. In all cases lower weight loss per unit area was ob-
served than with machined surfaces. On the other hand, pitting penetration was usually
deeper in the as-cast plates.

COMPARISON OF TROPICAL AND TEMPERATE LATITUDE CORROSION

With this large mass of ferrous metal corrosion data collected in tropical seawater,
it is especially desirable to compare with ferrous corrosion in temperate seas. The
usefulness of these results for structural design in other latitudes will depend on rea-
sonably close agreement. Figure 14 shows the corrosion curve for mild carbon steel in
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Fig. 14 - Comparative corrosion of
structural carbon steel in tropical
and temperate seawater

Chemistry collected data on the corrosion of

tropical seawater compared with similar
data available from temperate latitudes.
The Harbor Island experiment (22) extended
for only 3 years, but it appears that a
steady-state rate of approximately 2 mpy is
probable. The two bits of data from Eng-
land (13), shown by the bar graphs, were
precisely established points from a large
number of replicates, but as they represent
single time points from two locations, the
bars have not been connected. However, if
corrosive conditions were equal for these
two locations, a constant rate of about 2
mpy would also be indicated in the English
seawater. The curve obtained over 8-1/2
years from Kure Beach (11) provides the
most useful data from a temperate latitude
for comparison with the tropical results.
Initially, the two curves practically coin-
cide, but slightly less downward curvature
was obtained with the tropical data. The
final Kure Beach rate stabilized at approxi-
mately 2.2 mpy vs 2.7 mpy in the Canal
Z one.

In the far northern waters of the Ba-
rents sea, the Russian Academy of Physical
carbon steel during 6 years of immersion

(15). Their results show corrosion rates becoming constant after 2 to 4 years at values
of about 1.4 to 1.8 mpy.

Tropical corrosion rates appear to be sufficiently close to those from other lati-
tudes so that practical design data are provided. The slightly higher losses in the trop-
ics should represent a general upper limit for ferrous metal corrosion in uncontami-
nated natural seawater.

SUMMARY

Several attempts have been made to obtain corrosion rates for ferrous metals in
seawater and fresh water. However, prior to these tropical studies, there has been very
little published information that provides the necessary long-term relations.

Most of the corrosion rates of the metals in the tropical underwater environments
stabilized to a steady-state after 1 to 8 years t exposure. This final constant rate pro-
vides the most significant value for comparing corrosion rates of different metals or ex-
trapolating to more extended periods of exposure.

Fresh-water corrosion of carbon steel showed a smooth, almost parabolic relation
with time. Rates changed from 7.4 mpy av for the first year to 0.7 mpy for the interval
from 8 to 16 years. Pitting penetration revealed a much higher but similarly shaped
curve that eventually decreased to a final rate approximately equal to that of general
corrosion.

Seawater corrosion of carbon steel becomes linear with time within the first 1 to 2
years' exposure. The final constant rate for general corrosion was established as 2.7

o-o NAVAL RESEARCH LABORATORY
PACIFIC OCEAN, PANAMA CANAL ZONE

x-x INTERNATIONAL NICKEL CO
- HARBOR ISLAND, N. C.

,_L BRITISH IRON AND STEEL RESEARCH ASSOC.
(a) GOSPORT ENG (1.2 yr 0 REPLICATES)
(b) EMSWORTH ENG (4 yr 4 REPLICATES)

a US STEEL CORP. KURE BEACH, N.C.
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mpy, a rate which is appreciably lower than has usually been reported even in temperate
seas. Pitting rates for mild steel in tropical seawater changed from 25 to 35 mpy for
the first 2 years to an eventual slope roughly parallel to that of average penetration at
approximately 3 mpy.

The corrosion rate of carbon steel at mean tide did not become stabilized until after
4 years' exposure. The final constant rate was 2.7 mpy. This is the same final rate
established within 1 or 2 years for continuous seawater immersion. After stabilization,
corrosion rates in both environments may be controlled by anaerobic bacteria under
heavy self-repairing fouling cover.

Two and 5% nickel alloy steels showed undersea general corrosion rates approxi-
mately equal to that of mild carbon steel. Pitting of the nickel steels was less than mild
steel at 1 year, but after 8 to 16 years' exposure it was considerably deeper.

Three and 5% chromium steels had initial corrosion losses in seawater lower than
those of carbon steel, but beyond 4 years the advantage was reversed. At 16 years the
chromium steels showed 22 to 45% higher losses than ordinary steel.

Of four proprietary low-alloy steels immersed in seawater, two without chromium
showed long-term corrosion rates approximately equal to carbon steel. The other two,
containing small percentages of chromium, had substantially higher general corrosion
losses after 8 and 16 years' exposure.

Aston-process wrought iron continuously immersed in seawater showed no advantage
in pitting over mild steel in the same exposure and only a slight advantage in general
corrosion resistance.

Gray cast iron in seawater had the highest corrosion rate of any of the metals
tested; its final constant rate was more than double that for mild steel and over five
times the constant rate for an austenitic cast iron.

Comparison of tropical corrosion losses with available temperate climate data indi-
cates similar corrosion-time relations for the different latitudes but slightly higher final
rates for the tropical seawater.
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Appendix

ANALYSES OF METALS AND ENVIRONMENTS

So that exact test conditions would be known, considerable effort was expended dur-
ing the course of the investigation in analyzing the metals under study and the environ-
ments in which they were exposed. Tables Al through A3 and Fig. Al 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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Fig. Al - Canal Zone climatic conditions (average records, 20 years maximum)
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