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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 some attempts at collecting longer-term data 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 tidal locks 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 18 years.

Note: Manuseript 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
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test samples, construction of test piers and atmospheric sites and supporting structures,
preexposure cleaning and testing, ete. By enlisting joint financial support from the Army,
the Navy, and the Paname Canal Company, the Naval Research Laboratory was able to
continue the project uninterrupted. An aect 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.
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As Naval Research Laboratory scientisty 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 eorro-
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
ourves alan chnward how micliaading the aarliar vaailte Aaltoinad by chawi_farm faoting
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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 latfer usually represents an upper limit for corrosion in
uncentaminated natural environments.

Collection of long-term corrosion data for natural seawater and fresh water is much
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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 3 very costly proposition. Also, over long periods of exposure, many things can
happen fo 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 undertaken anywhere, and most of
the earlier ones suffered from serious design or procedural ﬂaws such as sand blasting
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exps»ed aqmp}es to remove fouling and then reexposing them 1u; O eXDOSINE Sig:e
sampies to be cleaned, weighed, and then reexpased {4]. The most useful of these early
studies were the exposures made by the London Institute of Civil Engineering, which
conducted 15-year tests at four sites around the world [5}, but only one specimen was
remaved at B-year intervals, and only two metals, wrought iron and carbon steel, were
included. French researchers started a comprehensive investigtation in the late 1830°s
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[61, 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.8. 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 [9-17]. A considerable part of the fotal information, however, has 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
Appendix A, with tabulations showing the average corrosion at 1, 8, 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. 1c)
and the other a seawater site in the Pacific Ocean at Naos Island, off the Fort Amador
causeway (Fig. 1d). 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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Fig. 1 — Locations of test sites
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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. 1a). 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. 1b) 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 metals, and four nonferrous coated steels. The rest were structural alloys, practi-
cally all of which are still in general use. The low-alloy steels, the @ and af 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

Alil 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.




MTahlas 1
LR L

I8)
Summary of Individual 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 fi Elevation 14.0 £t
Maximum | Minimum | Av. |Maximum |Minimum | Av. | Maximum | Minimum | Av.
Elec. conductivity
(mhos X 107 at 81°F) 0.12 0.091 | 0.1 51.7 21.3 42.2 51.7 35.4 45,4
Total dissolved solids (ppm) 165 69 113 42,776 22,613 35,832 {41,480 | 26,390 [35,735
Total suspended solids (ppm) 23 0.G 7.6 220 0 64 173 0 49
Turbidity (ppm) <5 <5 <5 20 <5 <5 25 <5 <b
Oxygen saturation (percent) 98 8 .90 105 62 20 103 64 87
Oxygen consumad {ppm) 2.4 0.7 14 2.8 0.8 1.4 26 0.4 1.6
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 .5 8.4 7.8 8.2 8.4 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 7.0 120,098 11,300 (17,415 19,949 10,379  |17,357
Nitrate {ppm) Trace 0.0 Trace 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
i i 5 i
Constituent (determined Cristobal Test Site Miraflores Test Bite
in mo ner 100 cu ) wa s W . . s s .
TR R TR R Maximum | Minimum | Av. | Maximum [Minimum [ Av.
Total dissolved solids 5.48 0.30 0.70 2.68 0.15 0.86
Organic and volatile matter 1.72 0.16 0.74 0.69 011 0.34
Sulfate 0.64 0030 10.20 1.13 0.011 0.25
Chloride 0.42 0.035 |0.23 0.16 0.013 0.065
Nitrate 0.11 0,00 0.031 0.12 0.00 0.040
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7
- - - =
s

minimum)




Table 3
Composition of Nonferrous Metals Exposed in Agueous Environments

Metal Specification* dent. Spec‘}f'}c Composition (Percent by Weight)
i Mo 1Grvity e 7'M [ F | 5 | & [er| M | Cu [ [Pe | &n Al |50 [ F [od | Co Mg
Aluminum QE-A-5681, Type 3 1 271 0.015 0.16 0.18 047 .18 | 99.0
{1100}
Aluminura QO-A-327, Cond, T 2 2.70 0.01 085 [0.30 0.23 0.156 0.015] 9718
(60617
Magnesiom | ASTM B-90-41T, Type 18X, & 1.5 0.38 0.004 0.02 0001 | 1.25 | 280 95,4
{AZ31X) Cond. A
Munts brags | ASTM B-171-42, w/.2% AS 10 B.36 59.98 | 0.19 |0.048 [39.4 0.022 | 041 | 012
Naval brass | QQ-B-636, Amend 3, 12 B.39 59.87 0.05 [39.4 0.58 009
Class A, Yhard.
Manganese QQ-B-721a, Amend 1, 17 B.38 0.0% 51.52 112 |40.8 0101050 010
brass Class A, Yehard
Cartridge QQ-B-611a, Amend 8, 13 8.53 70.0% 0.04 (299 none
brass Comp. F, Y2hard
Low brass ASTM B-36-42T, Alloy No. | 14 B.66 80.00 0.04 [19.9 0.048
No. 4, #shard
Commercial | ASTM B-38-41T, Na. 2, 15 8.60 90,50 0007 | 98 0.030
bronze Y¥hard
Alurnimim QQ-B.666, Type IV, Grade 14 28.20 94,84 0.08 0,01 31
bronze A, Amend 3, Hard
Phosphor QR-B-746, Grade A, Am. 18 §.80 0.25 95,54 0.010 § 0.30 4.21 0.048
bronze 2, Type IV, ‘ehard
Bilicon QR-C.591a, Class A, 19 8.58 none 2,84 aone | 96.30 0.04 0.98 trace
bronze Amend. 1, %hard
Copper QRHC-501a, Amend. 2, 40 591 0.001 99.93 0,002 0,004
Class A, soft
Coppet- Navy 46C6, Type 1M, soft 46 8.92 0.91 30.03) 6875 0,31 0.43 0.015 | 0.058
nickel
Monel Navy, 46M71, Class A, 47 884 |0.15[091 0.N08] 0.14 66,59 30.37 1.83 trace
cold rolled, annealed
Nigkel ABTM B-16241T, cold 49 887 | 0.07|0.20 6.1 | 0.037 98,45 0.02 0,24 0.90
rolled, annealed
Lead QQ-L-201, Amend, 1, 83 1131 0.058 | 0.00010.002 | 0.001 0.0018 (99,9 0,0001 | 0.0046
Grade A
Zine QQ-Z-301 A, Type I ki 1.1% 1O062/95.5 | trace 0492 [ 0472
Cast bronze | Wavy 468234 (Oz-c) B} 842 0.013 0.31] 84.16 0.04 86 476 5.14
(ounce
metal)
Cast bronze | Navy 46B8g Comp M 67 8.36 0.016 0.53 | #7.88 006 | 38 6.04 113
{valve
metal}
Clast tin Nawy $6Mée Comp G 68 8.3 0.020 0.36 | 87.49 004 |42 7.94 none
ronze
Cast pickel- | Navy $6Méh Comp G-4 69 8.60 0.019 6238870 003 190 31% 0.01
tits hronge

*Burface condition of all npnferrous metals was “as received”’ — all were degreased hefare exposure.

NVWLING ANV TTEMHLNAOS



Table 4

Composition of Ferrous Metals Exposed

in Aqueous Environments

Initial N N .
Metal S:rface Specification Ident. Spec{flc Composition (Percent by Weight) :
Condition* No. } Gravity c [ M | P |5 [si [ o [ N [ cu | Me
Carbon steel Pickled I 35
Carhon steel Machined QQ-8-741, ITA1 36 7.85 624 | 048 | 00¢0 | 0027 | 0008 | 003 | 0051 | 0080 | O
Carbon steel Millzcale L 34J
g‘*;g’g steel Pickled QQS8-741,11A2 a7 7.85 022 | 044 | 0.019 | 0033 | 0609 | Trace § 014 | 035 | O
n u
2% Nickel'steel Pickled RR-3A 20 7.84 020 | o054 | 0012 | 0023 | 018 | 015 | 194 | 063 | O
5% Nickel steel Pickled SAE 2515 23 7.85 013 | 049 | ¢o1e | 0014 | 018 | 010 | 551 | 0062 | O
3% Chromium steel | Piclkled Proprietary 24 7.82 008 | 044 | o010 | 0017 | 013 | 316 | 016 | 011 | 002
5% Chromium steel | Pickled AISI Type 501D 25 7.81 008 | 041 | 0020 | oo1e | 020 | 5os | 011 | 0062 | 052
Low-alloy steel Pickled Proprictary 26 7.86 0.08 0.47 0.007 | 0026 | 0.060 | 0.00 1.54 0.87 0
YOIloy™

Low-alloy steel Pickled Pfcc’;’;:tm 27 7.82 015 | 0.45 0113 | 0026 | 047 | 068 | 049 | 042 | O

“Cortan
Low-alloy steel Pickled f:gq{”g'gtjff 28 7.85 0078 | 075 | 0058 | 0022 | 004 | Trace | 072 | 061 ] 013
Low-alloy steel Pickled Pfhg;’ﬁetag 29 7.84 013 | 060 | 0.080 | 0021 | 015 055 | 030 | os1 | 0.089

[3) yari ”»”
Cast steel Machined QQ-5-6816, 1 70 7.82 027 | oes | oo2s | oo2s | 04 | 032 | 022 | 010 | O
Gray cast iron Machined QQI-652, 30 78 7.08 318 | o080 | o162 | 0103 | 198 | 657 | 031 | o008 | 0O
Austenitic cast iron | Machined INCO 18-22 Ni i 7.11 266 | D94 | 0.24 | 0104 | 317 | 2298 179 ogo | o
Wrought iran Machined } Aston process { 290 } 7.76 0.04 0.038 | 0141 0.018 | 0098 | Trace | 0.006 | 0.020 | ©
Wrought iron Millscale ASTM A42-39 190
410 Stainless steel | Agroceived | 47-5-20 INT 50 | 772 | 007 | 048 | 0016 | 0021 | 029 [1315 | 023 | 008 | O
(13% Cr) - feTecew Crade 3A
302 Stainless steel | A; roceived QQ-8-776 57 7.89 009 | 125 | 0034 | o018 ) 056 1779 | 888 | 0072 | 0
{18-8) Grade 1C
816 Stainless steel | pgreceivea | QQS-766 58 7.95 011 | 167 | 0019 | 0023 | 054 |[1783 |1208 | 0.084 | 2.32
(18- 13 + Mo) Grade 1H
321 Stainless steel | g received QQ-5-766 59 7.89 008 | 111 | 0613 | 0030 | 044 ]17.68 | 1033 | 0.13 | 0.50(Ty
(17 - 10 + Ti) , Grade II

*All metals were degreased hefore exposure,
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Tabile 5
Composition of Nonferrous Metals Exposed

n

Atmosphetic Environments

L. it ition (P ight)
Mewt Specification® ";Z i‘:ifg;“ Compasilian {Percent by Weight}
C!Mni?iSiS&nglNilCu%&iFgTZn[k}ﬁh}?b [mic»fw
Aluminum QQ-A-536L, Type 1, 1 271 0.8 .18 o.20 @75 005 | 9685 0.003
{1100} vihard
Aluminum QQ-A-3ZT Cond, T 2 2.70 0.063 0.5 026 0.32 0.003 1 97.84 G487
{60617} %
Alumirum QG362 Cond. ¥ 3 2.70 0435 0.14 4.15 057 Q031 {9208 573
(2024
Magnosium ASTM-E90, Type 18X, 3 177 D24 0.02% 0.001 [ 0.01 ooo3| 1.81 don .21
(AZ3IX Cond, A&
Magnesium ASTM-B-0, Type 8X, a 1.80 020 £.02% 0.08¢ 8.6037 047 &.38 98.21
TAZEIXY Cand. A
Muntz prass | ASTM-B-ITIL (0.2% As) 0] 840 B0.95 [ O.I0]Sw0r [38.87 CO22r .76
Naval brass QQ-B-638, Class A, 12 841 §5.08 904 {39.62 .84 G.02
Whard
Margarese QI BETZIA, Class A, 17 837 57.86 LO4 | 4036 8131085 602
2e Milard
Cartridge QQB811A, Comp. E, i¥ 852 70.00 .02 [2996 0024
brass \Ahard.
Low hrass. ASTM.R 28, Mo 4, 14 265 80.06 G.03 | 1990 0016
Uhard
Commercial | ASTHM-B.36, Na. 2, 1B 879 89,63 0.007 | 1031 0.G§
bronize Hhard
Alaminum QE-B-668. Grade A, 15 828 205 ;9588 £.23 3% &3
bronae Type ¥
Phospher QG-B-748, Grade A, i6 B85 Q.07 10.96 9610 Q.04 438
bronze -
Siligon QRC-59%a, Clags &, % 8.8 .08 290 96,14 Q.05 054
bronze ‘Yehard
Copper QC-501a, Class 4, 40 8.5 99.9
S0
Nickel ASTM-B-122 Na. 2, 45 8.76 8.54 183.49 [64.06 095 (17.33 G004
sitver whard
Copper Navy 46C6A, Tvpe IV, 46 493 0.56 2328 |69.74 098 | 0.2 o1l | 0.08
nitked soft
tborret Wavy 46MT, Class A, 47 385 l0.08[040 G158 100X 5742 [p8.88 238
cold-rolled, annealed
Michet ASTH-B-152 ecle-Tolled 48 8.88 (09714 0.002 | U.U5 99.24 0.16 HNEY
Lead QQ-L-201, Amend-i, i) 11.28 2012 2902 SO 838 1000310007 DLt
Grude A
Zine QQ-Z-301a, Type 2 7 7.:4 G.02 [O00[0.02 [T 022 [0
Cast bronae | Navy 46823d (Or<c) &0 8.4z G.013 0.31 [84.16 0.04, 58 4778 .14
{ounce
metty
Cast pronze | Navy 46BHg Comyp. i 87 8.38 0016 0.58 [ 87.8% 885 3.8 8.4 173
{vakee
meiaf]
Cast Lin Mauy 46MEg Comp. G 58 831 0,828 0.56 | 5749 o [ 4 784 [ 040
bronze
Cast pickel. [ Navy 46MEh Comp. G-H €0 860 0319 8.25 [88.TD .08 3.19 .01
tin bromze
Galvanized QQ[-TI6, Am2, C. 8 nlglasd 1nodg! 0047, 00080 003 29029 239
steed Base 1010
Zimcsprayed | £ = 10 mifs, Base 1520 g G22[045 [0033]0c3alo0osfeol | o026l ooes
stenl
Leatiroated |+ = 10 mils, Base 1617 By Q.1g[045 [0.006f G.04810.005 [ 0.02 0.008] 0.01L
steal
Aluminum. t = 10 mile, Base 1020 4 0.2 [ 847 [0.004) 0.02610.002 6.012] 0.002( 0.022
sprayeqd
E etosh I i t

*Burface condition of all noaferroul metals was “apreceived — 2l were degreased belore exposure
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S0UTHWELL AND BULTMAN

Fig. 3 — Galvanic couple samples used for
AgUeOUs eXposure

Fig. 4 — Preexposure view of rack for agueous exposures,
with specimen panels and glass separators installed
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Fig, 5 — Typical atmosphetic 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.
Equal 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.

Fig. 6 — Exploded and assembled views of galvanic corrosi
for atmospheric exposures

nr\nn!mr\“
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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-
tary, specimens were given a final cleaning by timed immersions in suitably inhibited
chemical cleaning solutions and thorough scrubbing with bristle brushes.

Considerable effori was spent in determining the proper cleaning procedures. These
have been presented in more detail in Part 1 [9] 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 penstration, 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 0.01 g
for immersion panels and 0.001 g for atmospheric panels mad discs. Corrosion weighi
wads expressed as grams per square deeimeter and ag average penetration of the surface
in mils, The latter value is more useful when metals of vartous densities are {o be com-
pared. The conversion from grams per square decimeter to mils ig

3.937

) . - 2 = -
- X g/dm?2 = mils,

Weight loss is the most useful and the most precise of the three evaluation methods.
The precigsion and reproducihility 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 af brasses, and for those
with deep and scattered pitting, such as austenitic 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 mefal corroded was indicated. This per-
mits comparing relative dealloying in the brasses, and in the case of austenitic stainless
steels in seawater, the extensive subsurface pitting could be estimated from the weight-
loss determination.

Pitting
Pitting iz 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 firgt 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, uncerroded 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 {hat 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
ont 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-

nnnnnn

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 reduction in area) of all original metals as well as of the aged control
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
section, the tensile tests were less than satisfactory. The major drawbacks were the 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.

15
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With the tensile test it was hoped to pinpoint intergranular corrosion, selective de-
altoying, and subsurface pitting None of the metals showed any serious intergraﬂular

r-r‘\P'v'r\cﬂr\V\ ﬂn‘tr tha ravorne, e o | at alanéix Analtavrad
AR WFAESY LG RAGLFLALL S ZIind Orasses and BLGJ Case j.Luu WEre DCIUMUJVUXJ‘ UT R Y Tty

and subsurface pitting occurred only for pure nickel and nickel stainless steels in seawater.
Tensile data for these have been previously reported [18,15,16]. For other metals, the
tensile-sirength 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.

BESULTS

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 resulis from the entive
study in Appendix A, Tables A1-A8., Wherever data need explaining, or are considered
to be of special significance, g 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 environmenis, As
noted on the curves, the origins have been offset so that each curve stands alone, allowing
comparisons of magnitude angd 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 twe environ-
ments would be considerably more corrosive than either of the atmospheric exposures,

Pitting of the cast bronzes wag very low for all conditions of exposure, about the same as

frr urvntioiht lhvamen anefa 1002 minn (Wintal ?\}'n 1;\ Pritine 1-:\-91}14':& Farn 1 & vael Tﬁ
0L WIDUGT GIULEDS uulxuuux.usa LU0 LALIG (vl oo Ll Si. Dabuiilp aTDWlva 1UL Ly O, ang&

years are included in Tableg Al and A2 in Append}x 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 compesition is not
subject {o 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
previousty but either incompletely or scattered throughout the reports {9,14-16}. In
Figs. 8 and 9, complete 18-year curves are presented for all the nonferrous pure metals

{load nirkal ronns nAd aliiminnmd ovhr\nnr‘ i f-ha 'Fllrﬂ nﬂ\'ﬁrﬁnmﬂﬁf& IL’.‘}“G ﬁ‘]ﬁmﬂ
‘suuu rii-Riiy puyi.u.u., ﬂl.AL\;, anda CLLALILFLELLLL | e piis ) ¥ ALl . U GEiAm VAIT O

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
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MARINE ATMOSPHERE

(7) ZINC

INLAND ATMOSPHERE

(40) COPPER
{80) LEAD

e (80) LEAD

0.5 (7) ZINC

{49) NICKEL
(1) ALUMINUM

0

0 2 4 8 16
TIME OF EXPOSURE ( YEARS)

Fig. 9 — Time-corrosion curves for commercially pure metals exposed in two
tropical atinospheric environments
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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-
pherie 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 both the inland and marine atmospheres. As with Fig 7 for cast bronzes, the origin
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-

rha ale tha
copper ‘“Un+ iron ”‘T" Qn\' had much lower corrosion resistance than carbon steel; in the

marine atmosphere this commermally 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
mentjoned 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 agueous environments.

For all of the wrought metals, the marine atmosphere caused grealer 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.

Bimetailic Couples, General

The large volume of galvanic corrosion data is presented in tabular form only; no
attempt has been made {o 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 bimetailic 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 iables will reveal many significant lindings 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 [{13,15,16], 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 seawster and
freshwater environments. Thege are for the strips 2 X 9 X 1/4 in. attached o 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-
amptle, (58} < {35) represenis a couple consisting of a strip (21.9 sq in. exposed) of
metal B8, 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 metals. Re-
sulis are given for all three agueous environments: seawater continuous immersion, sea-
water mean tide, and lake water continuous immersion. The value in parantheses 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 7T0% consumed; and by 16 years the anodic strips were
usually completely gone. The highest rate of anode loss was for steel attached to pure
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 (~). 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?); 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 dises
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 im-
portant metals in the study.

{a} Continucus immersion in tropical sea-
water {(Pacific Ocean, Canal Zone; weight
ioss, 3588 g)

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

{¢) Continuous immersion in tropical {resh
water {Gatun Lake, Canal Zone; weight loss,
63 g)

Fig. 11 — Comparative loss of zinec-strip
anodes coupled to 2% nickel steel plates for
8 years of exposure in three different under-
waier environments

In the almospheric studies, the tropical marine exposures generally resulted in about
four to eight times as much galvanic corrosion as at the tropical intand location. In re-
gard to the effects on less noble metals, the position of austenitic 3186 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 alloy
caused the greatest amount of galvanic corrosion, aimost 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-
mast any other construction metal. In simpie 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 are 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 frue 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 congiderable 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 metais 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-alioy “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-
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significantly damaged by galvanic action in this medium.
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Bimetallic corrosion results for the atmospheric exposures reveal that the marine
atmosphere caused 4 to 8 times more galvanic corrosion than the inland atmosphere.

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 z
single report where one may study the results of particulay interest, whether it be indi-
vidual metals, groups of alloys, general corrosion, pitting, environmental effects, or gat-
vanic cortosion.
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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, ete., 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 S'teady
$=Seawater Immersion . 3 4 A Penectrati il .
v Suctace Ident. | M=Seawater Megn Tide Weight Loss (g/dm?) verage Penetration {mils) R%::;:
e g -
P Condition* | No. I Lake Water lyr I 8yri16yr| lyr | 8yr | 16yr [CR0 1y ] syr | 16y
Lead s 17| 82[140] 06 2.9 49 0.3 [<5 gg 33{"33}
a As received | 80 M 23| 47} 83| os 1.6 2.9 01 | <5
(99.9% I'b) s receive L 01 191 33| 00 0.7 1.1 003 | <6 | <5 8(28)
bt s 54 | 284434 20 | 1300 19.01 Lah | 128] 120 15}2;(21?)
nickel As received [ 49 ™ 08 | s8] 99| 04 2.6 4.4 02 | <s 65 | 6l
(99% Ni) reeene L oo o] o1 oo 0.0 0.0 0.01 [ <5 | <5 <5
Nickel-copper 5 37 | 142|195 1e 6.3 8.7 03 | 17] 40 | 3455
{Monel: TONi-30Cu, | Asreceived | 47 M 02| 30| s0]| o1 13 2.7 02 |<s| a4 | 14(24)
cold rolled) L 00 | o3| 14| oo 0.1 0.8 004 1 <5 | 12 | 17(53)
Nickel-copper s 47 | 144187 | 21 6.4 8.4 03 | 43| 50 | s6(82)
(Monel: TONi-30Cu, | As received | 48 M 03| 31| 57| o1 1.4 28 02 |<s| 17 | 2438
hot ralled) L - — — — - - - — —_ e
) s 12 | 34| 51/ o5 15 2.3 01 | <5| <5 | <s@n
Capper-nickel As received | 46 M vz | 10| 17 o1 0.4 0.8 0.04 | <5 | <5 | <si<s)
{70Cu-30Ni) L o4 | 22] 30| o2 1.0 13 0.04] <5| <5 | <5(<5)
s 27 120138 | L2 5.3 6.0 009 | 20| 28 | a1sm
Copper Asreceived | 40 M 15 | 25 30 o7 11 1.3 0.02 | <5 16 | <523
(99.9% Cu) L 05| 19| 23] o2 0.8 Lo 002 [<5| <5 <5
" s 3.4 [119] 128 16 5.4 5.9 02 | 14| 20 | 1380
Siticon bronze Asreceived | 10 M 161 34 45| 67 15 2.5 61 [<5] 13 | 14(Bb}
(2.5% 8i) L 07 22| 24| ca 1.0 12 002 |<5| <5 | <&@
Phosphor b s 24 | 981|124 11 4.0 5.5 02 [<5| <5 | 19035
oo asp Asreceived | 18 M 11 46| 78| 05 2.1 as 02 | <5 <5 | <5(11)
(45n-0.25P) L 03| 10| 16 01 0.5 07 0,04 | <5| <5 | <5e<8)
Auminum b 5 04| 16 26| 02 0.8 13 01 |<s| <5 | <y
e yum bronze Asreceived | 16 M 02| vs| 12| 01 0.4 0.6 002 | <5 | <6 | <5(<8)
(5%AL) L 01| 06| 03] o1 0.3 0.4 002 |<a| <5 | <si<s)
o b 8 2.0 [ 106]11.0 | 09 47 49 01 | —| 25 | 3351
Toman S BIONZE | ag received | 15 M 08 | 16] 23! 04 0.7 1.0 004 | <6] <5 | <5(11)
(10%2n) L 05| 23| 30| o2 1.0 13 0.05 | <5 | <5 ] <5(<5)
Low § 14| 65| sz o7 3.0 ar el | <5| 33 | z28m)
(:,_n“;z’““ As received | 14 M 07| 11| 14| 03 0.8 0.7 01 |<5| <5 | <8(<H)
n) L 06| 25| 36| 03 1.2 17 006 ] <5 | <5 | <5i<h)
Carteidue b s 10 | 53| 7.8 [>05% | >24%+ | magger| sx [ oax | e o
{35%17.#; rass Asreceived | 13 M 04 | 08| 1.9 |>0.2%¢ | >04%* | >ogex| w | oan -
L 08 | 28( 39 0.3 13 18 01 [<5]| <5 | <5<5)
Naval b s 63 [ 15.0| 26,5 [>2.9% | n7o%e [ sygqes]| +x | ] e *a
(3?211:1&555 As received | 12 M 2.0 | 86127 [>1.0%* [ >a.0%x | Seoee| == x| oex wa
i L 07 | 23| 40 |>03%= | S1eve | S1gex| s | e | e =
Munts beass 8 2.4 | 91178 |>11%x | magks | meaes| we | ax [ owe **
(40200 25 A5) As received | 10 M L7 [ 7.7[120 [>08% [ 5360« | S57ex| as | xx | ax *
0. L 12 50} T4 ({308 | >24% | >abes] ke e [ oan "
Manzanese brass s 6.5 | 25.0] 366 [>300 [s11.000 | saroee] wx Lan | e -
Py il Asreceived | 17 M 2.1 8.2 16.0 [>1,0%% [ >3.8%+ ST.HER| ex = *e b
(41Zn+5n+Fe) L o4 | 13| 20| o2 0.6 0.9 004]<s| <5 | <3<
3 15| 54| sal o7 2.5 41 02 |<5| =20 | 2133
(Coaffn'c’?,';z:m Machined | 60 M 11| 20| 27/ 05 0.9 12 008 | <5 | <5 | <5<B)
L 0.1 | 0s] o9 (<o 0.3 0.4 002 | <5] <8 | <5i<5)
5 14 | 861|108 o7 2.8 52 03 | 6| 18 | 16(49)
ﬁ*,’;l‘v';’f,f'e’jm Machined | 67 M 10 | 22| 29| o5 1.0 14 0.04 | <5 g8 | eaas)
L 01 o5 08 l<on 0.2 0.4 o2l <5l <5 | <55
. ] 16 | Bo|113] o8 3.8 5.4 02 | 16| 21 | 2460
(CB“;;S:T bronze Machined | 68 M 07 | 237 29| 03 11 14 004 [<s! <5 | <5<h)
L 01 | 03] 07 |<02 01 0.3 002 | <6 | <5 | <s<5)
_— s 25 | 83180 1.2 3.8 6.0 08 | 9| 14 | 23am
E:;z:ew(*:seriﬁt-lansm Machined | 69 M 09 | 18| 25| a4 0.8 12 | o004 |<5| <5 | <513)
L 02| o8| 12| o1 0.4 05 0.02 [ <5 | <5 | <55
s 32 | 81]149 | 18 5.0 3.2 04 J14| 53 |e200m
Asreceived | 7 M a7 | 82152 21 46 7.3 0.4 [11 ] 24 | 29(41)
L 07| 58| 79| 04 3.3 a4 01 |<5| 13 | 18(33)
Alumingm 5 02| 05| 06! 0a 07 29 008 | <5 23 | 14079
(FOBIT) Asreceived | 2 M <01 [<0.1| 02 {<e1 0.1 0.3 002 [<5] <5 | 17041}
L <e1 | 05} 1.0] 61 0.8l 150 03l J11 | 59 | seomy
Aluminum s 0.2 | 05| 07 oz 0.7 1.0 oozl 6| 1 | 1738
(1100: 96% Al Asreceived | 1 M 0.0 | oz 04| o1 0.3 0.5 0.0z |10 14 | 39(67)
L 03 | 18| 35/ o4 2.3l 5.0l e3l | 24 | 61 | es(109)
i 8 32 (188 — | 72 31.3 - i f1es | eey -
M )
(ABEIX: SALL 2n) | Asteceived | 5 M 60 176 — |131 39.3 - N |02 | PR} -
L 17| 55| — | as 7.6 - 10 | <5 |24035) -

.

-

All samples were degreased before exposure.
Slope of linear portion of time-corrosion curve or, if nozlinear, the slope of the tangent al 16 years,
Twenty-pit average is determined from the five deepest pits on each surface of duplicate panels.

The deepest pll during the 16 years’ exposure is shown in parentheses, Perforation is shown by a “P",
1 Deep local-action pitting; average penctration values not appropriste.
% Dash indicates value not determined.
## Seiective dealloying prevents determination of a precise value,
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Table A2
Corrosion Damage for Nonferrous Metals Exposed as
Simple Plates in Atmospheric Environments

General i
Metals Exposure e Careosion ey} Pitting Penetration torti
— Bovironments | oy b o i d e {20-pit averageyd
" Surface Ident. K —Marirte Weigic Los: (gdn”) | dverage Pencitabion (il | - Siaie
pe Condition* Ne. M=}ntand Ty Egy! ilﬁﬂ Ly i Syr | t6yr oy | 29 E &yt ; 16y
Lead asrecolved | Bo K 017 1 1.23 | 2,28 006 0427 079 0.05 <5 <5 <B{<3}
(99.9% Pb) M 0.0 § 088 (161 anar 0241 058 0.04 <5 <5 <B{<By
Lead-coated steel As received 85 K 023 {102 [ .08 [ 886 — - <5 | <B<5) -
it 61s Jeel — - - — ~ <& [ <G(<B) -
Nicket Astecoived | 49 K 002 1013 [ 0.26 0.0t { 698} 0.1 <E&oL <& <5 ST
(BB Nif ) 0,01 1009 [ 021 001 [ 0.94 [ 0.10 <801 <5 <5 <B<B)
Nickel-w
(Monct, 30 1. as received | 47 K 010 | 026 | 649 004 022 022 oo [ <5 | <s | <ses
30 Cu, cold rolied M 0.0z { .14 | 0.50 001§ o0sl 0ad <0.01 <5 <& <B{<3)
Nickel silver Asrecsived | 4B K 009 106.49 [ 0,53 0.08 [ Gd4| 074 .02 <5 <5 <B(<E}
M 0,04 | 0.29 | 0.65 ooz | 033 028 .02 <5 <5 <5<B]
Copper nickel asteceived | 46 K 0.08 | 063 [ 002 0031 0231 G4l 0.02 <5 <5 <B{<EY
70 Cu - 30 N} M 004 1030 | 082 0021 013 0.28 0.0z <5 <5 <B{<BY
Copptr Asvecelved | 40 K 0.37 [ 1.2¢ { 1.73 GIT | 057 ) 08 802 <5 <G <BL<EL
{99.9% Cu} M 018 | 0.45 | 6.50 068! o1l 026 0.01 <5 <5 <B(<E
Silican branze Asreceived | 1a K 967 | 2.38 | 406 0.31( 108 .86 0.05 <5 <5 <BI<BY
(Z58i-1Zn) M 035 ] 0.82 [ 133 LIE [ 338 G.61 .03 <5 <5 <5< B}
Phosphor bronze Asreceived | 18 K G.44 | 137 § 218 oxof o8| oge 0.04 <5 <5 <B(<5]
{4 8n - 0.25P) e N M 015 { 0.56 | 0.81 0.06 | 0.26 [ D38 0.01 <5 <B <B{<3)
Aluminum bronze Asreceived | 18 K 918 1 0.47 | 0.84 0091 622 0.38 0,02 <5 <5 <B{<B)
(5% Al M 010 | 0.28 [ 052 04| 0.15] 6.25 0.61 <5 <& <B<B)
Comumercial bronze As received 15 K 0.25 [ 0.87 | 0.10 011 | 9.20} 050 0,02 <b <& <ML}
{10% Zn) M 0.1t [ 6.42 | 6.7 005 81!l 032 a.01 <5 <& <B<EY
Low brass Asreceived | 14 K 218 Lo4a [ ogl nog 1 02z 0.37 962 <5 <5 <55}
(29% Zn) M 0.08 [ 0.35 { 0.83 004 | 0.16| 0.29 802 <5 <& <B(<5)
Cariridge brass s received | 13 K 011 | o39 a7 005 [ 018 033 0.0z <3 <5 <5¢<F}
(0% Zn) M 005 | 0.26 | 054 002! 0121 0.25 0.01 <5 <5 <B<EY
Navat brass Asreceived | 1% X 0,13 [ 0.44 [ O.81 005 | 0.26| 0.58 492 <5 <5 <5(8)
{39 Zn - 1 5y M 0.7 | 0.30 § 0.61 0,63 | 0.14| 0.28 001 <5 <5 <B{5L
Muntz brass As received | 10 K 014 | 048 | 097 006 0141 @27 003 <B <5 <5{5}
(40 Zro- 0.25 As} M oos o34l oee 004 01681 0.32 aar <5 <5 <5{<EY
Manganese brass 17 K 038 107G [ 1.26 018 0.33 0.80 6.0 <& <5 <H(<5}
{41 Zo + Sn + Fej M 0,23 | 045 ] 1.07 915 | 921 [ 050 0.02 <5 <5 <Bi<E}
Cast hronze Mackined 0 K 037 | 126 | Lo4 D18 E 063§ (.90 G0z <5 <5 <B8y
{Qunce metsl] M 61t [os2 | 084 0051 035] 0.39 0.1 <5 <5 <53y
Last bronze Machined 67 K 036 | 084 [ 1.41 G371 044 066 2,03 E4-3 <5 <BL<H)
Valve Metal} M 013 | 061 | 6.7 406 | 034 038 <0.01 <E 18 <5841
Cast. tin bronze Machined 48 4 0.38 1113 [ 1.97 GI8E 053¢ U84 504 <5 <& <Bi8}
8% Bn}j M o1t [o&l [ os 0051 0297 6.43 <01 - <8 <55
Cast nickel tin Machined pos K 029 | 091 | 1.5¢ 413 02| o6l 0.02 <5 <5 <&(<B)
bronge (6 Ni- 3 Sn} M 612 | 0.85 | 095 205! o.o0l D42 <0.01 <k <5 <55}
Zine s repaived 7 X 0421191 | 204 B3 [ 105 [ 1.62 407 <5 [ 95y | <B<H)
(9%.5% 2n) M 0,00 | 098 | 0.9% G051 OEL| 054 853 <& <5 <BL<BL
Galvanized steel As recuived a K G47 1v2 e - 0.6 9981 — - <8 | <Bi<El -
I 806 | 58 b - 008! o8] — - <& [ <Bi<B} -
Zinc-sprayed As raceived g 4 908 jLag gy — - - - - <& 8Ty
steet %3 Q.16 (075 [ — - - - - <& [ <58 -
Aluminum As received 9 K 4oz | 802 | 008 a0l oozl ooe <01 <5 <5 <HCBY
(606LT) M 0.0t [ 601 | 508 0011 0021 006 <001 <5 <5 <5{<E}
Aluminum As received I K 001 [ 001 | 0.08 601 [ 60t | 6.5 <6.01 <5 <5 <B(CEY
(1160:99% AL M 001 [ 002 | 0.05 001 oeal ooe <0.01 <5 <8 <BI<B]
Alclad (24007 As roctived 3 K 902 [om [o0a 0021 Q02| 013 <01 <5 <5 <5t<By
¢ ' B revsi M 601 | 000 | 008 001 GO0 a1 <ost <5 <5 | s
Aluminum-sprayed As received Pl K Qot (oot — 0.00 | 000 — - <5 <& <Bi<3)
steel M 0905 | 800 | — 904 ogol -~ - <5 <5 <B{<H)
Magnesium As rocnived & K 022 [ 284 | 535 048 ] 6.21 [11.22 0.75 H 1w 16 (20}
{AZBIX) M 017 1148 | 352 06| 3241 T ©.56 <& ] 11 {20y
Magnesium As roceived a B 0.48 | 854 [ 6.78 106} 7.82 1508 094 7 aw 22 (347
(AZZIX} ™ 027 | 2os | 428 080) 4551 a9 2.60 <5 ] 13 (20}

*Al samples wen degreased before exposure.
t8Tope of linear portivn of thme-corosion curve o, if nonlinear, the skype of the tangent at 16 years.
FTwenby-pit avezage is datermined fam the five deepest pils an each surface of duplicate panais,

The deepest pil during the I5 years expasure is shown in pareniheses. Parforation isshown by a VB
rDash indteates valur not determined.
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Table A3

Corrosion Damage for Ferrous Metals Exposed As

Simple Plates in Aqueous Environment

G al C sio -
M S=Sea\Ev:1tﬁ's‘il$mersinn P e K K Steady-|  Pitting Pe_netration {mils)
Surface | 1dent.| M=Senwater Mean Tide | Weight Loss (g/dm?) | Average Penetration (mils} fir::f (20-pit average)3
Type Condition* | No. L=Lake Water )
Immersion lyr | 8yr l 16yr | 1yr 8 yr 16y P¥ ] 1y 8yr 18 yr
— 8 118] 508] 908 ] 59 265 48,1 27] 41 | 66 S0(166)
C(‘i“b",;_}"cml Bickled 36 M 188| 163} 945 | 95 232 452 | a7l 1. | 40 66(98)
024% ) L 165.2| 48.7| 562 ] 7.7 21.9 26.0 07| 20 58 72{93)
s 11.c| s53.9] 947 | 55 27,1 49.5 2.7 a8 B8 102(P)
Carbon stecl Machined | 36 M 210/| 405 835 |10 24,9 4.9 26| 21 | 46 52(124)
(0.24% C) L 50| 03| 488 | 75 20,7 245 | ue| 2 | 60 B5(94)
8 84| 46.5[1239 | 4.2 23.3 62.2 1 55 |167 240(F)
ey Millscale | 34 M 18.4| a6a) 870 | 93 185 | 437 | 28| 18 | 43 54(109)
’ L 126 | 37.7| B0 | 6.8 189 25.4 07) 20 | 48 66(01)
Carbon steel ] 11.8| 56.3] 98.1 | 5.9 27.7 48.3 27| 38 | &3 B85(124)
{Capper-bearing: Pickled a7 M 224 | 48.3| 921 j11.2 24.3 46.2 281 24 | 45 B1(67)
0,31 Cu - 0.32 C) L 157 | 464 571 | 7.8 23.3 28.7 07| 22 | 64 64(89)
5 11,7 | 52.6| 967 | 5.6 26.4 48.4 271 54 g2 130(F)
(lf.u“"“lff.‘;"““' Pickled 26 M 237 | 7o.3| 980 |118 3.7 491 33| —4 | 68(134)
N L 121} 326 439 | 60 16.3 22,0 07] 17 | 67 75{110)
Lowallos stecl 5 136 | 85.7]160.4 | 6.8 431 80.5 48] @ | 80 99(P)
(c:’%ryswe Pickled 27 M 21.4| 41.8] 98.0 |10.8 21.1 49.3 34| 20 | 47 60(72)
-5 L 11.3| 331 484 | 57 16.7 24.4 091 40 | 79 B8(112)
§ 128 | 50.9] 89.8 | 6.4 25.5 151 25| 21 | 56 71(189)
(Lgu"‘_'ﬂ‘f’;\ff_“im Pickied | 28 M 216 | 492|122, |10 248 | 616 | 26| 23 | 40 B9(147)
L 145 | 46| 621 | 7.3 22,4 312 11| 24 | m 101(124)
8 126 87.4[1675 | 6.3 439 84.0 50| 28 | 98 237(F)
rilgeris Ao Pickled | 28 M 182 208|913 | 9. 206 | 468 | 20| 19 | 8 61(93)
L 107 311 534 | 5.4 16 26.5 12| a0 | 113(148)
. 3 148 63.0[1041 | 7.4 a7 52.0 27| 33 [ 94 139(9)
ﬁ;:‘;‘.;""e‘ Pickled 20 M 17| 46.6(1101 | 8.9 22.9 663 | 37| 22 | 38 70(83)
' L 147 | 40.2] 438 | 14 20,2 22.0 03| 19 | 63 66(89)
Nickel steel s 125 | 83.7(102.7 | 6.3 32.0 51.6 2.7 2% (117 115(F)
(5% Ni) Pickled 23 M 15.6| 39.8]|107.6 | 7.8 20,0 54.0 3.7 | <16 39 62(91)
L 13.1} 46.8| 59.4 | 6.6 24.0 29.8 08| 18 89 T71(100)
) 5 41 | s0.4]1400 | 22 104 70,4 38 11 | e 93(109)
((f,l,h;'c"\l;““‘““‘ Pickled 24 M 221 | 511 95.7 |11 25.7 48.2 35 2¢ | 82 192(F)
L 48| 193] 293 [ 24 9.7 14,7 07 24 | 54 71(98)
) 8 53| e3.5[1189 | 27 32.0 0.0 35| 27 | 68 69(100)
(C;;"g‘)“’“ steel Pickled a5 M 23.3 | 486( 941 [11.7 M5 47,4 36| 28 | 88 15a(P)
L 3.8 171) 267 ) 1.9 85 13 06| 23 52 87(96)
Wrought Tran 5 127 438] - |es 22.2 - = | 84 | ssuss| -
(Aston Process) Machined | 290 ™ 143 323 — |73 16.4 - = 17 | 85049 [ -~
L 15.0 | 28.9 76 14.6 - =1 o7 | soge) | —
s 125 | 51.5| 864 | 6.3 2.1 438 25| 46 | 83 127(P)
W !
(;:'t‘;‘f]“l‘,rx:ss} Millscale 1190 M 119 | 3a9| 712 | 61 17.2 36.1 24| 17 | 884y | —
L 146 | 372 — |74 189 - =] 18 | sy | —
Cast stoel ) 8 14.7 | 55.2| 86.1 | 7.4 27.8 43,3 25| 56 | 84 103(146)
(0.27% C) Machined 70 M 18,8 42.3| 975 | 19 21.8 49,1 3.4 a5 53 91{169)
- L 16.2 | 38.2| 52.4 | 82 19.2 26,3 09| 30 |87 98(140)
‘i ] s 17.8 |103.5{170.1 | 9.9 57.6 4.6 58 | 42 | 9nien)} —
(G;*;_’;Bﬁ ran Machined | 78 M 46.0 | BL.8|156.6 (25,6 6.5 811 39 | o8 moip) -
L 125 | a14| 591 | 7.0 23.0 329 12| 52 |10 108(F)
- i 3 60| 27.3[ 412 | 33 15.1 22.8 11l <s |42 67(116)
ti £
a‘gsat::;l,-;cm TN Machined | 78 M 30| 70| 133 |16 5.9 73 13 <5 |27 3040}
L 16| 76| 145 | 69 4.2 8.0 04| o |er 3761}
- s 60| 281 468 | 211 1431 | 238 | 61(P)|161(P) | 212(P)
4 !
(;;’;g;‘““ steel | s received | 50 M 1.0} 67) 126 | 0.5 3.4 g4t ] 1 16 | &7 109(P)
L 00| 11| 18]ao 0.5 ool [ 1 | <5 |<s5 94F)
‘ s 29| 11.0] 187 | 1.5 5,51 950 [ 70(P)|140 151(P)
e astet | Asreceived| 57 N 04| 18] 330z 0.9 16 1 6 | 58 50(110)
L 00 o00f 00/ao 0.8 0.0 00 | <5 |<5 <B(<B)
; 5 12| 41| 16|08 2.01 08l | 1 15(P)|156(P) | 95(P)
?llﬁﬁﬁgnl‘éﬁ:?e‘ As received | 58 M 01| o4 oa|ea 0.2 01 I 5 | 18 13(36}
L 00| 00] 0.0 co 0.0 0.0 00} <5 |<5 <5(<5)
3 . 8 231 10.0| 146 [ 1.2 501 780 1 64 |10a(P) | 237(P)
o S el | Asreceived| 59 M 03| 1al 23|01 0.1 | b 7 |56 55(53)
L 00| ool 000 0.0 0.0 00| <5 |<5 <5(<5)

* Al samples were degreased before exposure,
1 Slape of linear prolion of timecorrosion curve or, if nenlinear, the sloge of the teugent at 16 years.
I Twenty-pil averegs is determined fram the five deepest pits on each surface of duplicate pancls.

The deepest pit during Lhe 16 years’ exposure is shown in parentheses. Perforation is shown by 5 “P"
! Deep local action pitting—average penetration not appropriate.
% Dash indicates value not determined.

31




Simple Plates in Atmospheric Environments

SOUTHWELL AND BULTMAN

Table A4
Corrosion Damage for Ferrous Metals Exposed as

Metals “Ex?mure General Corrosion S;e;;ly- Pitting Fenetration (milal
Type Surtses | rdent. "k Marine Weight Foss fgidm?2 ) Average Penstration {mils) Ra t:‘i‘ (20-pit uveragei]
Condition* | No. | mlnwng [T1er | 8y | 169 tyt | 8yr | 18yr impy} iy [ 8w | I8y
Ingot iram Piclled 30 K T.87 il I 3.96 3 I3 —% 18 [i§ [
(Low Cu} M 571 | 2053 | 5184 286 | 1482 | 26.03 2.3 <5 35 4874y
Wrought iron Fickied 50 4 g4t [oatwe 1 oagna 275 ey baswe 095 2 23 (I
tAston process) M 236 ! 1356 | 23.98 176 | 880 | 1zt 0.62 <5 16 22(37]
Wrought iron Millseale | 190 K 6.34 | 2078 | 3117 272 | 11.08 | 1586 - <5 41 49(61F
{Aston process) M 327 | 1407 | 2547 166 [ T8 [ 1194 - 8 20 45D
Garbon steel Piokted a5 K 502 | 2028 | 2140 252 | 1018 | 158 .84 1 34 §(12d1
(0.24% CJ % 273 | 1258 | 22.77 137 [ 631 | 11.48 0.60 <5 17 2233)
Carben steel Millscale a K 516 | 21.85 | 3ra2 28 | 1085 [ 1582 - i1y 27 520183}
(0.24% C} M 2.08 1279 23.87 1.80 B4Z 1198 — <H 17 2748y
Carban steel Mechined | 36 K ae2 [ 1a52 [ 2110 197 | &7 | 1064 .47 <5 14 18(38)
(2.24% €} M 276 | 1005 | 1714 188 | 508 | ss0 0.43 <5 14 t9i26]
ASTM “K” iron Pickled a8 K 410 | 1647 | — 706 { 828 | - 0.78 14 a0 -
(0,26 Cu- 0.08C) ™M 257 | 1006 | - t2e | 506 | — 0.53 <5 13
Sopperbeating X 434 | 1746 | 2710 718 [ &76 I 13.60 078 10 3 30865
steel (924 Cu - Pickled a7 M 2.7 | 10.86 | 18.63 138 | 550 | ©.45 .57
£.27 6}
Cast steel Machined | 70 K 247 | 10.97 | 1897 1.96 | 552 [ 853 0.4 <5 4 1736}
(0.2%% CJ M 2.46 | 888 | 1495 1.24 | 446 | 752 0.38 <5 15 1BCALY
Low-alloy stee} Pickiad 26 K 543 [ 1001 | 1545 172 [ 502 | 17.80 o4l 8 12 FETI b
{Cu - Ni) Y 224 | 684 | 11.29 112 [ 348 | 887 0.26 <5 11 17422}
Low-alloy steal Pieidad o X 238 | 1016 ! 1596 1% | sir | 803 0.41 10 12 18(35)
{€u - Cr - Siy s 197 | 571 | 851 099 | 280 [ 428 .18 <5 1w LT
Low-alloy steel Pieklod P K 343 I o74 | 1489 172 1 490 | 739 0.38 & 12 16(36}
{Cu -Ni - Mn - Mo} M 210 | 686 | 1139 105 { 345 [ 573 0.27 <5 12 15628
Low-ailoy steel Preklad 28 K 333 | 898 | 1256 167 | 451 | .30 0.3t <5 12 13{293
{Cr - Ni - Mn} M 223 | 838 | 999 115 | a1 1 503 .28 <5 1z 1420
Nickel stee] Pickled 2a fio 3.07 7.48 | 11.41 164 | 375 I &TR 0.26 <5 11 119
2% Nil M 185 | 565 | B.46 6.55 | 283 [ 425 617 <5 11 15{21}
Nickel steet Pied 23 K 247 [ 707 | 1062 134 1 255 | 504 &.25 3 iz 126157
(5% Niy M 198 [ 532 | 832 100 1 287 [ sa19 0.17 <5 1t T4(2tH
Chromium steel Picklad 24 % 283 | 2o¢ | 1319 195 | 458 | &6 0.1 1 18 24{63)
(4% Crl o 286 | a7 ! 480 102 | 15T | zzs 0.07 & 10 13l
Chromiam steel Pickted o5 K 321 1 605 881 162 | ass | 445 .30 11 1t (el tyr
(5% Ox} M 158 [ 220 | 273 080 [ 115 | 1.3% 0.96 <5 <5 <5(9F
Gray cast iran Machined | 78 K 274 | .41 | 1386 i62 | 523 | n7m 0.42 <6 14 1837)
(3.2% C} M 176 | 7es | iosr 098 | s5t | 558 0.26 <5 i5 23T
Austenitic cast Mochined | 70 K 177 | 800 | 1660 058 | 443 [ 910 .60 <5 22 41(59}
fron (18% Mi) M 656 1 3598 | 530 053 | 170 | 290 0.23 <& 3 <58}
410 Staintess steel | aqreceved | 50 K Gof [ 008 [ 035 0.0e 1 o4 [ o018 <0.01 <8 <5 <5{<8}
{(13% €} M 001 [ 000 [ 002 000 [ oos | oo 5.6 <5 <& <5{<EY
430 Stainless steel | 40 oidl 5g K g6t | o007 | 017 o0z | 004 | 008 <0.01 <B <5 <B{B)
{L7% (v} M g0 | o013 | 062 6060 | 007 [ G 200 <& Z5 <B{<B)
301 Stainless steel | acveceied| 57 K 0o |01 1 008 om | ool [ 002 <0.81 <& <5 <HECEY
{17 €r- TNi M 000 | oot i 000 noo I ogo | oo00 0.00 <5 <5 <B(<E
321 Stainless stoel | acrocoived] 59 K oot | ooz | o0s coo | o0l | 0.0Z 0.00 <5 <5 <B(<EL
(17-10+Til M gor | 000 [ 000 Gl | oo fooo.0o 0.00 <6 <5 <H(<BY
916 Sexinless steel | g poeonoal g K Q00 | 0063 [ 000 000 | 000 | 000 2.00 <5 <5 <Hi<bY
{18-13 + Ma) Wt oo | ovoo | oo o060 | ooo [ 000 0.00 <5 <5 <B{KE)

* Al samples were degreased hefore exposare.

1Slope of linear poction of &

curve o, if

Yineaz, the slope of the tangent at 1§ yeors.

§ Twenty-pit average iy determined Fram the five dacpest pits of each surace of duplicate panels.
The despest pit during the 1% years’ suposure i shows in parenthescs,

Perforation of o panei is shewn by a P
¥ Dash indicates value not determined,
{iPancls completely carraded,
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Table A5
Corrosion Damage for Metals Exposed as
Bimetallic Couples in Agueous Environments

N Strip Metal Plae Metal
Coiipid Average Penetration (mils) Average Peneiration {mils}
(zx 95 :m:’u in.} (8 x gl;“l Ain Seawater [ Mean Tide [ Fresh Water Scawater Mean Tide Fresh Water
Tyr] Byr [t6yr |1yr] Byr {16yr | Lyr | Byr [16yr |tyr| 8yr [16yr [ 1yr [ Byr [t6yr [1yr [ 8yr [18yr

;’::f;‘;ffep::"&' §58] < [35) ?&fz":‘;é‘;el vo{ oo lg-.ti!) 01| oo ‘g:;’ an| oo ig:g) 19 zs.a]l::-_g] 122 247 l:g'-;) so]| 251 éﬁj‘é,
(311:_5‘1“_;':1";:)‘*' (58] < [12} E‘J‘z’fi’f‘sm 00| o0 lg:g) 00| 00 (g:g] 00] ce ‘g:g) 19| oa (:gi) 10| 47 (Z\-g) 04 20 (f:g)
E'!ll:-Stin:'in:Tﬂs;,tul (58] < {18] (P:h;'nm-]gzhsm;)u | 00| o0 (g:‘g) 00| 0.0 (g:g) 00f 0.8 (g:g) 16| BG l:-‘g) 07| 34 (g:;) o2 o7 [g:;")
?xl:??é":';[' ;I‘“' 1581 < {58} ?llgf‘;;"le;[‘:;‘-‘e‘ on| o3 (3231 00 o1 (gj) op| 00 (g:g] D) 06 &_3:3; no| 0o (3;;, 0.0] 0.0 (g:g'
??azg:"g:?)'m {51] < 1351 %;T;é‘fe‘ 00| 0o [3233 01| a0 (%é) co| 0o (3:3, 75| 213 (Zgﬁ] 11.7| 230 (3;:%) 8.1 250 ééﬁ,
fl‘]:g:'j':‘-’:nﬁ“‘“' (571 < |57} (31“:?:";:?)““‘ 01| 5.7 (g:g) 0z| os (::g) ool oi (g:é) 03| 45 (;:g) 01| 03 (;j] oo oo (g:g)
(9!}:‘}4“ [49] < [35] f;zb;a" 06| 0O “g:;-) 00| 00 (f:il G0 60 ('(-‘)-_‘(-‘n 70 288 (i’gf] 120 | 2id (ﬁig] 771 287 [ié’;é)
Mo Tomy- 1471 < 1361 el oo| eo| %1 | oo| oof 1| 00| oo| 00| o) 2rs| 52 (105 230 428 | 79 223 | 288
B0 Cu. cold rolled) 8.7) 7l en (0.5) (48.1) 45.2) (28.0}
g/[m::lfovpup;r-- 147 < {47] f'n‘fi‘ﬁlf%ﬁ’,_ 16| 69| 172 | 01| 23| *3 | 02| 1a| 13| va] eo| 7| oaf| 13| 27 [ 00| o1 042
30Cn cold rolled 2060, cold rolled) 3.7 8.7 (0.6) (8.7) @n {0.6)
&%P&';"ggﬂi] 146} < [35] [Co“_';f;é'fe‘ bo| 00 (g:é) 00| op (gé} 00| o0 (‘1"}” 76| 20.8 (5333, 123 | 210 (ig:g] 79| 208 (32;3,
E:os‘npggfguv';le sl <t g?ﬁé?%m o2l od 12;) i B (g‘?,, il 13;) il (?.(5)) 1a] 24 (g'.g) ol B l(g'.‘t‘})
Wonozee LBl 8] Jeoes wol dol o en| T |0 am| ~
f:?np'-"g.;;“)m (18] < (351 tcol.xzz“ics;:ﬂ el (g:g] 9B o1 ((3’;) o) ot (3'1-'1 Th| e (Eg::) e :32:3) 87| 20 ti::g)
Phosphor bronze  y1gy ¢ 137} 0.3% Cu el o2] 92) — Joa)] 82) — Joa| 82) — | 78| B28] — Juaa| 2821 — | gp| 20]
{48n-40.25F) 1%.0) {2.1) iFa) {49.3) {46.2) [
2‘;"’?‘;"_5’5"’?"]‘“ (18] < [26] :Ef,:';aﬁ?]"’m 01| 01 (gg] 01 01 ‘g:;) oo| o1 (g}” 14§ 2838 (33'31 131 | 345 (ig:?) 67 | 18.0 (gg:g)
:‘:‘;‘;’f‘;'z";'}")“ 1187 < [27) Fé’:_'g:’{g‘s‘" 0z| oa [gg] 01| o1 ¢gj§, 01| 61 (33, 8.1 439 (;83, 104 | 259 (fgg) 62| 181 ‘22:‘1‘]
:’:-;pf%r;;opﬂ]ﬂ {18 < (28] (lg\:":ﬂrhl?f;‘:‘i{n) 1| oz (gg) 01| o2 (gg) 01! oa (3%1 74| 258 (:::i) 112 | 212 (23'8) w6 | 221 (g::g)
(":';';‘1"6"2";“?"]“ [1a] < [29] {“cu:lrzl?frfnﬁl 01| o2 (gg] 61| o1 (gig) 01| o1 (gé) 8.0 | 450 (gifl 99| 243 (?gg) 60| 164 (ig:g)
:’:-g;vfﬂof;;ﬂp";" 118] < {20] {‘2;";',‘;'“' 01| o2 ‘22) 01| 01 ‘g-;‘ 00| o1 1% 18| 319 l‘g’g-g) 86| 235 é?,;%, B2 | 2o (22‘;-_‘;}
:’;lginpiwof;s":'l“ [18] < $24] fahiBC";;“}“‘“e’ 2| 03 {22, 02 o0a (g;g) 01| o1 tg'?) 2.2 434 (’Ergi) 109 | 287 [igﬁl 30| 112 (iiﬁ)
G ke pronee 1181 < (0] (astotedd orf 02| &3 for| 1| M3l os] o2 | 01 | as|een]Ole |00 | 2ze| 888 | s 1ae | 300
f;‘;’npﬁ‘g;;;'!“ (18] < (28] g:;ﬂa“m" aal oo (ggl os) o2 op) B2 r?‘-‘;\ 10.0 | 59.4 1:2:; 194 | 518 ("Bg:'li) 5.2 | 235 !?;-;:3!
T sty ner< e pusemticamt oy | o | 02 o | oxf 0 fos| oz 88| azf1sa| 280 1e | 5o 102 | aal 70 | 180
f:'g:"‘f“"{;;‘}"," [18] < (48] [C_;’opgf;'_"gl;‘ﬂn 16| 33| & g] 01| 18 (;:g) 01| o4 (‘5,5” 08| zo (;g) 01| o8 (éig) 02| 10 (i g]
r:';’,,p["(’{;;'}"lw 18] < (4T} Monervom- | 22| sea |78 | 1o | s |90 | 16| 8a {183 | 0a| zo| 70! 01| sol 22 | 00| 0a] 08

300y, cold rolled) (6.5) (35) 0.7} .7 27) (0.6
:’;‘g‘npi“gz";l}")“ [18] < (50] :;;’;g:;"‘“ steel | g5 o4 (g ;) 04| cs (2_';, 02| 03 (gg) 35 [ 143 (i;;) 06| a2 {g g) 01| 14 (g g)
‘l’:;’:ﬁ‘;;';"%“ (18] < 157] f{’:g:ﬂjfgﬁ;w“' 18| 163 2(;::) 11 85 ‘(ggl 05| a3 (gl}” 0o | 38 [gg) 0l 04 (‘; ?) 00| oo (gg]
I D ESEL f}:f‘ﬁ*ﬁ‘fﬁ:’@ wea | a4 | 48 | az|aie |38 foa| 17 A2 Noo| oz | 0% foof 0oy 00 |00l oo 00
;’;";‘il"’““‘ bronze  16) < {35] f&'z‘:";‘;‘”‘ o1| 01 (g;) 01| o1 (3;’ ee| o1 (gi) 74| 288 {i;:‘:) 108 | 2a7 t:g:;] 8.5 | 221 (32'31
s amy IN <138 fm‘;‘é‘)‘e‘ 01] 01 (2;‘” oL o1 (g;"” orl ozl 92174l m2 (i’;:g) 120 | 200 | 443 156 | 249 (32;,
2‘3’2“":‘;’5“] [12] < 135] f&’;{;’;é’f‘" 01| o1 (122] o2| o1 (gg] o1 o1 (?:) 72| 297 [3;:;) 13.4 | 228 (:g:é) 56 | zas ‘22:31
[Cg‘;‘fgﬁfcm 149] < [45) g]'_'&';'é‘l“' 20| 30 (;g] 20| 30 (gg] 00| 10 “zg‘ 16 | 295 ‘ng) 119 | 2a.0 i:g-;) 78 | 239 132'.?»
iy 180] < (5] fxchon Siee o | o6 | b o5 | vs | 35 | e2| v | 24| v | eme | 488 |ns | 2er | 88 | o | 2aa | 207
f{si;k;li;mel (23] < [45] 2]{'2‘:;'3“' 1] sz (:}'é) an | 78 [25-3) 45 | 129 [ég:g) 6.5 | 278 (:g»f) 114 | 208 (;.‘E;S, 44 212 (32;8,
fnl.r?.lﬂgfd BEr<r ﬁ];’nmoi:‘%m el B (43?) ar) 08 (4%3) R ey (;2'?); b [‘ié) Lo s (g'gl il e %3)
(Cifz"“;'é‘fﬁ' [35] <1 2 ?é;é"]{'};’m 05| 08 {48:1) o1 12 (45:2) 9.1 | 159 (;gg) 18| 12 (;g) 10| 23 (gg] 02| 4a (?;,
Ozmey. 1<l 8 Jigeied 3 loem| T | M emm| T |2 |erm| -
AT AU v sl RS A B A A e e A R den] ~ | laia| -
ﬁ;’z'f;g,”l 135] < [35 (Cul_lz':";gf" 7.5A(§g:é) (:gf) 78 | 16 t:;ﬁ) 8.5 | 201 (gg:g] 68 | 240 [:;_-‘1’) 98 | 179 (:g:g-) 8.4 | 205 (ggﬁ]
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Table A5 (Continued)
Corrosion Damage for Metals Exposed as
Bimetallic Couples in Agueous Environmerits

Strip Metal Plate Matal
Coaple Average Peneigation tmits; Anetage Penetration [mila)
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Table A6

Corrosion Damage for Metals Exposed as
Bimetallic Couples in Atmospheric Environments
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Table A6 {Continued)
Corroston Damage for Metals Exposed as
Bimetallic Couples in Atmospheric Environments
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