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CORROSION OF METALS IN TROPICAL ENVIRONMENTS:
Part 10, Final Report of Sixteen-Year Exposures

INTRODUCTION

Just before World War II, construction was started on a third set of locks for the
Panama Canal. During the design and early stages of this project the engineers were con-
fronted with the problem of selecting materials that would perform satisfactorily in the
extreme tropical environments of the area.

At that time practically no information was available on the natural corrosion of
metals in tropical environments; even for temperate climates, very little worthwhile data
had been published for underwater exposures. A few short-term rates had been obtained
from aqueous exposures and somne attempts at collecting longer-tel-rm Uata were under
way. These were compromised by the serious flaw of reexposing samples after cleaning,
a procedure leading only to a repetition of the short-term corrosion results.

The dearth of information was so critical for the Canal project that a crash corrosion
investigation was undertaken in tropical seawater in Panama. Shortly thereafter, because
of enemy submarine action and shifting priorities, the Third Locks Project was halted,
and completion was postponed until after the war. During the late 1940's the work was
renewed, but it was then decided to further postpone the Third Locks Project and to
undertake the design of a sea-level canal incorporating tida lnlocks to control the high
tides on the Pacific side of the Isthmus of Panama.

The sea-level construction was to be an undertaking of much greater magnitude than
the original project, and the engineers once again needed corrosion data for many metallic
materials. This time, however, there was more time available to investigate the problem.
The earlier crash program had been completed, but its results showed only one definite
conclusion: that this was not the way to evaluate natural corrosion. The number of sam-
ples and short-term exposures were inadequate for establishing reliable corrosion rates.
Furthermore, the number of metals and metallic combinations tried was only a fraction
of those that had to be considered.

At this point it was decided to begin a comprehensive study of metallic corrosion
in natural tropical environments, both aqueous and atmospheric.

As a first step, well-known authorities in the field of corrosion were contacted and
requested to submit their ideas on selection of metals, methods of exposure and cleaning,
and evaluation of results. Their suggestions were incorporated into the investigation
wherever feasible; as a result, the study was more scientifically organized, and more metals
of general interest were included. Also as a result of these consultations, the schedule
for removal of test samples was adjusted to a log scale and extended to 16 years.

Note: Manuscript submitted October 11, 1974
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The long-term study was begun by the Special Engineering Division of the Panama
Canal, which was the sole operator of the project during the early stages. In 1953, when
the Panama Canal was reorganized as a private company, the Special Engineering Division
was scheduled for disbandment, and the corrosion investigation was to be abandoned. At
that point, however, the Naval Research Laboratory took over the project. The corrosion
scientists at NRL were aware of the uniqueness and importance of the work and of the
nost and effort that- ha-- ne h nnn+no pmillmna- -it f- a 
test samples, construction of test piers and atmospheric sites and supporting structures,
preexposure cleaning and testing, etc. By enlisting joint financial support from the Army,
the Navy, and the Panama Canal Company, the Naval Research Laboratory was able to
continue the project uninterrupted. An act of Congress transferred control of the Panama
Canal Corrosion Laboratory and its environs to the Naval Research Laboratory in 1952.

During the course of this study more than 13,000 individual specimens were exposed
and 168,000 data measurements were made. Additional exposures were made until 1958.
All tests have now been nmnenl+nAd in .no-st caes through +r hn nMngnnlyl, ned 1no yes.

As Naval Research Laboratory scientists collected the long-range results of these
investigations, studied the data, and compared them with information gathered by other
workers in this field, the importance of the work became increasingly evident. The re-
sults obtained at logarithmic time intervals could usually be plotted into precise corro-
sion curves. From these it was possible to establish steady-state corrosion rates for most
metals, values which provide a new dimension for corrosion engineers by permitting more
accurate predictions of expected metal life in natural environments. The completed
curves also showed how rn'bnne-i4t- te nnd -r -a-n14-c, nk+nr i- sn-4 +cnrn +nc,+tnn

would have been.

Comparison with data taken in temperate climates was made whenever possible. It
was found that the curves are usually similar in shape, but the tropical curves are slightly
higher [1,2], indicating that the latter usually represents an upper limit for corrosion in
uncontaminated natural environments.

Collection of long-term corrosion data for natural seawater and fresh water is muchYre dinuff;e1lt tI an ia-luatin A f at-rospherae no-r-onr. Q-nn bnn un e h1icn, wl +it1
heavy holding racks; supporting structures that can resist severe wave action are required,
as well as heavy-duty cranes and handling equipment. All contribute to make such ex-
posures a very costly proposition. Also, over long periods of exposure, many things can
happen to ruin the tests (hurricanes, pollution, harbor construction, or changes in project
objectives that cause loss of interest or funding).

Only a few water-immersion studies have been under-taken anywhere, and most of
the earlier ones suffered from serious design or procedural flaws such as sand blasting
expose(A1 r5l sam s to r~.\A;emuv F-d an It- rq-tS _RZM-"-'>'- DQ111piJC.b LiL tet1JUVYD LtJU&IusIo 1 L~CIs 1CAJ9¶31Ists lfl bA~ lit lW lSJL5 sn~xts c~a

samples to be cleaned, weighed, and then reexposed [41. The most useful of these early
studies were the exposures made by the London Institute of Qvil Engineering, which
conducted 15-year tests at four sites around the world [51, but only one specimen was
removed at 5-year intervals, and only two metals, wrought iron and carbon steel, were
included. French researchers started a comprehensive investigtation in the late 1930's
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[G6, but their work was interrupted by the war, and little information was obtained.
Most recently, Russian researchers have obtained 6-year curves for carbon and low-alloy
steels [7]. At the U.S. Navy Civil Engineering Laboratory at Port Hueneme corrosion
rates of a number of metals in the deep ocean have been determined, but the comparative
surface-water tests of similar metals were destroyed by a severe storm after only 2 years'
exposure [8]. The paucity of properly collected corrosion information causes the re-
sults of this series of reports to represent the bulk of the world's knowledge on natural
corrosion in tidal and surface-water exposures.

This will be the final report of this study. A number of other reports have been
published, each dealing with a specific group of metals or a particular phase of the in-
vestigation [9-1 ' . A considerable part Ufthe LUai IJIUIIlicuIOU , hiowe1Ver, hias not been
previously published; this is particularly true with regard to galvanic couples, both under
water and in the atmosphere. In addition, a few nonferrous single metals in all environ-
ments, and ferrous metals in marine and inland atmospheres, are reported here com-
pletely for the first time.

In all cases where previous reports have not covered the complete corrosion-time
relation for an individual metal or alloy, the curves have been plotted and are presented
here. The bimetallic galvanic data, which are voluminous, have been summarized in
Annendix A- with tabulations showine the averaee corrosion at 1, S. and 16 years for
each of the couple components. In order for the galvanic losses to have full significance,
it is necessary to have comparative corrosion losses of each metal in single-plate exposures;
summary tabulations of all the single-plate exposures are therefore included in Appendix
B, which thus encompasses the final results for all metal exposures included in the entire
investigation.

EXPERIMENTAL CONDITIONS

Exposure Environments

Exposure sites representing five distinct environments were selected for the corro-
sion studies. Locations and photographs of these sites appear in Fig. 1.

Most of the metals were exposed in all five environments, providing comparison of
environmental effects on a single metal, as well as the more obvious comparison of dif-
ferent metals in each environment. Immersion exposures were made from two piers
constructed especially for the program: one a freshwater site in Gatun Lake (Fig. lc)
and the other a seawater site in the Pacific Ocean at Naos island, off the Fort Amador
causeway (Fig. id). Gatun Lake is a large, calm body of soft (50 ppm), clear water.
There are no measurable currents at this exposure site. Water depth is about 30 ft.
Samples were continuously immersed at an average depth of 6 ft. Seawater exposures
at Naos Island were made at two elevations. The upper rack was placed at mean-tide
level for intermittent immersion, and the lower rack was just below minimum low tide,
for continuous immersion. At this site the average water depth is about 40 ft, the aver-
age tidal range is 13 ft, and maximum currents measure less than 1 ft/s.
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The two atmospheric sites were located on opposite sides of the Isthmus of Panama.
The marine atmospheric exposure site was on the roof of the Washington Hotel by the
shore of Limon Bay, an arm of the Caribbean Sea (Fig. la). The rooftop elevation is
55 ft above sea level. The prevailing wind is landward, and breakers on a seawall about
1 mi. offshore generally provide some salinity in the atmosphere. The other site was
open and inland; although it was only 5 mi. from the Pacific Ocean, at the Miraflores
Locks of the Panama Canal (Fig. lb) the prevailing wind is from the land. This site can
best be classified as inland, tropical, and semirural. Analyses of the test environments
and a summary of Canal Zone climatic conditions during a 20-year period are presented
in Tables 1 and 2 and Fig. 2.

Metals Tested

Fifty-two different metals and alloys were included in the study. Most were ex-
posed in all five environments. The metals included nine cast metals, six commercially
pure neta'is, ari four nonferrous coated steels. Ihe rest Welre strLLUCtUUI alyU jiracti-
cally all of which are still in general use. The low-alloy steels, the a and a: brasses, the
bronzes, the nickel-copper and copper-nickel, and the austenitic stainless steels are all
high-priority materials on today's market. Tables 3-6 identify the metals tested and show
the chemical composition, specific gravity, and original specification numbers for each.
All sampling and testing for these data were done by personnel of the Canal Zone Corro-
sion Laboratory with the exception of the 20-year meteorological summary, which was
supplied by the Panama Canal Company.

Methods of Exposure

All specimens for each environment were exposed simultaneously. Each set con-
sisted of ten replicates of simple panels or bimetallic couples. Duplicate specimens were
removed at 1, 2, 4, 8, and 16 years. No clean-and-return methods were used; removal
of a pair in no way disturbed the remaining specimens. Before exposure all samples
were vapor-degreased with trichloroethylene, and for most of the ferrous panels, rolling
scale was first removed by pickling.

The simple plate specimens for seawater, fresh water, and sea mean-tide exposures
were 9 X 9 X 1/4 in. The bimetallic couples in these environments consisted of strips
2 X 9 X 1/4 in. attached to plates 9 X 9 X 1/4 in. Both simple and coupled plates
were mounted in racks and supported by ceramic insulators. Couple strips were oriented
vertically. An exploded view of an underwater coupled specimen is shown in Fig. 3.
Figure 4 shows a typical underwater rack with samples in place. Each rack held eight
panels and five glass dividers; the dividers were used to reduce the possibility of stray
current effects.

Single-metal exposures in the atmosphere were made with panels 4 X 8 X 1/16 in.
These were supported by ceramic insulators on racks, as shown in Fig. 5. Panels were
all angled 30° from horizontal and faced toward the sea (north) at the marine site, and
south at the inland location.
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Summary of Individiual Analyses of Water Samples Obtained at the Immersion Test Sites

Seawater, Pacific Ocean at Fort Amador

Fresh Water
Constituent or Gatun Lake at Gatun Upper Rack Level Lower Rack Level

Property Determined Elevation 0.0 ft 1Elevation 14.0 ft----w------ I------ - -. ---. 1_ ~ .1 7 1
Maximum I M'unimum I Av. Maximum vInumiiuium Av. jMaximum IJMmmum Av.

itec. conductivity
(mhos X 10-3 at 81° F) 0.12 0.091 0.11 51.7 21.3 42.2 51.7 35,4 45A4

Total dissolved solids (ppm) 165 69 113 42,776 22,613 35,832 41,480 268,390 35,735
Total suspended solids (ppm) 23 0.0 7.6 220 0 64 173 0 49
Turbidity (ppm) < 5 <5 < 5 20 <5 <5 25 < 5 < 5
Oxygen saturation (percent) 98 78 .90 105 62 90 103 64 87
fl-.- Ai-I^A 9 } S A A 17 1 A0 A I A a 00 la A A I J

^7br8- w^'Ps V t'-j -~ -. . A ~ . *w.V V.-* 1.0

Biochemical oxygen demand (ppm) 2.2 0.1 1.0 3.4 0.2 1.6 2.3 0.0 1.5
pH (colorimetric) 8.0 6.9 7.5 8.4 7.8 8.2 8A4 7.8 8.1
Organic and volatile matter (ppm) 65 6.6 34 10,379 2,150 6,226 10,632 2,759 6,236
Sulfate (ppm) 7.2 0.0 2.6 3,240 1,590 2,431 3,177 1,837 2,473
Chloride (ppm) 12.5 0.0 7.0 20,098 11,300 17,415 19,949 10,379 17,357
Nitrate (ppm) Trace 0.0 irrace 0.01 0.00 Trace 0,01 0.00 Trace

Table 2
Summary of Individual Analyses of Air Samples Obtained at the

Atmospheric Test Sites

Constituent (determined Cristbal Test Site L i flores Test Site

in ngpnor 1flfni ift) Maiu ~~InmjA. MrAv
n~um Av. Maximum Iiiu v

Total disslved solids 5.48 0.30 0.70 2.58 |0.15 0.86
Organic and volatile Matter 1.72 0i16 0.74 0.69 J 0.11 0.84
Sulfate 0.64 0.030 0.20 1.13 0.011 0.215
Chloride 0.42 0.035 0.23 0.16 1 0.013 0.056
Nitrate 0.11 0,00 0.081 0.12 0.00 0.040

C

r,
r,

z
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Temperature (°F)
Average Maximum
Avcrage
Average Minimum

Average Relative Humidity

Total Rainfall
(inches)

Average Wind Velocity
(mph)

and Prevailing Direction

Sunshine (percent of
possible hours)

Water Temperature CIF)
Maximum
Average
Minimum
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Table 3
Composition of Nonferrous Metals Exposed in Aqueous Environments

Metal ep ificatione ~ ]dent Specific Composition (Percent by Weightl

AlMinum QQ.A-581, 'Type 3 I 2,71 - 0.018 0.18 6 0.18 07 0.6 9(10 - __ 

Aluminum QQ.A,327, Court 1? 2 2.70 0.01. 0.53 0.30 0.23 0.18 0.015 97.9

Magnesiuro ASTM B-90-41T2, Type 18X, 5 1.77 0238 0,004 0.02 0.001 1.25 2.90 5

Muntz brass ASThI B 171-42, w/T2h AS 10 8.a6 I 9.98 0.19 0.048 39.4 0.022 0.43. o.j9
Naval brass 4QQ-M36, Amend 3, 12 8.39 8987 0.05 39.4 0.68 0.69

Manganese QQ-13-721a, Amend 1, 17 8.38 0.0 57,32 1.12 40.8 0.10 0.80 0.10
Cartridge QQ-&GllaAmend 3, 13 8.53 7,07 0.0429.9 06n

ba Comp>. 2, hbardq

Low bras ASTM 0-3 -421, Alloy No. 14 8.66 80.00 0.04 19.9 0.049
No. 4, aihad

Commercial A8TM 33-3641T', No. 2, 18 8.80 90,50 0.007 9.S~ 0.030
bronze ¼4hacl

Aluminum QQ-B-666, Type IV, Gradle 18 8.20 94,84 0.08 0,01 5.1 r
bronze A, AmenrdS3, Hard

0PThosphor QQ-a8746, Grade A, Am. i8 8.90 0.25 95,84 0.010 0.30 4.21 0.048
bronze 2. Type IV, ½,hsrd

Silcon QQ-C-591a, Class A, 19 8.58 none 2.64 none 96.30 0,04 0.9 trace
bronze Amend. 1, bhare)C
Copper QQ-C. C1a. Amend. 2, 40 8.91 0.001 9992 0.002 0,004

Class A. soft
Copper- Navy 4068, Type Ill, soft 46 9.92 0.91 30,03 58.795 0,31 0.42 0.015 0.056 2

Monet Navy, 46M7t, Clas A, 4 7 8.84 0.18 0.91 0.006 0.14 66.59 20.37 1,83 trace
cold roliled, annealed

Nichel ASTS] B-162-41T2, cold 49 8.87 0.07 01.20 0.01 0.037 98,46 0.02 0.34 0.90
rolled, annealed

Lead Qq-L-201, Amend, 1, 60 11,31 0.088 V.0001 0.002 0.001 0.0018 99.9 0.0001 0.0046
Grade A,

Zinc QQ-Z-301A, Type III 7 7,13 0.06 99 trace MU46 0.0472
(last bronze Navy 4633238 lOt-c) 60 8,42 0.013 0.31 8.4.16 0.0(4W 95.6 4,76 8.14
(ounce
meta)
Cast bronze Navy 4086 Clomp M 67 8.36 0.016 0.83 87.88 O0.0 3.6 6,04 1.73
(calve
metal)
(last finl Navy 40m6g ConspGC 68 8241 O. 0.03 36 8~7.49 0.04 4.2 7.94 none
bronze
Cea raChel- Navy 443v1b Coamp C-A 69 ISM0 0.019 6 23 88.70 0.03 1.90 3.19 0.01
tin brTon7ceSur~ ~ ~ ~ ~~~~~~~~.. ....... ......ce .. 

I~ ~ ~ ~~~~~'ut'-cn!o f4nUTo e*ws"srcie"-4 eedf' -Wz xwv



Table 4
Composition of Ferrous Metals Exposed

in Aqueous Environments

lnitial .I
Metal Surface Specification Ident. I Specific I Composition (Percent by Weight)

Condition _ No. Gravity C I Mn P si Cr Ni Cu MO
I S__________________ ________T Si _

Carbon steel
ICarbon Rteel

Carbon steel
Carbon steel
0.3% Cu
2% Nickelsteel
5% Nickel steel

3% Chroiniuan steel
5% Chromium steel

Low-alloy steel

Low-alloy steel

Low-alloy steel

|lowxaUoy steel

Cast steel

Gray cast iron
Austenitic cast iron

Wrought iron
Wrought iron
410 Stainless steel
(I 3% Cr)

302 Stainless steel
(18-8)
316 Stainless steel
(18 - 13 + Mo)

321 Stainless steel
(17 - 10 + Ti)

Pickled

Millscale J
Pickled

Pickled
Pickled
Pickled
Pickled

Pickled

Pickled

Pickled

Pickled

Machined
Machined

Machined
Machined

Millscale J

As received

As received

As received

As received

QAO-S741, TTAI

QQ-S-741, 1IA2

RR-3A
SAE 2515
Proprietary

AISI Type 501D

Proprietary
'Ioloy"

Proprietary
"Corten"
Proprietary
"HT-50"
Proprietary
"IMayan R"

QQ-S-6816, 1

QQ-I-652, 30
INW 18-22 Ni

Aston process
ASTM A42-39 J
47-5-20 INT
Grade 3A
QQ-S-776
Grade IC
QQ-8-766
Grade 1H

QQ-S-766
Grade II

252

37

20
23
24

25

26

27

28

29

70
78

290}
1.190)

50

57

58

59

7.85

7.85

7.84
7.85
7.82

7.81

7.86

7.82

7.85

7.84

7.82
7.08

7.1i

7.76

7.72

7.89

7.96

7.89

0.24

0.22

0.20
0.13
0.08
0.08

0.08

0.15

0.078

0.13

0.27

3.18

2.66

0.04

0.07

0.09

0.11

I 0.08

0.48 I

0.44

0.54
0,49
0.44

0.41

0.47

0.45

0.75

0.60

0.68
0-80

UI.M U5

0.038

0.48

1.15

1.67

: 1.11

0.040

0.019

. 0.012
1 0.010

0.010
0.020

0.007

0.113

0.05S

0.089

0.028
0.162

0.141

0.016

0.034

0.019

0.027 I

0.033

0.023
0.014

0.017
0.019

0.026

0.026

0.022

0.021

0.028

0.103

I 0.018

0.021

0.018

0.023

1 0.030
I I I I I I____ It ___

0.008 I
0.009

0.18
0.16
0,13

0.20

0.060

0.47

0014

0.15

0.41
1.98

0.098

0.29

0.56

0.54

0.44

0.03 I

Trace

0.15
0.10
3.16
5.06

0.00

0.68

Trace

0.65

0.12

0.57

Trace

13.15

17.79

17.93

117.63

0.051 1

0.14

1.24
5.51
0.16

0.11

1.54

0.49

0.72

0.30

0.22
0.31

o~~~~sI 

17.9

0.006

0.23

8.88

12.08

10.33

0.080

0.35

0.63
0.062

0.11
0.062

0.87

0.42

0.61

0.61

0.10
0.08

. an

0.020

0.08

0.072

0.084

o.1 3

*AIJ metls were degreased before exposure.

I

CD

01 
0

0
0

0032
0.52

0

0

0-13

0.059

0

0
a

0

0

a

2.32
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Table 5
Composition of Nonferrous Metals Exposed

in
Atmospheric Environments

1dm]. Oeenh.Spas Co-position I(PsrIn by WlightlSpeei1dL9teh' N.(Avkiy 
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Fig. 3 - Galvanic couple samples used for
aqueous exposure

Fig. 4 - Preexposure view of rack for aqueous exposures,
with specimen panels and glass separators installed
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Fig. 5 - Typical atmospheric exposure frame for uncoupled panels
showing four panels installed

Bimetallic exposures in the atmosphere were made with the ASTM-type coupled
disc array. Figure 6 shows an assembled and disassembled view of the coupled specimen.
rsqudil areas are exposed on each disc, and each of the two center discs is sandwiched
between pieces of the other metal. Only the two center pieces were measured for corro-
sion loss.

aaa

a

'Vt
Fig. 6 - Exploded and qasmhbled views of galvanic corrosion ----- me

for atmospheric exposures
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METHODS OF EVALUATION

Upon removal from exposure, test panels were field-cleaned with scrapers to remove
as much of the corrosion products and fouling as possible. After removal to the labora-
tory, specimens were given a final cleaning by timed immersions in suitably inhibited
chemical cleaning solutions and thorough scrubbing with bristle brushes.

Considerable effort was spent in determining the proper cleaning procedures. These
have been presented in more detail in Part 1 [91 of this series. Cleaning losses were de-
termined on blanks of all metals and adjustments were made as required, After cleaning,
corrosion damage was evaluated by determining weight loss, pitting penetration, and
changes in mechanical properties.

Weight Loss

Panels were weighed and check-weighed before exposure, and the process was re-
peated after exposure and final cleaning. Precision of weighing was normally to 0Gr1 g
for immersion panels and 0.001 g for atmospheric panels and discs. Corrosion weight
was expressed as grams per square decimeter and as average penetration of the surface
in mils. The latter value is more useful when metals of various densities are to be com-
pared. The conversion from grams per square decimeter to mils is

3.937... .X g/din2 = mils.
SP gr

Weight loss is the most useful and the most precise of the three evaluation methods.
The precision and reproducibility of weight loss results permits plotting reliable time-
corrosion curves from which steady-state corrosion rates can be determined. With most
metals, weight loss is a better indicator of decreased structural strength than tensile
testing of corroded specimens.

Only for those metals subject to dealloying, such as the 0 brasses, and for those
with deep and scattered pitting, such as austenitie stainless steels in seawater, was the
weight loss of questionable value. Even for these, though, some information was gained
by determining weight loss, as the volume of metal corroded was indicated. This per-
mits comparing relative dealloying in the brasses, and in the case of austenitie stainless
steels in seawater, the extensive subsurface pitting could be estimated from the weight-
loss determination.

Pitting

Pitting is a most useful value in expressing corrosion damage, It is particularly
necessary for metals where scattered pitting constitutes the major damage, and where
specific requirements, such as for containers, make perforation a first consideration.
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Pitting is used here to mean the deeper points of corrosion penetration, whether
they be true pits which are deep and narrow, or only wide, shallow depressions Pit
depths are expressed in mils of penetration. As the corrosion becomes more uniform,
the pitting penetration approaches the value of the average penetration determined from
weight loss. Measurement of pitting was not as clear-cut and precise as the weight loss.
For one thing, since it is not practical to measure all pits, some number must be selected;
this introduces the possibility of judgment errors. Another factor is the difficulty in ac-
curately measuring penetration for metals where no original, uncorroded surface remains.
In such cases pits had to be measured from the corroded surface, and a correction (half
the measured reduction in thickness) was added to the measured penetration. For sub-
merged metals this method was usually satisfactory, but some of the atmospheric panels
appeared to corrode more heavily from the bottom surface, so that some error was in-
herent in the correction. Only pits of 5 mils or greater were considered.

The most important pit is the deepest, but it is such a variable quantity, dependent
on chance, the area exposed, and proper selection, that determination of pitting trends
could not be made with this value alone. For this study the five deepest pits on each
surface of the duplicate panels were measured at each removal; these values were then
averaged to obtain a mean of the 20 deepest pits. This 20-pit average was found to be
a much more useful value for expressing pitting vs time relations. However, in all pre-
Seriaations of pittnig data he deepest pit is l aUIso tncluUet.

Change in Mechanical Properties

The tensile test for measuring corrosion damage was a frequently prescribed method
at the time this investigation was started, and on the advise of corrosion experts it was
decided to perform this test on all the noncoupled specimens. This required determina-
tion of mechanical properties (proportional limit, yield strength, ultimate strength,
elongation, and re-duct0ion in earea) of all original metal's as well as of +he ged c-ontrol
specimens and the corroded panels at each time period. After removal from exposure,
cleaning, measuring, and weighing, corroded specimens were cut into strips sufficient to
provide two tensile specimens from each panel. These strips were milled into standard
1/2-in.-wide tensile blanks and then loaded to failure. The results of the four tests were
then averaged, and the change in mechanical properties between this average and the
average of three unexposed but aged control samples was reported as the corrosion effect.
This worked reasonably well on most of the atmospheric metals, where corrosion was
usually uniform; but on immersed panels, many of which became irregular in cross
sectinn- the tensile tests were less thnn sntiaafao-nrv The mainr dirawhbpks were Lhe high
sensitivity to notch effect and to the rate of straining, which could not be controlled for
specimens with heavily corroded surfaces. Another factor of uncertainty was the effect
of aging of the laboratory controls compared with aging of the field-exposed specimens.
These factors all tend to minimize the reliability of the mechanical-properties tests.

In an attempt to salvage some reliable tensile data from the underwater exposures,
two additional 2-in.-wide specimens were cut and tested. These provided more represen-
tative cross-sections, and somewhat more reliable ultimate tensile-strength results were
obtained.
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With the tensile test it was hoped to pinpoint intergranular corrosion, selective de-
alloying, and subsurface pitting. None of the metals showed any serious intergranular

rraaijh Fiusae 'cp--'f''.r.-L bJtases a"Lln Kay casU 1Iro1 YVLC O4cV iVCy 'e Uten

and subsurface pitting occurred only for pure nickel and nickel stainless steels in seawater.
Tensile data for these have been previously reported (13,15,161. For other metals, the
tensile-strength losses were directly proportional to weight loss, which was a much more
precise measurement. For these reasons, no additional tensile strength data are included
in these final summaries of the corrosion data.

RESULTS

As stated previously, for this final report a detailed discussion of results will not be
undertaken; rather, we have tried to present adequately all of the remaining unreported
data in Figs. 7-10 and to include a comprehensive summary of results from the entire
study in Appendix A, Tables Al-A6. Wherever data need explaining, or are considered
to be of special significance, a small amount of discussion is included.

Single-Panel Exposures, Nonferrous Metals

The single-panel exposures have for the most part been completely or partially re-
ported. Only the cast bronzes have not been formally reported for any exposure, Fig-
ure 7 presents the curves for the four cast bronzes in all five exposure environments. As
noted on the curves, the origins have been offset so that each curve stands alone, allowing
comparisons of magnitude and rate. In general, corrosion resistance increases from left
to right in this figure. The final steady-state corrosion rate is given for each. This value
is the slope of the linear or approximately linear part of the curve and represents the
rate that can be used for extrapolating corrosion losses to longer periods of time.

As with most metal groups, superior performance in one environment does not nec-
essarily carry over to others. As can be seen from the cast bronze curves, the order of
resistance varied for the different environments.

Relative to other metals, exceptionally low corrosion losses at mean tide and in the
lake water were exhibited by the four cast bronzes. With most metals these two environ-
ments would be considerably more corrosive than either of the atmospheric exposures.
Pitting of the cast bronzes was very low for all conditions of exposure, about the same as

L-n- rrr rnnMCa4- ;-, lflK ITUN0 +0 1 NT. I r" Thi+-i -.,-,sa1+r, £.-- I Q ,nA I4aOr 0-l~ br- z =_Z, inE lJ-Qzn k-.-e 7 .M,,,, -- 5D~~ =su4S{o y
years are included in Tables Al and A2 in Appendix A.

Commercially pure metals are of considerable interest because they serve as a basis
of comparison for the different metal alloy groups; also, since their composition is not
subject to change, they are the best suited for comparing corrosivity of different en-
vironments. Some of the results for the commercially pure metals have been reported
previously but either incompletely or scattered throughout the reports [9,14-16k. In
Figs. 8 and 9, complete 16-year curves are presented for all the nonferrous pure metals
"loadr- nik-cal nnnniarmn pna-rAairn h-,-nt c aon+ f aofn c begnc fhrgaa

curves, intermetallic and interenvironmental comparisons can be made.
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Fig. 8 - Time-corrosion curves for commercially pure metals exposed in three
different aqueous environments

is

14

S

-g

E
z

-
Lu)
wz
Lu
a-
U6
LUG
ca
C

'4

4

2

D)



NRL REPORT 7834

MARINE ATMOSPHERE

7(7) ZINC

oIN

a
Q7

INLAND ATMOSPHERE

f I'O ~~~~~~~~~~~~~~1.0
r0
'C

I-
z| (40) COPPERz

Y ( i n 80) LEAD

I. - /, e ( 7) ZINC

l/g A g g~~~~~~~~~~~~~( ( 401 COPPER

~~~~~00 ( 491 NIC KEL gB L MIU

' a 4 a 16 0 2 4 a 16

TIME OF EXPOSURE ( YEARS)

Fig. 9 -Time-corrosion curves for commercially pure metals exposed in two
tropical atmospheric environments

19



SOUTHWELL AND BULTMAN

La ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ a 

tc 

0~~~~~~~143- 

1. 

0

-Nk

4 

4

2 
( sr-)w WittdlaNad 3~V3AV

20



NRL REPORT 7834

As with closely related alloys, such as the group of cast bronzes previously dis-
cussed, the very different pure metals also showed appreciable variation in relative cor-
rosion resistance from one environment to the next. For example, nickel had the highest
corrosion in seawater but was by far the most resistant metal in fresh water, and alumi-
num was excellent in four of the five environments but was the most heavily corroded
pure metal in fresh water.

Single-Panel Exposures, Ferrous Metals

Structural ferrous metals were among the most thoroughly represented of any group
in the study; 12 wrought and 3 cast ferrous metals were included. Of these, 13 metals
were exposed in the three aqueous environments and all 15 metals in the two atmos-
pheric exposures. All of the 13 metals in the seawater immersion, seawater meantide,
and fresh water immersion exposures have been completely reported [17]. Of the at-
mospheric exposures, none have been previously reported in full, and no atmospheric
results whatsoever have been published on the cast metals (Nos. 70, 78, and 79), ingot
iron (No. 30), or carbon steel (No. 38). Because of the continuously increasing use of
some of these ferrous metals in the unpainted condition, especially the low-alloy
"weathering" steels, the long-term atmospheric results are of paramount interest. Figure
10 presents the 16-year time-corrosion curves for all of these structural ferrous metals
in hnth the inland and mnrinp ntmnnohereos As nrih Fig. V 7 fror cne+ hbronzs thea nriciin

of each curve has been offset so each stands alone, yet all can be plotted in one figure.
By having all curves together and at the same scale, easy comparison of magnitude and
direction can be made. Pitting data for all these metals for periods of 1, 8, and 16 years
can be found in Tables A3 and A4 in Appendix A.

From the 16-year curves for these structural ferrous metals a number of observations
can be made. For instance, the base metal in this group, the plain mild carbon steel
(No. 35) corroded at about a third higher rate in the marine than in the inland environ-
ment, and similar increases prevailed for most of the wrought steels. There was no
practical advantage for the two copper-bearing steels (Nos. 37, 38) over the plain carbon
steel; all three corroded at about the same rate. The Aston process wrought iron (No.
90) has been marketed at a premium as a corrosion-resistant material, but it actually
showed slightly less resistance in the atmospheric exposures than carbon steel. The low-
rrbnnnr ingno irnn (No. 390)f hadr much lower rconrvnr- -.- 4r1i-ance Iaa n-. a4-el;a - 4i-nhe

marine atmosphere this commercially pure iron corroded at the phenomenally high rate
of 10 mils per year (mpy), more than 12 times the rate of carbon steel.

The low-alloy weathering steels were significantly more resistant than plain carbon
steels, with steady-state rates approximately half as high in both marine and inland ex-
posures. The 2% to 5% nickel chromium-alloy steels generally had even lower rates.
The best in both environments was the 5% chromium alloy with 1/2% molybdenum; its
corrosion rate in the marine atmosphere was one-fourth that of plain carbon steel, while
in the inland atmosphere it had an exceptionally low rate of 0.06 mpy, which was about
one-tenth that of carbon steel, This chromium-molybdenum steel may well be worth
the added cost when an exceptionally resistant weathering steel is needed. It should be
mentioned that this high resistance does not necessarily carry over to all other environ-
ments; in seawater this metal corroded at an appreciably higher rate than carbon steel.
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The cast ferrous metals on the right half of Fig. 10 provided some unexpected re-
sults. The nickel austenitic cast iron (No. 79) had very low corrosion rates up to about
2 mils average penetration; then, in both environments, the curves started turning up.
At the end of 16 years in the marine atmosphere, the final rate was appreciably higher
than that of the other two cast metals. The reason for the change in rate has not been
established. As can be seen in Table A3, this nickel cast iron was extremely resistant
in all three aqueous environments.

For all of the wrought metals, the marine atmosphere caused greater corrosion than
the inland, but for two of the cast metals, cast steel (No. 70) and gray cast iron (No.
78), there was practically no difference in the final rates between the marine and inland
atmospheric exposures.

Bimetallic Couples, General

The large volume of galvanic corrosion data is presented in tabular form only; no
attempt has been made to plot curves from the results. The information has been sum-
marized sufficiently to keep it within the bounds of a single report, but enough detail
is presented to satisfy the interest of the reader in any specific metal or environment.

There are 1,275 possible bimetallic combinations for the 51 metals included in the
galvanic study; with duplicate samples, five environments, five time periods, and reverse
area relations, it would have taken an impractically large number of samples to test every
possible combination. Carbon steel (No. 35) was the metal exposed in combination with
most of the other metals. Phosphorus bronze (No. 19) was also used in a large number
of couples; however, many interesting combinations of metals were necessarily omitted.
Study of the bimetallic corrosion tables will reveal many significant findings relating to
specific metal combinations, groups of metals, and environmental influences. A few of
these will be mentioned briefly.

Bimetallic Couples, Aqueous Exposures

Some of the galvanic couple data for underwater exposures have been previously
reported [13,15,161, but much is reported here for the first time. Table AS shows re-
sults for 1, 8, and 16 years for all couple combinations exposed to the seawater and
freshwater environments. These are for the strips 2 X 9 X 114 in. attached to plates
9 X 9 X 1/4 in. In this table the metal numbers are shown in brackets, and the area re-
lation of the couple is shown by the symbols < (less than) or > (greater than). For ex-
ample, (58) < (35) represents a couple consisting of a strip (21S9 sq in, exposed) of
metal 58, coupled to a plate (151 sq in. exposed) of metal 35.

The data given are weight-loss results averaged from duplicate specimens and con-
verted to average penetration to facilitate comparison of different-density mnetals. Re-
sults are given for all three aqueous environments: seawater continuous immersion, sea-
water mean tide, and lake water continuous immersion. The value in parentheses for
each set of data is the value of normal corrosion of the uncoupled metal at the time
period indicated. This permits rapid assessment of the galvanic effects of coupling.
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In the seawater exposure it was found that carbon steel is a very effective anode for
protecting more noble metals such as stainless steels, nickel-copper alloys, brass, etc. As
expected, steel plates were protected by zinc and aluminum strips. With most of the
combinations such as these, which had large differences in potential, the strip anodes, at
the 1:6.7 anode/cathode area ratios, provided very effective protection through 8 years.
At 8 years they were 50% to 70% consumed; and by 16 years the anodic strips were
usually comnletelv eone. The highest rate of anode loss was for steel attached to nure
copper plates.

At mean tide a surprisingly high degree of cathodic protection was evident through-
out the 8 years, and while protection of most cathodes was only slightly less effective
than that obtained for submerged samples, the rate of anode loss on most of these cou-
ples was appreciably lower than the rate for the same combinations continuously im-
mersed. Photographs showing comparative loss of zinc anodes coupled to steel plates
for 8 years in the three underwater environments are presented in Fig. 11.

In the fresh lake water there was a lesser but still definite galvanic effect. Cathodic
protection of plates with strip anodes was usually not very effective in fresh water, but
corrosion of smaller-area anodic materials was sometimes found to be destructively high.

Most of the couples were made up of metals with large potential differences, but a
few were of similar metals with small differences in potential, and these resulted in an
unexpectedly high galvanic effect. Such couples as wrought iron $ carbon steel and 2%
nickel steel < carbon steel showed some definite galvanic action. The corrosion of
wrought iron strips coupled to carbon steel plates was almost doubled in seawater and
increased 60% in fresh water. Two percent nickel steel plates increased the corrosion of
the contacting carbon steel strips by 30% in both sea and fresh water. The couples
phosphorus bronze < 316 stainless steel and phosphorus bronze < Monel also resulted
in a surprising amount of galvanic corrosion. In both seawater and fresh water, contact
with Monel caused greater galvanic corrosion in phosphorus bronze than any other metal
it was coupled with including 316 stainless steel. The corrosion rates of bronze strips
contacting Monel plates were increased from 0.5 to 10.0 mpy for marine and 0.05 to
0.9 mpy for lake exposure.

Bimetallic Couples, Atmospheric Exposure

Table A6 gives the 1-year, 4-year, and 16-year results for the atmospheric coupled
discs (8-year results were not determined). These are all approximately equal-area cou-
ples, with 1.2 to 1.3 sq in. exposed. The coupling is indicated by the "approximately
equal" symbol (a). For example, (58) - (35) indicates a.disc couple with metal 58
attached to an approximately equal exposed area of metal 35. Each value represents
the average of duplicate couples. With these specimens much of the corrosion is on the
edges of the discs, and corrosion from such exposures is unrelated to average penetration,
so values are given in weight loss as grams per square decimeter (g/dm 2 ); however, if
comparisons of metals of different densities are desired, use of the specific gravities shown
in Tables 3 to 6 and the conversion equation on page 14 will put them on a volume-of-
metal-lost basis. Also, with the atmospheric disc couples no normal corrosion values are
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provided; this is because the great difference in size and shape between the coupled discs
and the uncoupled panels does not afford a good basis for comparison. The best evalu-
ation can be obtained by relating to the self-coupling data determined for the more iii-
portant metals in the study.

(a) Continuous immersion in tropical sea-
water (Pacific Ocean, Canal Zone- weight
loss, 353 g)

(b} Alternate immersion in tropical seawater,
mean tide exposure (Pacific Ocean, Canal
Zone; weight loss, 214 g)

(c) Continuous immersion in tropical fresh
water (Gatun Lake, Canal Zone; weight loss,
63 g)

Fig. 11 - Comparative loss of zinc-strip
anodes coupled to 2% nickel steei plates for
8 years of exposure in three different under-
water environments

In the atmospheric studies, the tropical marine exposures generally resulted in about
four to eight times as much galvanic corrosion as at the tropical inland location. In re-
gard to the effects on less noble metals, the position of austenitic 316 stainless steel (No.
58) and Monel (No. 47) changed from their ranking in seawater, where Monel was some-
what more aggressive. In the atmosphere, of all the noble metals tested the 316 aRoy
caused the greatest amount of galvanic corrosion, almost double the amounts with Monel
cathodes. The effect of 301 stainless was almost equal to that of 316

As can be seen from the foregoing underwater and atmospheric data, the extremely
noble position in the galvanic series for the austenitic stainless steels and the nickel-
copper alloy makes these materials hazardous for use in unfavorable area ratios with al-
most any other construction metal. In simple exposures these noble metals are very
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resistant in most natural environments, except in stagnant or slowly moving seawater,
where they are susceptible to heavy pitting. However, when they are used in structures
where they are in contact with other metals, they axe galvanically protected and can sur-
vive undamaged for years in seawater. Inspection of such bimetallic or polymetallic
structures can often lead to misjudgment of the true corrosion resistance of the metals
involved and to misapplication in other metallic structures for sea immersion.

The above is only one example of corrosion mistakes that can arise from an insuf-
ficient understanding of galvanic effects. It is hoped that the considerable amount of
galvanic test data presented in this report will prove of value in establishing guidelines
for selection of materials for exposure in natural environments.

SUMMARY

This final report on corrosion of metals in natural environments provides 16-year
time-corrosion curves for all metals that have not been previously reported in full: cast
bronzes, wrought pure metals, and cast and wrought ferrous metals. Further, tabulated
summaries of results cover the above and all other metals and bimetallic couples exposed
in all five environments: seawater, mean tide, fresh water, and marine and inland
atmospheres.

Cast bronzes are frequently used in naval applications; curves for five of these cast
alloys show that they have very good long-term resistance to corrosion in all exposures
and exceptionally high resistance at mean tide and in fresh water.

Commercially pure metals are best suited for evaluating alloys and the corrosiveness
of environments. The lead, nickel, copper, zinc, and aluminum curves show a consider-
able variation in order of resistance in the different environments. Aluminum had the
lowest corrosion rate in all exposures except lake water immersion.

Curves for 15 structural ferrous metals in the marine and inland atmosphere show a
considerable advantage for the low-alloy "weathering" steels over plain carbon steels. A
5% chromium steel with 1/2% molybdenum showed even higher resistance and should
make a most excellent material for use in unpainted structures.

Copper-bearing steels are no more resistant than plain carbon steel in either atmos-
pheric environment. Aston process wrought iron was equal to carbon steel in the marine
atmosphere but was slightly less resistant in the inland atmosphere.

The marine atmosphere was about 1.3 times more corrosive to wrought steels than
the inland location, but for cast iron and steel there was little difference.

A very large amount of bimetallic corrosion information, most of which has not
been previously reported, is presented in tabular summaries. From these results it was
found that carbon steel is a very effective anode for more noble metals; strips of steel
effectively protected stainless steels, etc., for periods in excess of 8 years in seawater,
and through 16 years at mean tide. In fresh water, cathodic protection was not very ef-
fectibve:. iiUYVvUcv1 Wilull Liam WlUUCb Wuvu aiialleul uliwi LIl UaUlIUCS, litc wiuueb were
significantly damaged by galvanic action in this medium.
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Bimetallic corrosion results for the atmospheric exposures reveal that the marine
atmobsnhere caiused 4 to S times morn galvanic corrosion thann the inlan atmospere.

The above are only a few general results from the large amount of data included.
The significance of this final report is not in the few conclusions presented, but rather
in that all the results from this very extensive study have been condensed here into a
single report where one may study the results of particular interest, whether it be indi-
vidual metals, groups of alloys, general corrosion, pitting, environmental effects, or gal-
vanic corrosion.
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Appendix A

SUMMARY OF RESULTS FOR ALL EXPOSURES

Tables Al through A6 give detailed data on corrosion loss, average penetration,
pitting, etc., for all metals in various conditions of exposure - seawater and lake water
immersion, and mean-tide seawater immersion.
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Table Al
Corrosion Damage for Nonferrous Metals Exposed as

Simple Plates in Aqueous Environments
Metals Exposure [ General Corrosion

Sarface | Ideot w-Oawater I Wnight Loss (g/dm'
2

) Average Penctration (nils -;!ryp 1 M - e oImersion i 1 e I I I
eteuay* P .oee.a.or. (m.ila)
State (20.pic average)

0

Eate I1 lr j | 16 yrI

L,.d ~ ~ ~ ~ ~ ~ ~ ~ 81,7 8214,0 0, 6 12.9 '19 0.~3 <5 2 3i 28((48)
99.0W Pb) 1~~~~~~~~~~~~~~~L 0.1 1.9 3.3 0. 0. , 02< < (9

Fb) As received 805 1.4 288.24 43.4 2.41 13.01 19.01 1.411 12 120 1921P1
(9 ~~~A. ee~ceined 10 Id 0.8 1.0 9.9 0.4 2.8 4,4 0,2 <1 68 61(121

(9911 Ni) ~~~~~~~~~~~~~~~L 0.0 0.1 0.1 0.0 0.03 0.0 0.01 <0 <1 <0
Nickel-opper S 2.7 14.2 19.5 I 6 0. 8.7 0.3 17 40 14(85)
t(Menet: 70Ni-3OCo, As sercivest 47 NIt 0.2 3.3 0.0 0.1 i. 1.3 27. 0. <5 14 14(24)cold rolled) L 0.0 0. 1.4 0.0 0.1 0,6 0,04 <5 13 17(03)
Nickeleo~pper 8 4.7 14.4 18.7 2.1 0.d 8.4 0.3 43 10 56(82)
(MaeL: 7OMi3OCu, As received 48 M 0.3 2.1 5.7 0.1 1.4 2.6 0.3 <5 17 24(36)
IS.,eo-ed) L - - - - - - -

S 1.2 3.4 0.1 0.2 1.0 2.3 0.1 <1 <15 <(37)Coppe-nickel An received 46 Md 0.3 1.0 1.7 0.1 0,4 0.8 0.04 <5 < 5 <5<)
(lO~~~~~~ts-SO~~~~~~~i) ~~~L 0.4 2.2 2.0 0.2 1LB 1.3 0.04 <25 < 5 <1(<9)

S 2.7 12.0 13,4 1,3 1.3 6.0 0.09 20 28 31(57)Copper An reeived 40 Md 1. 3 .5 3,0 0,7 1.1 1.2 0 .02 <5 10 <1(23)
(99,9% Ca) ~~~~~~~~~~~~~~~L 0.~5 1.9 2.1 0,2 0.0 1.0 0.03 <25 <2 < 5

Silicon hevn . 1. 2. ,6 14 5.-. 14 30 i8(S0j
(2.5% Si) ~~~~~~~~~~~~~~ ~~L a'7 2.2 2.4 0.3 1.0 1.2 .020 <5 <5 <56(0)

Phosphor h..eooS 2.4 9 .1 12.4 1.1 4.0 5.5 0,2 <5 <0 39(36)
(4S.426P) As received 18 M I1.1 4.0 7.903.1 2.1 3.3 0.2 <5 <1 <5(11)(45n-0.21P) ~~~~~~ ~~~~~~~~L 0.3 1.0 1.6 [ .1 0.5 0.7 0.04 <5 <5 <2(<2(

10.4 1.6 3,8 0,3 3.8 1.3 0.1 <1 <5 <1(211Aluminum bronze An received 16 M 0.2 0.8 1.2 0,1 3.4 0.8 0.02 <1 <5 <9(<9)
(IWAI) 1 ~ ~~~~~~~~~~~~~~ ~ 0.1 0.6 0.9 0.1 0, 0.4 0.02 <1 <5 <8(<0)

Z .0 10.8 11.a 0,9 4.7 4.9 0,1 - 25 33(61)Commercial Seance An received lb NIt 0.9 1.6 2.3 0,4 0.7 1.0 0.04 <5 <25 <5(11)
(l~~~~~~tI~~~~~se) ~~~~~~L 0.5 1.3 3.0 0.3 1.0 1.3 0.25 < 5 < 5 (5

L~ow heat S 1.4 6.9 8.2 0.7 3.0 3.7 0.1 <5 33 22(93)(20%Zn) ~Ao received 14 Md 0.7 1.1 1.4 0.3 0.5 0.7 0.1 <2 <9 <1(<6)
tO~~~~~~~lI~~~~~~a) ~~~~~L 0.63 2.5 3.8 0.3 1.2 1.7 0.06 <5 <5 <1(<8)

Cartridgi, b~~~~~us S 1.0 8.3 7.8 >0,20* >2.4n* >3.0- -v O s aCarride bav As received 13 Ms 0.4 0.8 1.9 >0,2** >04A- >0 . 5v CC on a
L 0.9 3.8 3.9 j 03 1.3 1.6 0.1 <5 <1 <5(<3)
S 8. 15.0 2 6.5 I>239tn >7Q0-t >33,400n*t o a

Naval brans As received 1 2 Id 2.0 8.6 13.7 > >1.O* >4.0-* >6.0*00 ro s 0
(39Zn~t.18) L 0.7 3.3 (.0 >0.30. >1.60# >l.9** S 0 0 0

S 2.4 9.1 17.3 > 1.100 >4.3** >8,20 nn vO nO e

MStool brast As received 10 M 1.7 7.7 12.0 >0.80 >3.8On >5.70 On .. obrass 5 ~ ~~~~~~~~~~~~~~~~ 6.5 31.0 38.6 WI f*rO~ 1 Ant l ra O t n
As received 17 Md 2.1 8.2 16.0 >1,0** >3.sra > 7.5*0 n 0 0(

4
l~~~~~rlO~~~~~ot~~~~el ~~L 0.4 1.3 2.0 0,3 0.8 0.9 004 < <9 <1 5 <1(<5)

Cast Sconce S 1.5 5.4 8.4 0.7 1.9 4.1 0.2 I<6 20 31(22)
(Osisee meaL) Mvachiad 60 M 1.1 3.0 2.7 8.5 0.9 1.2 0.02 <1 <1 < 5(< 5)

L 0.1 0.5 2.9 <0.1 0.2 0.4 0.02 <15 <56 <3(<1)

Cast bronee S 1.4 6.1 10.9 0.7 3.5 1.2 0.3 6 19 18(44)
(Valve metal) Machined! 67 M 1.0 2.2 2.9 0.6 1.0 1.4 0.84 <5 9 9(18)

L0.1 0.8 0.8 <01i on 0. Ann .o .- sn

Cast tin Sconce 5 ~~~~ ~~~~~~~~~~~~~1.8 8,0 11.3 0.8 3.9 2.4 0.2 16 21 24(90)
Castn tu bsn t achined 680 M 0.7 3.3 2.9 0.3 1.1 1.4 0.04 <8 <9 <1(<9)

L 0.1 U-3 0,7 <0.2 0.1 0.2 0.02 <5 <5 <6(<5)

Cast nickel-tin ~~~~~~~~~~~~S2.9 8.3 I13.0 1.2 3,8 8.0 0.3 9 14 23(37)
heo nieel(Oil.o Machissd 69 Ms 3.9 1,9 2.5 0.4 0.8 1.2 0.04 <5 <5 <2(13)

L 0.2 0.8 1.2 0.1 9.4 0.2 0.92 <5 <5 <5(<5)

Zinc S . . 4, . . 8.2 0.4 14 53 62(107)
(§O~~~lZn) As reneioed 7 M 3~~~~~~~~~~~.7 1. -1 2. 4.8 7.36 8.3 11 2 4 29(41)

L 0.7 2.6 7.9 0.4 3.1 4.4 0.1 1<9 123 18(32)
IAluminum S 0.2 0.9 0.6 0.3 [0.7 0.9 0,03 I<9 5 23 14(79)
(6062T) Asaeeened 2 Mi <0.1I <0.1 0.2 <0.1 0.1 0.3 0.032 <85 <5 17(41)

L <0.1 0.1 1.0 0,1 0.81 1,51 0.3011 0 9 98(107)

(1100: 991 At) As received 1 to 0.0 0.2 0.4 0.1 0.3 0.2 0.02 10 1 4 39(67)

L 0.3 1.8, 3.5 0,d 2.31 5.011 0.311 24 61 99(109)
Nlag~~es 1. 2 I1713..81-I 7. 1. I 93 PP(AtZgoesiamM I. 9I7o- 31 3.3 - 1 102 P(P) -

1(Z1X iuA,.i,,) As received L 7J51, 3. 7.3 . 92(5
All tampks wre degeeotd hero, nonas....

tines livr e-or-tin at time-evroo itro or, it niicrthe orn. st Lb. tongentil ectin
7rncty pit -nat is determine fre th rins despot rit en eth-r.srae o dplirae asi,

OatDh iodiest. valu not det-ri-od
ttSlrrcdM.a~ing p-evt stessma-tits nra pr-iarsl..
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rn .. .. . x c viaulle As2
Corrosion Damage for Nonferrous Metals Exposed as

Simple Plates in Atmospheric Environments

Metals [ xposure _ Generaf Corronion I
3

Pttingenetratran (atiln
_ - I -- i Eivironmnetts ttinf_,t,, re, I s....en.tr.i..-sxI '. I 1M2ittveraee5 I

C dSurface t'Weno . I -s-,f:- 1-ied llat4t I I - -rI Type C v nI |, IIt 1 yv Ss 16 yr | I Nroyr 2 Iyr | (tpy) J 13 C

I .- - ..- I - El n~~~~~~~~~~~~~~-1
Fiend I ~~~~~~AsCeeaeved F t i K 0.17 F1.22 J2.25 0.061 0.424 0.79 0.09 <9 < 9 <9j<9)
(0.%Ph) ) I 0.093 J0.69 J1.61 J 0.03 0,324 F0.56 O 0.4 1 <5 < 5 <(

waenboted sleet At received 89 K 01 23 2.02 F -01 a.0 [036 F- j ~ <. <(5 
Nickel Asneceived 49 K 0.02 0,13 0.365 0.02 0.06 F .22 <0.01 < < & <549
(9911 Nil Sd 0,01 0,ag 0.21 - 0.02 0.04 0.10 <0).01<l <6
Nirkel-copper -
(3dornvt 70 Nitt At eoveivd 47 K - .10 0.26 0.49 0.04 0.12 0.22 0.01 <5 <3 <51<8)
0 3Ou, coldtrolted M 0.02 0.14 0. 30 0.01 0.06 0.14. <0.01 < 5 <6 <61<9)

Nickel ilver sre~eied 45 M 0.04 0.29 0.63 0.02 0.13 0.24 0.02 < 5 <3 <2(<9) Nickelnilvet Asreceteed ~~~~~~~~ K 0.09 0.49 0,83 0.08 0.44 0.74 0.02 < <5 <9- <6(<9>

ICo~pper nicked As rrceivad 40 K 0.00 0,012 0.93 0.03 0.M 0.41 0.02 .<5 <~ F <5(<94'1(70 Cka- 30 Ni) NI 0.11t 10.30.0.62 0O0 0,913 0.28 0.01 <56 <5 11'
F Copper ~~~~~Asereceived 40 11 0.37 1.22 1.73 0.17 F .67 0.70 0i.03 <9 <2 <5k(<51

(99.9% Cr0) 32 ~~~~~~~~~~~~~~~~~0.178 . 0.4 0.80 0.09 F .19 0.26 0.01 <S <5 j <9(<9( 
Siticcin branze As rascmed 19 K 0.67 2.16, AtOO 0.31 2.08 1.86 -0.09 <95 <6 F <54<9>
(2.2S S vI Zn) 91 0,35 .0.92, 1.33 0.16 0.38 0.62 9,03 <5 <9 69

hopi7bervnre. A scecaiec-t i K 0.44 1.37 2.18 0.19 0,61I 0.96 0.04 <2 <5 <519)
Attonittom bronz Asrcie 0.18 0.17 0.84 0.09 01.22 0.3 0,02 <5 <6. <51<5)
1450.0.num brnz M~~civd 1 0.23 0.36 0.81 0.06 0.26 0.39 0.02 <5 <9 <W(<9
(5% At) F 1 0.10 0.20 0.32 0..04 0.13 0.25 0.01 <6 <5 <5(<9)
Cooseracial Senatie As received 16 K 0.23 0.87 0.10 0.11 0.20 OW.6 0.02 <3 <0 <51<5
(10% Za) t 0.11 0.42 0,.71 0.06 0.,19 0,32 0.01 <6 <5 <5(5 

L~owhraas As received 1 K 0,18 0.49 0.81 0.08 0.22 0.37 . .02 < 5 < 5 <65(5>
(20% Zn) M U.S 0.36 0,625 0.04 0.16 0.20J 0.032 <5r < 6 <6(stS(
Cartridge brass Aecreceisni 12 K 0.11 (0.9 0.72 0.05 0.18 G .32 . 0.0 <3 < 5 .5<
(30% Sit) 14 O0.0 0.26 0,54 0.02 0.121 0.25 0.01 <3 <56 <6(<5)
Naval Icena As received Ž2 K . 13 0.44 0.81 0.06 0.20 0.38 0.02 <95 <9r <5(84
130 Z. I B.) t .07 0.30 0.61 0,03 0.14 0.28 0.01 <5 . < 5 <i(35.
Moatz bean An cevetd 10C K 0.14 0.43 0.97 . 0.06 0.14 0.,27 0.03 <95 < 5 <5(9)~
(40 Sir- 0.22 At) Sd 0.09 0,34 0.68 1.04. 0.56. 0.32 0.01 <6 <5 <5gte)
Maanancesebraes s.,. 2 K 03 070 1326 018 0a1 0.80~ a 003t <' 9 4(
(41 SZn + So - et 0.32 0.46 2.07 0.25 0.21 0.60 0.02 <2 <9 <s(<rII
Coat bonce toochinedl s K 0.37 1.30 1.94. 0.19. 0.62: 0.9 0.2 <5 <5 <5)6)
(Caurve mteWs) [ t 011 0.62 0.84 0.86 0.26 0.39 11.02 <1 <5 F<9(p33
Cast beamz Mvcb~itsed 87 K 0.26 0.94 2.42 0.17 0.44 0.06 0,03 <ff <5 <5(<5l
(Valve Metal> 1 3 0.13 0.61 0.~75 0.06 0.24 0.39 <0.01 <6 16 <1(941)
Cas t.in bronze Machoinedt 68 K 11.35 1.13 1,77 1 0.2 0.1 0.84. 0.04 <1 <5 <6>
(9% Sn) It 0 27 I 0.l1 0.9 080 5 ( 0.34 04.42 <[iP - <' ( sPIcnEI
Cost nickel sic. Mtachined 69 K 0.29 0.92 1.34 0,12 0.42 0.61 0.62 <9 <5. 1 <51<5):
brroate (6Ni -38a Sfit 0.12 10.63 0.95 0.095 0.29 0.42 <0.02 <6 <2 <5(<2):
Zion Ave-,einect 7 K 0.43 1.91 2.94 0,23 11.05 2.02 0.07 1 < 9(19 <51<65.
(09.951 Zn) to 009 0.38 0.93 0.Os 0.22 0.24 0.03 <1., <1. <54(<a5
tlvatvicd steel As recleied g K 0.47 1.73 - 0.26 0.91 - <9 <5(<5)1 -

ki 0,503 - %0 .6[ <8 <51<5): 

Zirs....0..~~~ed Av recetvvd 0 10 .0 -<1 57
steel fit~ ~~~~~~~~~~~~ ~~~ 0.16 0.73 -- - -- <65 <5)6).

FAtutninurnt Asccndmirt 2 K 0.02 G0,0 0.08 0.03 0.02 0.09 <0.01 < 5 < 5 <51<5)F(6062T) xiu 0.011 0.01 0.06 0.01 0.02 0.06S <0.01 < <5 <15 <54<(6>
Ailuninorn As received I K 0.01 0.01 0.08 0.91 0.01 0~.0 <0.01 <6 <9 1 <61<9)
(I1100:99% Ail 32 0.02 0.02 0.01 0.01 0.02 0.04 .<0.01 <.5 : <s <S(<5l
Atlalid (2400?) Aseeceied 3 K t0.02 0.01l 0.09 0.02 0.02 . 013 <0,02 <5 <95 <61<5>

'i).iiiO,005'.0i) ~0.0.1 ,00G . 0.0 <'.00al',e <49
Alumnumspryed An received 4 K 0.02 0.00 F Do-.Oo-- <61 <5r -<6Sw5st.6 M~~~~~~I 0.05 a0.oo U.004 0.00- - < : <1 <: <S

Mgriesiom An reeived 0 K 0.23 2.84 1.35 0.48 8.21 11.223 0.75 7 50 1 5820)

AZ61X) , 0.17 1.48 3.62 0.36 3.24 7.71 0.26 <9 1 21 (20t.

vagtontort As 0eeve 25.8 .4 6.78 1.06 7.82 19.09 0.94 1 7 20 22 (24 

'All sapesnc'detrrosd heoe s- oar~Se-D el nrae Partive at -ir~siasrae, it neslvee thm klpe or see t-stea ni CC vsors
tTscvty-pii -org in detemiad lam She t~ve dsps it. o -nt -hlls acdiiplir-tn ae
The drrpms pit d.r ,g stir I yee -sptoensnr- is P-tasitee.- Peterotion isl-t- Sy n "P."

ifD-ti iaciiete valv en' tetcas'eA.
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Table A3
Corrosion Damage for Ferrous Metals Exposed As

Simple Plates in Aqueous Environment

Me talsE~psr Gencrcl C orrosion_ 
_e _ _ =etpterIrner~ Gsserl C _oxioss Steady- Pitting Penetration (rils)

S.Seowtter Irmteriina F vrg eerto mt, ttSulrface Ident. MSeawater Mean Tide Weigst Losa (g/dmn) Average Penetration (mu's) State (20-pit sverageflType Conditiort No. L-Lake Water _ I __ ._ _". Ratet T -aj
Immersion yr 8 yr | 16 yrI lyc | y If6yr -(mpy) 16 yr

8 11.8 50.0 90.8 5,0 31.5 48.1 2.7 41 66 90(1655I
Carbon steel Pickled 35 Id 18.8S 46.2 04.5 9.5 232. 45.2 3.7 16 40 68i(98)
(0 24% C) L 15.2 42.7 56.2 7.7 21.9 26.0 0.7 30 99 72(93)

5 11.0 52.2 98.1 5.9 27,1 40.5 2.7 38 58 102(P)
Carbon steel Msachlse~d 38 Sd 21.0 40.5 82.5 10.1 24.9 41.0 2.5 21 45 521124)1
(024% GI L 15.0 40.3 48.9 7,5 20.1 24.1 8.8 22 80 65(94)

6 8.4 46.5 12.9 4.2 21.2 62.2 551 167 240(P)
Carbon steel MIcibele 34 Mi 18,4 38,5 87.0 9.1 19.5 43.7 2.9 19 42 24(109)
(0.24% C) L 12.83 17.7 50.7 6.2 t8.9 22.4 0.7 29 45 66(91)

Canbon steel 8 11.8 55.3 098.1 5.9 17,7 49.2 2.7 26 63 95(124)
(Copper-bearinsg; Pickled 37 Id 22.4 48.2 02.1 11.2 24.3 46.2 2.9 24 411 51(87)
0.21 Ca - 0.22 C) L 15.7 46.4 57.1 7,9 23.3 29.7 0.7 22 64 64(89)

8 11.7 51,6 96,7 5.6 28.4 48.4 2.7 54 83 130(P)
Low-alloy steel Pickled 28 14 23.7 79.3 09.0 11 8 39.7 49.1 3.3 -1 70 69(124)
(Goa- Ni) L 13.1 32.6 43.0 6.0 16.2 32.0 0.7 17 67 75(110)

O 12.6 85.7 160.4 6.0 43. 80.5 4.8 31 s0 99(P)
Lownflloy steel Pickled 27 14 21.4 41.0 98.0 10.9 31.1 49.3 3.4 20 47 60(72)
QI'a- lCt .9S) L 11.2 31.1 48.4 5.7 16,7 24.4 2.9 40 79 99(112)

Low'tlloy 'steel ~~~~~~~~~~~8 12.8 59.9 89.8 6.4 25.9 45.1 2.5 27 26 71(139)
(Cwa-lo Ni In I) Pickled 29 Id 31.6 49.3 122.6 10.5 24.8 81.5 2.6 22 40 59(147)

J~~u - Ni. Mn -Mo) ~L 14.5 44.6 82.1 7.,3 22.4 31.2 1.1 24 81 101(124)

O 12.8 87.4 167.5 6.1 43.9 84.0 5.0 26 96 237(P)
Low-allay steel pickled 3.9 1 18.2 40.9 01.3 0.1 20.0 45.8 2.9 19 29 81(92)
(Ce - Ni- Mn) L 10.1 31.1 53.4 5.4 16 28.5 1.2 40 111 113(146)

O 14,8 63.0 104.1 7.4 31.7 52,0 2.7 32 94 129(p)
Nichel steel Pickled 20 Id 11.7 45.6 120.1 9.0 22.9 55.3 3.7 22 39 70(953)
(2% Ni) L 14.7 40.2 43,8 Ici 20.2 32.0 8.3 19 83 86(89)

O 12.5 83.7 102.1 8, 3 22.0 51.6 3,7 29 117 119(P)
Nickel steel Pickled 32 Me 15.6 30.8 107.8 7.8 110.0 54.0 3.7 <15 39 62(91)
(5% Ni) L 13.1 46,8 59.4 9.6 24,0 29.8 8.8 18 69 71(100)

O 4.1 80.4 140.0 2.1 40.4 70.4 3.8 11 115 93(109)
Chromium tteel Pickled 24 It 22.1 51.1 95.7 11.1 25.7 49.2 3.5 24 82 192(P)

(IlCr) L 4.8 19.3 29.3 3.4 9.7 14.7 0.7 24 54 77(95)

Ctsrotninmn steel ~~~~~~~~~~S 5.3 63.5 1199 2.7 22.0 60.0 3.5 27 (3 69(100)
Chroium teci Pickled 25 14 33.3 48.6 Oq,1 11.7 24.5 47.4 3,8 28 58 153(P)

(5% Col ~~~~~~~~~~~~~~~~L 3.8 17,1 26.7 1.0 8.6 123 0.6 22 52 67(96)

Wrought lona S 13.7 43.8 - 6.9 22.2 - - 24 83(138) -
(Astizn Procene) Mackissed 299 51 14.3 22.3 - 7.3 16.4 - - 17 39(49)

L 15.0 29.9 - 7.6 14.6 3 7 50(90) -

Wrought less 6 ~ ~~~~~~~~~~~~~ 12.5 91.5 96.4 8. 26,1 42,8 2.9 46 83 127(P)
(Asught rocna) fiillscale 1903 f 11.9 33.0 71.2 6.1 11.2 36.1 2.4 17 25(41) -

(Aston Process) ~~~L 14.6 37,3 - 7.4 18.9 - -_ 18 54(80) -

Cutt 'stee 9 14.7 92,2 88. 1 7.4 37.8 42.3 2.5 56 94 102(148)
(0.27% C) Machined 70 NI 115.9 42.3 97.5 7.9 21.3 49.1 3.41 35 53 91(159)

L 16.2 38.2 52.4 8.2 19.2 26.3 0.9 30 67 98(140)

Gray cant iron 5 ~ ~~~~~~~~~~~ 11.0 133.5 170.1 9.9 57.6 94.6 5.8 42 97(169) -
Gray cut i flnnM

t
sined 18 14 46.0 81.8 128.6 25.6 45.5 87.1 4.9 SS 100(P) -

(32%C) L 12.5 41.4 39.1 7.0 33.0 32.0 1.2 52 106 108(P)

Auatevitfic cntiron 5 0.0 37.3 411.2 3.2 15.1 22.8 1.1 <5 42 87(116)
(18% Ni) Msachined 79 St 2.0 7.0 13.3 1.6 2.0 7.3 1.3 < 5 17 30(40)

L 1.6 7.6 14.5 8.9 4.2 8,0 9.4 9 27 37(61)

410 Staisslene steel As received 10 8 ~ ~ 6.0 28.1 46.8 3.1.1 14,211 23,90 II 61(P 161(P) 21 2(P)
(330 Stani( fitlAsrcivd5 1,0 8.1 12.6 0.8 3.40 6.4! 46 67 107(P)

L 8. 1.1 1.8 3.0 0.2 0.911 II < 5 < 5 94(P)

8 2.9 11,0 18.1 1,2 5.511 9,511 II 70(P) 140 151(P)
332 Stainless stee As reveived 17 III 0.4 1,8 3.3 0,2 0,9 1.8 6 58 50(119)
)l8 Cr - 8Ni) L 0.0o 0.0 0.0 0,0 0,8 3.0 0.0 < 5 < 5 <95(<5)

316 Stainless steel As received ~~~S 1.2 4.1 1.6 0.61 2.01 0.811 t 45(P) 156(P 95(P)
31 Stinstee) Asrcivdh 8.1 0,4 8.2 0.1 0.2 0.1 II 5 16 13(36)

(18 - 13 +M)L 0.0 0.0 G0. 8.3 0,0 0,0 0.0 <5 <5 < 5(<5)

321 Stainsless teel I X2. ii 11.U 14.6 j1.211j 5 1 7.a I . 64 193(P) 237(P)
(17 - 10 As receined fs9 I 0.31 1.31 2.3 0,0 0.8 I 0.0 0.05 5(3

(1710 5-Ti) 1 .1 L~~~~~~~~~~~1 L2.122L2Z0 0. Do,0 1 0,7<1.11< 58 <55(<2)

tAll .. pi.e mm-m deerrane.d betrn npsae

Treeny-pit aserge i determined tea the tie. deiresi pies onar -srrr et dspliamt pane.t.
The dn.pe't pir dunn6 she 18 y-nm'-ep-ois ih. hni in p~menh-at Ptmtaenins im mlrsr hy "p

IDeer sel aenian pittiing-a,rag penrmt,.sn, nat apprrriate,
D.sk indiess.-tisr set determined.
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SOUTHWELL AND HULTMAN

Table A4
Corrosion Damage for Ferrous Metals Exposed as

Simple Plates in Atmospheric Environments

Metals xposare Generts Corrosion SteAdy- F itting Peretehtior, (uislaE

type [ Surface Identr IKrmlarinse Weigh kLon (gid,
2

I Average PenenaioMn (ils) |0atet (2-piteaseeage1t
m sndlh Iss

t
i N o, flnlan d yr lyr e Syr lsyr t-___ ._ ___ 1 8YK 1Y .

Ingoit iise Pcklued I3J K 0[~ i A } 39 5 f3 
(Low (Ce> 1 2.3[ t 2.86 s14812 260 ) 6 I < ~ ~

(Arton procens) - NI~ ~~~~~~ 335 1 3.56 23.8 1.70 6.9 21 063 • 16 2t
7

I

(Astn process) 5 3.7 417 2.? 160 .16 318 -5 18 8 5(9

Crarbo iTn 'see lieal 19 K 9 6 5.36 21.183 31.82 2.59 11095 10.182 - 8 37 41 (523
(G.24tiC p55z 3.99 12~79 2.1847 1.90 76.2 11,94 -a1 17, 274N51.

Carbsoi steel talte 38 K1 3.02 10283 1,1.52 2.01.9 1 61 10,9 G.4 11.4 <5 14 11(39)1

(a.24% QlN 2.15 10,05 17.14 3.318 1804 .860 01.43 < 5 24 19(26,

ASTMI "K' iron Pickled 28 K 4.10, 16.47 - 2.06 8.28 - 0.76. 14 30 
(0.26 Cu - 0.08 C)M 2.07 111.108 - 1.29 5,06 - 0.53 <5 13 -

V-pper, b-g X~~~f 4.34 17.46 27410 2.18 8,76 13.60 0.76 10 31 30(86± ,
steel (0.324 Co - Pickled i 37 NI 2,79 10.96 38.83 1.38 5.503 9.35 0.57
0.27 C) 1 

Cast ntae( Machlined 70 K 3.47 10.917 16,97 1.75 5.92 8.03 0.43 <5 t-t 17(36:t
(0. 27% C) d 92.4 8 .88 14.05 1.24 4.46 7,52 0.38 <5 LS. 18(311

Low-allay steel Pickled 26 K 3.43 10.01 16.45 1.72 51.02 7.80 0.41 0 12 14(17 
(Cu - Nt) III 2.24 6.84 £129 1.12 3.43 5.67 0.26 < & 11 37(221

Lnw~a~lloy steel Pickled 27 K 2383 10.16 15.98 1.70 5.11 18.03 0.41 la 12 t18(35(
(Cu -Cr - Si) N6 1.97 5.77 8.51 0.99 2.90 4.28 0.18 <3 10 t 1(27)

Icre-aftocy steel Pickled 218 K 3.43 0r.74 14.60 1.72 4.00 17.39 0.38 18 12 148(16t 
(Cu -Ni -Mn --IMo) Id 2.20 8.86 11,39 1.05 3.-tO 5.73 0.27 < 5 12 15(211.

Low-alloy steel Pickled 218 K 3.23 8.98 12.56 1.87 4,51 6.20 0.31 <5 12 13(28)
(Cr -Ni - Mon) NI 2.29 6.26s 9,99 3.15 210 5.03 0.22 < 5 12a 14(20)

Nickel steel Plickled 20 X .17 7.48 11.41 1.54 3.75 1.73. 0.26~ <3 11I 13(19
(2% Mi) fi .385 5,85 18.46 0 1.93 2.83 4t.25 0.17 < 5 11 15(21%

Nicehetteei Pickled 23 2'.67 7.07 10.62 1.34 11.Z5 5.34 0.25 18 32 1I2(135)
(5% Ni) fi .099 5.12 8.32 1.00 3.07 4.19 0.11 <1 10 14(2(41
Cheoreiorn steel Pickled 24 K 3.93 9.11 13.19 0.98 4.16 6.66 0.31 I11 18 2-4(03)
(3% Cr) 34 2.96 3.71 4.50 3.04 1,87 2.28 0.-07 18 10 13(17>

Ch-rornirsntesI Pickled 25 8 3,21 0.05 918.1 1,62 3.50 4.45 0.20 11 it (13(101t
(5%Co) S t.98 2.29 2.73 0G8 1.15 1.38 0.96 <5 <5 <1(9.1

Grey cost iryse ifeciriond 78 96 2.74 1841 13.96 1.62 1,23 7.70 0.32 <5 14 18(5%7>
(3.2% Cl 34 1.78 7.03 10.07 0.98 3.93 5.913 0.26 <9 15 22(37)
Auvtesstic cost Muarsted 79 K 1.7? 8.00 06.60 0.98 4.42 9.10 0.60 <5 22 41(59>
iron (is% Ni> to 0.98 3.08 9.20 0.53 1.70 2.90 0.22 < 5 6 < 5161

410 Stnisrlewst~eel Aarcsei-c 5G ? 0.08 0.318 0.35 0.04 y.04 0.18 <0.01 <9 <9 <5(<51i
(I11% Cr1 NI 0.01 0.00 0.0 0.00 0.00 0.01 0.00 <5l <5 <5(<6± 
430 Stainless steel As received 56 K 0.09 0.07 9.17 0.03 0.04 0.38 <0.01 <5 <5 < 54< 9
(t7%r (2 Mi 0.00 0.13 9.02 0.00 9.07 1.01 0.00 < 5 '25 < 5(< 54

101 Stainless steel Aseerceivd 57 K 0.01 0.01 0.03 0i.91 0.01 0GM <0.01 <8 <5 <1(<5)
(1 7 Cr - 7 Nil Mt (0.0 0.61 0.00 0.0 0.00 0.00 0.00 <. <5 <5i(<5> i
~221 Stainless si [As received 59 K 0,0110.02 0,051 0.3010.031 0.02 3.00 < 51 a <5(1<51.
1(17 -10+,Ti) M fI 0,9 [0.00 0.0 0.00 [0(10 [0.90 0.00 <5 I<5 [ 6<5y<9
[316. stainless steel IAs received: ~ s K (,0.0 0.00 90.0 0.00 0.00 [ M 0.0 .00 <9 [ -C '20(~ 
(18 -13 tNM.) M i 0.00 0.00 8.00 0.00j 0.00 J 900 0.00 <5 <5 j<5(<5>

filope of lien pemfie of Cnorov cue r it 1a~cr he elIs~ of tcc isoero at I0 ce-a
* Teesssnt-i , oc.a~ desecioed ter the lice Osspet sirs c eaeh eaetse of ilapfici -eze's
The d..ae- pitegisr Is se -- p lsvmeosciselseon is <.tecihese

Pelasta et ese ie ilasby 
5
v aP.'

I Phnel, eieslirl corro d.
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Table A5
Corrosion Damage for Metals Exposed as

Bimetallic Couples in Aqueous Environments
'6 - I Strp Mheew I PlanMeral

Aceage Peneeersea mini IAerno Perteria-n te') A U

Strip pYb Meware I tee Tide_ Fresh Walr SeOnatee Mete Tide Fresh Water
y 8 I A 1 i l I I | yr r ye t lye r r ly e 16 lye Bye yr Iye Syr i ayr

. . | i | A . r. A . I I I r - r Itr I r - " l - F - I
318 Seuide.eel c581( Ct eha ewe)
302St -il Me 1 < 0.24%C(

318 Stemles, Stel] t571 C 117 Nev betat
)19-t9 3eM.) C Z3 .9 1S.)

316 tiSLee- dee1 3583 < jISl S-heehc heave
118 -13+ .McI 149n.-01llF

318 rairestrel (19I <1 351 318 24 l 'e
(1SCe- -opeNi) I0.24%CI

302 Stemle reel (1571 <57 51 303 $OrtIeee 'teel
ll8 C,- SNi) (AS Ce-S8NiO

(49) <[(5) Cshe

N9% i) 102,M Cb-lt~
Nic .. eepe Cain-so tree)3
30Macel: 70 M)- 43<(5 (0.24% C(

NiWr-e~opper Nicl-eoopp
[(M.nel 70 Ni - 1471< < 4)1 (M-erI: 70 Ni -3
0Cus old rIled) 30Cs,,vldallredl

Capper-.irknl 1461 3351 Ct0a eteel
(78 Cu - 38 Nil (0.24%6 C)

Phoephar bSunce (38l < 3 13 Alareaiscs
14 Sn -OZ5) )l lu 99%3 M]

Pheph.r bhrue (181< S3 GOltisni-d
(4 Sn -0.F25) sktel

Phuephar hesnse 11,1 c 1351 Cerbun steel
14 Sn - 0.25 P t (0.24% C)

Phoph.,oles j (183< (37) 0.3%C- tel

Phoephor bhare (I8S < 1(8) Leaslin -Mre
l41St - 8.21 Fi (C.e- Nil

Phephor bente [181 L l .3 tea-alloy steel
34 S. - 0 25l tCs - Cli 1)

Ph-bpherb.-nz (jai < 281 2tiPhtepheeeban-e (181 < 3291 Lh-loy 'steel

Pho-ph., Seance 3103 K181 < 17[ t steel
4 S. - O 256 P Ce t0i - Me

Phosphor bhnsee 1181 <14 (38) Nicke.t
1
i 

14 S. - 0.25 r2 (m% Ni i

Pheeph-r bheroe (181 < (4)1 Chermt sceel
(4 Sn - 0 25 l (37% Cr1

(4 S. - 0 2S Pi lO% cnl rlld

PhtsphebSorer 1181 <[ 1 (703 02St nleus
(4Sn -10.25 P) ll(68% C)N

Pheeph r bronse (18) <(783 eC16tersleas
(4 Sn- .25 3 ) m tl8 - 0 No

(4luminum11 )7Os 16 1 Carbunisee

Plsopherseaee Nsrhe.en-ppc
b14 S.- 35 (18) <(07)1 (Mn-e 7ONi-

3OCscslId rolld)
Fhesphae Seene 3183 5 110 410 Oraivler stee
14 S. -0 25 V) A 1395 C,)

Phsphor bSn (181 < (57 303 S.ern seel
lO !e-0 259T (l8 C, -etNi 

Pheephar heace 3181 < 1610 358 ISsile 's teel
14t n - 1 0 ) t0 P18 13 .)

Altminm. h-o 3183 <(313 Ceehas cre
t5% A)) (0.24% C)

tS a -Ni jsei (O.24% C)

Naelh-eat 313312< (1331 CAelnin 
139 Zn - 1 Sr) 18.24% C)

Ceppe'r (40 C 31 Ceehr stee
199.9% Cal (0.24% Ct

tLed 3893 < (333 teehe Stee
108.8% Phi 10.24%6 C)

ISSbNOl (O24% C)

Carbon dl 3351 < 313 AareUdi. ic
(0.24%C( (118: 99% AI)

Cehen steel 3393 < 213 Aloirai.M0.724% C) ( p061T -
C|ehat creel [33< 81 ltitd
10.24% C) 'stel

C-ehensteel 1351 <(0 Wesagheien

Ce to cel 1353 < 135 C-boncre
(0.24% C) (0.24% C)

00

0.0

0.0

0.1

0.0

8.0

3.6

0.0

0.2

0.0

0.1

0.2

0.1

0.2

0.1

0.1

0.1

0.2

0.0

0.3
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0.0

0.3
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0.0
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0.1

17.2
(8.7)

0.1
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07

-t

0.4

8.98

0.5
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0.5

A5 5)

08

(5.5)0,5

0 5)

0 6
t5.5 )

0.1 0.2

0.1 0,2 o

(9li 5.0,1 0.3

1.6 3.3 4.8

(5.5)

3098 37'4 4ts1.1
2.1 0.19l11
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(3.7)
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(I2.4)
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0.7 OIts I~
(14.0)

3.7 9.2 17.1
(11.81

0.5 0.5 0.6
(48.1)
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(29.5 148.11

0.1

0.0

0.0

0.03

8.1
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001
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0.1
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(0.71
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A1.8

0.2
(0.4)
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8.0
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1.0

07

0.0

11.7

0.1
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31.0

3.3

22.3
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Table A5 (Continued)
Corrosion Damage for Metals Exposed as

Bimetallic Couples in Aqueous Environments
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Table A6
Corrosion Damage for Metals Exposed as

Bimetallic Couples in Atmospheric Environments
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Table AG (Continued)
Corrosion Damage for Metals Exposed as

Bimetallic Couples in Atmospheric Environments
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