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SECTION I

INTRODUCTION

Between 1962 and 1970 the Civil Enginec:ing A Pacific Ocean site meeting these requirements
Laboratory, Naval Construction Battalion Center, was selected at a nominal depth of 6,000 feet. The
Port lueneme, California, expo;ed approximately ocean bottom at this site is relatively flat in a broad
20,000 specimens of about 475 different alloys in the submarine valley southwest of San Miguel Island,
Pacific Ocean. These specimens were exposed at the California; it is readily accessible to the C'ivi; lngi-
surface and at nominai depths f.. 7,500 and 6,000 neering Laboratory: and it is subject to the effects of
feet for periods of time varying from 123 to 1,064 ocean currents. This site, designated Test Site I, is
days. approximately 81 nautical miles southwet of Port

Mhe purpose of these exposures was to provide Ilueneme, latitude 33044'N, longitude 120-4W'W.
the Naval Facilities Engineering Command Oceanographic data collected between 1961 and
(NAVFAC) with information on the deterioration of 1963 11,21 show the presence of an oxygen mini-
materials in deep-occan environments. Such informa- rium zone at depths benveen 2,000 and 3,000 feet.
tion was needed to improve techniques, to develop This minimum oxygen zone was present at all sites
new techniques pertaining to naval material, and to investigated when the ocean floor was at depths
support the increasing interest in the deep ocean as an varying between 2,000 and 13,000 feet.
operating environment. It is well known that the corrosion rates of iany

The Naval Facilities Engineering Command is materials (e.g., steels) are affected by the concen-
charged with the responsibility for the construction tration of oxygen in the environment. Because of
and maintenance of all fixed Naval facilities; hence, this, it was decided to establish a second test site,
the construction and maintenance of Naval structures Test Site Ii, in this minimum oxygen concentration"
at depths in the oceans are but one facet of its overall zone wh,:re, it was thought, much pertinent informa-
responsibility. Fundamental to the design, construc- tion could be obtained. Test Site 11 (nominal depth of
tion, maintenance, and operation of structures and 2,500 feet) is 75 nautical miles west of Port lite-
their related facilities is information on the deteriora- neme, latitude 34006'N, longitude 120042'W.
tion of materials in a particular environment. Since The oceanographic investigations by the Civil
there was very little published information on the Engineering Laboratory also disclosed that the ocean
behavior of construction materials in deep-ocean floor at these sites is rather firm sod was charac-
environments, this program was initiated in 1960 -o terized as sandy, green cohesive mud (partially
obtain such information. glauconite) with some rocks. Biological cultures of

In-situ testing was chosen because it is not these bottom sediments showed the presence of
possible to duplicate all the variables and the changes sulfate-reducing bacteria in at least the first 6 inches
in these variables that prevail in any one environment of sediment.
or Ioc,;tion. A test site was considered suitable if the In order to determine the differences between the
circulation (currents), sedimentation, and bottom corrosiveness of seawater at depths and at the s'urface
conditions were representative of open ocean condi- in the Pacific Ocean, it is desirable to compare
tions: (I) the bottom should be reasonably flat, (2) deep-ocean corrosion data with surface immersion
the site should be open and not located in an area of data. Since surface data from the Piacific Ocean in the
restricted circulation, such as a sillcd basin, (3) the vicinity of Port Ilucnemc were n,)t available in the
site should be reasonably close to Port llucncmc for literature for most of the alloys exposed at depths in
ship operations, and (4) the site should be within the the Pacific Ocean, it was decided to establish a sur-
operating range of the more precise navigating and face exposure site to obtain this information. There-
locating techniques. fore, a third site, Test Site V, was established at the

II



Naval Pacific Missile Range, Point Mugu, Ca!ifornia,
latitude 34"o6'N, longitude I 1907'W. Tcst Site V is
about 10 miles cast of Port Iluencme.

The specific gcographical locations of the test
sites and the average characteristics of the seawater
10 feet above the ocean floor at these sites are given
in Table 1. Their positions relative to the California
coast are shown in Figure 1. The variation of the
tempcrature. pil, salinity and oxygen content of the
seawater wifth depth at the STU sites is shown in

Figure 2.
Other naval activities were invited to participate

in this program and, if possiblc, to con-ributc to the
funding. From 1962 to 1966 the Nava, Air Systems
Command supplied funds for partial support of the
program. Navy contractors and other companies also
participated in this program. The participants are
iisted in Table 2 as well as those who evaluated the
materials an:d whether or not the evaluators, other
than CEI., supplied CEI'. with the r'suts of their
evaluations.

This report presents the performance data
obtained by CEI. and other participants from the sea-
water exposures at the sites given in Table I. The
performance of the various materials as supported by
this data is aiso disci'scd.

i.I
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Table 1. Exposure Site Locations and Seawater Characteristics

" 1 .. Average
Site Latitude Longitude Depth lxp.)surc 1'cnperature Oxygen Salinity pi Current
No. N W 00t (dAy) (0) (MIll) (ppt) (kCrrntl (knot)

!-1 33046' 120037 '  5.300 1,064 2.6 1.2 34.51 7.5 0.03

1-2 33044' 120045' 5,640 751 2.3 1.3 34.5i 7.6 0.0 3
1-3 33044 ,  120045' 5,640 123 2.3 1.3 34.51 7.6 0.03
1-4 33046' 120046' 6.780 403 2.2 1.6 34.40 7.7 0.03
1-5 3 30 5 120035 '  5.900 189 2.3 1.6 34.6 7.4 0.03
11-1 340 06* 120042 '  2,340 197 5.0 0.4 34.36 7.5 0.06
11-2 34006 '  120042' 2,370 402 5.0 0.4 34.36 7.5 0.06
Vl 34006' 119007' 5 181-763 12-19 3.9-6.6 33.51 _ 8.1 variablel

Table 2. Participants in Test Program

Materials Report
Name Evaluated Submitted

By to CEL

Aerojet-General Corp. AGC no
Aluminum Company of America CEI. -

Ailcghcnv Ludlum Steel Corp. CEl. -

American Chain and Cable Co. CEL -

American Steel and Wire Div.. U.S.S. CEL -

Aniconda American Brass Co. CEI. -

Anaconda Wire and Cable Co. AWCC yes
Armco Steel Corp, a-i. - .
Bahdt Anchor Chain and Forge Div., Boston Metals Co. CEL -

Bell Telcphone L.aboratories BTL yes

Bethlehem Steel Co. CEI. -

Boeing Co. Boeing yes
Brush Beryllium Co. CEL -

Carpenter Steel Co. CEL -

. I Dupont Co. CEL -

Elgilo% Co. CEL -

lFanstel Mctallurgical Corp. CEL -

(;oodyear Aerospace Corp. GAC yes
llayncs Stcllite Div., (Caot Corp. CEI. -

I lookcr Chemical Corp. CEL" -

Continued
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Table 2. Continued.

Materials Report
Name Evaluated Submitted

By to CEL

KieAlmnmand Chemical Corp. CEL-
Kaeci erINIncsrisCLL e

Lukens Steel Co. E

Mob-.' Chernical Co. CEL -

Na J. Development C tr NADC yes
Npv.-,l %, :zystems Ccmmand ? ASC yes

Naval F-ectronics Labe-storv NEL no
N~ketAC, Co-e u4'; CE!.

:x i-l .,,CEL -

Shell Develpmn ai."Dvl)in Jetr naoi Dv SD( e

tanard Urnesse Steel Co.dar:Sai. Sn
Owenslor ie Co.rgas Cop-
Teasv In strns Inc. -E

Titanim Stetls Corprte f mrc CEL-
Pernod S taTcls g aori RW yes i

Scubpp TInstPlaticn o.caogah CEL

Sad Pr se Co. lCo CEL-
Ta.S. Ste Co. USCEL e/

Veae Bolrets . CEL

aJ'rmRl Sparie Engchngy Labrtorie TRW.) yesols Myan.9

Tube urnsPlasic C. CE
U.S. Rbber o. CE

U.S.Stee Cor. US/CELyes/

Vally Bot Co C6

a'
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SECTION 2

STEEL AND CAST IRONS

The data discussed in this section were obtained depth. These average data values were used to plot
from the reports given in References 3 through 19. curves to show the general corrosion behavior to be
The chemical compositions of the alloys are given in expected from these alloys with regard to duration of
"able 3; their surface conditions and heat treatments, exposure, depth in the ocean, and concentration of
if any, are given in Table 4. oxygen in seawater.

The corrosion rates and types of corrosion of all
the alloys are given in Table 5. Inorganic coatings 2.1.1. Duration of Exposure

were applied to some steels to evaluate their protec-
tive qualities. These coatings and their conditions are The effects of the duration of exposure on the
given in Table 6. Steels that were exposed in a corrosion of steels in seawater at the surface and at
stressed condition to determine their susceptibility to depth are shown in Figure 3. The corrosion rates of
stress corrosion cracking are given in Table 7. the steels exposed in seawater at nominal depths of

The effects of corrosion on the mechanical 2,500 and 6,000 feet in the Pacific Ocean decreased
prope.ties of many of the alloys were determined with increasing duration of exposure and were con-
afte, various periods of exposure; these results are sistently lower than the surface corrosion rates b% a
given in Table 8. factor of approximately 3. The corrosion rates at the

Water near the surface in the open sea is quite 2,500-foot depth also were lower than those at the
uniform in its composition throughout the oceans 6,000-foot depth. The corrosion rates decreased

1201 ; therefore, the corrosion rates of steels exposed asymptotically with increasing duration of cxposure
under similar conditions in clean seawater should be both at the surface and at the 6,000-foot depth.
comparable. The results of many investigations on the The performance of the steels when partially
corrosion of structural steels in surface seawater at embedded in the bottom sediments at the 2,500- and
many locations throughout the world show that after 6,000-foot depths is shown in Figure 4. llere, also.
a short period of exposure the corrosion rates arc the average corrosion rates of the steels at the
constant and amount to between 3 and 5 mils per 6,000-foot depth decreased asymptotically with
year 121,221. Factors which can cause differences in increasing duration of exposure. During the initial
corrosion rates outside these limits are variations in exposures the steels corroded at faster rates in sea-
marine fouling, contamination of the seawater near water than in the bottom sediments at the 6,000-foot
the shorelines, variations in seawater velocity, and depth, but after approximately 2 years of exposure,
differences in the surface water temperature. their average corrosion rates were approximately the

same as shown by comparing the curves in Figures 3
and 4. Here, also, the average corrosion rates at the

2.1. IRONS AND STEELS 2,500.foot depth were lower than at the 6,000-foot
depth, but they increased with increasing duration of

The corrosion rates of the irons; mild steels; high- exposure.
strength low-alloy steels; high-strength steels. other
alloy steels; and nickel alloy steels are given in Table 2.1.2. Depth
5. Analysis of the corrosion rates of these alloys
shows that for all practical purposes their corrosion The effect of depth of exposure in seawater off
rates sere comparable for any one duration of the average corrosion rates of the steels is shown in
exposure at any one depth or at the surface. There- Figure 5. The variation of the concentration of
fore, these data were treated statistically to obtain oxygen in seawater with depth is also shown in Figurc
one median value for each time of exposure and each 5 for comparison purposes. The shape of the cure

7
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for steels shows that corrosion of steels is not for from 3 to 4 months in the seawater and for about

affected by depth (pressure), at least to a depth of 7 months when partially embedded in the bottom X
6,000 feet (2,700 psi) for a period of 1 year of expo- sediments.
sure. The shape of this curve is practically identical to A 1 oz/sq ft of aluminum on aluminized steel
that of the oxygen concentration curve. The identical sheet exposed at a depth of 2,500 feet protected the
shape of these curves indicate that the concentration steel for at least 13 months in the seawater and when
of oxygen in seawater exerts a major influence on the partially embedded in the bottom sediments.
corrosion of steels in this environment. A 6-mil-thick hot-sprayed aluminum coating over

steel, which had been subsequently primed and
2.1.3. Concentration of Oxygen sprayed with two coats of clear vinyl sealer, protected

the underlying steel from corroding for 1,064 days at
The effect of the variation in the concentration of the 6,000-foot depth. After removal from exposure ?

oxygen in seawater on the corrosion of steels after I the aluminum coating was dark gray and speckled
year of exposure is shown in Figure 6. The curve for with pin-point size areas of white corrosion products.
the average corrosion rates of the steels after 1 year Since no red rust was present, it is evident that thisof exposure versus the concentration of oxygen is a coating would provide added protection to the steel 4"

straight line. This indicates that the corrosion of for an additional period of time, possibly another 3
steels in seawater is proportional to the concentration years. -1
of oxygen. A titamium-cadmium coating on AISI 4130 steel

was completely sacrificed, and the underlying steel
2.1.4. Nickel was covered with a layer of red rust after 402 days of

exposure at a depth of 2,500 feet. Such a coating
The effect of the variation of the concentration would not provide satisfactory protection for sea-

of nickel on the corrosion of steels is shown in Figure water applications. S

7. Variations of from 1.5 to 9% in the nickel content An elcctrolytically applied cadmium coating on
were ineffectual with respect to the corrosion of steel steels, both stressed and unstressed, did not provide
both at the surface and at depth. hlowever, the cor- adequate protection for I year of exposure at depths
rosion rates in surface exposures were higher than at of 2,500 and 6,000 feet.
depth by about a factor of 7. Electrolytically applied copper and nickel

coatings on steels, both stressed anti unstressed, failed
2.1.5. Type of Corrosion within 6 months after exposure at the 2,500-foot

depth and caused galvanic corrosion of the underlying ,-
All the steel, except AISI Type 502, in general, steels.

corroded uniformly except for some slight pitting in
surface seawater which was caused by fouling. The 2.1.7. Inorganic Coatings
corrosion rates of AISI Type 502 steel (5% Cr-0.5%
Mo) were erratic and higher than those of the other A few steels were coated with selected paint
steels. This behavior is attributed to the broad, coatings to determine their performance at depths in
shallow pitting and the .severe crevice corrosion the Pacific Ocean. Table 6 shows the results of this
caused by the chromium content of the stecl. test.

The multicoat epoxy systems exhibited, in
2.1.6. Metallic Coatings general, satisfactory performance, while the multicoat

polyurethane system behaved erratically, varying
Zinc, aluminum, sprayed aluminum, titanium- from cracked and blistered paint to no paint failures.

cadmium, cadmium, copper, and nickel-coated steel The single-coat, zinc-rich primer coating did not
specimens were exposed at depth. afford satisfactory protection for a period of 6

A I oz/sq ft of zinc on galvanized steel sheet months at a depth of 6,000 feet.
exposed at a depth of 2,.300 feet protected the steel

...I. . . 3 -, . .; " ' ° '
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2.1.8. Cathodic Protection during 400 days of exposure - one in the bottom
sediment and two in the seawater at the 2,500-foot

Sacrificial zinc anodes were attached to AISI depth. Whether these failures were due to stress cor-
Type 1015 steel to detenine its effectiveness in pro- rosion or hydrogen embrittlement is not certain.
viding cathodic protection to a more noble material Bolts of such hardness should not be used in deep-sea
at these depths. applications.

The sacrificial zinc anodes were effective in One nickel-plated specimen of AISI Type 4130
reducing the corrosion of the AISI Type 1015 steel, steel, stressed at 127,000 psi, failed during 197 days
They provided nearly complete protection for 123 of exposure at a depth of 2,500 feet. Since no
days, 50% protection during 751 days of exposure, unplated specimens failed, it is possible that the
and 30% during 1,064 days of exposure. failure was caused by the nickel plating. Hydrogen

absorbed into the metal during the plating process
2.1.9. Galvanic Corrosion could have caused hydrogen enbrittlement, which in

turn caused the failure.
A few galvanic couples (dissimilar metals) of AISI Some 18 Ni maraging specimens failed by stress

Type 4130 and AISI Type 4140, 1 x 7-inch steel corrosion when stressed at various levels, under
strips with 1-inch- square pieces of 6061 and 7075-T6 different conditions, for different periods of time-at
aluminum alloys, AZ31 B magnesium alloy, aluminum different depths. These results indicate that the stress

bronze alloy, titanium metal, and AISI Type 308 corrosion behavior of this steel is unpredictable and
stainless steel attached to them were exposed at unreliable when used at high stress levels (above
depths of 2,500 and 6,000 feet for 400 days to deter- about 150,000 psi yield strength) for seawater
mine their compatibilities. applications.

After 400 days of exposure at a depth of 6,000 The other steels were not susceptible to stress cor-
feet aluminum alloy 6061 attached to AISI Type rosion.
4130 steel was moderately corroded with practically
no corrosion of the steel; the aluminum alloy 2.1.11. Mechanical Properties
7075-T6 was severely corroded under the same con-
ditions. Magnesium alloy AZ311, was nearly The percent changes in the mechanical properties
completely sacrificed when attached to AISI "lype of the steels resulting from corrosion are given in
4130 steel, but the steel was also-corroded because of Table 8.
the insulating layer of magnesium alloy corrosion pro- The percent elongation of JISLA No. 5 in
ducts which accumulated at the faying surfaces of the thicknesses of 1/4 inch and 1/8 inch was decreased by
two alloys. AISI Type 4130 steel was extensively 77 anti 82%, respectively, after 400 (lays of exposure
corroded when in coniact with the aluminum bronze, at the 2,500-foot depth.

After 400 (lays of exposure at a depth of 2,500 The mechanical properties of AISI Type 4130
f'.ct, AISI Type 4340 steel was rusted considerably steel, bare, cadmium, copper, or nickel-plated were
from being in contact with titanium metal or AISI affected after 400 lays of exposure at the 2,500-and
Type 308 stainless steel. 6,000-foot depths. Cadmium, copper, or nickel

plating on AISI Type 4340 stecl also caused decreases
2.1.10. Stress Corrosion in the mechanical properties of the steel after expo-

sure for 400 days at the 2,500-foot depth.
Some of the steels were exposed in a stressed con- Because of pitting corrosion the elongation of

dition at stresses equivalent to from 30 to 75% of AISI Type 502 (5% Cr) steel was decreased from 13
their respective yield strengths. The steels, stresses, to 3800 luring all exposures at both depths. except
depths, days of exposure, and their susceptibility to for 197 (lays at the 2,500-foot depth.
stress corrosion cracking are given in Table 7. The mechanical properties of the 18 Ni maraging

One-half-inch AISI Type 4140 steel bolts, heat- steels were, in general, adversely affected by exposure
treated to about 175,0(X) psi tensile strength, failed at depth in the Pacific Ocean.
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2.1.12. Corrosion Products There was no measurable corrosion of the high
silicon and the high silicon-molybdenum cast irons in

The corrosion products from some of the steels seawater, either at the surface or at depth.
were analyzed by X-ray diffraction, spectrographic In all three environments (surface, 2,500-, and
analysis, quantitative chemical analysis, and infrard 6,000-foot depths), the corrosion rates decreased
spectrophotometry. The constituents found were: with increasing duration of exposure and were con-

sistently lower at depth than at the surface. The
Alpha iron oxide - Fe,0 3  1120 corrosion rates at the 2,500-foot depth were lower

than those at the 6,000-foot depth. At the surface
Iron hydroxide - F3(011) 2  and at the 6,000-foot depth the corrosion rates

Beta iron (1i1) oxide hydroxide - FeOI! decreased asymptotically with increasing duration of
exposure. At the 6,000-foot depth the corrosion rates

Iron oxide hydrate :e 20 3 - 1120 of the austenitic cast irons, for the first 400 days of

Significant anount vf chlo,;,le, exposure, were lower than those of the gray and alloy
sultate, 1" -,tci, i- cast irons, but they were comparable after longer

periods of exposure, about I mpy. Ilowever, at the
2.2. ANCHOR C ! ,-, 2,500-foot depth, the corrosion rates of the austenitic

cast irons were lower than those of the alloy anti gray
Two types of 314-inch-diameter anchor chains, cast irons for exposures of up to 400 days.

Dilok anti welded stud link, were exposed as shown in The corrosion of the cast irons when partially
Table 9. The chain links were covered with layers of embedded in the bottom sediments is shown in
loose, flaky rust which varied from thin to thick as Figure 4. Ilere again, there was no measurable cor-
the time of exposure increased. Exposure for as long rosion of the high silicon and high silicon-
as 751 days did not decrease the breaking loads of the molybdenum cast irons in the bottom sediment at
chains as shown in Table 9. In most cases there was either depth.
rust in the bottoms of the sockets of the Dilok chain, The other cast irons b,-haved essentially the same
indicating that seawater had penetrated the sockets. as in the seawater except that the alloy cast irons
This could be a source of additional corrosion and initially corroded at slower rates than in the seawater
earl)- failure of this type of chain, at the 6,000-foot depth. After 2 years of exposure at

the 6,000-foot depth in both the seawater and the
bottom sediments, all the steels and cast irons cor-

2.3. CAST IRONS roded it essentially the same rate.
In the sediments at the 2,500-foot depth the

The corrosion rates of the cast irons are given in corrosion rates of the austenitic cast irons tended to
Table 5. Analysis of this data shows that for all prac- increase very slightly with increasing duration of
tical purposes the corrosion races of the alloy cast exposure, while those of the alloy cast irons increased
irons (nickc!, nickel-chromiuni No. I and 2, and considerably.
ductile irons No. I and 2) are comparable. This is also
true of the austenitic cast irons. These average data 2.3.2. Depth
values were used to plot curves to show the general
corrosion behavior to be expected from these allrs The effect of depth of exposure in seawater on
with regard to duration of exposure, depth in the the average corrosion rates of the alloy and austenitic
ocean, and con,-entration of oxygen in seawater, cast irons as well as those of the gray and high silicon

cast irons is shown in Figure 5. The variation of the
2.3.1. )uration of Exposure concentration of oxygen in seawater with depth is

also shown in Figure 5 for comparison purposes. The
The effects of duration of exposure on the cor- shapes of the curves for the cast irons show that the

rosion of cast irons in seawater at the surface and a, corrosion of the cast irons is not directly affected by
depth arc shown in Figure 3. depth (pressure), at least to a depth of 6,000 feet for

a period of I year.
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2.3.3. Concentration of Oxygen

The effect of the variation in the concentration of
oxygen in seawater on the corrosion of cast irons
after 1 year of exposure is shown in Figure 6. The
curves for the average corrosion rates of the gray,
alloy, and austenitic cast irons versus the concentra-
tion of oxygen are essentially straight lines. This
indicates that the corrosion of the cast irons in sea-
water is proportional to the concentration of oxygen.
However. the different slopes of the curves indicate
different degrees of influence, the influence being
greatest on the alloy cast iron, and least on the gray
cast irons. Oxygen exerted no influence on the cor-
rosion of high silicon or high silicon.nolybdenuin
cast irons.

2.3.4. Type of Corrosion

All the cast irons corroded uniformly hoth in tihe
seawvater and in the bottom sediments. The high

silicon and high silicon-molybdenum cast irons were
uncorroded in any of the environments.

2.3.5. Mechanical Properties

The percent changes in the mechanical properties
of the cast irons due to exlposure in sea%%. tcr are given
in Table 8. The mechanical properties of the Type 4
austenitic cast iron were not affected by exposure
either at the surface or at the 2,500-f,-,'i depth. Ilow-
ever. the mechanical properties of the D-2C austenitic
cast iron were significantly lowered. Abou" 80% of
the surfaces of fracture of the D-2C specimens were
black in contrast to the gray surfaces of fracture of
unexposed specimens. Metallographic examinations
of polished cross sections of the D-2C alloy adjacent
to the surfaces of fracture showed that the alloy had
been attacked by selective interdendritic corrosion.
This selective corrosion was the cause of the decrease
in mechanical properties of the alloy.
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Table 4. Condition of the Steels, As Received

Alloy Condition

Wrought iron As fabricated pipe

Armco iron Mill finish, anodically cleaned

AISI C1010 [lot rolled (mill) and pickled (laboratory)

AISI 1015 Grit blasted

ASTM A36 Ilot rolled (mill) and pickled (laboratory)

ASTM A387-D I lot rolled (mill) and pickled (laboratory)

IISLA No. 1 Water quenched from 1,6500 1 to 1,750°F and tempered at
1,1000F to 1,2750 F (mill), blast cleaned (laboratory)

IISLA No. 2 Ilot rolled anti pickled

IlSLA No. 3 Water quenched from 1,650°F and tempered at 1,150°F to
1,2000F (mill), blast cleaned (laboratory)

IISLA No. 4 Hot rolled (mill) and pickled (laboratory)

IISLA No. 5 Water quenched from 1,65001 to 1,750°F and tempered at
1,150°F to 1,275°F (mill). blast cleaned (laboratory)

IISILA No. 6 Consumable electrode vacuum melt, hot rolled, annealed,
cleaned and oiled

IISLA No. 12 Quenched and tempered

IIS No. 1 Quenched and tempered

IIS No. 2 Solution annealed .1nd aged
:¢ "I IS No. 3 Consumable electrode vacuum melt, hot rolled, annealed,

cleaned and oiled

?. AISI 4130 Quenched and tempered

AISI 4140 Austenizecd at 1,550 01 for 0.7 hr, oil quenched to room
temperature, tempered at 9000 F for 1 hr, air cooled to
room temperature

AISI 4340 (200 ksi) Oil quenched from 1,550 0 F, tempered for I hr at 750 0F,
blast cleaned (laboratory)

AISI 4340 (150 ksi) Oil quenched from 1,550 0 F, tempered for 1 hr at 1,050 0 F,
blast cleaned (lab.atory,

,AISI 502 Annealed and pickled, No. I sheet finish (mill)

18% Ni, maraging (0.202) F.Icctric furnace air melt, air cast, annealed, desealed and
oiled

Continued
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Table 4. Continued.

Alloy Condition

18% Ni, maraging (0.082) Electric furnace :-i neh. air cast, annealed, descaled and
oiled (mill); CEL unwelded, aged at 9000 F for 3 hr, air

cooled, then welded

18% Ni, maraging F lectric furnace air melt, air cast, anneal,'-, aged at
950 0 1 for 3 hr. air cooled, as rolled surfaces

18% Ni, maraging Electric furnace air melt, air cast, annealed, aged at
950 0F for 3 hr, air cooled, surfaces ground to RMS-I25

Austenitic cast iron, Tvpe 4 As cast

Nodular austenitic cast iron, Type D-2c As cast

Gatvanized steel, 18 gage 1.0 oz/ft 2

Aluminized steel, Type 2 Commercial quality, 1.03 oz/ft 2

22
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Table 5. Corrosion Rates of Irons and Steels

posurc Depth r Type of dAtl" ,sourced +
(day) (f0) Wb Corroion'

Arnco iron 123 5,640 3.1 2.4 p' INCO (3)
Armco iron - 403 6.780 1.5 0.5' U INCO (3)
Armco irtin 751 5,640 0.8 0.7 G INCO (3)

Armco iron 1,064 5,300 0.7 1.9e  U INCO (3)
Armco iron 197 2,340 1.9 0.9 G INCO (3)
Armco iron 402 2.370 1.4 1.4 G INCO (3)
Armco iron 181 5 6.9 - U, CRf  INCO (3)
Armco iron 366 5 7.1 - G INCO (3)

Wrought iron 123 5,640 2.6 - U CEL (4)
Wrought iron 403 6.780 1.4 1.2 U CEL (4)
Wrought iron 751 5,640 0.9 - U CEL (4)
Wrought iron 1,064 51300 0.6 - U CEL (4)
Wrought iron 197 2,340 2.0 1.2 U CEL (4)
Wrought iron 402 2,370 1.5 1.5 G CEL (4)
Wrought iron 181 5 5.3 - U CEL (4)
Wrought iron 364 5 4.8 - G CEL (4)
Wrought iron 723 5 4.0 - G CEL (4). Wrought iron 763 5 4.8 - G CEL (4)

AISI 1010 123 3.0 2.2 U CEL (4)
AISI 1010 123 02.4 .5 U INCO (3)
AIS 010 4 3 30 1.5 1.7 U CEL (4)
AISI 1010 403 6,780 2.3 0.5 G INCO (3)
AISI 1010 751 5,640 0.9 - U CEL (4)
AIS! 1010 751 5.640 0.8 1.6 G INCO (3)
AISI 1010 11064 5.300 0.8 - U CEL (4)
AISI 1010 1,064 5300 1.1 1.0 U CEL (4)
AISI 1010 1,064 5,300 0.9 0.5 U INCO (3)
AISI 1010 197 2,340 1.5 .7 U CEL (4)

AISI 1010 197 2,340 1.7 0.6 G INCO (3)
AISI 1010 402 2,370 1.2 1.1 U CEL (4)
AIsl 1010 402 2,370 1.1 1.1 G INCO (3)
AISI 1010 181 5 .6 - U CIE (4)

.AISI 1010 181 5 9.0 1 G NCO (3)

SAISI 1010 366 5 8.0 - G INCO (3)

AISI 101lO 398 5 8.2 -U CEL (4)

AISI 10 1 0 588 5 8.9 - CEL (4)

AIS 1015 123 5,640 3.0 1 U MEL (5)
AISI 1015e 751 5,640 1.7 U MEL (5)
AISI 1015 1,064 5,300 0.6 0 U MEL (5)
AISI 1019 386 5 5.3 - G; MEL (5)

Copper steel 12 5.640 1.9 1.6 U INCO (3)
Copper steel 403 6.,80 2.1 0.7 G INCO (3)

SCopper steel 751 5.640 1.4 0.6 G INCO (3) 41

Copper steel 1,64 59300 0.5 o.4 U INCO (3)
Copper steel 197 2.30 2.0 G G INCO (3)
Coppcr steel 402 2,370 1._ 1.2 U INCO (3)

]Copper steel 181 5 9.0 - GICO (3)

,copper steel 366 5 6.0 ,..- G INCO M3

Continued
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i ] Tale S. Collfliled

+ l+,'+\po,,urc Depth Corro,,on Hate (ntis)) ly":o
Det T-'--f

,.]y(d ) ) - I (orroioti Source

ASTM A36 123 5,640 3.1 2.4 U CEL (4)
ASTM A36 403 6,780 1.5 1.8 U CEL (4)
ASTM A36 751 5,640 0.9 - U CELI. (4)
ASTM A36 1.064 5,300 0.6 - U CEL (4)
ASTM A36 197 2,340 1.7 1.7 U CEL (4)
ASTM A36 402 2,370 1.3 1.5 U CL (4)
As'rM A36 181 5 10.7 - G, C (8) CEI. (4)
ASTM A 36 398 5 6.2 - G CEL (4)
ASTM A36 540 5 6.3 - G CEL (4)
ASTM A36 588 5 5.8 - G CEL (4)

ASTM A387-1) 123 5,640 3.0 2.3 U CEL (4)
ASTM A387-D 403 6,780 2.0 1.9 U CEL (4)
ASTM A387.D 751 5.640 0.9 0.9 U CEL (4)
ASTM A387-D 197 2.340 1.8 2.0 U CEL (4)
ASTMI A387.D 402 2.370 1.3 1.3 U CEL (4)

UISLA No. 1 123 5.640 2.9 2.2 U CEL (4)
IISLA No. I 403 6.780 2.0 1.2 U CEL (4)
IISLA No. 1 751 5.640 0.9 - U CEI. (4)
IISLA No. I 1.064 5.300 0.6 - U CEL (4)
IISI+A No. 1 1,064 5.300 0.6 0.7 U CEL (4)
IISLA No. 1 197 2,340 1.4 1.4 U CEL (4)
IISLA No. 1 402 2.370 1.0 1.0 U CEL (4)
IISLA No. 1 181 5 9.7 - G. P CEL (4)
IISLA No. 1 398 5 5.2 - G, P CEL (4)
IISI.A No. 1 588 5 4.7 - G. P CEL (4)

IISLA No. 2 123 5,640 1 4.7 4.3 U CEL (4)
IIS..A No. 2 403 6,780 2.1 2.2 U CEI. (4)
IISI.A No. 2 751 5,640 0.9 - U CiL (4)
IISLA No. 2 1,064 5.300 0.5 - U CELi. (4)
IISLA No. 2 197 2,340 1.4 1.4 U CEL (4)
IISLA No. 2 197 2,340 1.1 - G Boeing (6)
IISILA No. 2 402 2.1370 1.3 11 U CUiL (4)
IISLA No. 2 181 5 6.8 - . P CELi. (4)
UISIA No. 2 398 5 4.5 U, P CEL (4)
tISLA No. 2 540 5 4.4 GP CEL (4)

IISI.A No. 3 1.064 5,300 0.7 U CiL (4)

IISI.A No. 4 123 5,640 3.6 - U CEL (4)
IlSI.A No. 4 123 5,640 4.3 1.8 U. C (9) INCO (3)
IISLA No. 4 403 6,780 3.3 2.3 U CEL (4)

IISi.A No. 4 403 6.780 2.1 0.4 G INCO (3)
IfSLA No. 4 751 5,640 1.2 - U CEL (4)
IISLA No. 4 751 5,640 0.9 0.7 G INCO (3)
IISLA No. 4 1.064 5.300 0.3 - U CII. (4)
ISI.A No. 4 1.064 5.300 1.2 - U CiL (4)

IISI.A No. 4 1.064 5,.3( ) 0.6 0.6 U INCO (3)
iISI.A No. 4 197 2,40 1.4 0.9 U CEL (4)
IISLA No. 4 197 2,340 2.2 0.7 G INCO (3)
IISiA No. 4 402 2.370 1.1 1.1 cG j CEi.(4)

Continued
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•(41.1y) (ft) oI. .|1 M(porro ,ton"

llSLA No. 4 402 2,370 1.3 1.0 G INCO (3)

IISLA No. 4 181 5 11.0 - G INCO (3)
IISLA No. 4 366 5 8.0 - G INCO (3)

IISLA No. 5 123 5.640 3.1 1.6 U CIL (4)
iIS.A No. 5 123 5.640 6.0 3.5 F: INCO (3)
IISLA No. 5 403 6,780 2.7 1.8 U CIEL (4)
IISLA No. 5 403 6,780 7.4 0.2 S-E, 1 (3) INCO (3)
ISLA No. 5  403 6,780 3.7 - G NADC (7)

ISIA No. 5 751 5,640 1.4 0.9 U CEL (4)
IISLA No. 5 751 5,640 3.1 3.2 G, S-E INCO (3)

IISI.A No. 5 1.O4 5.300 0.9 - U CEL (4)
I ISI.A No. 5 1.064 5.300 0.7 1.0 U CEL (4)
,SI.A No. 5 1.064 5.3)00 0.9 1.0 U INCO (3)
IISI.A No. 5 197 2.340 1.4 1.5 U CEL (4)
IlS.A No. 5 197 2.340 3.3 0.9 PE. I-P INCO (3)

SI.A No. 5 197 2.340 2.5 - U NADC (7)
SIiSLA No. 5 402 2.3]70 1.1 1.31 U CEL (4)

iSI.A No. 5 402 2.370 1.4 1.3 U. G INCO (3)
ISIA No. 5 402 2,370 1.1 - G NADC (7)
IISLA No. 5 181 5 8.9 - U CFL (4)
IISLA No. 5 181 5 11.0 - G INCO (3)

SISA No. 5 366 5 8.0 - G INCO (3)
IISI.A No. 5 398 5 6.0 - G. 1 CEL (4)
IISI.A No. 5 540 5 5.4 - G. 1' CE .(4)

IISLA No. 6 197 2.340 1.4 - G Bloeing (6)
IISLA No. 6 402 2.370 0.9 0.9 U CEL (4)

IISIA No. 7 123 5.640 3.5 2.1 C (4). U INCO (3)
IISLA No. 7 403 6.780 1.5 0.3 G INCO (3)
IISLA No. 7 751 5.640 0.8 1.3 G INCO (3)
ISIA No. 7 1.064 5.300 0.8 0.6 U INCO (3)
!ISLA No. 7 197 2.340 2.3 0.6 G INCO (3)
IISI.A No. 7 402 2.370 1.4 1.1 G INCO (3)
IISLA No. 7 181 5 11.0 - G INCO (3)
IISLA No. 7 366 5 8.0 - G INCO (3)

IISLA No. 8 123 5.640 3.8 2.3 U INCO (3)
IISLA No. 8 403 6.780 2.3 0.3 C I NCO (3)
I ISLA No. 8 75 ! 5.640 1.2 0.8 G fNCO (3)
IISLA No. 8 1,064 5.300 0.7 0.5 U INCO (3)
ISI.A No. 8 197 2.340 1.9 0.7 G INCO (3)

ISI.A No. 9 123 5.640 4.3 2.1 C (10) INCO (3)
IISLA No. 9 403 6.780 2.5 0.3 G INCO (3)
IISLA No. 9 751 5.640 1.4 1.0 G INCO (3)
IISLA No. 9 1,064 5.300 0.6 0.5 U INCO (3)
IISLA No. 9 197 2.340 1.6 0.6 C INCO (3)

2IISA No. 15.640 4.1 2.5 C (9). U INCO (3)
IISI.A No. 10 403 6,780 1.8 0.5 G INCO (3)
SIILA No.1 751 5,640 0.9 2.1 G INCO (3)

Continucd
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i. %uEx "re IDLpt h 'o1rrolion Hiate (hl))' 1  
T,A(ll) f) WI, 

,o r.itil Source'

iUSLA No. 10 1.064 5.300 0.9 0.6 U INCO (3)
HISLA No. 10 197 2.340 2.1 0.8 G INCO (3)
IISLA No. 10 402 2,370 1.5 1.2 G INCO (3)
ISIA No. 10 181 5 11.0 - G INCO (3)
IISILA No. 10 366 5 8.0 - G INCO (3)

ISIA No. 11 123 5,640 3.4 1.7 U INCO (3)
IISLA No. 11 403 6.780 2.4 0.4 G INCO (3)
IISLA No. 11 751 5.640 1.2 0.8 G INCO (3)
IUSLA No. 11 1,064 5.300 0.7 0.5 U INCO (3)
IUS.A No. 11 197 2,340 1.8 0.6 G INCO (3)

IISLA No. 12 181 5 8.5 - U. P CEL (4)
ISIA No. 12 398 5 4.2 - 1,' CEL (4)
IISLA No. 12 540 5 4.9 - G. P CEL (4)
IiSLA No. 12 588 5 4.3 ,- , CEI (4)
ItS No.1 189 5.900 2.7 1.8 U CEL (4)
1US No. 1I 189 5.900 2.7 1.8 U CEL (4)
ItS No. !j ' k  1S9 5.900 2.6 1.6 U CE!. (4)
ItS No. 1 181 5 9.9 - U CIE. (4)
ItS No. I 398 5 4.7 - IP CEI (4)
ItS No. 1 54) 5 4.5 - 6P CEL (4)
IUS No. 1 58$: 5 4.2 - .1,P CEL 4)

ItS No. 2 403 6.780 14.5 max, 9.0 avg' I USS (8)
ItS No. 2. welded 403 6.780Basie metal 13.5 max. 9 0 10ll USS (8)

Weld metal 181 max, 3.5 avg P USS (8)
IUS No. 2 197 2.340 20.4 max. 16.7 avg P USS (8)
IS No. 2. welded 197 2,340

Basc metal 29.6 max, 25.9 av P USS (8)Weld metal 44.5 max, 38.9 PD USS (8)
IISNo. 2 181 5 8.2 - U CEL (4)
IIS No. 2 398 5 3.5 - G. P CEL (4)
ItS No. 2 588 5 3.3 - .1, CEL (4)

ItS No. 3 402 2,370 1.7 1.4 G CEL (4)
IUS No. 3 398 5 5.0 - U. 1 CEL (4)
ItS No. 3 540 S 3.8 - (.,t CEL (4)
ItS No. 3 588 5 4.6 - 6p CEL. (4)

IS No. 4 189 5,900 2.9 1.8 U CEL (4)
IiSNo. 4 189 5.900 2.3 1.5 U CEL (4)

15N.41.k f8 .0 jjCL4ItS No. '  
189 5,900 2.5 1.7 U. CEL (4)

IIS No, 5 ! 9 $90 23 19U CIl.. (4)
ItS No. 5 189 5.900 2.0 1.7 U CEL (4)
ItS No. 51 189 5.900 1.8 1.6 U ('FL (4)
Its No. 6 189 5.900 2.5 1.6 U CEI. (4)

IlS No. 61 189 5.900 2.8 1.5 U CEL (4)
IIS No. 61 189 5.900 2.9 2.7 U CIA. (4)

51 u
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12% Ni. nuragitig 197 2.340 2.4 - i |ocilg ko)

18% Ni. maraging 123 5,640 3.6 - U NAD (7)

18% Ni. maragilng 189 5.900 2.2 1.7 U CEL (4)

18% Ni, maragilog 403 6,780 1.6 - I) NAC (7)

18% Ni, maraging 197 2.340 1.6 - G Bocing (6)
18% Ni, nuraging 197 2.340 .. 9 - U NADC (7)

18% Ni, maraging 402 2.370 1.3 - U NADC (7)
18% Ni, maraging 402 2,370 1.3 0.9 G CEL (4)

18%Ni, maraging 402 2.370 1.5 0.8 G INCO (3)
18% Ni, nuraging (as rollcd) 402 2.370 1.4 1.3 G CEL (4)

18% Ni. maraging (machined) 402 2.370 1.3 1.2 G CEL (4)

18% Ni, maraging 402 2.370 3.5 2.6 G CEI. (4)

18% Ni. maraging 402 2,370 2.8 1.7 G CEL (4)
18% Ni, miraging 181 5 5.4 - U. is CFI. (4)
18% Ni. maraging 181 5 10.0 - p INCO (3)
18% Ni, maragfig 181 5 5.8 - L' CU (4)

18% Ni, rnarhging 181 5 5.1 - U CEL. (4)
18% Ni, maraging 66 5 7.0 - p INCO (1)
18% Ni. naraging 398 5 7.0 - U. 1 CL (4)

18% Ni, maraging 588 1 :1.1 - G. C. P Cf- L (4)

18%. i, maraging.. 364 5 4.0 - G. 0 CL (4)

1:% Ni, miragig 723 5 3.5 - , CEI (4)
14% Ni, maraging 763 5 4.1 - G CHI, (4)

18% Ni. maragin- 364 5 4.0 - P. WB(G) CfI:L (4)
18% Ni. maragirg 723 5 3.3 - G. P1 CEL (4)
18% Ni, maraging 763 5 3.9 - G CE. (4)

1.5% Ni steel 1231 5,640 3.5 2.7 U INCO (3)
1.5% Ni stcel 403 6.780 1.7 0.8 G IN.O (3)
1.5% Ni steel 751 5640 I .0 0.5 G INCO (3)

1.5% Ni tcel 1.064 5.300 0.7 0.7 U INCO (3)
1.5% Ni steel 197 2.340 1.9 0.5 U INCO (3)
1.5% Ni steel 402 2.370 1.5 1.2 U INCO (3)
2.5% Ni steel 181 5 11.0 - INCO (3)
1.5% Ni steel 366 5 8.0 ) - G INCO (3)

3% Ni steel 123 5,640 3.4 3.0 U INCO (3)
3% Ni steel 403 6.780 1.9 0.4 C (2). G INCO (3)
1 % Ni stee 751 5.640 0.9 0.9 G INCO (3)

3% Niteel 1.064 5.300 I .9 0.6 U INCO (3)

3%2Ni ,,ee 197 2.340 1.7 0.4 G INCO (3)
'3% Ni iccl 42 2.370 1.3 1.0 G INCO (3)
3% Ni steel 181 5 11.0 - G INCO (3)
3% Ni stecl 366 5 8.0 - G; INCO (3)

5% Ni uccl 123 5.640 2.8 2.8 U INCO (3)
5% Ni steel 493 6.780 2.8 0.4 C (6). G INCO (3)
5% Ni l751 5.640 1.1 0.8 , C; INCO (3)
5% N*steel 1.064 5,0.5 0.7 (). U INCO (3)
5% Ni stcI 197 2.340 1.7 0.4 G ; INCO (3)
5. Ni stcel 402 2.370 2.3 1.1 U INC ' )

Continued
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5% Ni steel 181 5 8.0 G INCO (3)
5% Ni steel 366 5 7.0 - G INCO (3)

9% Ni steel 123 5.640 5.6 5.6 U INCO (3)
9% Ni seel 403 6.780 2.9 0.5 C (9). G INCO (3)
9% Ni steel 751 5.640 1.1 4.5 G INCO (3)
9% Ni steel 1.064 5,300 4.6 1.2 U INCO (3)
9% Ni steel 197 2.340 1.9 0.4 G INCO (3)
9% Ni steel 402 2.370 1.6 1.3 G INCO (3)
9% Ni steel 181 5 10.0 - I-P INCO (3)
Y% Ni steel 366 5 8.0 - G INCO (3)

AISI 4130 (100 ksi) 123 5.640 2.3 - U NtDC (7)

AISI 4130 (160 ksi) 123 5.640 3.1 - U NADC (7)
AISI 4130 (100 ksi) 403 6.780 2.7 - U NADC (7)
AISI 4130 (100 ksi) 751 5,640 2.2 - U NADC (7)
AISI 4130 (100 ksi) 1.064 5.300 1.3 - U NADC (7)

AISI 4130 1100 ksi) 197 2.340 2.3 - U NADC (7)
AISI 4130 (100 ksi) 40 2.370 2.0 U NADC (7)
AISI 4140 402 2.370 1.4 1.6 G. C (12) Shell (9)

AIS! 4340 (150 ksi) 123 5,640 2.7 - U CEL (4)
AISI 4340 (ISO ksi) 403 6.780 2.2 1.7 U CEL (4)
AISI 434o (1SO ksi) 403 6.780 2.2 1 5 U CEL (4)

AISI 4340 403 6.780 1.6 - U NADC (7)
AISI 4340 (SO ksi) 751 5.640 0.8 - U CEL (4)
AISI 4340 (ISO ksi) 197 2.340 1.9 1.3 U CEL (4)
AlSl 4340 (ISO Psi) 197 2.340 1.6 !.8 U CEL (4)
AISI 4340 197 2.340 4.1 - U NADC (7)
AISI 4340 402 2.370 1.0 - U NADC (7)

AISI 4340 (!50 ksi) 402 2,370 1.2 1.3 U CEL (4)

AISI 4540 (200 ksi) 123 5.640 2.8 - U CEL (4)
AISI 4340 (200 ksi) 403 6.780 2.0 1.9 U CEL (4)
AISI 4340 (200 ksi) 403 (.780 2.0 1.8 U CEL (4)
AISI 440 (200 ksi) 751 5,640 0.9 - U CEL (4)
AISI 4340 (200 ksi) 197 2.340 1.4 1.4 U CEL (4)
AISI 440 (200 ksi) 197 2.340 2.1 2.2 U CEL (4)
AlSl 4340 (200 ksi) 402 2.370 1.4 1.4 U CEL (4)

AlSl 502 123 5.640 5.9 4.3 P. C (21) CEL (4)AISI 502 123 $.A40 4.3 4.6 P (12). F. C (24) INCO (3)
AiSl 5P2 403 6.780 2.3 2.6 C (22) CEL (4)
AISI 502 40.3 6.780 13.2 0.4 P. C (35). G INCO (3)
AISI 502 751 ! .640 2A - F. C (50). P (36) CEL (4)
,A.SI 502 751! 5.640 4.4 2.5 C (PR) INCO (3)

[AISI 502 1.064 5.300 2.6 - C CEL (4)
SAISI 502 !. 5 .300 1.9 1.7 e. C CEL (4)
•AISI 502 .04 5.00 3.0 i.1 C (MR) INC0 ()
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AISI 502 197 2.340 1.4 1.2 P. C (23) CL, (4)
AISI 502 197 2.340 3.1 0.2 I'. C (20) INCO (3)
AISI 502 402 2.370 0.8 0.6 e. C (16) CF, (4)
AISI 502 402 2,370 3.1 0.1 P. C (PR) INCO (3)

AISI 502 181 5 7.0 1- P(18) CI1 (4)
AISI 502 181 5 13.0 - G INCO (3)
AISI 502 366 5 8.0 - G INCO (3)
AISI 502 398 5 4.4 - C, P(30) Cl. (4)
AISI 502 540 5 4.1 - G. P CEL (4)

)6MM' 197 2.340 1.5 - G llocing (6)

Cray cast iron 123 5.640 4.2 3.0 U INCO (3)
Gray cast iron 403 6.780 1.8 1.3 U INCO (3)
Gray cast iron 751 5.640 1.2 1.0 G INCO (3)
C;ray cast iron 1.064 5.300 0.8 0.5 U INCO (3)
Gray cast iron 197 2.340 2.0 0.3 G INCO (3)

Gray cut iron 402 2370 1.7 2.0 U INCO (3)
Gray cast iron 366 5 2.6 - G INCO (3)

Ni cast iron 123 5.640 4.4 3.4 U INCO (3)
Ni cast iron 403 6.780 2.9 1.5 U.M INCO (3)
Ni cast iron 751 5.640 1.4 1.9 1 INCO (3)
Ni ca" iron 1.064 5.300 0.9 1.5 G INCO (3)
Ni cast iron 197 2.340 2.2 0.3 G INCO (3)
Ni cast iron 402 2.370 1.5 1.5 U INCO (3)
Ni cast iron 181 5 8.5 - U INCO (3)
Ni cast iron 366 5 5.2 - U INCO(3)

NiCr cast iron No. 1 123 5.640 4.3 3.3 U INCO (3)
Ni.Cr cast iron o. 1 403 6.780 i.7 1.2 U INCO (3)
Ni-Cr cast ironNo. 1 751 5.640 I 1.3 0.9 G INCO (3)
Ni.Cr cast iron No. I 1.064 5,300 0.8 0.7 U INCO (3)
Ni-Cr cast iron No. 1 197 2.340 1.9 0.3 G INCO (3)
vi.Cr cast ironNo. 1 402 2.370 .8 1.4 U NCO (3)
Ni-Cr cast iron No. 1 181 5 6.7 - U INCO (3)

i Ni-Cr cast iron No. 2 366 5 5.2 - U INCO (3)
Ni-Cr cast iron No. 2 123 5.644 4. 3.7 U INCO (3)

Ni-Cr cast iron o. 2 403 6.780 1.8 1.4 U INCO (3)
Ni-Cr cast iron No. 2 751 5.640 1.0 1.1 G INCO (3)
Ni.Cr cast iron No. 2 1.064 5.300 0.7 0.7 U INCO (3)
MiCr cs iron No. 2 197 2.340 1.9 0.3 G INCO (3)
Ni-Cr cast iron No. 2 402 2.371) 1.8 1 1 .1 U INCO (3)
Ni.Cr cast iron No. 2 181 5 8.5 1 - U INCO (3)
Ni-Cr cast iron No. 2 366 5 4.9 - INCO (3)

Ductilc ca-t iron Nv. 1 123 5.640) 3.1 3j0 U INCO (3)

Ductile cast iron No. 1 403 6.780 3.4 i.0 G INCO (3)lDuctilc ca~t ironl No. 1 751 5,60 1 .0 0 .9 ! G INCO I(3)
g)tldr c2%t iron No. 1 1.064 SIM1) 0.6 0.7 | U, INCO (3)

,-Ductile cast iron No. 1 197 2,340 i .9 ft.j G INCO (3)

Dtilc Cast iron Nqo. 1 402 .70 1.9 1.7 U INCO (3)

P Continucd_ I
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Ductilc cast iron No. 1 181 5 ,0.0 - U INCO (3)
)uctilc cast iton No. 1 366 5 6.2 - CR 24) INCO (3)

Ductile cist iron No. 2 123 5.640 3.9 2.9 U INCO (3)
Ductile Caro iron No. 2 403 6.780 2.9 0.9 G. M INCO (3)
lDuctile cast irlon No. 2 751 5.640 1.0 0.8 G INCO (3)
Ductile cast iron No. 2 1.064 5.300 0.8 0.6 U INCO (3)
Ductile cast iron No. 2 197 2.340 2.3 0.5 G INCO (3)
Ductile cast ir on No. 2 402 2.370 1.8 1.4 U INCO (3)
Ductile cast iron No. 2 181 5 10.0 - U INCO (3)
Ductile cast iron No. 2 366 5 7.1 - G INCO (3)

Silicon cast iron 123 5.640 <0.I <0.1 NC INCO (3)
Silicon cast iron 403 6.780 <0.1 <0.1 NC INCO (3)
Silicon cast iron 751 5.640 <0.1 <O.I NC INCO (3)
Silicon cast iron 1.064 5.300 <.1 <0.A NC INCO (3)
silicon cast irW.i 197 2.340 <0.1 <0.I NC INCO (3)

Si!icon cast irmi 402 2.370 <0.1 <0.1 NC INCO (3)
., Sisliion cast ; -a 181 5 <O.)A.- !

/  
INCO (3)

silicon cast iron 366 5 <0.1 - FT INCO (3)

Si.Mo cat iron 123 5.640 <0.1 <0.1 NC INCO (3)
Si.Mo cast iron 403 6,780 <0. <0.1 NC INCO (3)
Si-Mo cast iron 403 6.780 0.1 - U NADC (7)
Si-Mo cast iron 751 5,640 <0.1 <0.1 NC INCO (3)
Si-Mu cast iron 1.O4 5.300 <0.1 <0.1 NC INCO (3)
Si-.Mo cast iron 197 2.340 <0.1 <0.1 NC INCO (3)
Si-.%o cast iron 402 2.370 <0.I <0.1 NC INCO (3)
S-Mo cast iron 402 2.370 <0.1 - U NADC (7)

iSi.Mo Cas Iron 181 5 <O.- NC INCO (3)

SI-3o m Ion 366 5 <0.1 - ET INCO (3)

,ustcnitic cast iron. "''PC 1 123 5.640 2.4 2.4 G INCO (3)
Austcnitic cast iron. I pc j 403 6.780 1.0 0.2 U INCO (3)
,\ustcnjtic cast iron. "ypc 1 751 5.640 0.5 0.8 ; INCO (3)
\ustcnitic cast iron. Typc 1 1.064 5.34m) 0,5 0.6 U INCO (3)
Austcnitic cast iron. Typc 1 197 2.340 1.8 I.1 ( INCO (2)
Austcnitic cast iron. i'Pc 402 2,37o i's 0.6 U INCO (3)
Austcnitic (I stiro. Typc 1 181 5 4.1 U INCO (3)t -. Austcnitic Cast mrin. Typer 366 5 2.7 _ v IN) (3)

I Austcnitic cast iron. Trp 2 123 5.640 2.4 2.2 INCO (3)
Austcnitic cast iron. T zype 2 43 6.7801 22 0.2 U INCO (3)Auitcnitic cast iron. Type 2 751 5.640 !.5 1.6 (; G INCO ($)

l Austcnitlc cast iron. Te217 .4 |.4 1.i G INCO (1)
!Austcnitic Cast irion. Type 2 19 2.6 .340 1 .4 1.0 G INCO (3)

Austcnitic cast iron. Type 2 402 2.370 1.1 0.7 U INCO (3)Autienitic cast iron. Typc 2 181 5 5.8 - L I' INCO (3)

Atstcnitic cast ;,on. -rypc 2 366 5 2.9 NU INCO (3)
A ustcnhic ca t iron. "T.Vlc 3 12 3 5.640 1 91 7GI C 3

__.9__.7__(;_____O
Au tenhtic cast iron. Type 3 403 6.7X0 1.8 <0.A U I NMO (3)
Aust~nhtic cast iroln. rypc 3 751 5.640 1.9 1.9 G; I NCO (3)
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Austenitic cast iron, Type 3 1,064 5,300 1.2 0.8 U INCO (3)
Austcnitic CAst iron. Type 3 197 2.340 0.8 0.7 G INCO (3)
Austcnitic cast iron, Typr 3 402 2.370 0.6 0.7 U INCO (3)
Austcnitic cat ifon, "epe 31 181 5 5.0 - U INCO (3)
Austcnitic cast iron,. Type 3 1816 5 2.8 - U INCO (3)

Austenitic cast iron. Type 4 121 5.640 1.8 1.6 G INCO (3)
Ausicnitic cast iron. Type 4 18p 5,900 2.0 1.4 U CEIL (4)
Austcnitic cast iron. Type 4 403 6.780 2.0 1.3 U NCO (3)
Austenitic cast iron. Type 4 751 5,640 1.2 1.5 G INCO (3)
Austcnitic cast iron. Type 4 1.064 5.300 0.9 0.4 U INCO (3)
Austenitic cast iron. Type 4 197 2,340 0.8 0.4 G INCO (3)
Austenitic cast iron, Type 4 402 2.370 0.9 0.7 G CEI. (4)
Austenitic cast iron. Type 4 402 2.370 0.8 0.3 U INCO (3)
Austcnitic cast iron, Type 4 183 5 3.8 - U CE!L (4)
Austenit; cast iron. Type 4 181 5 3.4 - U INCO (3)
Austenitic cast iron. Type 4 364 5 2.4 - G CL (4)
Austenitic cast iron. Type 4 366 5 2.4 - U INC) (3)
Austcnitic cast iron. Type 4 723 5 2.0 - G CEL (4)
Austcnitic cast iron. Type 4 763 5 2.0 - G CEL (4)

Austcnitic cast iron. D-2 123 5,640 2.6 2.4 G INCO (3)
Austenitic cast iron. )-2 403 6.780 1.2 0.2 U INCO (3)
Austenitic cat iron. I)-2 751 5.640 I 1.3 1.5 G INCO (3)
Austenitic cast iron, D-2 1.064 5.300 1.1 0.4 U INCO (3)
Austenitic cast iron. D-2 197 2,340 1.2 0.2 G INCO (3)
Austenitic cast iron. D.2 402 2,370 1.1 0.5 U 2 INCO (3)

Austcnitic cat iron, D-2 181 5 4.3 - G INCO 1)
Austrnitic cast iron. D.2 166 5 2.4 - G INCO (3)
Austcnitic cast iron. D-21) 123 5.640 2.1 2.j G INCO (INCO(3
Austcnitic cast iron. D-2b 403 6.780 1.6 0.1 U INCO (3)
Austcnitic cast iron. D.2b 751 5,640 1.2 1.3 G NCO (3)Austenitic cast iron. D-2b 1.064 5.300 .0 0.4 GI INCO (3)

Austcnitic cast iron. D.2b 197 2.3440 1.4 0.1 C INCO (3)
Autcnitic cast iron. ).21) 402 2.370 0.9 0.6 U INCO (3)
Austcnitic cast iron. I)-2b 181 5 4.1 - G INCO (3)
Austcnitic cast iron, D2b 366 5 2.7 1G75 INCO (3)

Austcnitic ca5t iron. I)2c 189 5,900 3.3 1.5 I CEI. (4)
Austcnhic cast iron. D-2c 402 2,370 1.8 1.2 U CEL (4)
Austcnitic cast iron. D-2c 181 5 3.9 - U CFI (4)
Austeraitic cast iron, D-2c 364 5 3.2 -G CL (4)
Austcnitic cat iron. D-2c 723 5 3.1 - U CEl (4)
Aus-',nitic cast iron. D-2c 763 5 2.8 - U CFL(4)

Autenitic cast iron. D)-3 123 5.640 1.9 2.2 G I NCO (3)
Autenitic cast iron. )-3 402 6.780 2.7 0.4 G I INCO (3)
Austcnitic cast iron. D-3 751 5.640 2.1 1.9 G INCO (3)A tcnitic cast iron.D- 1.64 5.300 1.2 0.7 II I2 INCO )
Austenitic cast iron. D-3 197 2.340 09 01 G INCO (3)
Au tnitic cast iron. D)-P3 44)2 2.370 0.7 0.5 U INCO (3)
Austcnitic cast iron. )-3 18 5 4.3 - ;INCO (3)
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Austenitic cast iron. D-3 36 .2 G CO 3

Austenitic cast iron. hardenabic 123 5.640 2.5 2.8 G IN'.O (3)
Austenitic cast iron. hardcnable 403 6,780 1.1 0.4 U INCO (3)
Austcnitic cast iron. hardenable 751 5.640 0.7 0.7 G INCO (3)
Austenitic cast iron. hardenable 1.064 5.300 0.6 0.7 U INCO (3)
Austcnit;c cast iron. hardcnable 197 2.340 2.8 0.1 G INCO (3)
Austcnitic cast iron. hardenable 402 2.370 1.8 0.5 U INCO (3)
Austenitic cast iron, hardenable 181 5 4.2 - U INCO (3)
Austcnitic cast iron. hardenable 366 5 2.6 -- U INCO (3)

Gaivanized steel, I oz/ft 2  189 5.900 I 1.9 1.6 U CEL (4)
Galvanized steel. I oz/ft2  402 2.370 1.9 04 G CEI. (,)2.o7

Aluminized stec!. I oz/ft2 
0 189 5.900 0.2 0.2 U CEL (4)

Aluminized steel. I oz/ft2 p 402 2.370 G0.0 0.0 Cli. (4)

"mpy mils penetration per year calculated from weight loss.
bw - specimens exposed on sides of structure in seawater: M- specimens cxposed in the base of the

r structure, partially embedded in the bottom sediment.
CSymbols -ignify the following types of corrosion:

C - Crevice NC - No visible corrosion
CR - Cratering P - Pitting
E - Edge PR = Perforation
ET = Etched S = Severe
G Z General U - Uniform
I - Incipient WB = Weld bad
M - Corroded at sediment line

Numbers after %ymbols refer to maximum depth in mils.
'Numbers refer to references at end of report.
eCorrosion accclerated below mud line.

fSinge crater. 12 nlilk deep.

gsurfacc exposure at Francis L,. LaQuc Corrosion Laboratory. Wrightsville Beach, N.C.
bweldcd.

tTraneverse butt weld. weld bead same as plate.

'Circular weld bead. 3-in. diameter, in center of plate.
kPitted. 154 miis maximum. 73.4 average (15 pits), water.

Pitting rate, mpy.
M~leat treated 900F. 3 hr, air cooled.

"Zinc coating completely gone.
0Aluminum coating 50%. gone. mottled, bare steel in places.

PW = no rout. 78% aluminum coating remaining; M * no rust, 60% aluminum coating remaining.
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AISI 41306 123 5.6-4)3 Washi pritner. MIL-C4:541 NPI NAI)C (7)

1.0364 5.3m)( Epoxy topcovt. .IIIA>C22756)

197 2.340
4062 2.370)

AISI 4344) 197 2.340 Washa primer. MII.(:*8541 NPV: NAM) (7)

18% Ni. laraging 123 5.640 %Vast] pY;111rr. tILC-H54I NPI NAM) (7)
403 6.78 Epoxy (4)cr IIA237

IVaA.o 517 .40 Ws primer. .%iII-8541 P NAI)C (7)
E~pox% primert.MII.*P-23177

Iipoxy topcoa. %.%IIIX-22750

HSANo. 3819 5.9(1 Zinc rich primert. X milItICL 4
ISANo. 5 189 5,9MN Zinc rich primer. X mi3k KS CEiL (4)

NIL.o. 33 189 5.91m) Zinc rich primer. 8 mils us CEOi. (4)

ISANo. 4 389 5.9M1( Wish primecr. .XII:C-8S 4. I mil NPF CEL (4)
llSLA, 'No. 5 389P 5.'PIN) Zinc rich primer. X inil% NIIF CEIi. (4) "
IIS.A No. 13 189 j5,9tX) FEpoxy topcoa:. 6 mi3k NI.,: (EI (4)
IIS LA No. 4 189 5.99N 1px tr primer. 8 ffi% %PI CFIi. (4)
IlSLA, No. 5 189 5.61 Iiroxy tar topcoat. 8 mil% NPIF CEL (4)

IA No. 13 J89 5.900( NPI: (33. (4)

IISLA No. 4 189 5.9W1( Ipox?; far primer. K 2)111% Its. IPF CEOi. (4)
IISL.A No. 5 389 5.94140 Eipoxy tar topsoat. alumninum pignieritte. 8 rni3% N, 1: CFIi. (4)
IlS.A No. 13 189 5.941(3 NIII: CEL (4)2

IISLA No. 3 197 2.344) Fpoxv Primecr. 162-V-2tp. W.I'. Fuller Co. CCC hoeing (6)
I SAN.617 Z.340) Topcoat. lipicotc Finish 26-64, Unit cc Bloving (6) -:

32% Ni. maraging 397 2.344) C(ul1 gray. National l.ciad Co. Fll: Ilocing (6)

I~ol~ X %i rgn the 2.30llllowing:g(6

=IL o 197~ 2ouIaju .344) I*luct~c Pai ain 5W C Hked(6
I IlaNo %po: 197 p .3nt Pilure . 4-( 14 re in t phhlktere,.6

GI =;mh i nitinar. PC - ~ P aintke.

MI'F No paint failure.

"Nuirr indicate rcfercncec : end of report.
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Table 7. Stress Corrosion Tests

Strc'% F% ! liep Nme I Number Sdurcea
( Vi (day) (It SlIeaileAllc " (LI) Strength "I lkd

0.2% Cu steel - 33 123 5,640 3 0 NADC (7)
0.2% Cu steel - 45 123 5,640 3 0 NADC (7)
0.2% Cu steel - 64 123 5,640 3 0 NADC (7)

AISI 4130 51 30 403 6,780 3 0 NADC (7)
AISI 4130, Cd plated 51 30 403 6,780 3 0 NADC (7)
AISI 4130, Ni plated 51 30 403 6.780 3 0 NADC (7)
AISI 4130, Cu plated 51 t) 403 6,780 3 0 NADC (7)
AISI 4130 51 30 751 5.640 3 0 NADC (7)
AISI 4130 51 30 197 2,340 3 0 NADC (7)
AISI 4130 85 50 403 6,780 3 0 NADC (7)
AISI 4130. Cd plated 85 50 463 6,780 3 0 NADC (7)
AISI 4130, Ni plated 85 50 403 6,780 3 0 NADC (7)
AISI 4130. Cu plated 85 50 403 6,780 3 0 NADC 47)
AISI 4130 85 50 751 5.640 3 0 NADC (7)
AISI 4130 127 75 403 6,780 3 0 NADC (7)
AISI 4130, Cd plated 127 75 403 6,780 3 0 NADC (7)
AISI 4130, Ni plated 127 75 403 6,780 3 0 NADC (7)
AISI 41?,3Cu plated 127 75 403 6,780 3 0 NADC (7)
AISI 4130 127 75 751 5,640 3 0 NADC (7)
AISI 4130 127 75 197 2,340 3 0 NADC (7)
AISI 4131, Cd plated 127 75 197 2.340 3 0 NADC (7)
AISI 4131). Ni plated 127 75 197 2.340 3 1 NADC (7)
AISI 4130. Cu plated 127 75 197 2,340 3 0 NADC (7)

AISI 4140 120 - 402 2,370 6 0 Shell (9)
AISI 4140. bolts 90 - 402 2,370 6 0 Shell (9)
A.SI 4140, bolts 175 - 402 2,370 6 3b Shell (9)

AISI 4340 (150 ksi) 46 35 123 5.640 3 0 CEL (4)
AISI 4340 (150 ksi) 46 35 403 6,780 3 0 CEL (4)
AISI 4340 (150 kii) 45 30 403 6,780 3 0 NAi)C (7)
AISI 4340 (150 kW,). Cd plated 45 30 403 6.780 3 0 NADC (7)
AISI 4340 (150 ksm1. Ni plated 49 30 403 6,780 3 0 NADC (7)
AISI 4 340 (130 ksi). Cu plated 45 30 403 6,780 3 0 NADC (7)
AISI 4340 (15o ksi) 46 35 751 5,640 3 0 CEL (4)
AISI 4340 (150 ksi) 45 30 751 5,640 3 0 NADC (7)
AIS'I 434) ( 50 ksi) 46 35 197 2.340 3 0 CEL (4)
,ISi 434(, 15o '.%i) 45 30 197 2.340 3 0 NADC (7)
AISI 4340 (150 kkt) 45 30 $03 2,370 3 0 NADC (7)
AII 4340 (150 ki). Cd plated 45 30 403 2,370 3 0 NADC (7)
AISE 43449 (150 W.t). Ni plated 45 30 403 2,370 3 0 NADC (7)
%111 43 44 0(150 P..1. Cu plated 45 30 403 2,370 3 0 NADC (7)
%1%1 43403(150 ku) 66 50 123 5.640 3 0 CEL (4)
-I1 ;3441450 PI 66 50 403 6,780 3 0 CEL (4)
* a1.1 2 v 50 k,) 66 50 403 6,780 3 0 NADC (7)
%1%1 4 3401 1 , .). 'd plated 66 50 403 6,780 3 0 NADC (7)
jW.1 J-14 -150 k m). Ni plated 66 51 403 6,780 3 0 NADC (7)
%IN' & t v 15(O k-.. Cu plated 66 50 403 6.780 3 0 NADC (7) A
U,44 4 . IO' W519k') 66 50 751 5.640 3 0 CEL (4)
s.WI 4two 115o "3) 66 50 751 5,640 3 0 NADC 7)

& L4*& 0 1 u, _ 66 5O 197 2,340 3 C (4)

Continued
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IJ,
"le 7. Continu'd.

I: t II' I I clNutber of
AllStory%, Yield IExpomire DcIT4 h SpCt Nuter Sourcea(Wr)gd Wa y) 00 I:pod Failcd f°uce

AISI 4340 (150 ksi) 66 50 402 2,370 3 0 CEL (4)AISI 4340 (ISO ksi) 66 50 402 2.370 3 0 NAIC (7)
AISI 4340 (150 ksi), Cd plated 66 50 402 2,370 3 0 NADC (7)
AIS. 4340 (150 ksi), Ni plated 66 50 402 2,370 3 0 NADC (7)
AISI 4340 (150 ksi), Nu plated 66 50 402 2,370 3 0 NADC (7)

AISI 4340 (150 ksi) 99 75 123 5,640 3 0 CEL (4)
AISI 4340 (I50 ksi) 99 75 403 6,780 3 0 CEL (4)
AISI 4340 (150 ksi) 99 75 403 6,780 3 C NADC (7)
AISI 4344) (150 ksi), Cd plated 99 75 403 6,780 3 0 NADC (7)
AISI 4340 (150 ksi), Ni plated 99 75 403 6,780 3 0 NADC (7)
AISI 4340(150 ksi). Cu plated 99 75 403 6,780 3 0 NADC (7)
AISI 4340 (150 ksi) 99 75 751 5,640 3 0 CEL (4)
AISI 4340 (150 ksi) 99 75 751 5,640 3 0 NADC (7)
AISI 4340 (150 ksi) 99 75 197 2,340 3 0 CEL (4)
AISI 4340 (150 ksi) 99 75 197 2.340 3 0 NADC (7)
AISI 4340 (150 ksi). Cd plated 99 75 197 2,340 3 0 NADC (7)
AISI 4340(150 ksi), Ni plated 99 75 197 2.340 3 0 NADC (7)
AISI 4340 (150 ksi), Cu plated 99 75 197 2,340 3 0 NADC (7)
AISI 4340 (150 ksi) 99 75 402 2,370 3 0 CFL (4)
AISI 4340 (150 kWi) 99 75 402 2,370 3 0 NADC (7)
AISI 4340 (150 ksi), Cd plated 99 75 402 2,370 3 0 NADC (7)
AISI 4340 (150 ksi), Ni plated 99 75 402 2,370 3 0 NADC (7)
AISI 4340 (150 ksi), Cu plated 99 75 402 2,370 3 0 NADC (7)

AISi 4340 (200 ksi) 65 35 123 5,640 3 0 CEL (4)
AISI 4340 (200 ksi) 65 35 403 6,780 2 0 CEL (4)
AISI 4340 (200 ksi) 65 35 751 5,640 3 0 CEL (4)
AISI 4340 (200 ksi) 65 35 197 2,340 3 0 CL (4)
AISi 4340 (200 ksi) 93 50 123 5,640 3 0 CEL (4)
AISI 4340 (200 ksi) 93 50 403 6,780 2 0 CEL (4)
AISI 4340 (200 ksi) 93 50 751 5,640 3 0 CEL (4)
AISI 4340 (200 ksi) 93 50 197 2,340 3 0 CEL (4)
AISI 4340 (200 ksi) 93 50 402 2,370 3 0 CEL (4)
AISI 4340 (200 ksi) 139 75 123 5,640 3 0 CEL (4)
AISI 4340 (200 kW) 139 75 403 6,780 2 0 CEL (4)
AISI 4340 (200 ksi) 139 75 751 5,644) 3 0 CHL (4)
AISI 4340 (200 ksi) 139 75 197 2,340 3 0 CEL (4)
AISI 4340 (200 ksi) 139 75 402 2,370 3 0 CEL (4)
ASTM A36 20 402 2,370 3 0 CE. (4)

ASTM A36 30 75 402 2,370 3 0 CEL (4)

ASTM A387.D 24 50 402 2,370 3 0 CEL (4)
S.ASTM A387-D 37 75 402 2,370 3 0 CF.L (4)MLA No. Ic  38 35 197 2,340 3 0 CEL (4)

IISLA No. 1 55 50 197 2,340 3 0 CCL (4)
IISLA No. 1 55 sc 402 2.370 3 0 CEL (4)
IISLA No. 1 82 75 197 2,340 3 0 CEL (4)

ISLA No. 1 82 75 402 2,370 3 0 CEL (4)

F IE.A No. - 75 189 5,900 1 0 CCL (4)

* Continued
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Table 7. Continued.

Il t it Nubei, r of
St ress I l'\ pourc )pih Numiihc'r a

Alii) 0r') (lay) (fi) Ip cie. S)urce

11SLA No. 4' - 75 189 5,900 2 0 CEU. (4)

HSLA No. 4" - 75 189 5,900 1 0 CEL (4)

[ISLA No. 5 41 35 197 2,340 3 0 CEL (4)
HSLA No. 5 59 50 197 Z,340 3 0 CEL (4)
[ISLA No. 5 59 50 402 2,370 3 0 CIL (4)
IISLA No. 5 89 75 197 2.340 3 0 CEL (4)
IISLA No. 5 89 75 402 2,370 3 0 CL (4)
IISLA No. 5d - 75 189 5,900 2 0 CEL (4)
IISLA No. 5e  

- 75 189 5,900 2 0 CEL (4)HSLA No. 51 - 75 189 5,900 1 0 CEL (4)

HSLA No. 53 - 75 189 5,900 2 0 CEL (4)

IISLA No. 13ed - 75 189 5,900 2 0 CEL (4)
IISLA No. 133 - 75 189 5,900 1 0 CEL (4)

3S No. 3 f 86 50 189 5,900 3 0 CEL (4)
IiS No. :1 86 50 189 5,900 3 0 CEL (4)
IS No. 3 129 75 189 5.900 3 0 CEL (4)

I!S No. 129 75 189 5,900 3 0 CEL (4)

IiS No. 6 b  96 50 189 5.9()0 3 0 CRL (4)

iS No. 61 96 50 189 5,900 3 0 CIL (4)
ItS No. 6b  143 75 189 5,900 3 0 CEL (4)
[IS No. 6 , 143 75 189 5,900) 3 0 CEL (4)
IIS No. 6' 96 50 189 5,900 3 0 CEI. (4)
IS No. 6b' i 96 50 189 5,900 3 0 Cli. (4)
IIS No. 6' 143 75 189 5.9(X) 3 0 CEL (4)
ItS No. 6b' 14 75 189 5,9o00 3 0 CEL (4)

AISI 502 18 50 197 2,340 3 0 CEL (4)
AISI 502 18 50 402 2,370 3 0 C EL (4)
A191 502 27 75 197 2,340 3 0 CEl. (4)
AISI 502 27 75 402 2,370 3 0 CI-L (4)

18% Ni, niaraging 83 33 123 5,640 3 0 NADC (7)
18% Ni, maraging 105 42 123 5,640 3 0 NADC (7)
18% Ni, maraging 158 50 189 590 3 0 CEL (4)
18% Ni, maraging 158 50 189 590 3 2 Cl. ()

S18% Ni. maraging, 237 75 189 5.90() 3 3 CEL (4)
18% Ni, maraginb 237 75 189 5.9(OO 3 3 CI. (4)

18% Ni. maraging - 75 403 6,80 3 0 NADE (7)
18% Ni, maraging' - 75 403 6,7 80 3 3 NADC (7) 
18% Ni. maraging -- 75 751 5.6 40 31 0 NAM (7)
18% Ni, maraging" 70 35 197 2.3 40 3 0 Boeing (6)
18% Ni. maragings' I0O 50 197 2.3 40 3 H oeing (6)

18% Ni, maragng' 150 75 1 97 2,3 40 .3 Boeing (6)

18% Ni, maraging 75 30 197 2,340 3 0 NADC (7)
18% Ni. maraging 125 50 197 2,340 3 0 NADC (7)
18% Ni, maraging. 188 75 197 2 ,340  3 3 NADC (7)
18% Ni, maraging! 75 30 197 2,3 40) 0 NADC (7)
18% Ni. maraging 1 25 SO 197 2,3 40 3 0 NAMC (7)
18% Ni, rnaraging ' !

188 75 197 2,3 40 .. 3 NADC (7)

Continued
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Table 7. Continued.

Itc% Prent (Mi~'re Det Nube o Numbewra
Strength 1:

18% t, mragig, C ~ ,ed' 188 5 19 2,30 3 NAD (7

18% Ni. maraging, Nu patdi 188 75 197 2,34 3 0 NADC (7)
18% Ni. maraging. N;paei 188 75 402 2.370 3 3 NADC (7)
18% Ni, maraging. 188 75 402 2.370 3 3 NADC (7)
1813 Ni, macagingl 189 35 402 2.370 3 0 CI3L ()
18% Ni. maraging 156 35 402 2,370 3 0 CMi (4)
18% Ni. macaging 234 50 402 2.370 3 0 CEL (4)
18% Ni, maraging 109 35 402 2.370 3 0 CEI. (4)
18% Ni. Inaraging'1 156 35 402 2,370 3 0 CEL (4)

18% Ni, macaging' 234 75 402 2,370 3 0 CEL (4)

12% Ni, macaging 63 35 197 2.340 3 0 Boeing (6)
12% Ni. maraging 90 50 197 2,340 3 0 Boeing (6)
12% Ni. maraging 135 75 197 2,340 3 0 Boeing (6)

~Numbers refer to references at end of report.
bone specimen failed in bottom sediment, two in water.

C IISLA - high-strength, low-alloy steel.
dZi-ich primer. 8 mils.

e Zinc-rich primer, 8 moils plus wash primer (MIL-C-85 14), 6 mils plus epoxy topcoat. 6 mils.

flipoxy tar primer, 8 mils plu%. epoxy topcoat. 8 mils.

1IS- high-strength steel.

E'xposed in bottom sediment.

'TI( welded.

'Cracked at edge of heat affcted /one.
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77 7

Table 9. Effect of Corrosion on Breaking Strengths of Anchor Chains

(chains degreastd, 0.75-inch size)

Exposure Ilreaking L.oad (Ib)
Designation Remarks

Das )epth Original Final

IDilok 123 5.640 59.000 58.5W Thin fil flak ; rust, broke
at bottom of sockct

l)ilok 403 6.780 59.(M) 64.5M{) Thin film flaky rust. broke
at bottom of socket

ldilok 751 5.640 59.0{) 71.000 Thin film flaky rust. broke
at bottom of socket

d tilok 197 2.340 59.5() 76.50 Thin film flaky rust. broke
at end of link

Welded stud link 123 5.640 57.50 61,500 Thin film flaky rust, broke
at end of link

Welded stud link 1403 6,780 57.590 59.50M Thin film flaky rust, broke
i at end of link

Welded Stud hn-k i751 5.640 57.5M} 5 9,50W Thin film flaky rust. broke
~at end of link

Welded stud link 197 2.340 57.5(g) 61,000 Thin film flakv rust broke
at end of link'
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SECTION 3

COPPER ALLOYS

The excellent corrosion resistance of copper anti le chemical compositions. corrosion rates and
its alloys is partially due to its being a relatively noble types of corrosion, stress corrosion characteristics,
metal. Ilowever. in many environments, its satisfac- and changes in mechanical properties due to
tory performance depends on the formation of corrosion of the bronzes are given in Tables 18

adherent. relatively thin films of corroion products. through 21. The effects of the duration of exposure
In seawater corrsi(,n. rcsistance depe:nds on the are shown graphically in I:igurcs 12 and 15.
presence of a surface oxide film through which I'hc chemical compositions, corrosion rates anti
oxygen must diffuse in order for corrosion to con types of corrosion, stress corrosion characteristics,

tiue. This oxide film adjoining the metal is cuprous and changes in mechanical properties due to cor-
oxide covered with a mixture of cupric oxy-chloride. rosion of the coppcr-nickel alloys are given in Tables
cupric In droxide. basic cupric carbonate, and calcium 22 through 25. "'he effects of the duration of
sulfate. Since oxygen must diffuse through this film exposure are shown graphically in Figures 13 and 15.
for corrosion to occur, it would be expected thai The effects of depth and the effect of the concen-
undcr norm.al circumstances the corrosion rates tration of oxygen in seawater on the cerrosion of the
%ould decrease with increase in time of exposure. copper alloys are shown in Figures 9 and 14.

Copper alovs corrode uriformly, hence, corrosion The effect of the iron content on the corrosion of
rates calculated from weight losscs and reported as the copper-nickcl alloys is shown in Figure 14.
mils per 'ear reflect the true condition of the alloys.
Thcrefore. corrosion rates for the copper alloys can
be used reliably for design purposes. I lowever, this 3.1. COPPERS
d.es not apply to those copper base alloys which are
susceptible to parting corrosion. (Parting corrosion is The chemical compositions of the coppers arc
defined as the selective attack of one or more of the given in Table 10. their corrosion rates and types of
components of a solid solution alloy.) Examples of corrosion in Table 11. their resistance to stress cor-
parting corrosion are dezincification, dealuminifici- rosion cracking in Table 12. anti the changes in their
tion. denickelification, dcsilicomfiration. etc. mechanical properties due to corrosion in Table 13.

'he data on the copper alloys were obtained from
the reports given in References 3 through 19 anti 23. 3.1.1. Duration of Exposure
The copper alloys arc separated into the different
classes of copper alloys (coppers, brasses, broncs, The effects of the duration of exposure on the
and copper-nickel alloys) for comparison anti dis- corrosion of copper in seawater at depth, at the
cussion purposes. surface, anti in the bottom sediments are shown

The chemical compositions, corrosion rates and graphically in Figurc 8. At the surface and at the
types of corrosion, stress corrosion characteristics. 6,000-foot depth, both in the seawater anti in the
and changes in mcchanical properties due to cor- bottom sediment, the corrosion rates decreased with
rosion of the coppers arc given in Tables 10 through increasing duration of exposure. At the 2.500-foot
13. " lie effects of duration of exposure are shown depth the corrosion rates in the seawatcr and in the
graphically in Figures 8 and 15. bottom sediment were essentially constant. Also. the

The chcmical compositions. corrosion rates anti corrosion rates were practically the same at depth as
types of corrosion, stress corrosion ciharacterntics. at the surface.
and changes in mechanical properties due to tihc cor- The beryllium-copper alloys behaved very
rosion of the brasses are given in Tables 14 through similarly to copper, anti their corrosion rates were
17. The effects of the duration of exposure are shown comparable. lery-hurn.copper chain corroded at the
graphically in Figures I I and 15.
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same rates and in the same manner as the alloy in corrosion products on the CDA No. 175 alloy. This
sheet form. Welding by either the TIG or MIG pro- indicates that the aluminum was corroding galvani-
cesses as well as aging at either 6000 F or 80001 did cally to protect the beryllium-copper from corroding.
not affect the corrosion behavior of the beryllium-
copper alloys.

3.2. BRASSES (Copper-Zinc Alloys)
3.1.2. Effect of Depth

The chemical compositions of the brasses ..

The effect of depth on the corrosion of copper is given in Table 14, their corrosion rates and types of
shown in Figure 9. The corrosion of copper was not corrosion in Table 5, their resistance to stress cor-
affected by depth, at least to a depth of 6,000 feet. .rosion cracking in Table 16. and the changes in their

mechanical properties due to corrosion in Ta" Ic 17.
3.1.3. Effect of Concentration of Oxygen

3.2.1. )uration of Exposure

The effect of the concentration of oxygen in sea-
water on the corrosion of copper is shown in Figure The effects of th, duration of exposure on the
10. The corrosion of copper was unaffected by the corrosion of the brasses in seawater at depth, at the
concentration of oxygen in seawater within the range surface, and in the bottom sediments art shown in
of 0.4 to 5.75 ppm. Figure 11.

Since the corrosion rates of all the brasses, except
3.1.4. Stress Corrosion those of alloys, CDA No. 280 and 675, were so com-

parable, the average values for any one time, depth,
Copper and ber'llium-coppcrs crc expos, in or cnvirooment were used to prepare the curves in

the seawater while stressed at values equivalent to 30 Figure 11. The corrosion rate values of alloys CI)A
and 75% of their respective yield strengths for the No. 280 (Muntz Metal) and CDA No. 675 (manganese
pnriods of time and at the depths shown in Table 12. bronze A) were considerably higher than those of all

Neither copper nor the bcyllium-coppers were sus- the other brasses. These high rates were attributed to
ceptiblc to strrss corrosion. Aging at either 600oF or the severe parting corrosion (dezincification) which
800O1: did not affect the stress corrosion resistance of had occurred on these two alloys.

Iberyllium-copper (CDA No. 172). The curves in I:igare I I show -.he effects of the
duration of exposure on the corrosion of the brasses

3.1.5. Mkchanical Properties in .eawatcr. The corrosion rates of the brasses

decreased slightly with increasing duration of
The effects of e:xposure in seawater on their exposure at the surface and at depths of 2,500 and

mechanical properties are given in Table 13. The 6,000 feet both in seawater and in the bottom
mechanical properties of the copper and the sediments. The corrosion of the brasses was the same
berylliun-coppers were not significantly affected by in the bottom sediments as in the seawater at the
exposure in s.awatcr at the surface or at depth. 6.0(0-foot depth, Lut slower in the bottom sediments

than in the seawater at the 2,500-foot depth. The
3.1.6. Galvanic Corrosion corrosion in seawater was practically the same at the

2,500-foot depth as at the 6.000-foot depth. The

Dissimilar metal couples consisting of I x 2-inch brasses corroded slightly slower at depth than at the
strips of aluminum alloy 7075-T6 fzstcned to surface.

1 x 6-inch strips of bcryllium-copper alloy ((DA No.
175) with plastic fasteners were exposed in seawater 3.2.2. Parting Corrosion (Dezincification)
at a depth of 2,500 feet for 402 days. After exposure

the 7075-T6 was covered with a heavy uniform layer -rhe alloys attacked by parting corrosion arc
of corrosion products, while there was a thin layer of shown in Trable 15. All the brasses, except Arsenical
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Admiralty (Cl)A No. 443). aluminum brass, and impairment in both alloys roughly paralleled the

nickel brass, were attacked by parting corrosion in severity of the parting corrosion.
degrees varying from slight to severe. The zinc con-
tent varied fron 11 to 42% with the severity of 3.2.7. Qrroskn Products
parting corrosion generally increasing with the zinc
content. Although the Arsenical Admiralty contained The corrosion products which fjrmed on cast
about 30%, zin. the addition of about 0.03% arsenic nickel-manganese bronze during 403 datys of exposure
rendered it immune to parting corrosion. Isccausc of at a depth of 6.000 feet were analyzed by X-ray dif-

the 2 alumninum in Aluminum brass a-] the 8% fraction, spectrographic, infra-red spec tiophotometer,
nickel in tlc nickel brass, they were also mmune to and quantitative analyses methods. The corrosion
parting corrosion even though they contained 20 and products were composed -)f cupric chloride
40% zinc, rcspectively. (CuCl, 21120); copper hydroxychloride

(Cu 2(01)3 CI); copper as metal. 35.98%; minor
3.2.3. Effect of Depth amounts of aluminum, iron. silicon, and sodium;

chloride ions as CI. 0.91%; sulfate ions as S04,

The effect of depth on the corrosion of the 11.53%; small quantities of an organic compound or
brasses after I year of exposure in seawater is shown compounds present due to decomposed algae and
in Figure 9. Although there was a slight tendency for vegetative materials.
the brasses to corrode more slowly at depth than at
the surface, this slight decreas- is not significant.

3.3. BRONZES
3.2.4. Effect of Concentration of Oxygen

The chemical compositions of the bronzes arc
The effect of the concentration of oxygen in sea- given in Table 18, their corrosion rates and types of

water on the corrosion of the brasses after I year of corrosion in Table 19, their resistance to stress cor-
exposure is shown in 'ligrc 10. The corrosion of the rosion in I able 20, and the changes in t6eir mechan-
brasses increasel linearly. hut slightly, with increasing ical properties duc to corrosion i'i Table 2 1.
oxygen concentration.

3.3.1. Duration of Exposure
3.2.5. Stress Corrosion

The effects of the duration of exposure on the
Two brasses. CDA No. 280 anti 443, were corrosion of the l)tonies in seawater at depths, at the

exposed in seawater %hitle stressed at values cqut- surface, and in the bottom sediments are shown in
valent to 50 and 75% of their respective yield Figure 12.
strengths for the periuds of time and at the depths Since the corrosion rates of all the bronzes,
given in lable 10. \either alloy was susceptible to except those of alloys CU)A No. 653 and 655 (silicon
stress corrosion at either depth, 2,500 or 6.(XK) feet, bronzes), were so comparable, the average values for
after 40 days of exposure. any one time, depth, or environment were used to

prepare the curves in Figure 12. Because tl,, cor-

3.2.6. Mechanical Properties rosion rates of the silicon bronzes were so much
greater than those of the other bronzes, they were

Thc effects of corrosion on the mechanical pro. not avcraged with the others. They are shown in
peties of three brasses arc given in Table 17. The Figure 12 as a separate curve that includes the rates
mechanical propertics of Arscrtcal Admiralty sscre for both depths as well as those for the surface. 1 he
not tmpaircd. while those of Munttz Metal and nickel- average corrosion of the bronzes in seawater anti in
manganese bronze scrc impaired. I he degree of the bottom sediments was essentially constant with
impairment mcrcased with the time. of exposure at increasing durat..n of exposure. Also, it was cssen-
both depths. 2.5(X) and 6.0X feet. The degree of tially the same at the 2,5o0-foot dcpth s at the
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6,000-foc,t depth, both in the seawater and in the susceptibility to stress corrosion. They were stressed
bottom sediments. The corrosion of the silicon at values equivalent to 35, 50, and 75% of their
bronzes was greater than that of the other bronzes at respective yield strengths as shown in Table 20. They
depth and at the surface; it decreased with increasing were not susceptible to stress corrosion for periods of
duration of exposure until it was the same as the exposure of 400 days at either depth.
other bronzes after 1,064 days of exposure. The
average corrosion of the bronzes in surface seawater 3.3.6. Mechanical Properties
was greater than at depth, and it decreased with
increasing duration of exposure. The effects of corrosion on the mechanical

properties of four bronzes arc given in Table 2 1. The

3.3.2. Parting Corrosion mechanical properties of the phosphor bronzes A and
D were not affected by exposures at depth. The

Parting corrosion was found on all the aluminum decreases (12, 27. anti 29%) in the elongation of the
bronzes (dcaluminification) anti on the silicon aluminum bronze were attributed to parting cor-
bronLes (coppering) as shown in Table 19. The rosion. Also, the decrease in the mechanical
parting corrosion was most severe on the cast alloy properties of silicon bronze A after 403 days of
containing 10. 11. and 13% aluminum. There was exposure in the bottom sediments at a depth of 6,000
much less on the wrought aluminum bronzes with feet was at'ributed to parting corrosion.
there [eing very few cases of slight attack on the
alloy containing 5% aluminum and more cases on the 3.3.7. Corrosion Products
alloy containing 7% aluminum. The parting corrosion
on the silicon bronzes occurred only occasionally, but Chemical analyses of the corrosion products
its rating varied from slight to severe, removed from aluminum bronze showed tl'e presence

of copper oxv-ch!oride, cupric chloride: major
3.3.3. Effect of Depth elements, copper and aluminum; minor elements,

iron, magnesium, calcium, and silicon; chloride ion,
The effect of depth on the corrosion of the 0.9%, and sulfate ion, 9.0%.I" bronzes after I year of exposure in seawater is shown

in Figure 9. The bronzes corroded slightly slower at
depth than at the surface, but the difference was no! 3.4. COPPER-NICKEL ALLOYS
considered to be significant. For praical purposes
depth (toes not influence the corrosion of the The chemical compositions of the copper-nickel
bronzes, alloys arc given in Tlahle 22. their corrosion rates anti

type of corrosion in Table 23. their resistance to
3.3.4. Effect of Concentration of Oxygen stress corrosion in Table 24. anti the changes in their

mechanical properties due to corros'on in Table 25.
'The effect of the concentration of oxygen in sca-

water on the corrosion of the bronzcs after I year of 3.4.1. Duration of Exposure
exposurc is shown in Figure 10. The corrosion of the
bronzes increased linearly. but Nightly, with The effects of the duration of exposure on the
increasing oxygen concentration, and at 5.75 mi/l corrosion of the copper-nickel alloys in seawater at
oxygen they were corroding at the same rate as depths. at the surface. anti in the bottom sediments
copper and other copper alloys. are shown in Figure 13.

Because the corrosion rates of all the copper-
3.3.5. Stress Corrosion nickel alloys were comparable, average values for any

one time, depth, or environment were used to con-
Four bronzes, phosphor bronze A, phosphor struct the curvcs in Fig,l'e 13. The average corrosion

bronze 1). aluminum bronze 5%. and silicon bronze at the surface and at the 6,000-foot depth, both in
A. were exposed in seawater to determine tMeir seawater and in the bottom sediments, decreasecd
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linearly with increasing duration of exposure, while 25. The mechanical properties were not adversely
corrosion attack was constant in seawater and in the affected during exposure at the depths and during the
bottom sediments with increasing duration of expo- times of exposure given in Table 25.
sure at the 2,500-foot depth. Corrosion at the
2,500-foot depth was slightly less rapid than at the 3.4.7. Corrosion Products
surface or the 6.0(X)-foot depth. Corrosion in surface
seawater decreased at a more rapid rate than at depth. Chemical analyses of the corrosion products
The differences in the corrosion rates of the copper- removed from 70% copper-30% nickcl-5% iron
nickel alloys in the different environments were so exposed for 751 days at a depth of 6.000 feet showed
small that. for practical purposes, they can be con- that they were composed of nickel hydroxide
sidercd to be the sa1e. (Ni(OlI) 2 ); cupric chloride (CuCi2 ); major elements.

copper and nickel; minor • lements, iron. magnesiun.
3.4.2. Effect of Depth sodium, and traces *of :.!icon, and manganese;

chloride ion as Cl. 4.77%; sulfate ions as SO4 . 0.80%;
Thc effect ot depth on the corrosion of the copper as metal. 43.63%.

copper-nickel alloys after 1 year of exposure in sea-
water is shown in Figure 9. Depth exerted no influ-
ence on the corrosion of the copper-nickel alloys 3.5. ALL COPPER ALLOYS
during 1 year of exposure, at least to a depth of
6.0(N) feet. The effects of the duration of exposure on the

corrosion of all the copper alloys in seawater at the
3.4.3. Effect of Concentration of Oxygen surface anti at the 6.000-foot depth are summarized

in Figurc 15. Their rates of corrosion decreased
Z -The effect of the concentration of oxygen in sea- essentially linearly with increasing duration of

watcr on the corrosion of the copper-nickel alloys exposure. Their rates were also comparable and were
after 1 ycar of exposure is shown in Figurc 10. The essentially the same after 1,064 days of exposure.
corrosion increased slightly ith increasing oxygen The corrosion of all the copper alloys was not
concentration during I year of exposure. affected by depth as shown in Figure 9.

The corrosion of copper and the silicon bronzes
3.4.4. Effect of Iron was not influenced by changes in the concentration

of oxygen in seawater during I year of exposure,
Copper-nickel alloys with iron contents varying while that of the other alloys increased with

between 0.03 and 5% were among the alloys in this increasing oxygen concentration, as shown in Figure
program. The effects of iron on the corrosion of these io.
alloys after 400 days and 1.064 days of exposure at None of the copper alloys were susceptible to
the 6.0(K)-foot depth are shown in Figure 14. stress corrosion.
(;enerally, the rates of corrosion dccrcasct with The mechanical properties of copper. the
increasing iron content. beryllium-copper alloys. copper-nickel alloys.

phosphor bronzes A and 1), and Ars.nical Admiralty
3.4.5. Stress Corrosion brass were not adversely affected by exposurc in sea-

" "- w-atur either at the surface or at depth. Thoke of 5%
Four coppcr--iickci alloys were exposed in sea- aluminum bronze, silicon bronze A, Muntz .%Ictal. and

water to deterrninc their susceptibility to s'ress nickel-manganese bronze were adversely affected.
corrosion under the conditions given in Tlic 24. Aluminum alloy 7075-46 was galvanically cot-
They were not susceptible to stress corrosion. roded when in contact with beryllium-copper.

All the brasses containing from 10 to 42% zinc,
3.4.6. Mechanical Properties except Arsenical Admiralty. aluminum brass, nickel

brass, all the aluminum bronzes, anJ the silicon
"he effects of corrosion on the mechanical pro- bronzes, were attacked by parting corrosic,.

pcrtics of five copper-nickel alloys arc given in Table

47



o trroimatsn prtsduct% C0fllIZL .'pric chloride

~copper olxvchito.:~,(l C)

nikl rn.%lcn odu.mge uni 111 umas, I

k444



-7~

0//O

~(DO

0 0 II))I-IIol.Jf:

o o49



C 'llII

o (opper & iict, n bronzes i
/ Brasse~s

] Bron.'i s

I -W A~)Co;per-ickel .lloys

4 ,,

' l S

I'gurc 9 Fi.I.ct of ulcqih on the corrosionr of copper

alloy,~ ilicr I c.ir of c,\poi54trc in scaIwa;ter.

4 50

4,,

( , iiC 4I. l ' t l '



''4

F --

.=.=

- ----------

.P.

Lii

51



5. 2



ff..

I-

EDx

airliisois jify:

53



t~.1

rn

El

,- '-

~ ____54



4I V

~- . -_

4 IN

.4.

( d:lU) ., )j} u. ,I%q UPI ))



77S

4 !

.77

S.I -

- 1,111 .'l4.'11 1 ,6

... 
.....

1- 
--------- T oIK

56-



+A

Table 10. ('heitical (:omposiion of Coppers, Percent by Weight

Alloy CI)A No." Cu Ni lie Co Source'

Co4pper, 0 free 102 99.96 - - CEI. (4)
Copper. 0 free 102 99.9 -- - INCO (3)

(:topper. 0 free 102 99.97 - CIEL (4)

Copper. 0 free 102 99.9 -- MI'. (5)

I-(:U 170 97.06 2.02 0.58 NADC (7)
Be-Cu 172 97.42 - 2.02 0.54 NAI)C (7)
Be-Cu 172 97.80 0.05 1.90 0.25 CE1. (4)

Be.Cu 175 97.0,- 0.61 2.4 NADC (7)

IlC-Cu ch.jn' 825 remainder 2.0 0.5 CI:. (4)

"(opper Development As-,ocJtton alloy number

h Numbers refer to references at cnd of report.

'Cast .lloy.

Tlde II. orrololn Raxte% .and T% pc. of 4Crriston 4 Coppers

XII (:1X J ~ ~ (lav) (ft :o )rr% 11,Ah I) I,.:111r11le~
b I(a}[(t) [ Rlt Tye of Stource',

__ _ _,__ ____I . m npy) CIrxn •_

Copper. 0 free 102 W 123 .,40 1.6 L' CFl. 4)

Copper. () tre- 102 w 123 5.6411 1.5 L' INCO (3)

Copper. 0 free 102 S 1 123 5.640 2.3 CFl. (4)
Copper. 0 free 102 S I 123 5.640 1.5 U INCO (3)

COpper. 0 free 102 V 123 5.640 1 ) MIE. (5)
4opper. 3 ree 102 W 4o3 6.780 1.2 U CEL. (4)

(.opper. 0 free 102 W 403 6.780 1.3 U I NCO (3)
(.,,pper. ) free I1:2 S 403 6.780 1.1 I. CI-A. (4)
Cipper. ) free 102 S 4o3 o.78) . . U INC() (3)

• Copper. 0 free 1:2 W 751 5.64o 0.; 1 CEI. 14)

Copper. () free 102 W , 751 5.640 .o " INC() (3)
Copper. 0 free 10:2 S 751 5.640' ( 7 1 INC() (3
(.4iipper. () free 122 W 751 5.6i40 11.6 M I. (5)

C.,Pper. €0 free 102 W I I.064 1 5.3.,o 0.5 1' CIA. (4)
C,,pper. () tre'e 22 W 1.064 5.3n 0.5 IU IN(O (3)

O(:.pper. 0 free 102 S 1.1164 5.34M) 0.3 INCO (3)
C,,pper. 0 free 1102 IX 1.064 5.34M 114 U MEL. (5)

o(.,pper. () tree 202 W 197 2.340 10.8 " CIA. (4)

(:intlzllul'
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T-,blI 11 . Continued

Corrosion

1, ~ ~ ~ ~ tp ExoueMph(f1
Alo. CI)A N . Exposure It Corrosion' Source

(rnpy)

(opper. 0 free 102 W 197 2.340 1.4 U INCO (3) f
Copper. 0 free 102 S 197 2.340 0.2 U CFI. (4)

Copper, 0 free 102 S 197 2.340 0.2 U INCO (3)
Copper. 0 free 102 W 402 2.370 0.9 U CFL. (4)
Copper. 0 free 102 W 402 2.370 1.4 U INCO (3)
Copper. 0 free 102 S 402 2.370 0.6 U CElI. (3) 4
Copper. 0 free 102 S 402 2.370 0.2 '"T INCO (3)
Copper. 0 free 102 W 181 5 1.4 P (22m) C I. (4)
Copper. 0 free 102 W 181 5 1.8 C, INCO (3)
Copper. () free 102 IV 366 5 1.2 G INCO (3)
Copper. 0 free" 102 W 386 5 0.7 U MI. (5)
Copper. () free 102 W 398 5 1.1 C. P (37m) CFI1. (4)
Copper. 0 tree 102 W 540 5 0.9 G. P (22m) ClI!. (4)
*Copper. 0 free 102 W 588 5 0.9 C. P (20m) Cli. (4)
I;C-Cu/  170 W 123 7.640 0.5 U NAI)C (7)

B-Cu 170 W 7 .64 0.5 U NAI)C (7)

iK'Cu 170 W 197 2644 00 NC NAI)C (7)

BeC. 17 W 402 2.370 0.6 U NAI) (7)

lie-Cu 1729 W 123 5.640 0.5 t NAI)C (7)
JI-Cu 1-721'  W 123 54o 0.5 U NAiC (7)

B,-5u 1729 W 751 (o.5 1U NAIDC (7)
Il..Cu 1721- W .51 5.64o 0.5 L' NAI)C (7)
IB-k'u '2T W 197 2.34o 0.2 U NAi)C (7)

ll'-Cu 172 . 6 197 0.2 U NAI. (7)

Itt-Cu 172, W 402 2.37o (.5 U NAIDC (7)

ik-Cu 172 W 402 2.370 0.4 U NAC(" (7)

1B-Cu 172 W 402 2 0.6 t' CI-I. (4)

lic-Cu 172 S 402 2.4 5 15 U Cii. (4)
Be-Cu 172 W 181 5 . U CIA. (4)

. ; B.Cu ;172 WV 364 5 1. IU(!'! 4

iIe-( u' 172 W 723 5 0.8 U CLII. (4)
Ir-.Cu 1 !72 W 763 5 ().8 it C Ft. (4)
I te-Cu, {172 [ W 402 2,3 7o 0.5 1',  CEI. (4)

I l*(' k 172 . 402 2.370 0.5 U CEI. (4)

Br-Cu, 172 I W 8 5 . 1 C.I. (4)
Ile ( u, 1 i72 . 36 5 1 .() 1 CFI.L 4
Il" C.u' 172 W 721 5i 0.7 U CEF1. (4)
Be'.( ul 172 J W -63 5 0Ao. U CI-I. (4)

172 W 402 2.37 05 F5 VT CI. (4)k I,. u .  17 4(2 .71 1.5iT CF). (4)
Ile 0117 2.7FC

Con Inued
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Table 11. Continued

A~~~lo~1 Ex), posure IDepth Coarr~oin TI-li oforc'

-lo DAN. FiaIrtonnict R {ate Suc

(davy) (ft) Corrosion

j~-.1 172 w181 5 F.T CII (4)
Ike-Cu ~ 172 W 164 5 1.1 U ClE 1. (4)

i Ik.(:uL 172 w 723 5 0.7 U ("I'l. (4)

Ile ('1 172 w 763 5 07 U (:11(4)

1k-Cu C1a.11111  825 %V 402 2.370 0.5 U CIEL (4)
1k-Cu chtn 1  8 25 S 402 2.370 0.4 (E1I*l (4)
Ite-(u Chin 825 w 181 5 o1.1 U C 1:I. (4)
It-1kC1cl.aa11 1  825 w 364 5 1.0 L, CFI'. (4)

11k-Cu C11.111 825 w 72 0.8 U I.L (4)
J cC .1.ie 825 703 5 0.8 11 (30.5m). C(m l 4

W'~pe ~veI..oament X%-,oc,.mI on .iIlo% naumbers.

-w zotatll expoed in %iatacroi ,bha ie of structure

s 1), t,4 i v I P.t %c of t .r is t ture so t iAt th c Io~ te% r port ion s o t thle speA iimen %% ere e inbeduled i n thle

-S% 111 Is I itpr a 4 j~-1 ol tirowion

C C'r.: ce Iiti
l ItCin1g 1' Unforml

V: No coirnm.oi

\tnaiil, indijat it an1k tix . 211 21) maiIs, 20~m 201 mII% tmmanm)

S\ umlov'a ret t-r to ret c c %e t citt ot ;epo rt -

I i ks% I I m.aI lue ( ..r. I I uc .11 . -I NC( . 'aV' i vt 'ille Beacha. \.C,.

A w 1.11 i, 1

\L 1at 8011"1.

U'aat..ra %%eI.l bc-iea cid
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Table 12. Stress Corrosion of Coppers
- r

Yil SpecimntsL Alloy CI)A No~ Stress Exposure Depthens"~lo (ksi Strength Exoue DphSource ,

(ksi) SWegh (ay) 00t
__ _(%) (day)_( ft) Exposd Failed

Copper. 0 free 102 I1 75 197 2.340 3 0 CE'I. (4)
Copper. 0 free 102 II 75 402 2.370 3 0 CE!. (4)

V Bc-Cu 170 50 30 403 6.780 3 0 NAI)C (7)
Bc-Cu 170 126 75 403 6.780 3 0 NADC (7)
Be-Cu 170 5) 30 402 2.370 3 0 NADC (7)
k-Cu 170 126 75 402 2.370 3 0 NAI)C (7)

BC-Cu 172 d  53 30 403 6.7."0 3 0 NAI)C (7)
BC.Cu 172 't  133 75 403 6,780 3 0 NAI)C (7)
Be-Cu 172'1 53 30 402 2.370 3 0 NADC (7)
Be-Cu 172 '1 133 75 402 2.370 3 0 NAI)C (7)
Be-Cu 172" 37 30 403 6.780 3 0 NADC (7
Bc-Cu 172" 93 75 403 6.780 3 0 NADC (7)
Re-(u 172" 37 30 402 2.370 3 0 NADC (7)
B--Cu 1 72" 93 75 402 2.370 3 0 NADC (7)

BR-Cu 175 32 30 403 6.780 3 0 NADC (7)
k.-Cu 175 80 75 403 6.780 3 0 NADC (7)

BC.Cu 175 $2 30 402 2.370 3 0 NADC (7)
Bc-Cu 175 80 75 402 2.370 3 0 NADC (7)

:O;,per l)Development AsoCation alhoy number.
1'Numbers refer to rfernces at end of report.

I;crylsum-copper
.ged at WWI

"Aged . S(olJ
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Tlable 13. C:hanges in MNiccanicd Properties of Coppcrs I)u" to Corroimn

"'Tcniilc st.Igth Yirhld Str engt h liongat ion
Alol, t;)A l.x;out" It .orccl,

4 1o t * a y) )rig silu l ( h3rh , O rig i'l O"ig nhl)o ut.

(W)n (W;i M%)

S.ppe-r. 0 f 1 e 102 123 5.,40 33 +2 14 - 5 52 -2 CI'I. (4)

'opper. 0 frc 102 4113 6.7810 It (0 14 .9 52 -6 CI.I. (4)
Copper. 0 f, cc 102 751 5.9,41) 33 ,4 14 + 11 52 -6 Cl. (4)
Copr fe 102 717 1.340 3.4 -4 14 -30 52 -4 (I'I (4)

37oppc. 0) I o2 41)2 24 -j4 52 -7 CI'I. (4)
Coe.r. 0 free II12 I8l 5 .3 -4 14 -21) 52 -14 CF1. (4)

lc-Cu, 37o 123 5.43 I ; 0 I0-7 a' 5 -1 NAIM: (7)
Iic4 u I7o 751 S.1,40 I7S -2 167 -2 5 -6 NAIX: (7)

I1r (u 175) 19 4 41 37 3.11 5 4 NAIM 7)
lc-Cu 1741 4412 2.,t70 Is -7 16,7 -6 5 - 'AIDC (7)

I~'(u172 4o12 2.3701 17c, - 9 162 -8 4 -14 CIAI. 11)
B¢(u1  172 4112 2.374) 161 -5 158 -2 : 3 .!8 CI. -4)

1te C'u" 172 ;0-2 2 371 1 C.6( - I 112 - 6) : . -17 (:1::.( 4
ll;'-('Ij 172 i181 5 176 -7 U-,2 -6 4 -29 C1" . (4
lIt" Cu '1  172 INI 3 15s •.3 157 -i 4 - 29 (CI"A. 14)

Is "-Am" 172 18i 5 166 *.' 162 -4 3 -17 (:"! W'.o)
Ile"4 tu

l  172 123 5.6'40 1116 01 177 4) 4 4) NAMX (7)
ise-CdJ 172 751 .S.,410 IWO - 1 177 -2 4 -19 NAI X- (7)
lit--t u 172 197 2..141) 19)1. 41 177 9) 4 41 NAMX 47)

le Cll 172 4112 2.37o 1.3o3, -. M -13 4 -26 NAIX- (7)
Itc ', 172 123 5.(,40 144 -2 124 -7 o Nt.AM MX 1

Itc.( tb ! 172 751 5,6,440 144 -4 124 - !41 9 +26 NA IX: (7)
il'(t 172 197 2..340 144 ,, 124 .141 9 -25 NAM) (7)

Het 1.tt 172 4,12 2,37!1 144 -6 124 -12 I - 26 VAi) (7)

lite u 1 75 12.1 ;.64410 121 ) 17 11 is1 -211 N AMX (7)

0!

let' 1 175 751 5.6,41 12I - 1"-7 11 15 -lI NA IX' (7)
Re A t 175 197 2).,.1t: 121 0 011 Is 1) %* AIX' (7j

lit'( u 75 -111 2.1711 121 3 117 ) 15 -2., NAIX 7

hN tlbc~tr% re'f it- rc.'lrcrltc, atI cit.] Of ri lort.

'\11(, ii X}8lc1',
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Table 15. Corrosion Rates and Types of Corrosion of Copper-Zinc Alloys (Brasses)

CorrrosionCDA b Exposure bepth CRate o Type of orc

Alloy No.a En n (day) ft) Corrosionc

(mpy)

Commercial Bronze 220 W 123 5,640 0.6 U INCO (3)
Commercial Bronze 220 S 123 5,640 0.3 U INCO (3)
Commercial Bronze 220 W 403 6,780 0.6 U INCO (3)
Commercial Bronze 220 S 403 6,780 <0.1 U INCO (3)
Commercial Bronze 220 W 751 5,640 0.6 C (9) INCO (3)
Commercial Bronze 220 S 751 5,640 0.4 C (20) INCO (3)
Commercial Bronze 220 W 1,064 5,300 0.4 C (20) INCO (3)
Commercial Bronze 220 S 1,064 5,300 0.6 U INCO (3)
Commercial Bronze 220 W 197 2,340 0.3 U INCO (3)
Commercial Bronze 220 S 197 2,340 0.1 NU-ET INCO (3)
Commercial Bronze 220 W 402 2,370 0.2 SI-DZ INCO (3)
Commercial Bronze 20 S 402 2.370 <0.1 SL-DZ INCO (3)

Commercial Bronze 220 W 181 5 1.1 U INCO (3)
Commercial Bronze 220 W 366 5 1.1 P (4) INCO (3)

Red Brass 230 W 123 5,640 1.3 U INCO (3)
Red Brass 230 S 123 5,640 1.7 SL-DZ INCO (3)
Red Brass 230 W 123 5,640 1.9 U MEL (5)
Red Brass 230 W 4,)3 6,780 1.2 SL-DZ INCO (3)
!\-:d Brass 2S S 403 6,780 0.4 GBSL INCO (3)

,'-1 3rass 230 W 751 5,640 0.9 SL-DZ INCO (3)
Red Brass 230 S 751 5,640 0.7 U INCO (3)
Red Brass 230 W 751 5,640 0.7 U MEL (5)
Red Brass 230 W 1,064 5,300 0.6 SL-)DZ INCO (3)
Red Brass 230 S 1,064 5,300 0.3 G INCO (3)
Red Brass 230 W 1,064 5,300 0.6 U MEL (5)
Red Brass 230 W 197 2,340 1.0 U INCO (3)
Red Brass 230 S 197 2,340 0.1 U INCO (3)
Red Brass 230 W 402 2,370 0.7 U INCO (3)
Red Brass 230 S 402 2,370 <0.1 1:T INCO (3)
Red Brass 230 W 181 5 1.8 SI-DZ INCO (3)
Red Brass 230 W 366 5 1.2 CR (6) INCO (3)
Red Brass" 230 W 386 5 0.8 U MEL (5)

Commercial Brass 268 W 1,064 5,300 0.8 S-DZ CEL (4)

Yeflow Brass 268 W 1,064 5,300 0.6 MO-DZ CEL (4)

Yellow Brass 2W 123 5,640 1.4 U INCO (3)
Yellow Brass 270 S 123 5,640 1.3 U INCO (3)

Yellow Brass 270 W 403 6,780 1.0 U INCO (3)
Yellow Brass 270 S 403 6,780 0.2 GBSI. INCO (3)Yellow Brass W 751 5,640 2.5 SL-DZ NCO (3)
Yellow Brass 270 S 751 5,640 2.6 SL-DZ INCO (3)

Continued
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lable 15. Continued.

~Corrosion
:l)A b .xposurc lepth D Rae Type of du,All "Eo J  :nvironmntb (day) (ft) Ratesio C  Sourced

~(11py) |

Yellow Brass 270 W 1,064 5,300 0.6 U INCO (3)
Yellow Brass 270 S 1,064 5,300 0.5 U INCO (3)Yellow Brass 270 W 197 2,340 0.9 U INCO (3)
Yellow Brass 270 S 197 2,340 0.2 NUET INCO (3)
Yellow Brass 270 W 402 2,370 0.9 U INCO (3)
Yellow Brass 270 S 402 2,370 0.1 FT INCO (3)

YelwBrass 270 S 366 2,7 013 U:1 INCO (3)
Yellow Brass 270 W 181 5 2.1 U INCO (3)

.Yellow Brass 270 W 366 5 1.3 U INCO (3)

Stun/Metal 280 W 123 5,640 2.1 U INCO (3)
MuntzMetal 280 S 123 5,640 1.3 SL-DZ CEL (4)
Munt, Metal 280 S 123 5,640 1.5 U INCO (3)
Muntz Metal 280 W 403 6,780 2.6 SL-DZ CEL (4)
Muntz Metal 280 W 403 6,780 3.3 S-DZ INCO (3)
Mutz Metal 280 S 403 6,780 1.8 SI.-DZ CEL (4)
Munt/ Metal 280 S 403 6,780 0.6 GBSL INCO (3)
Munt/ Metal 280 W 751 5,640 3.2 G-DZ CEI. (4)
Munt., Metal 28) W 751 5,640 4.0 S-DZ INCO (3)
Muntz Metal 280 S 751 5,640 1.7 S-DZ INCO (3)
Munt/ Metal 280 W 1,064 5,300 2.3 S-DZ INCO (3)
Munt, Metal 280 S 1,064 5.300 0.8 U INCO (3)
Muntz .Mctal 280 W 197 2,340 0.7 SI.-IZ.; P (10) CFI1. (4)
Muntz Metal 280 W 197 2,340 0.7 U INC() (3)

lMuntz Metal 280 S 197 2,340 0.5 SI.-DZ; P (5) CF (4)
Munt/ Metal 280 S 197 2,340 <0.1 SI.-I)Z INCO (3)
Munt/ Metal 280 W 402 2,370 0.7 SI.-I)Z CEI, (4)
Munt, Metal 280 W 402 2,370 0.7 SI.-DZ INCO (3)
.Muz .eotal 280 S 402 2,370 0.6 SL-DZ C II. (4)
Muntz Metal 280 S 402 2.370 0.1 EIT INCO (3)
Mun/ Metal 280 W 181 5 2.4 DZ CFI. (4)
Muntz Metal 280 W 181 5 3.4 SI.-DZ INCO (3)
Munt,. Mctal 280 W 366 5 3.7 S-DZ INCO (3)
Munt Metal 280 W 398 5 3.1 )?Z, I (6) CI. (4)
Mu Metal 280 W 540 5 3.4 I)Z. I-P Ci. (4)
Munt Metal 280 W 588 5 3.3 DZ, I-P CEI. (4)

Arsenical Admiralty 443 W 123 5,640 1.0 U CFI (4)
,:nical Admiralty 443 W 123 5,640 1.1 U INCO (3)

Arsenical Admiralty 443 S 123 5,640 1.0 U CFI. (4)
Arsenical Admiralty 443 S 123 5.640 1.) U INCO (3)
Arsenical Admiralty 443 W 403 6.780 0.7 U CI. (4)
Arsenical Admiralty 443 W 403 6,780 0.8 U INCO (3)

( Continteud
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Table 15. Continued.

Corrosion
Alloy CDA b Exposure Depth Rate Type of SouredA No.j Envirnment (day) (ft) mRy Corrosion"c  Source

Arsenical Admiralty 443 S 403 6,780 0.8 U CEL (4)
Arsenical Admiralty 443 S 403 6,780 0.2 GBSL INCO (3)
Arsenical Admiralty 443 W 751 5,640 0.6 U CEL (4)
Arsenical Admiralty 443 W 751 5,640 0.7 U INCO (3)
Arsenical Admiralty 443 S 751 5,640 0.4 U CEL (4)
Arsenical Admiralty 443 S 751 5,640 0.5 U INCO (3)
Arsenical Admiralty 443 W 1,064 5,300 0.5 U INCO (3)
Arsenical Admiralty 443 S 1,064 5,300 0.5 U INCO (3)
Arsenical Admiralty 443 W 197 2,340 0.6 U CEL (4)
Arsenical Admiralty 443 W 197 2,340 1.0 U INCO (3)
Arsenical Admiralty 443 S 197 2,340 0.2 U CEL (4)
Arsenical Admiralty 443 S 197 2,340 <0.1 U INCO (3)
Arsenical Admiralty 443 W 402 2,370 0.6 U CEL (4)
Arsenical Admiralty 443 W 402 2,370 0.6 U INCO (3)
Arsenical Admiralty 443 S 402 2,370 0.4 U CEL (4)
Arsenical Admiralty 443 S 402 2,370 0.1 ET INCO (3)
Arsenical Admiralty 443 'A 181 5 1.3 U CEL (4)
Arsenical Admiralty 443 W 181 5 1.8 G INCO (3)
Arsenical Admiralty 443 W 366 5 1.3 U INCO (3)
Arsenical Admiralty 443 W 608 5 1.1 U; I-P CEL (4)

Naval Brass 464 W 123 5,640 1.2 U MEL (5)
Naval Brass 464 W 751 5,640 0.6 U MEL (5)
Naval Brass 464 W 1,064 5,300 0.7 U MEL (5)
Naval Brass 464 W 1,064 S,3OO 1.0 S-DZ CEL (4)
Naval Brass' 464 W 364 5 0.7 U MEL (5)

Tobin Bronze - W 1,064 5,300 0.9 S-DZ CEL (4)

Mn Bronze A 675 W 123 5,640 2.9 EX-DZ INCO (3)
Mn Bronze A 675 S 123 5,640 2.0 EX-DZ INCO (3)
Mn Bronze A 675 W 403 6,780 2.7 S-DZ INCO (3)
Mn Bronze A 675 S 403 6,780 0.9 S-DZ INCO (3)
Mn Bronic A 675 W 751 5,640 7.2 S-I)Z INCO (3)
Mn Bronze A 675 S 751 5,640 2.6 V-S-I)Z INCO (3)
Mn Bronze A 675 W 1,064 5,300 2.0 S-DZ INCO (3)
Mn Bronze A 675 S 1,064 5,300 1.2 S-DZ INCO (3)
Mn Bronze A 675 W 197 2.340 1.2 S-DZ INCO (3)
Mn Bronze A 675 S 197 2,340 0.2 SL-DZ INCO (3)
Mn Bronze A 675 W 402 2,370 0.8 S-DZ INCO (3)
Mn Bronze A 675 S 402 2,370 <0.1 SI.-DZ INCO (3)
,ii lironze A 675 W 181 5 4.8 S-DZ IN(:O (3)
Mn Bronze A 675 W 366 5 1.9 S-DZ INCO (3)

Continued
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l~ TabWe 15. COntMuc(I.

AII~w Corrosion
(:iA b E'xpos~ure Deth (:rrp.of ofj
No. (da1) (t) Corrion'(Impy)

.Mn Bronic B 670 W 123 5,640 1.5 _ _ Z _I'I_ (_ )

.-Mn Brontc B 670 W 751 5.640 1.5 DZ MIi. (5)

NI-Mn Bron/'c 868 W 123 5.640 0.5 SI.-DZ CF. (4)

Ni-.Mn Bronze 868 W 403 6.780 0.4 MD-)?Z C:I. (4)
[Ni-Sin Bron/c 868 S 403 6,780 0.5 AMI}-DZ CEI. (4)

Ni-Mn Bronze 868 W 751 5.640 2.3 V'-S-i)Z CIi. (4)
NvMn Bron/c 868 W 197 2.340 0.4 SI, CE1. (4)

: + Ni.%tn Bronze 868 S 197 2.340 0.4 SIA)z CEL (4)

Ni-Mn Bron/c 868 W 402 2.340 1.6 SIAZ CFI. (4)
N;-,Mn Bronic 868 S 402 2,340 2.9 SL-)Z CEL (4)
Ni-Mi: Brontc 868 " 18! 5 <0.1 St-DZ CEL (4)
Ni-Mn Bronze 868 W 364 5 0.7 IZ CiiL (4)
NrMn Brontc 868 W 723 5 2.9 )?Z ClIiL (4)
NirMn Bronze 868 W 763 5 3.0 DZ CEL (4)

Al Brass - w 123 5,640 0.7 U INCO (3)
Al Brass S 123 5.640 0.5 U INC() (3)
Al Brass W 403 6.780 0.4 U !NCO (3)
Al Brass S 4,3 6.780 0.1 GBSI. INCO (3)
Al Brass W 751 5.640 0.3 U INCO (3)
Al Brass S 751 5.640 0.1 U INCO (3)
Al Brass W 1.064 5.3(X) 0.2 U INCO (3)
Al Brass S 1.064 5.3(0) 0.8 G INCO (3)
Al Brass W 197 2.340 0.5 U INCO (3)
A Brass S 197 2.340 0 1 U INCO (3)
Al Brass w 402 2,370 0 3 U INCO (3)
Al Brass S 402 2.370 . I-T INCO (3)
Al Brass W 181 5 08 INCO (3)
Al Brass w 366 5 0.4 P (4) INCO (3)

Ni Brass w 123 5.640 1.3 U INCO (3)
Ni Brass S 123 5.640 1.1 U INC() (3)
Ni Brass W 403 6,780 1.3 U INCO (3)
Ni Br:Lss S 403 6.780 0.2 CBS1, INCO (3)
Ni Brass W 751 5,640 1.0 U INCO (3)
Ni Brass S 751 5,640 0.7 U INCO (3)
Ni Brass w 1,064 5.3(K) 0.8 U INCO (3)
N: Br.ss S 1.064 5.300 0.5 U INCO (3)
,: Brass W 197 2.340 0.8 U INCO (3)
NI Brass S 197 2,3411 0.1 NU-' INC() (3)
Ni Brass W 402 2,370 0.7 U INCO (3)
Ni Brass S 402 2,370 - 0.1 lT INCO (3)
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lable 15. (ontinued.

DA b Exposurc Depth Corrosion TVpe of dAlloy Na Environnient Corrosion' Source
(mpy) I

Nt Brass W 181 5 1.1 U INCO (3)
Ni Brass W 366 5 0.9 U INCO (3)ICopper Dvclopmcnt Association alloy number

bW = Totally exposed n sc.twter on sides of structure. S = Exposed in base of structure
so that the lower portions of the specimen were embedded in the bottom sediments.

Symbols for types ot corrosion
C = Crevice MD = Medium
CR :ratcring MU v Moderate
D)Z1 Dcincificat.ion NU = Nonuniform
FT -- tching P = Pitting
EX Extensivc S = Severe

= (;encral SI. = Slight
GBSI. = General below sediment line U = Uniform
I = Incipient V =

Numbers indicate maxmium depth in mils.

lNunbers refer to references .it end of report.

IFrancis I.. l.aQue Corrosion L.aboratory. INCO. Wrightwille Be.eh. N.C.

IAt sp.cer.
XC--st Illlo%
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Tihi 19 Co1rro4sion Rates imnd *1 ype ot Corrsion of3 Copper Alloys ( ronu/cO

N .) J ~ WapoUt (I)3 (crcu4*ve

G f444ic" w 1 3 56 5U INC() (3)
C. ionic 1 23 5 tP4( 0:.3 IU INCO (3)
1. Brmnfe w 40)3 6.7M04 0.7 1 U INCO (3)

GBII),4,c S 40)3 6.7840 o.t I(G3Is1. INC() (3)
GBolcW 751 5.(,40) 07 uINC() '3)

U. Itrunic 751 5t4 03 uIC 3
(. n/ I .64 5.W 03 U NC 3

G. Iroluc S 1 .0(,4 5.3W)4 04 ti1 INc( (3)
G. M5onte 4 97 2.34o 0.2 U INCO(
k. Rflucne 1'97 2.3411 .OIIC I NC( (3)
(G Iif4fc w 402 2.370 443 u 3NC() (3)
4. 1;foluc S402 2.370 1) )1 V! IN(.( (3)
6. 11ronic I w 191 5 13 G; I NC( (3)

4Isf.oIII 14 e(. 5 1 2 c" (9) INC() (3)

Mo~dified G. 11roniz& 1423 5,.,40 0.5 ti I NCO( (3)
_%l414(,ej (* tlrollc S123 5.t.40 0 3 U (3
ModifirJ C. Ilroll/v 404.80o4 I 3
Moa4Jfird G. Brollc 5403 6.7840 <0.1I U INCO (3)
ModifiwJ G Hro"Inc 4t 751 5.6440 W.7 ! I INCO (3)
Modjified (; htonrc S 7$1 5..40) 04 C (19) 1INCO 0
Modtifid G Ilronrc 44 1.064 5.34)4 (44 118) I' INCO (3)
%1oJified G lBronic 11104 5.3mo 05 1, INCO (3)

ltlcd G. Brllir 197 2.340) 0 I INCO (3)
.41.dificd G. 141ric ~ S 1-97 2.34o4 2 *NU I I INO 3

4ldtidC lrn~ 44402 2.37(0 04 3; I INCO (3 p
44a,1~~cJ C Hun~ 54042 1 2_270 o4 I INC i 14;(3)

Modified G~ Ir..nir 44w 141 5 1 3. IN(tO (3)
%ludif.cd C. Itii A 5 144)(R(l71 IN(.( (3)

%I Itiontr'" %%4 2 5,.40 (45 INC) (3)
M1 Itroluc S 123 5.6404 (44 U IN(( (3)
MI firorr I 44 40%4 6.7804 044 1 3N(C(M
M4 11flrc~i 4443 t- 7)444 1 (4 1f43 (3)

M1 Itroiinc 751 5.6444 (47 IN(C1(3)
Bu'5 104 5.64 UN 04 U. *NCOl (3)

M4 Br.,nt S4 1.w.64 5444m 0 44 U IN(:((3?

M1 Ironic 111I7 :2.34o4 j 1.4 1INC(:()
11Irn, 907 j2.3441 o41 11 INV(14)

%I 11follic 'A 40.2 ? 3704 I I IN f) (3)
44 rorsic !8 1)4 C U 4NCO()

M4 fir-intc I 44 Q66 H H42 Nc4.
I eadIr. Sn Ilrw,* 123 5,640 (04 C UO 3

I tvade ,11 Sfi. lln c 1:-* 5 1-40 1 0)2 V INCO (3)
I r.r!Sts B4ii 1A 4G e, 7)40 ( 0 IN(~ (03)
I %sf . i Io,. 540)3 rr !Pill I o4 I IN(*( (34
I cadIed Si llrunif 751 1.044: 441 INCO ) 3

,Ir.441to ISroi 751 C 41 32 4 IN.0 4

4 *nfiiitic.1



"hIbc 19. Continued.

Alo D nirowc Ixt.f De t f5~kf Iype of dAllo (day) (0) (:nipCin '

Lcj*.d Sn Blonic S 1,064 5.30k) 0.3 U INCO (3)
Ixakd Sn Bronic - W 197 2.340 0.5 U IN(:o (33
laXdcd Sn1 ron1C I I 5 197 2.340 . NU'IT INCI) (3)

ILczadcd Sn ".onuc 'A 402 2.370 0.5 U INCO (3)
IXAkd Sn lironic S 402 2.37(0 <(. I INCO (3)

Ix.Adcd Sn Bronze W 181 5 1.4 (. INCO (3)
lxtkd SI Hronit W 5 .3 CR (5) INCO 4 3)

' BMonte A 510 W 123 5.64 (.6 U CIl. (4)
P Bronic A 510 W 123 5.640 0.5 U INCO (3)

P ronic A 510 S 123 5.64) 0.4 I CIi. (4,
11 Bronic A 510 s 123 5.640 0.4 U IN:(O (3)
1 tlronic A 510 W 4433 6.780 0.2 F*I' CI .(4)
iP llronic A 510 W 403 6.78) 0.3 U INC() (3)
;P Bronic A 510 S 403 6.784 0.3 i"' CIE1. (4)
P Brontc A 510 sO " 403 6.7XO 4).1 GHSL IN.) (3)
P Brevnic A 510 W 7531 5.t40 0.2 IiT Cli-I. (4)
1 Bronic A 510 W 751 5.644) 0.3 U IN(:() (3)
11 lronc A 510 751 5.64 O .2 U IN(O (3)
11 Bronic A 510 W 1 1.064 5.34M) (3.4 U clii. (4)

iron ic A 510 w 1,064 5.3(X) 0.2 U INCO (3)
11 Bronic A 510 S i.oe,4 5.3M 0.4 G IN,:O (3)
11 hfonc A 510 W 197 2.340 o.3 U CIlI. (4)
l' Bronir A 510 W 197 2.344) 0.4 1 INCO (3)
I ltonic A 510 s 197 2.34 4.3 (:I. 4)

1 ronic A 510 s 197 2.340 <3 <0 I INO (3)
1 lPronic A 5143 w 40,2 2.370 02 I ClI. (4)

ii' Broni, A 51( w 402 2.370 0.2 'T INCO (3)
Br., A 52' s 4432 2.37(0 0 2 :OCL

P' Bionic A 5201 S 402 2.3701 0.2 1*'1 INCO (3
P Jionrc A ,33I W 2 13I 3.3 U CIi. (4)

' Bronc A ,51) W i1 5 1.0 I'M() I NCO (3)
P Bronic A 510 W 360 5 3 ('2R (5) INCO (3)

I' Bronic A 51) W 58H S 3 CR :15).(' (3) Ulii. (4)
P BIronic A 510 ' 5 3.I CH (15) CFI. (4)

P1 Ilrcn/c i) .;24 1231 5.64 5 ('1.I. (4
P Ilrolni I) 524 123 5.,44 4 1 C I.I. 4
1. Bironic 1) 524 ' 403 6'.7h 0.2 . CL (41

I P Bronre I) 524 S 4(13 6.7110 to 3 1'i1 Cl:I. (4)
P Bronic 1) 524 W 751 5.403 (.3 U CFI. (4)
P Bronic 1) 524 s 751 5,6441 (34 NLV CI'. (4)
l1 Bronic ) 524 W 197 2.3440 If 4 u CF:. (4)
1' itronic 1) 524 S 397 2.340 41 2 U, Ci. (4)

SP lironic 2) 524 'A 4432 2.37(0 -0 3U CFlI (4)

iP Bronic 1) 524 402 2.3770 .(2 1 U CIA. (4)

P Bironic 1) 524 W 181 5 1 1 NU CI, (4)
P Mimonic 1) 524 'A 3441 5 4) 9 (.4(4) 1(32 14)
PI lironic ) 51 A 5441 437 (7) 15I I14

At fronicl 525A64((7(24) (2 4
A16 'A 12 5.640 | (16 j1IN(:) (.33

At Bionic 5 ] Vk._ L5% % 5.640 0.4 t' INCO (3)

(.otint sIuid
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Tablk 11). (:tom'ucd.

-D 1xot Como 1 1l ofuio
AlNoJ 1:81iouncli:" Rateur lh-tt jI ~.( .,wr 1

Al firouu'r. 5% (AM, V 44i3 6.720 0.2 SI.-)A jINC() (3)
At MIonte. 5% 646 S 403 6.7801 <0 1 1U INCO (3)
Al fiot.c 5%,, Wo 751 5.o401 :0.3 S I. D)A INCO (3)
Al Bro : 5%0 W s 751 5s4 2 V-Sy)-A I 3
A!i lirw-jt,. 5% oA U 1.064 5.3W8 0.? uI C5 ELt ()

At runir. 5% to6 19 2.o .300 U1 CH 5) NC ()
Al lBronic. 5% rAoC W 104 5.R7 0.5 G INCO (3)
Al lifosur. 5% 0(t. w 407 2.370 0.1 UI INCO (3)
Al Itronic. 5% (06 97 2.4 11 5 1 N C: INCO (3)

Al llroi~nc. 5% (01% 40 -3 .375 0.7 ; INCO (3)

Al lironue. 7% (0c) s 42 2.670 0.5 ZIA CO ()
Atl Iforon. 7% o w 183 54 (1.1 G INCO (3)

Al Iton/c. 7"t 61l4 S123 5.644) 0.3 ULD CPrI. (4)

*Al Bronnc. 71% 614 s 123 5.1540 04U INCO (3)
Al lBronz. T%. 6 14 w 403 6.780 0.7 SI.-IA. C 0 2): P (12) CIA. (4)
Al III -uuzc. 7% 014 . A403 16.784) o.2 U INCO (3)

'Atl Irotize. 7% 1,14 S 403 6.780 0.7 si..l)A. c (13). 1' (16) Clii. (4,
Al llronze. 7% 0 1 4 S 403 o.78() sO.I SI -D IN, ) 13)
Al lifrt.-c. 7,1 014 w 403 6.780 INC NC NA DC (7)
Al ltrontc. 7% o14 W 751 5.60 45 MD) DA. C (71lI' (12) CEL (4)
Al Mor.nte. 7% 614 wA 751 5.601 1 5 G IICOM3
Al fHrmunr 7% (04 w 14 5.3(g 4).2 (K (7) INCO (3)
Al Ilr.,nt. 7% t.1 4 s 1.004 5.3M) 0.2 MOl)A INCO t3)
Al llroaute. 7% 14 W197 2.3491 0.3 CIA. (4)
At l~ronrc. 7% 1614 w 197 2.3-:4) (o.3 U; NC0 ()
At ltronir. 7% 1 614 S 97 234 UtL (4)
At firtnic. 7% 6 4 s 197 2.34"1 (4 11 INtO (3)
Al Mlonte 7.. 14w 402 2.31 A; 2 C tEl . (4)
At l~r'nzc. 7% 614 ) ) 40I 7 lIIt
At frome. 7% 614 s 4 42 2.370 (02 1u I lC( (3)
V Mo/c 7% .14 s 402 2.37to 041 1 St.-I)A INCO 43)

Al ron/c. T% 014 w 181 5 2 9NU]-DA CE!1. (4)
Al firmi/c. 7% 6134 181 5 0.8 t; INtO (34
AIl firmu:'. 7-, It4 W A36 5 (6 U INtO (3)
Al llronir. 7% f-14 w 588 5 09 SIA)DA.t C (44). C (.101 E)4

Al fironir. I 44V 'Aw 123 5."4) 0)7 St.1),A INtO (.1)
A; Brogue. 140% . 23 5,644 016 SI- INCt )
Al lIrmnic. 1(0% w I 40)3 6.7904 07 ~ WI)A INtO (3
Al fironir. W1% 1 (03 6.790) 4)41 SI D)A INCO (3)
Al Brimnic. Io4% V. 751 5.6j40 2 3 t.4 INtO (3)
Atl ir..npc. 104% 1 751 5.640) 449 tr. SI -DA, IMtO (3)
Al fir,n,r 1I- rA w 1.064 5.3(o (. I INtO (3)
Al lfiir. 0, % 44. 1.064 5.3114 44 SI.I)A INtO( (3)
At Itr.'n'e 104% W. 197 Z.344) 4 3 m(J.!)r INCO ()
Atltfi.nic 144' s 197 2.3404 0.2 OA) 'IA(4
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[A~~~~io)2jl 19.aomcc C____ ontinued.

At lionze.10% w402 2.37o 0.3 -AIC(3
At bronic. 101t402 2.370 <0.1 M-AIC 3
At3oi. 0 81 5 2.1 1 MDAINCO (3)
AtBoz.lplw366 5 1.3 MO0.lA INCO (3)

~At Mmirze. I I-!w 123 5.640 (1.4 U M h 1I. (5)
jAt Ilronn. 111 w 123 5.640 0.5 V-SI ADA INCO 43)

Al runtc. I1I% s 1 23 5.640 0A. V-SI.DA INCO (3)
~At Bronze. I I% j w j 443 6.780 0.1 SL-l)A INCO (3)
jAt Mte. 1I% s 403 6.71 <0. I SI.*l)A INC() (3)

IAt l1owc,. I11% W751 5.640 0.8 SI.-DA INCO (3)
At ronze. I1% 751 5.640 03 U-P M Ft. (3)

A fncIIs751 5.640 0. 1 V-S.IAM INC() (3)
jAif rontc. 11% WA1.064 5,300 0.1 SL*DA INCO (3)
IAI 3(rorzT. I F& s S .064 5,300 (1.2 MWN)A INCO (3)
~At gronze. 11% w 197 2.340 0.2 SL*-I)A9 INCO (3)

~~::z:: :'' s 197 2.340 <0W 3~)~'I(( 3
At.one701 SI.I)A INCO) 3

jAt Bront, It% 402 2.370 01.5 V*SL*A INCLI (3)1
AI ron. c. I11% s 402 2.370 <0.1 St.-IA INCA) (3)IAt Hronic. 11 w 366 5 3.1 U IINCO (3)

jAtl iftmc. 13% w 4013 6.780 0.6 S-D, JINtOI (3)
At Brotic. 13% S 403 6.7801 <.03 St.-I)A INC() (3)

1At firenic I)% w 751 5.640 V.9 S3)A 3NC() (3)
lAl llronrc 13% s 751 5.440 o.5 .MO1)A INCO 13)
jAI Itroguc. 13% .w 1.064 5.300 0.6 S.I)A INCO (3)

AI ointe. 13% 1s !.004 5.3(.) 0.3 ISL*I)A :NCO) (3)
Al filoniv. 1%W 197 2.34o) 04 j MU.I)A INCO (3)

JAI Krunc. 3% ,5197 2.340 <0.! 1 S3.-1A IN(:)43
At Itrdinrc. 33% 402 2J370 0.3 3104)A INC() (3)
At Wonic. 131, s 402 2.374) <033 St.-I)A INCO I 3
At Bronrc, 13% w 383 5 2.3 SE)A INCO (3)
At Ifiunir. 13% %366 5 3 9 S-D), IINC( (3)

3Na.AI litonir w 123 5.640 0.6 1. MUt (5)
Na-Al H0,.nc 753 5.640 ; P, 421'. ~ . 5

Ni-AI Ilrontc No' 1 323 5.640 0. ME JN. (3)
fNt.Al lirmi/r No 1 I1. 23 5.640 0. 11.'' M
Ni N:A, Brontir Nit I i 123 5.640 0.233 IN(7()(3)

I N.At ftrow.~N. I w 403 6.780 0.3 UNO 3
M-Ai Hfu nre No 1 403 6.780) 01) 3 . INC( (3)

ki-Al Firsnic No I w75 5.640 1.3 C (16).31' INC() (31
Ni I\ 11 c No I w 75 5,60 02 1.L (5)
%iA firimpr No I s 751 5.644) 013 PI1)'NO 3

!Nt Al linr No. I w 1.064 5.3(8) 0.3 I' o8) INC() (3)
NvA3 fir.,n,( No % 1 .064 5.3M8 3.2 CII (30) IINC() 13)

\,.1 ~ N, 3W1 97 2.340 0.3 Ity (3)
Nv H~' mr" %i I 397 2.344) <0A3 U-3T INCO (3)

Continued1
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rT~ibk 39. C:ontiniued.

CDA J (Jay)Ur 'cplI' CufWio 'I __________of _

Ni*AIav 0IoicN 243 670 Co0.2on

Ni.AI Brollic No 2' 5 3 5.7840 0.3 u INCO (3)
Ni.AI Bioll/c No 2 '75 5.4) 0.5 SI) INCO (3)
Nt-Al Hioic No 2 1 3 670 0.2 1.(1) INCO (3)
Ni-Al Broic No 2 A 4.0 t5.390 0.2 1 (5 INCO (3)
Ni.,l Blionic No 2 w 75 3.6 5.640 0.5 CR. (2) v N 3
Nu.AlI Bonrc No 2 37 5.640 (0.2 C 3 INCO (3)
N:.Al Bionic No 2 w .6 59 2.3( o.2 CM INCO (3)
Np~~l Hronic No 2 1.04 2.370l 01.5 C(21 INCO (3)

NiA3Biiic 197S40 2.3740 0.3 Er INCO (3)

Nt-Al IPronrc No 2 w 36 i. INC 3

w;-A UtncN 3 9 .4 . NC() (3)
St-A I Biontc N 3 42 5.340 0.4 1IC 3
.Ni-AI Bitoniv Nt. 3 s 42 2.371) <0,3 E.I INCO (3)
Ni.A M Rnnic No. 3 w 1941 6. 1.0 0.2 U INCO (3)
Ni-A3 Iironrc Mo 2 4(3 j 6.74 5 0.4 Nu* INC() (3)

Ni-A I Bionic No 3 w 1 13 5.640) 04 u INCO (3)
Ni-A3 liroruc N.. 3 1273 5.640 0.3 c IINCO (3)
Nt-A3 Biron/c No. 3 'A 34 56,781 .:u v 4)ICO (3) 4

M:AI fironic No 3 4 034 6.780 <0.2 CR 43(3) INCO (3)
Ni Al llonic No 3 1 115 59 .640 o.2 I INCO (3)
Ni Al Biounic N.o 3 75 5.4 0.1vNC()

SiA iot .. 3% 3976 2.340 '0.2 1,(4 INCO (3)

*%I I rolic 3% 4,5 %A 323 2.340) .3 U INC() (3)
N1 A Bioic So 5 S 193 2.340) 0. 5U INCO (3)

"I BIsonic 3% s. (,3 1243 5640 32 340 1 3u NC() (33
Si llronic 3% 6-53 12 43 5.t)40 14 5:315 INC() (3)

Si lionc 3'. 6,53 s4 7543 5.740 0.41 INC() (3)
%1 Bionlic. (.5 w 753 5.644 (17.0 u INCO (3)

1: 3(on1r. P, 633 s 1.46 5.6(N0 4)6 4.74 INCO (3)

3i1oncS% S 1.4064 5.0 (45.-CO INCO (3)

16s Wognic 653 14 27 2.3401 3.1 UINCO (3)
S.. Ironli 3'% r,5 3 s 137 (2.34Ok ol NU-1E I iNc() '3)
Si R-,oruc 3Ns 653 -% 0 2.1 12IC

: roic3-.. 653 S 40)2 2.370 4o.2 FT ! NCO ( 3)
5,~~~~~ 1(oi ~ 6 A33 5 .7 U*INCO (3)

tit Bronic. 3"t 65 3 'A366 3. I. ISCO()

S: Bronze A4 655 1A 23 5.644) 3 6 v C1:1. (4)

Si lifrnic A4 h55 1 A 23 5,t,40 1 4 u INC() (3)
l,& BiomfCA .h 55 1 23 5.640) 38 U, CE L(4)
1-1 Bionic A t)55 1 23 5.6P4 1 5 U J INCO (3)
St Rronic A f.55 ' 4033 b.7XII 3 2 0(1'1 (4) :3
sil ltrf.nf A 6.5; 44)3 6.784 1 2 U INC (43).

R.-1onic . (5 5 41t33 t.790) I 8 C ' El. W4
Si B,.i,.- 4 MS403 6..7M03 4o2z.1l INI) 13)

S oNic 655 4 ' 751 5.643 4) 11 %1) CI . (4k
%A (.o't 4 55 'A 75 1.6.4. 4 UINCO (3)

5; linicA 55 5751_ 5.644) 39 (.INV( 13)
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Table 19. C'ntinucd.

! ] ! Corrosion

Ty b Expo;urc Depth Type of dUU
Na Envirment (day) (1) CorroionC

Si Bronze A 655 W 1,064 5.A O) 0.6 SI.-CO INCO (3)
Si Bronze A 655 S 1.064 5.300 0.4 U INCO (3)

Si Bronze A 655 W 197 2.340 0.8 U Boeing 6)
Si Bronze A 655 W 197 2,340 0.9 U CEL (4) ;
Si Bronze A 655 W 197 2.340 1.1 U INCO (3)
Si Bronze A 655 S 197 2.340 0.6 U CE!. (4)
Si Bronze A 655 S 197 2,340 0.2 U INCO (3)
Si Bronze A 655 W 402 2,.370 1.0 ETl' CEL (4)
Si Bronze A 655 W 402 2.370 0.8 U INCO (3)
Si Bronze A 655 S 402 2.370 0.8 ET CI'. (4)
Si Bronze A 655 S 402 2,370 0.1 E.T INCO (3)
Si Bronze A 655 W 181 5 1.8 U CIL (4)
Si Bronze A 655 W 181 5 1.6 C INCO (3)
Si Bronze A 655 W 366 5 1.2 G INC() (3)

Bron'e A 655 W 398 5 1.1 G CFI. (4)
ISi .t:,,rt A 655 W 540 5 2.5 CR (30):C (15) CLI. (4)

!; P at.,, %. 655 W 588 5 0.9 CR (9) CxL (4

.I -"Vec Rrot:zc ". - W 123 5.640 0.7 U INCO (3)
N'-Ver Brone A - . 123 5.640 0.S U INCO (3)
Ni Vc, Bronze A - W 403 6.780 0.6 U INCO (3)
Ni-Ve,: Pron/e A S , 403 6.780 0.3 U INCO (3)
. iVce Bronze A W 751 5.640 2.6 S INCO (3)
Ni.Vce Bronze A - S 751 j.640 0.4 U INCO (3)
Ni-Vee ronreA - W 1.064 5.300 2.2 CR 20) INCO (3)
N,-Vcc Brone A S 1.06-1 5,300 0.3 U INCO (3)
Ni.Vec Bronze A - W 197 2.340 0.6 U INCO (3)
Ni-Vec bronze A -- S 197 2.340 10 1 NU-FT INCO (3)
Ni-Ve Bron*e A - W 402 2.:70 0.4 U INCO (3)

Ni-Vcc Bronze A - S 402 2,370 <O.; I INC() (3)
Ni-Vec Bronze A - W 181 5 2.0 1 (7) INCO (3)
Ni-Vee Bronze A - W 366 5 1.5 CR (10) INCO (3j

Ni-Vee Brone - W 123 5,640 0.6 U INCO (3)
Ni.Vee Bronze B - S 123 5.640 0.4 U INCO (3)
Ni-Vc Bronze B -W 403 6.780 0.5 U INCO '.3)
Ni-Vec Bronte B - W 403 6,780 0.5 U INCO (3)
I -Vec Bronic BIt 0 .8 01 IUIC 3
Ni.Vec Bronze B W 751 5,640 k, 5 U INCO (3)
Ni-Vec Bronze B - S 751 5.640 0.3 U INCO (3)
Ni-Vec Bronze B - W 1.064 5,300 0.3 U INCO 3)
Ni-Vcc Brontc B S ' " 5.300 0.4 U INC() (3)
Ni.Vee Bronze B W ~ l  'i,7 2.340 0.6 U INCO (3)
Ni- ce Bronze B S 197 2.340 <0.I NU-ET INCO (3)
Ni-Vec Bronze B W 402 2.370 1.2 U INCO (3)
Ni-Vee Bronze 13 S 402 .,370 <0.1 ET INCO (3)
Ni-Ver Broazt B W 181 5 1.8 I' (4) INCC J)
Ni-Vce Bronzc B 366 5 1.3 CR (6) INCO (3)

Ni-Ver Bronze (e'" W 123 5.640 0.8 U INCO (3)
Ni-Vee Bronze C - S 123 5.640 0.5 U INCO (3)
N;-Vee F ron/c C W 403 6.780 0.8 U INCO (3)
Nj-Vcc Bron/c C S S 403 6.780 (. U INCO (3)
N.Vcc Bron~r I - W 751 5.640 2.o G INCO 13)

Continued
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fa~ 19 Cotnud
I (lA Eainnntb Fxpo~urr e p 1)h Corro-ion Ty pe ofd

Ally {No." (day) (fj) RaeCorro%ion' ore i

Ni-Vcc Bironaze C S 751 5,640 o3.4 U INC() (3)
N rVcc Bronze C ~ w 1 .064 5.300) 0.5 U INC() (3)
Ni-Vc Hroni C -S 1.064 5.30K) 0.3 V INC() (3)
Ni-Ve Bronze C I-w 197 2,340 0.81 U INCO (3)
Ni-Ver Blronze C s 1 97 -. 340 <().I I INCO (3)
Ni-Vet. Bronze C W 402 2.371) 0.6 U INC() 43)
Ni-Vet. Bronze C S-0 ,7 1 . C 3

NWvc jrli 181 5 18UINO(3)
C wy~e~ol 36 _____ 1.5 CR (5) IINC() (3)

(Coppei I e~ elipincnt As' iitI onilloy numibier

iWy - Fou~lly ex.posd in) se.w~.tcr oil %ide% of .trut~utc, S - Lxpowed in I,.i~e of miciurure %o that .i

por ton of eacha %peconlii %;A4. exposed Initile boi tool Ce~llr -ot%

Sviaahiok for tyvpe, of icirromtoii

z. Crevice I -Inipienit
0~) Coppecring. .i %cleeflle itt.3ek wlier Lopper %Il) a Mediuma

ipier% o" siirf.tte siinilar 4t3 dltqIiificAitit11 MO Z Modlerile
("It (.raicringi NIU - Nonauniformi

DA e.31tlnilu fit mon1 1, - itting

:.I, - Etehilly a Se'. re
;W) Etchied onI% m~ lie wa3ter SI aslight

4. -Generil L' Uniiforma
AM35. (eejl lit blow wtdilieiat line V - Vr'

Numbaher% indic.ite max~imumii depth it) iai'.

~Numiler refer (4) rcferre.e'. it4 erad of report

'l'ittig in bottom la iinieiat 12 it .1%. inimiarn

"At evt

'Severe (iirromloti ii %miall ari. r;

.4,4



T.di)Ic 2 0. Str,% (orromion ol (.opIcr A I lo% (I Iron/s)

(1I Strc S t" I- \p)o%tu I)c Deptl t eIn Source' )Io"  
(k~oi S 1,, I ( Id ) (it ) I'xIl d I;ailkd

'Iioplotr tlol A 5 o 12 tf 5o 403 6,70 2 0 CL. (4)

lhoshor Il rl/c A 5 lo 11) 0) 75 413 o.780 2 0 CII. (1)
I'ho10phor bronie A 5 lo 12 5 50 197 2.340 31 CII. (,-
IPhostiptwr lironit .I 51 Is., 75 197 2.3-tO (i CI-I. (4)
Phosphor l'ron/- 1 510 I 2.6 50 402 2.37(1 3 () CI. (4)

lhophllrllnl/c \ I) 19.0 75 402 2.371 3 0 CFI (4,

Phosphor lron/c I) 524 10.0 413 .0.; 780 2 ( IH. (4)
I'liophor lbroniv I 524 1.14) 54) 403 (i08l 2 0 CII. (4)
I'h.Iphor bronc 1) 524 2 1j) 75 .3 0.780 2 0 C1:. (4)

hlo phor ,ran onc 1 524 9 .8 35 197 2.3401 3 ( CI. (4)
1h)sp..,r ixrl/"I 12-14 13.1) 1'1 197 2.340 3 CI'I. (4)

Io0%p11l !ltroln/" I) 524 20 4) 75 1Q7 2,341 3 I0 (1. (4)
l i[ P %pltor bi'oln/c° I) 524 15,-. 5o- 4:i2 2.370 3 I 0 C ii, (,4)

Ph llspllor l1 r'tv/c I) 521 24.5 4(2 2.37(0 3 CIA. (4)

A I !broo/c. 5 , e(W. I8. 15 .1(l3 6.780 2 0 ClII. (4)
il\I "Ormi/tc, ,,. 00hi 20.0 50( "-(03 0.780) 2 41) CI'LI (4)

1) br4, m., 5 006 38.0 75 403 6.780 (I CH1i. (4)

AI hro;i/. 5".. 6100 17.9 35 1)7 2.340 3 i CHI. (4)
Al roo/. 5% 0110 25 6, 50 197 2.341 O CII. (4)
Al iirors/t". 5% 60oh 38.4 75 1Pi7 2.3411 3 (I CL. (4)

\l 6(rn/', 600 28.3 51 402 2. 1711 3 0I C1:1. (4)

,\Al 00l0/t" 5". i(i6 42.5 75 402 2.37o1 3 O T "H. (4)

hil bo• 655 1.0 35 .03 6,78: ( C! I. (4)

Si lIorm. c A oi5 II. 50 413 6,781 2 G CI.I. (4)
Si brpr.c A 6 55 21.o 75 413 6.78( 2 0) CII. 14)
Si broin/c A j 655 9.6 35 197 2.340 3 0 CI:I. (4)
Si bron/ A 655 I .8 51 1')7 2,340 3 0 CFI. (4)
S broi/c" .A 655 20.0 75 197 2.3.10 3 ( 0 ClI. (4)
Si bron/c 6 5 5  1 0 . 8  5o 402 2.370 0 CI. 4)

Si 6riil/ . 655 10. 75 4102 2.370 3C E .(4)

U 01 ,eocr% rcic'r i refercnc ,1 11 i rel, rt.
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I'abl 24. Strc,,, Corroioni of p jpr-Nickel Allovs

CDI - 1 DSci.inllh

.Ailmo SI)A fe IN a (W) hhSource

Cu-NI. 95-3 04 1. o SO 403 6.780 2 0 ..

Cu-Ni. 9-o 24.0 75 403 i 2 0 H (4)
NIi 7o4 24.0 75o CI'1. (4)

i- 95;5 704 24.0 7; 197 2.340 3 0 ClE. (4)

Cu-Ni. 9i-5 704 1 2.'9 50 402 2.3710 3 CEI. (4)
Cu-Ni. 95-5 701 i 3 7- 402 2.370 3i CEI. (4)

Cu-Ni. "'o-If 7io 34.4 i0 -102 2370 3 (j CEI. (4)
( u-\. 90-l4P 70(- 52.0 75 402 2,370 3 O) CEL. (4)

(u-\i. 8O-20l 71) i.o . 403 (08o 2 1 ()I. C 4)
I, u-Ni. 80-20 71o I Sl 7.o 757 2.341) 3 0 CEI. (4)

Cu-Ni. 80-20 71') s o 50I 402 2.371 3 0 CE!. (4)
('U\:. 80-20 710 133 75 02 2.370 S CEII. (4)

Ot-Ni. 70.-30. ui3 1' 715 I i, 5) 40.' (,.780) 2 ) CI. (4)
U-N,. 7o1-311. 05. I c 71; 10.0 75 403 (,.784) 2 0 CEl. (4)

CuNi. 70-3i. 0 Ic -!5 1 .2 50 107 Q 14(1 . (4)
70-33 10.8 7. IS I 197 ~ 4)0 (4)OJAI. o I- 1 2.34 3 0 CEI.4

I Cl-N 0"l-SlI! I' -,1 ,o!A 402 2. 7 1 0 CEl.(4)
( u - m' o "I 4o2 I ICI. (4)

( U-N.. 7oo, .1) I 7 In 14 0 3; 40.1 6.78o 2 0 C. (4)

0- 0. tI 51J I.t -c it, 2; * 1:) 4o1l 0.781 2 0 C.I. (4)

S 74-i 1-j , W. i1 2 11 CIA. (4)
o-\ 5. 0 .. 1 I "lp 14.4 .15 197 2.340i CIA 1". (4)

t :i (  71-\i. 70t3il..i I': "16 2iCl .l1 234) 3 0 CIA. (4)
( 41A i. 701-31 P. ti 7' . 1, %4 ) Ill. 75 197 2.340 0 CI. (4)
( { ti\k. " 1- I 't 71t, 2o.6, 5ol 402 2.3 70 3 0 CI. (4)

o- 3, ;,it-l i I'-" 3i4) 1)'t 7t ' 402 2.370 -3 0! cEI . (4)

el ' ' r to rvlr'f.'4i. .t i .! i 'x -I rciii-s.
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SECTION 4

NICKEL ALLOYS

Nickel and its alkoN Are pa--sie sin nioiin111 sc-- corrosin in Table 27. And the changes in their
water. but arc saIhijeq. to pating' and, 4,onicutwaoi mei.hanj..ai properties due to corrosion sin Table 26.
cell terevtce) corrosion in %tagnaut seaiater. Their

pxmnrt s due to thle presenice ot in isupervious 4.1.1. M~r~Ation or Exlmwa~re
oxIde laser on their surfaces uitch torcak- cioii:
under scrtaain ,tindit.ins. I valitig orgainim;. depusits. lilt corrosAion rates Aind t% pts of corrosion of the
And %.rcs it..N which icstritt the i.ailabilit-, of o..1 gen Wii sentkels (94*.. inniuin i,ickel) are givcn in
to lotaized area% .j..c uw tth ljreakdossis. Where Fable 27 flitting, crvtce. and eu.c (on die sheared
,uian fil.e 1,11 not %'oiljblC to repair the b~reaks VendS) lUCAiIiLCJ it pes of corrosion were responsible
Si tht: prute, it%; Win. pitn anld ,rL% ice tsn;.ntrt for practicail1% All the corrosiont. The edge corrosion

au lcb viion itn.L~ur. I hu\, it) assater.pittng %%%cue ynircakSadncorvcsta

muil uric ou zLilrtit-n are tl i aeti %&lot ai--c -i durig du'ring ohe %hearing operations ilustrtbes
aeridack,.ai.asziig troi. Iiiitil ah iicinin ndamnge thr realng. use

trrosin rate reulting from atjt les L deep pit hs feabriatin porocedurn fatea ickel sa loal
I -lrces.1 .. orroi in oe area ingill pbectausere inited at no de shieareaj~ widg daeo of exmuhpsaloic

iisin tin ut pict .itic the .orrvsion eha% r of d uren ots fep~r was posuile.. loseer phr everinptg
ite ii o~ ~rtikarn rie t. a and chievice o corroion. inrased isit inceasn %.ctm

t Innl he dt nlrv the kev of otiedos ftr of during r %-atn depunchving apratiohe ute ber
the reports uisen Ming Ufrniform thoroghn I aendce. a ot r amo e bmanin g. gnith ,- our atn xp ea

letiwa orrooonrateresutin fro a f%% fel6.0t-0Be fooetet. arthoughf they ss neither

ini~eadig pitureit te wro~to bch~iorof a) ssu e as posible.raIo r hihern shrertie oftn
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4.1.3. Effect of Concentration of Oxygen this tendency was neither progressive nor constant.
Because the corrosion of the other nickel-copper

The severity and frequency of pitting and crevice alloys was localized (pitting and crevice corrosion),
corrosion, in general, increased with increasing con- no definite correlation with duration of exposure was
centration of oxygen in seawater. The average cor- possible either at depth or at the surface. flowcver,
rosion rates increased progressively, but not the intensity of pitting and crevice corrosion, in
constantly, with increasing concentration of oxygen general, increased with increasing duration of
in seawater as shown in Figure 17. exposure both at depth and at the surface.

4.1.4. Effect of Welding 4.2.2. Effect of Depth

The weld beads were preferentially corroded The severity and frequency of pitting and crevice
when nickel Ni-200 was welded by manual shielded corrosion were much greater at the surface than at
metal-arc welding using welding electrode 141, and depth. Also, the average corrosion rates were greater
by TIG welding using filler metal 61. The weld beads at the surface than at depth, although they did not
were severely pitted when welded with electrode 141. decrease progressively or constantly with increasing
The weld beads and heat-affected zones were per- depth, as shown in Figure 16. Although these
forated when welded with filler metal 61. This corrosion rates are unreliable because they are based
preferential attack of the weld bead materials upon localized corrosion weight losses, they do sub-
indicates that they' were anodic to the parent sheet stantiatc. the conclusion based upon the frequency
metal. and sev/ ity of pitting and crevice corrosion.

4.1.5. Mechanical Properties 4.2.3. Effect of Concentration of Oxygen

The effect of exposure on the mechanical pro- The severity and frequency of pitting and crevice
perties of nickel Ni-200 is shown in Table 28. The corrosion, in general, increased with increasing con-
mechanical properties were not affected by exposure centration of oxygen in seawater. Even though pitting
at depth for 1,064 days or for 181 days at the sur- and crevice corrosion were the predominant types for
face. these alloys in seawater, their average corrosion rates

calculated from weight losses increased linearly with
increasing concentration of oxygen, as shown in

4.2. NICKE L-COPPER ALLOYS Figure 17.

The chemicai compositions of the nickel-copper 4.2.4. Effect of Welding
alloys are given in Table 29, their corrosion rates and
types of corrosion in Table 30, and the changes in When Ni-Cu 400 alloy was welded with filler

their mechanical properties due to corrosion in ''able metal 60 by the "rIG welding process, the weld beads
31. were severely pitted both in the seawater and in the

bottom sediment aftei exposure for 402 days at a
4.2.1. Duration of Exposure depth of 2,500 feet, but they were corroded uni-

formly after 181 days of exposure at the surface.
The corrosion rates and types of corrosion of Butt welds in Ni-Cu 400 alloy made by the manual

seven nickel-copper alloys are given in Table 30. shielded metal-arc process with electrode 190 were
Except for the cast alloys 410 and 505, the pre- attacked by incipient pitting corrosion both in the
dominant types of corrosion were pitting and crevice, seawater and in the bottom sediment after 189 (lays
At the 6,000-foot depth there was an overall of exposure at a depth of 5,900 feet and by crater
tendency for the corrosion rates of the cast alloys to corrosion of the weld bead after 540 days of expo-
decrease with increasing duration of exposure, but sure at the surface. Thrce-inch-diameter, unrelieved,
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circular welds in Ni-Cu 400 alloy by the manual 4.2.7. Corrosion Products

shielded metal-arc process with electrode 190 cor-
roded uniformly both in the seawater and in the X-ray diffraction, spectrochemical, and chemical

bottom sediment after 189 days of exposure at a analyses of corrosion products removed from nickel-

depth of 5,900 feet. The unrelieved circular welds copper alloys 4M0 anti K-500 showed that they were
were tested to determine whether welding stresses composed of cupric oxide (CuO), nickel oxide (NiO),
would cause any corrosion-induced cracking. When nickel hydroxide (Ni(Oll) 2 ), cupric chloride (CuCI 2),
Ni-Cu 400 alloy was welded by the manual shielded copper- oxy-chloride (CuCI2;3('uO;411 20), a trace of

metal-arc process with electrodes 130 and 180, the nickel sulfide (NiS), and phosphate, chloride, and

weld beads were corroded uniformly after 181 days sulfate ions.
of exposure at the surface and after 402 days of
exposure at the 2,500-foot depth. There was no 4.2.8. Mechanical Properties

preferential corrosion when Ni-Cu 400 was TIG
welded with elctrode 167 after 402 days of exposure The effects of exposure on the mechanical pro-
at the 2,500-foot depth, but the weld bead was pertics of Ni-Cu 400 and K-500 alloys are shown in
selectively attacked anti was covered with a deposit of I'ablc 31. 1 here were no significant changes due to
copper after 403 days of exposure at the 6,0(0-foot corrosion of either unwelded or welded alloys.
depth 171.

The weld beads in Ni-Cu K-500 alloy made i)y the
manual shielded metal-arc process with electrode 134 4.3. NICKEL ALLOYS
were attacked by pitting corrosion of the weld head
and the heat-affected zone after 181 days of exposure The chemical compositions of the nickel alloys
at the surface, by crater corrosion of the weld bead are given in Table 32, their corrosion rates and types
after 540 days of exposure at the surface, and by line of corrosion in Table 33. and the changes in their
corrosion at the edge of the weld bead after 402 days mechanical properties due to corrosion in Table 34.
of exposure at the 2,500-foot depth. \W'hen Ni-Cu There were no significant weight losses (none
K-50() alloy was TIG welded with filler metal 64, the greater than 0.1 mpy) or any visible corrosion on any
weld beads were uniforml) corroded after 181 days of the following alloys:
of exposure at the surface anti 402 days of exposure Ni"r-Fe 718, unwelded and weld ,

at the 2,500-foot depth, and the weld beads anti the
heat-affected zones were attacked bty pitting cor- Ni-Cr-Mo 625, unwelded anti ,velded
rosion after 540 days of exposure at the surface. Ni-Mo-Cr C anti 3

4.2.5. Galvanic Corrosion Ni-Cr-Fc-Mo F anti G

Ni-Cr-Co 41
When AISI 4130 steel was fastened to Ni-Cu 400

alloy in a surface area ratio of 1:2, the AISI 4130 was There were no significant weight losses (none
severely corroded and the Ni-Cu 400 was uncorroded greater than 0.1 mpy) and only some cases of
after 403 days of exposure at the 6,00(1-foot depth incipient crevice corrosion on the following alloys:
171. This shows that the steel was being sacrificed to Ni-Fe-Cr 804, 825Cb, and 901
protect the nickel- copper alloy.

Ni-Co-Cr 70
4.2.6. Crevice Corrosion Ni-Cr-Fe-Mo X

Ni-Cu 400 alloy hardware was attacked by crevice The corrosion resistance of Ni-Fc-Cr 825Cb was
corrosion after 751 days of exposure at the better than that of its counterparts 825 and 825S
6,0(g0,foot depth whe.n in contact with fiberglass (sensitized). Alloy 825 was attacked by both pitting
1131. anti crevice corrosion, and 825S had only one case of
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crevice corrosion. Thus, the addition of small 4.3.4. Effect of Welding
amounts of columbium to alloy 825 improves its
corrosion resistance, at least in seawater. The weld beads in Ni-Cr-Fe 600 alloy, made by

All the nickel alloys corroded essentially the same the TIG welding process using filler metal 62, were
in the bottom sediments as in the seawater above perforated by line corrosion along their edges after
them. 402 days of exposure at the 2,500-foot depth, and

540 days of exposure at the surface; the weld bead
4.3.1. Duration of Exposure was attacked by incipient pitting corrosion after 181

days of exposure at the surface.
The corrosion rates and types of corrosion of the When Ni-Cr-Fe 600 alloy was TIG welded with

nickel alloys art given in Table 33. Except for the 12 filler metal 82, the weld beads and heat-affected
alloys above, 13 of the remaining 16 alloys were tones were perforated after 402 days of exposure at
attacked by. crevice and pitting corrosion with crevice the 2,500-foot depth; the weld bead was pitted after
corrosion being considerably more predominant. 540 days of exposure at the surface; and the weld
Ni-Be alloy was attacked by pitting corrosion on the bead was slightly etched after 181 days of exposure
ends of the bars. Ni-Mo-Fe alloys B and 2 were at the surface.
attacked by general corrosion. Because of the crevice The weld beads in Ni-Cr-Fe 600 alloy, made by

and pitting types of corrosion, corrosion rates were the manual shielded metal-arc process using electrode
meaningless for determining effects of duration of 132, were perforated after 402 days of exposure at
eXposure on the corrosion behavior of these alloys, the 2,500-foot depth and after 540 days of exposure
These 14 alloys were: Ni.:r-IFe alloys 600, 610, at the surface. The weld beads were also attacked by
X-750, and 88, Ni-Fe-Cr alloys 800, 825, 825S. anti tunnel corrosion after 540 days of exposure at the
902, Ni-Sn-Zn 23, Ni-Cr alloys 65-35, 75, and 80-20, surface.

Ni-Si alloy 1), anti Ni-Be. Wcld beads in Ni-Cr-Fe 600 alloy, made by the
manual shielded metal-arc process using electrode

4.3.2. Effect of Depth 182, were perforated after 181 days of exposure at
the surface, but were only etched after 402 days or

The severity and frequency of crevice and pitting exposure at the 2,500-foot depth.
corrosion, in general, of the 16 alloys given in the Butt welds in Ni-Cr-Fe 718 alloy, made by the
previous paragraph were much greater at the surface TIG process using filler metal 718, were uncorroded
than at depth. Also, the average corrosion rates were after 189 days of exposure in both seawater and
greater at the surface than at depth, although they bottom sediment at the 6,000-foot depth, in seawater
did not decrease progressively or constantly with after 402 lays of exposuic at the 2,500-foot depth,
increasing depth, as shown in Figure 16. Although and after 540 days of exposure at the surface. Also,
these corrosion rates are unreliable: because they arc 3-inch-diameter, unrelieved, circular wel heads made

based upon localized corrosion weight losses, they do by the same process were etched after 189 days of
substantiate the conclusion based upon the frequency exposure in seawater and in the bottom sediment at
and severity of pitting and crevice corrosion the 6,0O-foot depth.

The weld beads in Ni-(r-Fe X-750 alloy, made by
4.3.3. Effect of Concentration of Oxygen the TIG process usiag filler metal 69, were etched

after 402 days of exposure at the 2,500-foot depth,
The severity anti frequency of crevice and pitting but both th.'c: vv,.,d s and heat-attecied zones were

crrosion of the nickel alloys which corrdfotd 3igniti- attacked by crater corrosion after 540 days of
cantly, in general, increased with increasing concen- exposure at the surface. Weld beads in Ni-Cr-Fe
tration of oxygen in seawater. Their average corrosion X-750 alloy, made by the manual shielded metal-arc
rates calcula,-d from weight losses increased process, were perforated and the heat-affected zone
asymptotically with increasing concentration of was attacked by tunnel corrosion after 402 days of
oxygen, as shown in Figure 17. exposure at the 2,5(M)-foot depth; the heat-affected

92



zone was perforated by crater corrosion after 5401 4.3.5. Galvanic Corrosion
days of exposure at the surface.

s Weld beads in Ni-Fe-Cr 800 alloy, made by the When AISI 4130 steel was fastened to Ni-Cr-Fe
TIC process with filler mttal 82, were perforated by 600 alloy in a surface area ratio of 1:2, the 4130 was
line corro.ion along their edges after 402 days of severely corroded and the Ni-Cr-Fe 600 alloy was
exposure at the 2,500-foot depth, an( both the weld uncorroded after 403 days of exposure at the
beads anti heat-affected zones were attacked by 6,000-foot depth 171. This shows that the 4130 steel
tunnel corrosion after 540 days of exposure at the was the anodic member of the couple and was being
surface. There was line corrosion along the edge of sacrificed to protect the cathodic nickel alloy. When
the weld beads when Ni-Fc-Cr 8(X) alloy was welded Ni-Be alloy was fastened to Ni-Cr-Fe 600 alloy in a
by the manual shielded metal-arc process using surface area ratio of 1:2, the Ni-Be was severely
electrode 138 after 402 days of exposure at the attacked with there being a much lesser amount of
2,500-foot depth. Both te weld beads and heat- corrosion on the Ni-Cr-Fe 600 alloy.
affected zones were perforated by corrosion after 540
days of exposure at the surface when Ni-F;e-Cr 800 4.3.6. Mechanical Properties
alloy was welded by the manual shielded metal-arc
process using electrode 182. The effects of exposure on the mechanical pro-

Weld beads in Ni-Fe-Cr 825 alloy, made by the pertis of five of the nickel alloys are given in Table
;TIG welding process with fit!er metal 65, were 34. The mechanical properties of Ni-Fe-Cr 825 and

uncorroded after 402 days of exposure at the Ni-Mo-Cr C alloys were not affected. lowever, there
2,500-foot depth and after 181 days of exposure at were significant decreases in the,:longations of alloys
the surface; the weld heads and Ieat-affected zones Ni-Cr-Fe 600, Ni-Fc-Cr 902, and Ni-1k,1/21 IT.
were attacked by incipient pitting corrosion afte 540
days of exposure at the surface. When butt weids
were made by the manual shielded metal-arc process 4.4 STRESS CORROSION
usin,2 electrode 135, the weld beads were uncorroded
aftet 181 days of exposure at the surface and 189 The susceptibility of some of the nickel alloys to
(lays of exposure in the bottom sediment at the stress corrosion is given in Table 35. None of the
6,0(M-foot depth; there was incipient pitting of the alloys tested were susceptible to stress corrosion
weld bead after 189 days of exposure in the seawater cracking at both the 2,500-foot and 6,0O-foot
at the 6,000-foot depth; on- end of the weld head depths for exposures of at least 400 days duration.
%as corroded after 402 days of exposure at the
2,500-foot depth; anti there was crater corrosion of
the heat-affected zone after 540 days of exposure at
the surface. When the weld beads were 3-inch-
diameter unrelieved circles made by the manual
shielded metal-arc process, they were uncorroded
aft-r 189 days of exposure in seawater andi in the
bottom sediment at the 6,0(X)-foot depth.

Butt welds anti 3-inch-diameter, unrelieved circu-
lar welds in Ni-Cr-Mo 625 alloy, made by de "rG
welding process using filler metal 625, were
uncorroded after 189 days of exposure at the
6.00-foot depth and after 588 days of exposure at
the su.rface.
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Table 26. Ch.nCil Composition of Nickels. Percent by Weight

Alloy Ni C Sn Fe S Si Cu TI Otier Source"

ElectrOytic Ni 99.97 + Co .... INCO (3)

Ni-20() 99.5 0 05 0.29 0.04 0.0X)6 0.07 0.02 - - CEI, (4)
Ni-200 99.5 0.06 0.25 (.15 0.005 0.05 0.05 - CEI. (4)
Ni-20O 99.5 0.06 - - - - - INCO (3)

Ni-201 99.5 0.01- INCO (3)

Ni.211 95.0 5.0 INCO (3)

Ni-270 99.97 .. .. INCO (3)

Ni-2 10, cast 95.6 - 1.0 - - 2.0 - - - INC() (3)

Ni-301 94.0 .. . . . . . . 4.5 Al INCO (3)

Filler metal 61 96.0 0.06 0.3(0 0.0 0.005 0.40 0.02 3.0 -- CFA, (4)

Electrode 141 96.0 0.051 0.25 0.30 0.005 0.60 0.05 2.2 0.25 Al CE!, (4)

"Numbers refer to references at end of report.
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Table 28. Changes in ,Mchbanical Properties of Nickel-200 )ue to (orrosion

Tensile Strcngth Yield Strength Ilongation -Exposure De¢pth
Aly (day) (ft) Original % hn(Original Original Suc'Alkj. Expksuskph% (ks() % Change o () % Chang

(d4 (f1 (ksi) - ksi i11
Ni-2(x) 123 5,640 65 -1 18 -16 46 0 CI. (4)
Ni-2OO 403 6,780 65 *2 18 + 1 46 - I CIi. (4)
Ni-200 751 5.640 65 + 1 18 4 1 46 -4 CIL L.(4)1
Ni-2(X) 1,064 5.30 65 0 1I - !o 46 -13 Cli. (4)
Ni-2tN) 197 2.340 65 0 18 - 10 46 -4 CEI. (4)
Ni-200 402 2.370 65 + 18 +4 46 -5 CEI. (4)
Ni-21} 181 5 65 +1 !8 410 46 -4 CII. (4)

'Nunir refer .o references at end of report.

Table 29. Chemical Compt-sition of Nickel-Copper Alloys. I'ercent by Weight -

Alloy Ni Cu1 C Mn Fe Si li Other Source'

Ni-Cu 41 65.17 32.62 0.11 1.06 0.90 0.07 0.1) - - 1i.E. (4)

Ni-Cu 400 66.0) 31.50 0.12 0.90 1.35 0.005 0.15 - - (.(4)
Ni-Cu 4W4) 68.02 29.25 0.12 0.99 1.52 0.014) --0.05 - <0.10 Al Ci. f 1
Ni-Cu 400 65.91 1.75 .14 0.94 1.07 0.010 0.19 - 0..I1) Al CiLI -
Ni-Cu 40 66.0) 32.0) - 0.90 1.41) - 0.20 - - INMO (3)

Filkr metal 60 66.0 30.50 0.03 0.35 0.10) 0106 0.510 2.20 - (:El (4)

Ilctrode 1340 68.) 27.)4 0.15 2.541 0.54) 014.W5 0.40 0.30 1..1 Al CEl (4)

IF-Acrrode 180 63.0) 28.0) 0.03 5.4M. 0.25 o.W5 0.75 0.70 i.0 o Al
025 ~ 41.75 .,~ 1.50 Ci lii .

Ni-Cu 402 58A0) 40.0W - 0.90 1.20 - 0.10 - - NCO (3)

i-Cu 44)6 84.04) I3.(,o - 0).901 1.40 - 40.20 - - jIN(X) (3)

I Ni-Cu 4141 66.11 . IA - 0.80 1.00 - 1.64 - - INCO (3)

Ni-Cu K-50() 65.00 29.50 0.15 0.640 !.) 0013 0.15 0.50 2.80 Al CEi. (4)
'i-Cu K-500 65.0) 30M) - (.60 1.0) - 020 - 2.0 Al INCO (3)

Ni-Cu 50 1 ' R 29.4k - 0.84 2.o0 4.4x) - - IN( (3)

iller metal 64 65.01) 29.50 0.15 1.04) 0.15 0.50 2.81) Al CL. (4)

lectr. 27.1 .25 2.51) 2.701) .005 1) 49. 0.30 2.) Al Cli1. (4)

Ni-'u 61 65.1M1 31.11 -3 0..94 2.00 -_ 1. - 1.0) Al INCO (3)

'Numbers refer to rcferenle 'at end of report.

b(1 ast alloy.
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Table 32. Chemical Composition of Other Nickel Alloys. Percent by Weight

Alloy N%,i C Mnl !: S S i Cu Cr Ti Mo CI) Other sorc

Ni-Cr.Fe 600 75.00 0.04 0.28 7.20 0.087 0.2308.1 15.8 -- . (4)
Ni-Cr-Fe 600 75.26 0.06 O.1 7.25 OA.O8 0.27 0.38 16.0 C HL (4)
Ni-Cr-l:c 6ox 76.) - 7.0 - - - 16. 1NCO (3)

Ni-r-le 61) 71.0 9.0 2.0 16.0 .INCO (3)

Ni.Cr- .' 718 52.! ,  
0.4 0.20 18.0 0.()7 0.20 0.10 19.0 0.80 3.0 5.2 0.60 A! CEI1.(,)

Ni-Cr-Fc X7511 73.41 0.08 0.55 6.90 0(8)3 (M.36 0.09 14.50 2.41) - 40.90 0.81 Al CI.I. (4)
Ni-Cr-Fc X750 73.0 7.0 - 5.0 2.5 - - - IN() 3)

Ni.Cr-Fc X750 73.0 0.04 0.70 6.75 (O)7 0.30 0.05 15.0 2.50 - 0.85 0.80 Al CI. (4)

Ni-Fe-Cr 8490 32.0 - 1.) 46.0 - - - 20.0 - - - INCO (3)
Ni-Fe.:Cr 80() 32.0 0.)4 0.75 46.0 0.()7 0.35 0.O 20.5 - - CE'I. (4)

Ni.Fc.Cr 804 43.4) - - 25.o) - 29.0 - - - INCO (3)

Ni-Fe-Cr 825 41.12 0.05 0.82 30.86 P.0M 0.31 1.61 21.12 I.4X) 2.94 - 0.14 Al CE1. (4)
Ni-2/¢-Cr 825 41.8 0.03 0.65 341.0 0.(X)7 0.35 I.'M 21.5 0.90 3.0 - 0.15 Al CIA. (4)i Ni-Fe-l'~r 825 42.01i3.02O "-. C 4) 30.0 -2. 22. - 3.o - - IN(;o (3)

Ni-Ie-Cr 8250) 42.) 340.0) 2.0 22.0 - 3.0 - INCO (3)

Ni.I:c.Cr 902 43. 34.m - - 14.0 - -. . INCO (3)

Nj-l:VCtr 902 42.0 11.02 0.40 48.5 0.4)8 0.50 0.05 5.4 2.44) - - o.65 Al CIA. (4)

Ni.Cr-Mo 103' 67.0 0.02 - . .. 18.o - 1.40 0.5 - 1:.1. (4)

Ni--rMo 625 61.10 0.05 0.15 3.18) o.()7 p. 3o (1.14) 22.0 - 9.0 4.0 CE ,l. (4)
' "Cr-Mo 625 63. - - 22m 9.0 - INCO (3)

Ni-.%Io.Cr*C-" 55.68 0.)5 0.52 6.32 4.4)9 0.62 15.33 - 16.71 - 3.53 W CE. (4)
0.96 Co
0.26 V
0.0110 1

N i-.% o -' - 6 . 0 5.4 1 5 .49 16 . ) - 4 . W IN C O ( )

Ni-Mo.r .3 58.() ,3.(4) 19.4) 19. - - INCO 3)
Ni-Co.Cr 740 46.) 2.) 15.0 3.75 28.5 Co INCC) (3)

3.4) A

NiCr.Co"41- 55.2) 01.11 <.41 0.33 0.0I 19.118 3.34 9.72 11.47 Co (El. (4)

SNi-c.1 " '" 649.I 5.01 - - 26.09 - INCO (3)
"NIMo.F 2 66.9 2.0) 3.4 - INCO I3)

Ni.Co.Cr-Mo 35.t9 - 19.84 104.0i 35.11 Co C:1. (4)

Co-Cr-Ni-Fc-Moc 14.96 0.05 1.96 14.150 0.74 19.84 7.14 0O.0514 At 'I. 4) 
40.46 Co
0).07 Be

Ni.Cr-.c..ho F- 46.o 21.o 22.0 7.0 - - IN(O (3)
Ni.r-c-h '(;' 4S.0i - 20.0 2.(N) 2.10 7. 2.5 Co INCO (3)
Ni.-r-I9c-.0o X. 2.0 9. .0 - W IN(:O (N,)

Ni.:r-F 88 1 7.4). -- ).l0 5.) Sn IN(O) (3)

Ni-Sn-Zn 23 79.09 2. - - 8.0 Sn INCO (3)
7.4) Zn

4.) I'l

Ni.lic 97.55 1.95 Ile CIEi1. (4)

Cotin lued
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lable 32. Continued.

Alloy Ni C Mn FC s Si Cu Cr 'I1 Mo Cb Other Sourced

Ni.Cr 65.35 65.0 - - 35.0 - - INC() (3)

Ni.Cr 75 78.0 . . . . . 20.0 - - INCO (3)

- Ni-Cr EO-20 1.0 - - - 20.o - - - INCO (3)

Ni.Si "D- 86.0 . . .0.0 3.0 . . . . . IN(CO (3)

Filler metal 62 73.5 0.04 (.20 7.5(0 0.4X)7 0.30 0.03 16.4 - - 2.3 - CIA. (4)

Filler mc:il 65 42.0 0.03 0.80 300 0.(X) 0.30 1.70 21.0 0.90 3.0 -- - CEI. (4)

Filler uctal 9 72.8 0.04 0.70 6.80 0.(X)7 0.30 0.05 15.2 2.40 - (.85 0.80 AlI CE1 I(4)

Filler Iact.6l 82 72.4) 0.02 3.04) 1.0) 0.1X)7 0.2) 0.02 2(.11 0.5 - 2.5 - CEI. (4)

Electrode 132 74.0 O.05 0.75 8.50 0.015 0.2o 0.10t 14.O - 2.0 4.1 Cc C I. (4)

Ilctrodc 135 38.0 0.05 0.50 31.0 0.4038 0.40 1.80 19.4 - 5.5 1.0 CF.'1. (4)
F.i lectrode 1 38 18,0 O.16, 1.*90 27,0 110.8O 4 0.40 0.40 28.* -11(d - .OW CI'Il4

Electrode 182 68.0 0.05 7.50 7.50 0.15 0.60 0.I1) 14.) - - 2.0 1.1 Cc Cli ,(4)

138iller rcl I 52.5 0.04 0.20 18.: 0.(X17 0.20 .10 19. 0.80 3.o 11 - C (4)

. aNumbcr% refer to rcferdnc% at end of report.

bWirc rope and bolts.

CWirc rope.

F, .
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Table 35. Stress Corrosion of Nickel Alloys

Percent Number of
A-huv Stress tielh Exposure Depth specimens Number Source,1(ksi) Strength (day) 00t Exposed Failed

N-2OO 13 501 402 2,370 3 0 CE (4)
Ni-2(X) 19 75 402 2.370 3 C 1:I. (4)

Ni-Cu 4(X) 14 50 -U)2 2,370 3 0 1. (4)
Ni.Cu 4(X) 22 75 402 2,370 3 o CI'I (4)

Ni-Cu 400 12 30 403 6,780 3 N A0DC (7)
Ni.Cu 400 31 75 403 6,780 3 NADC (7)

35Ni.C% 400 12 30 197 2.340 3 0 NADC (7)
NMCu 400 31 75 197 2.340 3 0 NADC (7)

J Ni-C-u 400| 12 30 402 2,370 3 0 NADC (7)
Ni.Cu . 0) 31 75 402 2,370 3 0 NAaC (7)

Ni-Cu K-5750 120 - 402 2.370 3 Shell (9)

Ni-Cr-Fc 600 15 30 403 6.780 3 0 NAIC (7)
Ni.(r-l-'c 600 38 75 403 6,7801 3 O NAIDC (7)

Ni-Cr-Fc 600 15 30 197 2,340 3 0 NADC (7)
Ni-Cr-Fc 645 18 75 197 2.34 3 NADC (7)
Nt-Cr-l c 600 15 35 402 2,370 3 NAIX' (7)
Ni.M 6wCr 38 75 402 2,371 3 0! C:.(7)

Ni-,Cr-c X-750 2) - 402 2.370 3 Shell (9)

N4.%Io- Cr C 21 35 123 5.640 3 0 CEI. (4)
Ni-Mo-Cr C 30 50 123 5,640 3 C 0EL (4)
N:-M.-Cr C 45 75 123 5.640 3 0 CEI. (4)
N-.Mo-Cr C 26 ,5 09 6,780 3 0 CEiI. (4)
NM-MO-Cr C 30 50 403 6.780 3 0 CEI. (4)
Ni-.No-Cr C 45 75 403 6.780 3 0 Ci-I. (4)
'Ni-Mo.Cr C 21 35 751 5.640 3 O CEI1. (4)

Ni-Mo-Cr C 30 50 751 5.640 3 0 CEL (4)
Nt-.%i4,-Cr C; 45 75 [ 751i 5,640 O CEI. (4)

Ni-.\h-CO C 2! 5 [ 197 2.340 3 O CEH. (4)
N,-%I,,.Cr C" 30 5o0 197 2.340 3 CE LII (4)

"Ni-.%h-Cr C 45 75 197 2,340 3 C Ei'1. (4)
Nt-.\,P-Cr C' 30 50 4012 2.370 3 O (;l. (4)

Mo.Cr C 45 75 402 2.370 CI. (4)

I \-c.(r 825 26 50 402 2.370 3 t) CFI (4)
N-Fc.Cr 825 39 75 4o2 2.370 3 0 CFi. (4)

N-Ic. 112 If 37 30 403 6.780 3 0 NADC (7) 4
N-li,. 1/2 II 93 75 .103 6.780 3 0 NADC (7)

t-ik. 112 I 37 30 197 2,340 3 0 NADC (7)

• - Continued .

126

AA
'-~ ,L ~-.



Table 35. Continued.

Percent Number of No: Stress Exposure Depth Number

Alloy Yield (xosr Dfth Specimens 1Source
( S, trength Exposed Aid

" Ni-11c, 1/2 II 93 75 197 2,340 3 0 NADC (7)
Ni-lB. 1/2 'I 37 30 402 2,370 3 0 NADC (7)
N-B1c. 1/2 II 93 75 402 2,370 3 0 NADC (7)

Ni-llc. 1/2 lIT 60 30 403 6,780 3 0 NADC (7)
Ni-Bc. 1/2 lIT 60 30 197 2,340' 3 0 NADC (7)
Ni-le. 1/2 ifr 60 3) 402 2,370 3 0 NADC ,7)

'Numbers refer to references at end of report.
bSevere corrosion at sheared edges irdicating possible susceptibility to stress corrosion cracking.

J!
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SECTION 5

STAINLESS STEELS

The corrosion resistance of stainless steels is Stainless steels can and do pit in aerated seawater
attrbuted to a very thin, stable oxide film on the (near neutral chloride solution). Pitting is less pro-

t surface of the alloy which results from the alloying of nounced in rapidly moving seawater (aerated
carbon steels with chromium. Chromium, being a solution) as compared with partially aerated, stagnant

passive metal (corrosion resistant), imparts its seawater. The flow of seawater carries away corrosion
passivity to steel when alloyed with it in amounts of products which would otherwise accumulate at
12% or greater. These iron-chromium alloys are very crevices or cracks. It also insures uniform passivity

corrosion-resistant in oxidizing environments because through free access of dissolved oxygen.
the passive film is maintained in most environments As discussed above, stainless steels generally cor-
when a sufficient amount of oxidizing agent or rode in seawater by pitting and crevice corrosion;
oxygen is present to repair any breaks in the protec- therefore, as much as 90 to 95% of the exposed
tive film. surface can be uncorroded. With such low percentages

The corrosion resistance of stainless steels is of the total exposed area affected, corrosion
further enhanced by the addition of nickel to the calculated from loss in weight as mils peno.tration per
iron-chromium alloys. This group of alloys is popu- year (mpy) can give a very misleading picture. The
larly known as the 18-8 (18% chromium -- 8% nickel) mpy implies a uniform decrease in thickness, which.
stainless steels. for stainless steels, is not the case.

In general, oxidizing conditions favor passivity A manifestation of pitting corrosion, whose
(corrosion resistance), while reducing conditions presence and extent is often overlooked, is tunnel
destroy it. Chloride ions are particularly agressive in corrosion. Tunnel torrosion is also classified by some
destroying this passivity, as edge. honeycomb, or underfilm corrosion. Tunnel

Stainless steels usually corrode by pitting and corrosion is insidious because of its nature and
crevice corrosion in seawater. Pits begin by break- because many times it is not apparent from the
down of the passive film at wcak spots or at non- outside surfaces of the object. It starts as a pit on the
homogeneities. The breakdown is followed by the surface or on an edge and propagates laterally
formation of an electrolytic cell, the anode of which through the material, many times leaving thin films of
is a minute area of active metal and the cathode of uncorroded metal on the exposed surfaces.
which is a considerable area of passive metal. The Another manifestation of localized attack in
large potential difference characteristic of this stainless steels is oxygen concentration cell corrosion

"passive-active" cell accounts for considerable flow of in crevices (usually known as crevice corrosion). This
current with attendant rapid corrosion (pitting) at the type of corrosion occurs underneath deposit. of any
small anode. kind on the metal surface, underneath barnacles, and

Pitting is most likely to occur in the presence of at the faying surfaces of a joint. The area of stainless
chlonde ion,: (for example, seawater), combined with steel that is shielded from the surrounding solution
such depolarizers as oxygei. or oxidizing salts. An becomes deficient in oxygen, thus creating a
oxidizing environmenit is usually necessary for pre- difference in oxygen concentration between the
servation of passivity with accompanying high shielded and unshielded areas. An electrolytic cell is
corrosion resistance; but, unfortunately, it is also a created, wit!% a difference of potential being 4
favorable condition for pitting. The oxidizer can generated between the high and low oxygen concen-
often act as a depolarizer for passive-active cells that :ration areas (the low oxygen concentration area
were established by breakdown of passivity at a becomes the anode of the cell).
specific point or area. The chloride ion in particular Low weight losses and corrosion rates accompany
cin accomplish this breakdown. these manifestations of corrosion. Thus. the integrity

Precing pap MIak
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of a stainless steel structure can Ie jeopardized if 5.1-3. Effect of Concentration of Oxyg'n

designed solely on the basis of corrosion rates calcu-
lated from weight losses rather than on the basis of The effect of changes in the concentration of

measured depths of pats. lengths of tunnel corrosion, oxygen on the corrosion of both AISI

and depths of crevice corrosion. Pitting. tunneling. 201 and 202 stainless stee:s was nonuniform. In

and crevice corrosion, can and do penetrate stainless general. crevice aid pitting corrosion were more rapid

steel rapidly. thus rendering it u!clcss in short periods and severe at the surface than at depth, but there was

of time. no definite correlation beiwecn corrosion and oxygen

'herefore, corrosion rates expressed as mpy concentration.
Scalculated from weight losses. maximum pit depths. As is well known. oxygen can and does play a

maximum lengths of tunnel corrosion, maximum dual rolc in the corrosion of stainless steels in electro-

depths of crevice corrosion, and types of corrosion lytes (for example, scawater). An oxidizing environ-

are tabulated to provide an overa!! picture of the ment (presence of oxygen or other oxidizers) is
corrosion of the stainless steels, necessary for maintaining the passivity of stainless

stels. Ilowcver, this same oxidizing environment is
necessar" to initiate and maintain pitting in stainless

5.1. AISI 200 SERIES STAINLESS STEELS steels. Oxygen often acts as the depolaizer for
passive-active cells created by the breakdown of

'The chemical compositions of the AISI 200 Series passivity at a specific point or area. The chloride ion
stainless steels are given in Talble 36, their corrosicn (present in abundance in seawater) is singularly
rates and types of corrosion in Table 37. their stress efficient in accomplishing this breakdown. Therefore.
corrosion behavior in Table 38, and the effect of this dual role of oxygen can be used to explain the
exposure on their mechanical properties in Table 39. inconsistent and erratic corrosion behavior of stain-

The AISI 200 Series stainless steels are 300 Series less steels in seawater.
stainless steels modified by substituting manganese
for about one.half of the nickel. This modification 5.1.4. Stress Corrosion
does not adversely affect the corrosion resistance of
iron-chromium-nickel alloys in many environments. AISI 201 stainless steel was exposed at the depths

and for the times shown in Table 38 when stressed at

5.1.1. Duration of Exposure values equivalent to 30 and 75% of its yield strength
to deermine its susceptibility ta stress corrosion.

The AISI 201 and 202 alloys were attacked by AISI 201 stainless steel was not sisceptible to st-ss
crevice and pitting t;pes of corrosion both at the corrosion under the abovc conditions of test.
surface and at depths in the seawater. There was a
tendency for both alloys to be more severely cor- 5.1.5. Aechanical Properties
rodcd after longer periods of exposure both at the
surface and at depth. The bottom sediments were The effects of exposure on the mechanical

about as corrosive as the seawater above them. properties of AISI 201 and 202 stainless steels are
given in Table 39. The mechanical properties were

5.1.2. Effect of )epth not adverscly affected.

The c'rrosion of AISI 201 was approximately the
same at the suiface as at depth, while that of AISI 5.2. AISI 300 SERIES STAINLESS STEELS
202 v,.as less severe at depth than at the surface. flow-

ever, it was concluded that depth had no definite The chemical compositions of the AISI 300 Series
irflucncc (n the corrosion of the AISI 20) Series stjainlcss steels are given in Talie 40. their corrosi,.n
stainless steels, rates and types of corrosion in Table 41, their stress
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corrosion behavior in Table 42, and the effect of 5.2.3. Effect of Concentration of Oxygen
exposure on their mechanical properties in Table 43.

The corrosion of the AISI 300 Series stainless There was no definite correlation between the
steels was ver erratic anti unpredictable. They were intensities of pitting, tunnel, and crevice corrosion of
attacked by crevice, pitting, and tunnel types of cor- the AISI 300 Series stainless steels and changes in the
rosion, in varying degrees of severity ranging from concentration of oxygen in seawater after 1 year of
incipient to perforation of the thickness of the exposure. On the basis of corrosion rates fOr. those
specimens anti tunnels extending laterally for a alloys which had definite weight losses, the rates

* distance of 11 inches (11,000 mils) through the increased with increasing concentration of oxygen,
specimen. Comparing the intensities .,f rhc.e tvpcs of but not uniformly.
localized corrosion with the corresponding corrosion These data indicate that the corrosion of the AISI
rates indicates no definite correlation between them. 300 Series stainless steels is not proportional to

Two alloys, AISI 317 an. ;29, were att ked changes in the concentration of oxygen in seawater.
only by incipient crevice corrosion during exposures The dual role oxygen plays in the corrosion of stain-
at all three depths (surface, 2,500, and 6,000 feet) in less steels in seawater, as discussed previously, also
seawater for periods ranging from 366 days at the applies here as an explanation for the erratic behavior
surface to 1,06.4 days at the 6,000-foot depth. of AISI 300 Series stainless steels.

Sensitization (heating for 1 hour at 1,200°F and
cooling in air) rendered AISI 304 and 316 stainless 5.2.4. Stress Corrosion
steels more susceptible to corrosion than their
unsensitized counterparts. Some of the AISI 300 Series stainless steels were

stressed at values ranging from 30 to 80% of their
5.2.1. Duration of Exposure respective yield strengths. They were exposed in the

seawater at depths of 2,500 ind 6,000 feet for
Examination of the data in Table 41 shows that various periods of time to determine their suscepti-

there is no definite or consistent correlation between bility to stress corrosion cracking. These data are
severity of corrosion or corrosion rates and duration given in Table 42.
of C.posure. For example, at the 6,000-foot depth in None of the steels were susceptible to stress cor-
seawater the intensities of pitting and tunnei cor- rosion under the conditions of these tests.
rosion were greater after 403 days than after 1,064
days of exposure, the intensity of crevice corrosion 5.2.5. Mechanical Properties
was greater after 1,064 days than after 403 days of
exposure, and the maximum corrosion rate was The effects of exposure on the mechanical
greater after 1,064 days than after 403 days of properties of some of the 300 Series stainless steels
exposure. are given in Table 43.

In only two cases were the mechanical properties
5.2.2. Effect of Depth adversely affected: (1) After 1,064 days of exposure

at the 6,000-foot depth, the tensile and yield
The data in Table 41 show, in gener.I, that the strengths and the elongation of AIS! 304L were

intensities of crevice, pitting, and tunnel corrosion reduced by about 30%. This is attributed to the per-
were either about the same or greater at the Furfact. foration of the specimen by 1)both crevice and pitting
than at the depth. The corrosion rates are iii agree- corrosion, and elge and tunne! corrosion. (2) After
ment with this conclusion in that those of most of 402 days of exposure at the 2,500-foot depth, the
the alloys were greater at the surface than at depth. tensile and yield strengths of welded, sensitized AISI
P.oed on these data and the above statemer.ts, it is 316 were reduced by 45%. These reductions are
concluded that depth in the ocean exerts no signifi- attributed to tle effects of welding.
cant influence on the corrosion of AISI 300 Series
stjin::ss steels.
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5.3. AISI 400 SERIES STAINLESS Sf'EELS localized types of corrosion were either the same or
greater at the surfac- as at depth.

The chamical compositions of the AISI 400 Series Depth had.no definite influence on the corrosion
stainless steels are given in Table 44, their corrosion of the AISI 400 Series staifiless steels.
rates and type of corrosion in Table 45, their stress
corrosion behavior in 'l'ahle 46, and the effect of 5.3.3. Effect of Concentration of Oxygen
exposure on their mechanical properties in Table 47.

The AISI 400 Series stainless steels are those In general, the corrosion rates of the AISI 400
which nominally contain II to 27% chromium. The Series stainless steels were higher at the highest con-
400 Series seainless steels are further divided into centration of oxygen (at the surface) than at the
ferritic and martensitic steels. Thc ferritic steels are lower concentrations. However, the increases were
nonhardenable by heat treatment;, those in this not proportional to the increase in the oxygen con-
category :n this program were AISI 405, 430, and centration except for AISI 410 after 1 year of
446. The martensitic steels are hardenable by heat exposure. The intensities of the localized types of
treatment, anti the one in this category in this pro- corrosion were not influenced by changes in the
gram was AISI 410. concentration of oxygen in the seawater.

The corrosion of the AISI 400 Series stainless In general, changes in the concentration of
steels was erratic anti was characterized by the oxygen in seawater did not exert a major influence on
localized types of corrosion (crevic,, pitting, anti the corrosion of the AISI 400 Series stainless steels.
tunnel). The intensities of these types varied from
none to complete perforation of the thickness of the 5.3.4. Stress Corrosion
specimens for the crevice and pitting types and tunnel
corrosion extending laterally the entire 12-inch The AISI 400 Series stainless steels were stressed
(12,000 mils) length of sp .,-imens. There was no at values ranging from 30 to 75% of their respective
correlation between the intensities of these types of yield strengths. They were exposed in seawater at the
localized corrosion and the corresponding corrosion 2,500- and 6,000-foot depths for various periods of
rates calculated from weight losses. The frequencies time to determine their susceptibilities to stress cor-
and intensities of these types of corrosion were also rosion cracking. These data are given in Table 46.
greater for the AISI 400 Series stainless steels than None of the AISI 400 Series stainless steels were
for the AISI 300 Series stainless steels. ssceptible to stress corrosion under the conditions of

ti1ese tests.
5.3.1. Duration of Exposure

5.3.5. Mechanical Properties
The data in Table 45 show no correlation

between eithcr intensities of the localized types of 'I he effects of exposure on tie mechanical pro-
corrsion or corrosion rates and duration of expo- perties of the AISI 400 Series stainless steels are given
sure. Neither one decreased or increased continuously in Table 47.
with increasing duration of exposure. In only two cases were the mechanical properties

seriously impaired: (I) After 403 days of exposure at
5.3.2. Effect of Depth the 6.000-foot d,:-pth, the tensile andi yield strengths

and the elonga'ion of AISI 405 were seriously
Depth had no uniform or gradual effect on the reduced. (2) After 751 days of exposure at the

corrosion rates of the AISI 400 Series stainless steels, 6,000-foot depth, the tensile and yield strengths and
although the rates were lower at depth than at the the elongation of AISI 430 were completely
surface. flowever, these corrosion rates did not destroyed.
decrease with increasing depth. i.e.. they were lower In all other exposures and for the other steels
at the 2.500-foot depth titan at the 6,000-foot depth there was no impairment of the mechanical pro-
for two of the four steels. The intensities of the perties,
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5.3.6. Corrosion Products There was one case of pitting to a depth of 3 mils
after 181 days of exposure at the surface. There was

The corrosion products taken from one of the incipient crevice corrosion at the surface and at depth

corrosion tunnels in AISI Type 430 stainless steel except for pitting to a depth of 3 mils after 1,064
were analyted by X-ray diffracion, spectrographic days of exposure in the bottom sediment at the

analysis, quantitative chemical analysis, and infra-red 6,000-foot depth.
spectrophotomtr., and were found to contain
amorphous ferric oxide (Fe20 3-X!|20), Fe, Cr, Mn, 5.4.1. Duration of Exposure
Si, trace of Ni, 1.41% chloride ion, 2.12% sulfate ion,
and a significant amount of phosphate ion. The data in Table 49 show that there was no

correlation between the intensities of the localized
types of corrosion and duration ,if exposure. Also,

5.4. PRECIPITATION-IIARDENING there was no correlation between corrosion rates
STAINLESS STEEL calculated from weight losses and duration of

exposure except for the 15-7AMV steels for which

The chemic,al compositions of the precipitation- the corrosion rates increased with increasing time of

hardening stainless steels are given in Table 48, their exposure.

corrosion rates and types of corrosion in 'l'ahhr 49,
their stress corrosion behavior in Tables 50 and 51. 5.4.2. Effect of Depth

and the effect of exposure on their mechanical
properties in Table 52. In general, depth had no effect on the corrosion

The precipitation-hardening stainless steels differ of the precipitation-hardening stainless steels.

from the conventional stainless steels (A:I Series
200, 300, and 406) in that they can be hardened to 5.4.3. Effect of Concentration of Oxygen

very high strength levels by heating the annealed
steels to temperatures in the 900 to 1,2000FP range Changes in the concentration of oxygen in sea-
and then cooling in air. water exerted no definite or major influence on the

The toirosion of the pr:cipitation-hardening corrosion behavior of the precipitation-hardening

stinless steels was erratic and was of the crevice, stainless steels.

p;tting, and tunnel types of localized corrosion with
sonic edge attack. There was no c-)rrelation between 5.4.4. Effect of Welding
the intensities of these types of localized corrosion

.ind the corresponding corrosion rates calculated from A 3-inch-diameter circular, unrelieved weld was

t) pes of corrosion were greater for the precipitation- some of the alloys to impose residual stresses in the

hardening st uinless steels than for the AISi 300 Series specimens. Others had a 6-inch-long transverse,

stainles,,stee. unrelieved butt weld across the center of the

The 15-7AMV steels corroded at extrenit;y ranid 6 x 12-inch specimens. Tfhse welds were to deter-

rates by cre ice, pitting, tunnel, and edge corroision. mine whether welding affected the corrosion behavior
In nlatl Instanc.es, large portions of the specimens and stress corrosion susceptibilities of the alloys.

had been lost due to corrosion, in other cases tunnel Welding did not affect the corrosion behavior of

corrosion had ex:endcd laterally thrc ,gh the speci- the precipitation-hardening stainless steels.
mens for distance- of II or 12 int es within a year of The effects of residual stresses imposed by

exposure. They were considerably more susceptible welding will be discussed under 5.4.5.

to corrosion than .were the other precipitation-
hardening stainless steels. 5.4.5. Stress Corrosion

Alloy 17Cr-14Ni-Cu-Mo was nearly free of cor-
rosion after cxpotsure for 366 days at the surface, 402 The precipitation-hardening stainless steels were

days at 2.500 feet, and 1,064 days at 6,(X1 feet. stressed at values ranging from 35 to 85% of their
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respective yield strengths. They were exposed in sea- Alloys AISI 634,CRT; AISI 635, ASTM
water at the surface, 2,500-, and 6,J00-foot depths XM16,11950 and 111050; AL362,11950 and 111050;
for various periods of time to determine their sus- and alloy 18Cr-14Mn-05N were not susceptible to

ceptibics to stress corrosion. Their data are gien in stress corrosion under the conditions of these tests.
"Table 50. A 3-inch-diame- ,, circular, unrelieved weld Alloy Pll14-SMo,SR11950 with a transverse butt

was made in the center of the 6 x 12-inch specimens weld failed by stress corrosion cracking when stressed
of some alloys to impose residual stresses in them. to 50% of its yield strength and exposed at depth.
Transverse, unrelieved butt welds w,.re made in other Specimens of 15-7AMV in the A, Rill 150, and
specimens for the purpose of simulating stresses R11950 tempers failed by stress corrosion cracking
induced dunng construction or fabrication. These when stressed at 35, 50, and 75% of their respective
residual stresses were multiaxial rather than uniaxial yield strengths and exposed at depth. Alloy
as was the case with the specimens with calculated 15-7AMV,RI1 150 failed when exposed at depth due
stresses. In addition, values of these residual stresses to the stresses imposed by it being squeezed between
were indeterminable. These specimens were exposed insulators such that it was slightly bowed. Alloys of
in seawater under the same conditions as those above. 15-7AMV,Rll1 150 and R11950 failed by stress cor-
Their data are given in Table 5 !. rosion when exposed at depth; the cracks originated

Alloy AISI 630,11925 with a transverse butt weld at unreamed, drilled holes in -he specimens.
did not fail by stress corrosion when stressed to 75%
of its yield ;trength either at the surface or at depth. 5.4.6. Mechanical Properties

However, it did fail due to the unrelieved stresses
imposed by the circular weld after 403 days of The effects of exposure on the mechanical
exposkire at the 6,000-foot depth. The crack pro- properties of the precipitating-hardening stainless

pagated across the weld bead. steels are given in Table 52. Generally, the mechanical
Specimens of transverse, butt-welded AISI properties of the precipitation-hardening stainless

631,1111050 failed I hen stressed to 50% of its yield steels were adversely affected by exposure in seawater
strength and exposed both at the surface anti at both at the surface anti at depth.
depth. Specime||s with circular welds also failed when
exposed at the surface and at depth. At the surface
the cracks extended radially from a point inside the 5.5. MISCELLANEOUS STAINLESS STEELS
circle to :he circular weld bead. At depth the crack
extended across and around the outside edge of the Included in this category are the case and
weld bead. specialty stainless steels which could not be included

Specimens of transverse Ihutt-wclded AlSl in the other classifications. Their higher nickel con-
6? 1,Ril 105 failed when stressed to 75% of its yield tents anti the addition of moli bdenum are to increase
screng-l1 and exposed at the 2,500-foot depth. Speci- the range of protection of their passive films and to
mens .it.i circular weld beads also failed when increase their r :stance to pitting corrosion. Because
exposed at depth. The cracks originated at the out- these passive films are so much more resistant to
side edge of the weld heads and propagated circum- destruction, any corrosion localized in the form of
ferentially in both directions either at the edge of the crevice and pitting.
weld bead or in the hcat-affected zone. The chemical compositions of the miscellaneous

Specimens of ;:lloy AISI 632,RIi100 with a trans- stainless steels arc giver, in 'I able 53, their corrosion
verse butt webo did not fail by stress corrosion when rates and types of corrosion in Table 54, their stress
stressed to ?5,0 of its yield strength and expoased corrosion behavior in Table 55, anti the effect of
either at the surface or at depth. Ilowever, a specimen exposure on their mechanical properties in "fable 56.
with a circdlar %,.dd failed during 402 days of expo- These alloys were considerably more resistant to
sure at the 2 50t,-foot depth. The origin ')f the crack corrosion than the other alloys. There were two cases
was on the outside edge o' the weld bead, and it of crevice corrosion at depth of alloy 20Cb, with the
propagated circumferentially in both directions in the deepest attack being h)2 mils. There were also two -

heat-affected zone.
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cases cacti of crevice and pitting attack during surface
exposure; 21 inils miaximum for crevice corrosion.
and 24 mils maximum for pitting corrosion.

Alloy 20Cb-3, a modified version of 20Cb (4%
higher nickel content), was more resistant to cor-
rosion by seawater and the bottom sediments than
200:h. There was only one case of crevice corrosion
(40 mils deep) at depth.

The corrosion of two cast versions of 2OCb.
Ni-('r.Cu-Mo numbers I and 2, was very similar to
that of the 20C). There were isolated cases of crevice
corrosion, the maximum depth of attack being 27
Imils.

There was only incipient crevice corrosion on cast
alloy Ni-Cr-Mo during exposure at the surface and at
depth.

Cast alloy Ni-Cr-Mo-Si was not susceptible to cor-
rosion by seawater during exposure either at the sur-
face or at depth.

{ Cast alloy RI,-35-100 was attacked by general and
uniform types rather than by the localized types of
corrosion. The corrosion rates were rather low, the
maximum being 0.7 imil per year after 3 years of
exposure at the 6.X)O-foot depth.

The corrosion behavior of these alloys was not
affected by duration of exposure, depth of exposure,
o changes in the concentration of oxygen in sea-
water.

As shown in Table 55, alloy 2(K'b was not sus-
ceptible to stress corrosion in seawater at depth.

The effects of exposure in sea%%ater on the
mechanical properties of alloy 20Ch arc given in
Table 56. The mechanical propertie; were not
affected.

i13
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Table 36. Chemical Compositions of 200 Series Stainless Steels. Percent by Weight

AlIoy C Mn S Si Ni Cr Fle Source'

AISI 201 0.08 6.8 - - - 4.0 17.1 R INCO (3)
AIS| 201 0.14 7.0 - 0.009 - 4.5 16.5 R NAI)C (7)
AlSI 202 0.019 7.6 . .. . 4.5 1 7.8 R INCO (3)

AISI 202 O.13 7.9 L0.07 - 5.2 17.0 R NADC (7)

I
"it = remai.lnde~r.

I'Numbei~rs re'fer to refecrel¢satl end of report.

Table 37. (orroson Rates and Types of Corrosion of 200 Series Stainless Steels

Corromsn S

Alloy Ilim mer, ,nt" i. xpoll i )cph .ej.ph amnmul Crcvcc Source
(2.iy) (fi) :c P Ith I hT

(il)' ikl.) (illikb)

AISI 20 w 123 5.0 <0. 1 0 1 C INCO (3)
AISI 201 W 123 5.640 <0A 0 NC NAM 07)
ASI 201 S 123 5..4o <0A5 0 0 IN( C INCO (3)
AISI 201 W 403 6.780 <I 0 1 4 -C INCO (31

(I 2 1W 4 3 (,380 S S-C NAIX: (7)AISI 2O 
d  

W 403 6t.780i -- It (NC) NAMX (7)

AISI 22 S 4o7 6.780 1l 0. 2 C I NCO (3)
AISI 201 W 751 5.64) <0. 0 1" C INC() (3)
AIS 201 W 751 5.640 S S C NAIX: (7)
AISI 201 S 751 5.640 <()A 0 NC INCO (3:
AISI 201 W 1 .04 53M <0.1 0 1 I-( INCO (3)
AIS 20' S I.. 5 3 IC, P (<.K) INC:() (3)
AISI 201 W 397 5.4) -6 0 4 C INCO (3)
AISI 202 W 17 5.3441 S S-.1C NAIMC (7)AISI 2Ml % 19)7 2.34o A,).l .0 (C INC() 

AISI 2o2 W 4022 2.31 <).I 0 0 ( INCO (3)
AISI 2121 W 402 2.370 S <01C. Wit (SI)) NAI (7)
AISI 201 S 402 2.37) <.1 o C c INC() (3)
AISI 2a)' W I1i2 5 <0Al 0 1 1 C IN(:(0 1 )

AISI 21 W 366 5 .4 6 0 0 -1' INCO (3)
Albl 2(p2 W 1235 ,640( 1)~ N(. I NCO)(
AISI )2 W 123 5.6,4oi "1 NC . NAMX (7)
AISI 2W2 S 123I f 1-,n " I tI N(C INC().
AISI 2(12 W 403~ 6.71) -i.|(I I-C IN(C( (3I)
AI',, 2o2 -Iott3 6.7ss:: .i. ( I'(C INCI) (3)

AIM 2(2 S 751 5.640: <"() 0 t I I -C INCO (3)
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Table 37. Continued.

f 3 Corroion• . +, F.xpo,,urc I)Cpth

Alloy Infl',' r onltunlt x(dotu') (ft) R .%1a"inum (:revice Source.C
(d.i>) ((4 Riur bi b~ri I Itlt(Ml) fint IDcvil Depth

b  Type
b

mpy) (fu) (uils)

AISI 202 W 1.064 5.300 <(, 0) NC INCO (3)
AISI 202 S 1,064 5.3(m) -. 0 0 5(3 C (PR) INCO (3)
AISI 202 W 197 2.340 <0.1 0 I I-C INCO (3)
AISI 202 S .07 2.34o <(.I 0 I IC INC() (3)
AISI 202 W 4012 2.470 <.3I<0 0 17 C INCO (3)
.AISI 202 S 4112 2,370 <0.1 17 0) P INCO (3)
AISI 202 W 182 5 o.6 50 50 C (PR): P (PR) INCO (3)
AIM 202 W 366 5 (3.5 50 50 C (1'R); P (PR) INC() (3)

W, °It tallv cpocJ. .: %c.twatCr on .idc, of %tructurc. S -I xpoed in [)ab" of structure so tiut thie lower

portis of the speoutea' i were embedded to the bottoom sedilttiits.

-S hIM)I for tvpsc% of corrosio:

C , Crecc
I - Incipient
NC , No /viille corroion
I' P1tting

PRt ,- l'crforated

S Sesere
Wit Weld lteznl

'Number t-ccr to rcfercnic .it enif of repott.

l'able 38. Stress Corrosion of 200 Series Stainless Steels

,N'eumbr of
AloytrcNs Yield posure IDepth Nune Number Source'
iksi) (ty) (ft) Fulied

St.. i C t I., )9%c41

,AISI 21 22 30 403 6.7803 3 0 NAIX (7)
AIM 201 55 75 403 6.784) 3 0) NAIX (7)

AISI 2111. scnsmt.cd 55 75 403 6.7840 3 ) NAIX: (7)
,ISI 201 22 30 197 2.2140 3 4) NAIM (7)
AIM 2111 55 75 197 2.34o 3 0 NAIC (7)
AISI 2031, sns/t -,i: 55 75 197 2.340 3 ( NAIX: (7)
AIM 201 22 30 4402 2.37 3 40 NAIX: (7)
AIM 201 55 75 4032 2.371) 3 o NAIDC (7)
AISI 241. %cnto/ed 22 34) 40)2 2.3703 3 (3 NAIC (7)
AISI 211. %ensit-td 55 75 4o2 2.370 3 11 NAIX, (7)

Numbtters refer to references at crd of report.
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Table 40. Chemical Compositions of 300 Series Stainless Steels, Percent by Weight

Alloy C Mn Si Ni Cr Mo Other Ft? Sourceb

AISI 301 ().11 .17 0.025 0.021 0.34 6.73 17.4 - - R CEL (4)
AISI 301 0.08 1.00 - 0.0VI, - 7.50 17.50 - - R NADC (7)

AISI 302 0.06 1.05 0.020 O.Oi3 0.60 9.33 18.21 - - R CEI. (4)
AISI 302 0.11 1.36 - - - 9.9 17.3 0.12 0.2o Cu R INCO (3)

AISI 304 0.06 1.73 0.024 0.013 0.43 10.0 18.8 - - R Ci. (4)
AISI 304 0.05 1.73 0.020 0.012 0.52 9.55 18.2 0.18 - R CEL. (4)
AISI 304 0.06 1.46 - - - 9.5 18.2 0.34 0.16 Cu R INCO (3)
AISI 304 - - - - 10.0 19.0 - - R ME L(5)
AISI 104 0.07 - - 0.0!9 - 8.90 18.2 0.10 ').19 Cu R NADC (7)
AISI 3041. 0.03 1.24 0.028 0.023 0.68 10.20 18.7 - - R CEL (4)
AISI 3041. o.02 1.45 - - - 9.5 17.9 - - R INCO (3)
AISI 3041. 0.03 1.80 - 0.015 - 10.04 18.90 - 0.2 V R NADC (7)

AISI 309 0.1 1.60 - - 12.7 23.3 - - R INCO (3)

AISI 310 0.04 1.78 - - - 20.9 25.3 - - R !NCO (3)

AISI 311 0.2 2.01 19.0 25.0 - - R INCO (3)

AISI 316 0.06 1.63 0.023 0.016 0.40 13.60 18.3 2.41 - R CEL (4)
AISI 316 0.05 1.73 - - - 13.2 17.2 2.60 - R IN(:O (3)

AISI 316 0.05 1.40 0.01 - - 12.90 16.40 2.15 - R NADC (7)
AISI 3161. 0.03 1.29 0015 .019 (.51 13.10 17.5 2.32 - R CEL (4)
AISI 3161. 0.02 1.31 (1.013 0.015 0.47 13.70 17.9 2.76 - R CEL (4)
AISI 3161. 0.02 1.78 - - - 13.6 17.7 2.15 - R INCO (3)
AMIS 3163f NAMC (7)

AISI 317 0.05 1.61 - - 13.6 18.7 3.3 - R INCO (3)

AISI 321 0.06 2.0 - 0.5 18.5 - - R INCO (3)

AISI 321 - 1.37 ",- 9.85 17.12 - NAIx)(7)

AISI 325 o.o3 0.7 23.5 9.0 - It NCO (3)

AISI 329 0.07 0.46 - - 4.4 27.0 1.40 - R INCO (3)

AISI 33(# 0.20 - 34.5 15.0 - - R INCO (3)

AISI 347 0.0,4 1.19 11- - 3.3 18.1 - - R IN(:O (3)
AISI 347 - 1 3.77 1-30.97 18.00 0.24 - R NADC (7)

o =rem~etmdcr.

I'Numbers rcfer to references at end of report.

'No v.eiztc gvcn.
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Table 42. Stress Corrosion of 30') Series Staunless Steels

Stes Percent Exoue et Number of Nme
:\lloy Stes i Epsueledh Specime-ns Nubr Source.•(ks I) Yed (day) (ft ) /Fakil'd

Strength .xposed

AISI 3 24 62 123 5.640 3 0 NACi (7)
AISI 3101 32 82 123 5.640 3 0 NADC (7)

AISI 31 62 50 402 2.370 3 0 CEi (4)
AISI 331 94 75 402 2.370 3 o CEI. (4)
AISI 30,2 22 50 4112 2.37o 3 0 CE 1 (4)

AISI 302 75 402 2.370 3 0 CEI (4)

AISI 314 14 30 403 0.780 3 0 NAM, (7)
304 35 75 49 6.780 3 ) NAIX (7)

.IS! 304. sensmtted 35 30 53 .780 3 0 NADC (7)
AISI 304. 14nsit tcd 75 43 6.780 3 0 NAix, (7)
AISI 304 14 30 197 2.34 3 0 NAIX (7)
AISI 304 35 75 197 2,340 3 0 NACli (7)
AISI 304. sensituc, 35 75 197 2.34o 3 0 NADC (7)

AISI 3(14 35 30 402 2.370 3 0 NAIx (7)
AISI 304. scnriiti,,d 15 30 402 2.370 3 0 NADI (7)
AISI 304 25 5o 402 2.370 3 0 CFii (4),AISI 304 35 75 4012 2.370 3 0t NAIX" (7)

AISI 3!14. ,,cnitucd 35 75 40 2 2.370 3 NAIXC (7)
SAISI 3o4 25 75 402 2.370 3O CEI 1 4)

t AISI 3o41. 14 35 123 5.o40 3 0 (E1. 44)

AISI 3041. 20 50 123 5.640 3 0 CI. (4)
AISi 3041. 30 75 123 640 3 0 CHii. (4)
AISI 3041. 13 3) 403 .*0 3 I NAIX (7)
AIS! 3141.. scnsitci 13 .,o 403 ,,.78o 3 (I NAIX (7)
AISI 3o41. 20 50 403 6.780 3 I CI. (4)
AISI 32413 75 403 6.780 3 0 NAIX: 17)
AISI 3041., scntzed 32 75 403 6.780 3 o NAIX' (71
AISI 3(o41. 30 75 403 6.780 3 ('L (4)
AiSI 3o41. 14 35 751 5.64o 3 0 CI. ,4)
AISI 3041. 20 50 751 5.040 3 1 CL. (4)
AISI 3041. 3o 75 751 5.,4o 3 I Cl-. 1 (4)
AISI 3141, 13 30 197 2.34o 3 0 NAIX (7)
AiSI 3041, 20 50 197 2.340 3 0 Cii. (4)AISI 3041, 32 75 147 2.314o 3 0 NAIX: (7)

AISI 3041.. scn-otuc,I 32 75 197 2.340 3 1 NAIX: (7)
AISI 3o41. 3o 75 197 2.340 3 I Ci. (4)

AISI 3o41. 13 30 4o2 2,170 3 0 NAIX: (7)
AISI 3o41. 2(1 5o 402 2.374 3 C ClI. (4)
AISI 3o43. .2 75 412 2.;7o 3 N \AIX" (7)
AISI 3041.,cnsitued 32 75 402 2.37o 3 0 \AIX: (7)
AISI 3141 30 75 402 2.37o 3 C Cli. (4)

Ctnued
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Table 42. (oninued.

Percent Number of
S Exposure Dupthr Number Source"

Alls Yield Spcimens l'aildAloy(ksi) Srgf (day) Failedose

AISI 316 14 30 403 6.780 3 O NADC (7)
AISI 316. scnssimcd '4 30 403 6.780 3 0 NADC (7)
AISI 316 35 75 403 6,780 3 0 NADC (7)
AISI 316. sensitied 35 75 403 6.780 3 0 NADC (7)
AISI 316 14 30 197 2.340 3 0 NAIX (7)
AISI 316 35 75 197 2.340 3 0 NADC (7)
AISI 316. scnti/cd 35 75 197 2.34%) 3 0 NADC (7)
AISI 316 14 30) 402 2.370 3 0 NADC (7)
AISI 316. scrsiti/ed 14 30 4)2 2.370 3 0 NADC (7)
AISI 316 18 50 402 2.370 3 0 Cli. (4)
AISI 316 35 75 402 2,370 3 0 NADC (7)
AISI 316. stnimvtd 35 75 412 2.370 3 0 NAIX (7)
.\ISI 316 27 75 402 2.370 3 0 CEi. (4)

AISI 3161. 17 35 123 5,64o 3 0 l. (4)
AISI 3161. 24 5o 123 5.640 3 0 CI. (4)
AISI 3161. 36 75 123 5.640 3 o C.I. (4)
AISI 316,1. 14 30 403 0.780 3 0 NAIX (7)
AISI 3161. 17 35 403 6.780 3 0 C:I (4)
AISI 3161. 24 50 403 6.780 3 0 CI1. (4)
AISI 3 61. 35 75 403 6.780 3 0 NADC (7)
AISI 3 16.. %ncittied 35 75 403 6.78( 3 0 NA!X: (7)
AiSI 3161. 36 75 403 6.780 3 0i El. (4)
AISI 3 161. 17 35 75! 5.640 3 0 CI. (4)
\ISI 3161. 24 50 751 5.610 3 O l. (4)
AISi 3 1(. 30 75 751 5.64t 3 0 CI1. (4)
AISI 31. 17 35 197 2.34o 3 0 ClI. (4)
AISI 3ioI. 24 50 197 2.34o 3 0 l. (4)
AISI 3161. 36 75 197 2.340 3 0 CF1. (4)
AISI 3161. 24 50 4)2 2.37o 3 0 l, (4)
AISI 3161. 3( 75 402 2.370 3 0 CF1. (4)

AISI 321 10 30 403 6.78o 3 0 NA; (7) 
AISI 321 25 75 403 6.780 3 0 NAI)C (7)
AISI 32 1. cnitiftd 25 75 403 6.7811 3 0 NAIX, (7) I
AISI 321 10 31 197 2.34o 3 N "qAIC (7)
AISI 321 25 75 197 2.340 3 0 NAIX 7)
AISI 32 !. %inmiwed 25 75 197 2,340 3 o NAIx: (7)
AIMl 321 10 31) 402 2.37to 3 0 NAtX: (7)
AISI 321 25 75 4402 2.370 3 NADC (7)
AtIS 32 1. w'nslttt/d 25 75 402 2.370 3 0 NADC '7)

(:ontinuled
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I'abk 42. Continut-J
- Percent Number of

AIlV Stress Exit .Mposure IDcpth Sturiber Number(kso Yield (day) (fit) Specimens Source'
I______ Strength r~posed Fie

AISi 347 3o 403 6,780 3 0 NAIX: (7)
A:ISI 347 75 403 6.78(p 3 NAIDC (7)
AISI 347. sensitcd 75 403 6.78t) 3 0 NAIC (7)AISI 347 30 197 2.340 3 0 NADC (7)AIS| 347 75 197 2,34o 3 0 NAIX (7)AISI 347. wntilzied - 75 17 2.340 3 0 NADC (7).\lSI 347 30 402 2.34o 3 0 NAIX" (7)
AISI 347 75 402 2,37o 3 0 NAIX (7)AISI 347. stfzhucd 75 402 2.370 3 0 NAIX (7)

,Uih.rs rcler t , reference% .it cnd ot report.

s56



-- -. - - - - -

!Z

iLi

Z = .

7a 7
C.. ..

- - - -- - -- - - - 3 2

=..

z xr

..I- .I. -.. I- ,. -.

- N

- - - -

, 7, 7 , 7 7. 7 7 7 " 7. . 7 ,C -, -• . 7 7 C . .7" 7 . 7 7.

------ ---- - - - - -

-157



IZ

I I-

-~ ~ ~ . . . . . . . . , a a a a a aa a a

c C c c x a f i, t 9

V__ V S.

- - - - - - .- -= --- - - - -- - - -a-

" I

b-a

- - -"o .

-.-.-.-. -. . . . .. -. .-.-. ..-. -. ~ .-- -. -. -..-. -... .. ,-

- 15

~158



+-

.- " - .4 - + 4

ii.

tr r -+

7. .. 7,X 7,7 ,77 .7 .7777 77

-~ .......... ... .. 4

- ._. . ... r..,.e+ - .. +.' , r.r'r -et

-- - -

S%, I

=" -. "--
- '-,4.4*

+ " II



--- 7 -- -7 -= 7 --,.~

0'A-

Z 7-

I V

10I I

.. 60



-I -- , .r, ' " -"

A- t W.W

r -

-~ - - - -

z z V. V. 3, -r :
9, . .. ... f f

z¥

- -- - - - --- - - - - - -

-' -I' -* - - - - ~ - -4 -4I - - - I Z ZC

L L
- *3:

I . S.....4 .* 4 4 .p. t.t,.

-i(



-z

-- - - - - -

I ~ 7. v.X.

7 '7 7 7 777777

1621

-._ - = .. . .- ,. , = = , :_ : = = -

- -' -

vI

Z A . . . - -.;4,;.,

! r j t "1 I I I" J ! , I" I X r / i " I I "

t.r



- .. -, - - -. . . . . . .. .- . . .

-- 

-4--

- - -
-

xx

- -!

- - -I



, -. .

la bk 46 Site%% Corro,,n 41! 400) Sciic% S tnl i %% Stels

Sre Percent I. %.j) .r. Depth N umihcr ust Number.Alh\41rs Yield I.\ssr et pecllIC11'% NuI1tf Sou rce"~

Skl) .tmrenth (d. )1) l."\posed Ial'

AISI 405 43 75 403 6.780 3 0 (CI-, (4)

AISI 405 2)u 35 197 2.340 . 0 (:1C1. (4)

AISI 405 29 50 197 2.340 3 0 CFI, (4)

AISI 415 43 75 197 2.340 3 0 CEIl. (4)

.\1;I 415 43 75 402 2.341) 3 0 CF., (4)

AISI 41o 47 30 403 6,780 3 0 NADC (7)

AISI 410 ItIo 75 403 6.7810 3 0 NAIDC (7)
AISI 410) 47 30 197 2.340 3 0 NAI)C (7)
,\IS! 431) I Ic, 75 197 2.344) 0 NAI)(: (7)

AISI 41) 47 31) 402 2.371) 3 0 NADC (7)

AISI 411) 24 50 402 2.371 3 ) C MI. (4)
.XISI 41) Ito 75 402 2.370 3 0 NADC (7)

AISI 41o 3o 75 4012 2.370 3 0 CII. (4)

AISi 4110 121) 41)2 2.37) 3 0 NADC (7)

.\ISI 43o 34) 403 6.780 3 0 NADC (7)
AISI 430 75 403 1;.780 0 NAI)C (7)
AIM, 43m 3' I '97 2.340 3 0 NADC (7)
AISI 43o 75 197 2.340 3 ) N) 17)

AISI 43o 3 402 2.371) 3 0 NADC 7!

AISI 4 3o 27 50 402 2.370 3 ) CIA. (4)
AISI 43) 75 402 2.371' 3 N NAI)C (7)
•\ISi 4 if) 41 75 412 2.371) 3 0 :1 I. 14

aNu fl r("('f t-, 'ltrcfvr cnic' It end ofl rcprz
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Li.bk 47 (h.nge% ,' Mcchakixi.d I ropcres of 400 Sk- ac' Stahiness StccIs IDue it) C)mIrrI ll'

1,lii' l ) Ii ga'i lh I i l uI
%.,( h..ng~i~l[;i

J  

I '".t" l}. (~ -

5.ASI41 ht4i l) 77 5'P -2 25 * CI M4Nh.1.1 4 o 77 3; 5.) -l 25 -01 1 h (411I%1 40. 4013 g.7 7 .2 5.) -2 25-7 CI 4
%1-I 445 7'i i (,411 .77 o 5) 2 13 11 (4)
NlSl 405 197 2.341- 77 .2 59 -5 25 I 111.14)
%I 41 41.i S17 2 3411 77 .2 ,', 2 25 -2 CI. (4)

.%II III li;41 2 '37 77 , -21 5, 25 -3) ( II (4)
S\II 401 4412 2 17 77 .2 5 -I 25 3 ( I114)

~I~lWi 23 514' l!2 155 \ S( Ai)( (7)
Usi% 4101 t.(e41j 94) 0 .44 I*x 11, 44)
\1I• 44 11 4.7 77 .2 4,I 4 i7 -2 II 1 (4),ISI 0Ill % 4113 .7xo 77 -2NO *1 -49) -(( l (4)
%ISI 41i 751 5.1640) NOI .4 4 .4 j 1,- (.4)1SI 4S1., 751 512 41 80 '2 41 5 i '1 : I (1 141

AI%I 41401 % 197 2 3410 2111 -2si1) .1 N~* I NIX (7)AI 4111 I 197 2 4 4) 2 -4 1 (4
AlI 4141 3917 2 j)1 M I $1 4- - -14AISI 4141 1 1 2 7:: 2111 4; 5 1 1 'AIX 171

%l,II 4 ,: 44P 1 2 S €4 841 49 2) _9 1.; 11 1,\IMI 4130 \ 40. 3 ,711 XII .3 49 .2 -l31 -8 ([I I(41

AIM 411 • 41. 2 +,7u4, X, * 3 4" -2 '1 -7 I.44

AI 4t1 I •I 7.1 5 .i4oI 5 i 4'J +5 2" -1. (JIl 141AI•3Il VI 1217 .. 41 2i l -1 .I. 2x I .3 \(11.14
,\I•I 411 j \ 1,17 2- : J11 72 .l ~ 4" - I' t I29 (1.41

4 . -1 13 . 11141A I 11 1112 I VI I 17.4 2111 - , -iI 154 29 .11 II 1 ]2I ,\ 414 53 40 • l 4 I 4- II (4!\1%I 41i VI 71 2 2 ,411 t4 -2 "1 -f I 11 4

\llIll \ lo7 2 .4! 54) 2 ~ ! 1 'I I j 1, 1 4

IS: i (" 7(1o .7 .1 . 54 0 1( 141NIhl 1 i 2n iI 74 . I 3 j( 14 1\I- 4 d 1 75 41 5i 7' 75 51 5 29 I I1 (I .4NIS1 Ill i f1,4 5 .o11 72
' 

. l 5.1 .4 20 1-l111 ( 4:I S S11 ; i 41(.4 1114II 1 2.,)I '1- _
4 54 "1 -4 1 1 41AI I 411 ;to 9 7  '2 14:: 72 .4 1; .| 11 +2 41

NIS 41• ill • t 17 2 141 &,: 7- 1 ' .3- .s 284

I%- l71 
I ;74 72 _ [ 41

S I 2-1 I1 41
\1 ; ,I \\;11. 1 17ti 71 + 5 . ' Is i 4

, ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1 1.%, 1,i \\ p11 fi71 , lw"1 1 2 2 -i

% Ilr -" tii+ 1I'tl t I i I' %t,1 lit-i ?q,,

VIF b . I r1 tIc .:,1%1 n
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Table 50, Stress Corrosion of PrcciFitu.tion-Iiardcning Stainless Steels. Cal1ulated Stresses

_ Percent Numbewr of
ASloty s EF;poure DI'pth NumberZl%: Alloy WD Vield (ft Spc Failed" Source" * (ksi) Strength (dyFt xpo~cd

C,

AISI 630. 11925 65 j5 493 6.70 2 a CEI. (4)
AISI 630. 1i92' 93 50 403 6.70 2 0 EL (4)
AISI 630, H9 2 5' 139 75 442 6.780 2 0 CEIL (4)
AiSI 630. 31925" 65 35 197 2.40 2 1) CI. (4)SAISI 63). 11923

c  
9) so 197 2.340 2 O CEL, (4)

AISI 630. 11925s 139 75 197 2,344) 2 O (:EI, (4)

AISI 630. 1925' 93 51) 402 2.370 3 3 C'L (4)AISI 630. 11925 c  
1 9 75 4t2 2.370 3 , Cl- (4)AISI 630. 119,25 65 35 70, 5 3 3 CF 1 (4)

SAISI (,30. 11925
c  

o.; 50 364 3 3 1 (89) 0  
CEt. (4)

AISI 630, 1192&c  139 75 364 5 3 2(70,233) CRI. (4)

AIsI 63o. R1195(0 61 39 123 5.64) 3 O NAI)C (7)
AISI 630, R11950 46 55 123 5.(o 3 o NADC (7)
AISI 630, R11950 134 86 123 .640 3 0 NAI) (f)

AISI 631, "rll05o0 66 35 403 6.780 2 0 CFI. (4)
AISI 631. "i'11O5Oc  94 5o 403 6.780 2 3 CEL (4)
AISI 631. 1111050c  141 75 403 6.780 2 3 CFIi. (4)
AISI 631,'111100' 66 35 97 2.4 2 , CEI. (4)

4 AiSi 631. 111050'V 94 50 197 2.340 2 0 Ci. (4)
AISI 631. TIIIO5O4 341 75 397 2.340 2 ( CLI. (4)
AISI 633, ,I130,0c  94 50 402 2,370 3 0 CE 1. (4)
AISI 631, TI1oSO' -11 75 402 2.379 3 1 CUii. (4)
AISI 631. "1 llosoc  () 35 364 5 3 0 CL (4)
AISI 631. TI1"050o 94 50 364 5 3 3 (253)" CE1. (4)
AISI 63 1. "]I1 oe 141 75 364 5 3 1 (253)f CI, (4)
AISI 631. 1I1I050 c  69 35 403 6.780 2 0 ClI. (4)
AISI 631. R111050 c  98 50 4)3 6.780 2 0 CFI (4)
AISI Of3. 1(1130( 347 75 403 6.780 2 1d CI. (4)
AISI 631. 1(llOo 69 35 197 2.340 2 O (l. (4)
AISI 631. RI1,305 c  98 50 197 2.340 2 0 CFL (4)
AISI 633. I3 050 C  147 75 197 2,344) 2 (O Ci'I, (4)
AISI 631, RI050' 98 SO 402 2.370 3 O CIL (4)
AISI 631. 14113050c 147 75 412 2.370 3 2 Cl'[. (4)
AISI 631. R1(OSOc  69 5 364 5 3 4) CLiI, (4)
AISI 633. 1I(1050c  98 50 364 5 3 0 I., (4)AISI 631. RIII c  14)(75 304 5 3 (90)d  CE,, (4)

AISI 632. kill I( c  64 35 403 6.7. ' 2 CFI1, (4)
AISI 632. Rif I 3' 92 50 403 6.7hu, 2 ) ClI. (4)Ai.. .- 2. Rill I 338 75 40: 6.780 2 0 Cil (4)

AI1 632, Ril3 IG0c  64 35 197 2.340 2 0 C:1. (4)
AISI 632. Rill (9X9 c  

92 50 197 2.340 2 O ClI. (4)
AISI 632. Rif II3M 138 75 197 2.340 2 O Cl:I, (4)AISI 632. Hill i(.) 9? 50 402 2.370 3 O CI1. (4)
AISI 632. Rill I0O i 38 75 402 2.37o; 3 0 CEF1. (4)
AISI 632. ill I mN

c  
64 :15 36"4 53 O CF1, (41

AISI 632. Rill l( c  92 50 364 5 3 1 (1ul)$ CI, (4)
AISI 632. Rill i()' 138 75 364 5 3 3 t56. 70. 1 3 3Pg CII. (4) ,

Continued
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Table 50. Coatinued.

Strc%%. P r Fxpoure 1rI1 Number of Number 4ourb

Alloy ks5I) ispainwab 1So " I.*iled aFW) Strength WAY) (it) xpowd aed

AISI 634, CRT 108 50 402 2.370 3 0 Ci1-. (4)

AISI 634. C.R'I" 10 2 75 .1 .? 2,70 i'0. (4)

.AISI 6.35 6 35 197 2,346 2 If Cl. (4)
AISI 615 97 50 197 2.344) 2 0 ClI1. (4)
AISI o35 145 75 197 2.34o 3 0 ClI. (4)
AISI 035 92 50 402 2.370 3 0 CEI. (4)
AISI 0519 131 75 462 2.370 3 I lii. (4)

AN'I'MX , X 111950 75 189 5 2 2 0) C"l-I. (4)
AS'M XMI6. M01150 75 5 369 5.9w I Clii. (41
\ST\I XM 6. l110501 t 75 189 5,9041 1 4I. (4)

3II74-MMo SRII95M A 75 35 403 6.780 2 0 CI;. (4)
15I1I4--Mo. S 950" 107 50 403 6.780 2 0 CMI'. (4)
15I4-7.M7 SRII95) leM 75 403 6780 2 1 Ci. (4)
Il174Mo SRI 9 50 24 35 197 2.341 2 0 ClI":. (4)
15I*4.7Mo SR 951 1 51 S 197 2.340 4) CEFL (4)
i11114-Mo SH1i951 161 75 197 2,344) 2 Ci. (4)
ill 4-8Mo. S1195 107 5O 44)2 2.370 3 0 CI. (4)
P1i14K.MY. S43950 161 75 402 2.370 3 ) CIL (4)
PII 4-8M Hio SR1950 75 35 314 5 .4 3 (322) 

1  Clii (4)
11I4-AM,.i. S 1H95) 107 5) 364 5 (322)' Cl. (4) J
I7ll 14.'o S11950 161 75 364 5 3 0 chil (4)

15.7 AMV, A 20 35 403 6.780 2 0) Ci. (4)
15-7 AMV, A 79 SO 403 6.786 2 0) Ci!i. (4)
15-7 AMV. A 43 75 4W3 6,7140 2 1 CI. (4)
15-7 AMV. A 2 35 197 2,340 3 0 CIEI. (4)
15-7 AMilV. A 29 5O 197 2,340 3 CI. (4)
15-7 AMV. A 4 75 197 2.34(t 3 3' Cl, (4)
15-7 AMV, A 29 SO 402 2,370 3 0 Cl.1 (4)
15-7 AMV. A 43 75 402 2.44) , o) Cl:1 (4)

15-7 AMV. NilI ISO 55 35 123 5.640 3 4) Cii. (4)
5-7 AMV. Ri5 IN 7 S75O 123 5.640 3 0O CFI. (4)

15-7 A\WV. R1 11150 H9 75 123 5.64o1 3 3 CiiiL (4)
15.7 AMV. 5ill 45 55 35 403 6.781 2 (1:1. (4)5.7 AMV, Hill 150 79 50 403 6.780) 2 O 121:1 (4)

15-7 AMV. Rill 150 77 75 44)3 6,784 2 ). Cl'I. (4)5-7 AMV, R11315051 5 35 751 5,(40) 3 3. CEL.(41

15-7 ANIV, 1Ril5 1 47 5O 751 5,(.! () 3 3
i  

ClI1. (4)5 7/AMV. kill ISO 11 75 1 751 5.004 3 3
t  

cI:'1, (4)

5-7 AMV Ril15o 79 5 197 2,J40 3 2 Cr1. (4)5.7 AM.\V Rill 1ISO 11 75 197 2.3401 3 C FI. (4)
5-7 A,\V. Rilf I ISO 7 50 40)2 2,370 3 1 CI.I (4)
5.7 ANIV. Rill 154 h/ 75 .102 2,37o 3 1 ;I (4)

1 5-7 AMV, 1011950 -77 ! 123 5.040 3 11 CIEI 14
15.7 A.IIV. R{11950 1 51) 12.3 5,041) 3 3. CIA. (4)
15-7 AMV. 1411950 6 75 12 4 5.640t .4 CI: 1T. (4)
1 5-7 ANV. IfI*51 77 3.5 4113 6,MR) 2 C! .VI. (4)
1 5"7 AMV 10I9o~l 111 SO 403+i 6.71';( o"I CEI (4)
I !t A M\ V . 1t 1l':. -o 1 6+5 7 5 4 {11 N'.7 O j 2l:1 0
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Iable 50, Continued.

Pecn Number-- f

Strength (dy) (t) Lpow.d

1573301195 1 35 751 5.640- 3 Cil. (4)

.15- 3M.1195 65 -- 751 5.6440 3 ( :fit. (4)

15-7 AMV~. HH3950 77 35 197 2,340 3 0l 1,l (4)

15337 A.$AV. 1411950 130 541 197 2.344) 3 2'CEE 4
1573W 190 15 7 97 2.3403 3 2 C.1.(4)

15.7 AMV, 141195( I33o 5o 40)2 2.370 3 03t1. (4)
15.7 AMV. 1411950 11)5 75 4032 2.3703 3 3 (;:,.I. (4)
A'1.362.131950) - 75 1319 I .94143 3 (E 1,E (4)

AIw2l95, 75 1)49 5.9431) 0 (3: 1~. (4)
A1.3612. fiO07 1849 5.XK 56tC 1 4
A1~.302 111 05(3 75 1)9 5,9(f 6 0 CEL (4)

75 3.4)3o. 1 0CF 5(4
A,362. It31051) 19
A1,362, 11091... 75 33(9 5'11K 1 0 CHLi (4)

I XCr-l4MfI4.(33N 41 50 4432 2,370) 3 (3Cli (4i)
[_331.:r-14Mr4,5* it 75 [ 4432 12.370 3 03 0l1, (4)_ A

"Nmer I ;IlafVttlc%c% mnidkatc days to flurc.

bSuitlCl rcfer to refqerehLcs end (it report.

3rjn~cs hutt %%Cekd At Iuidlength Of *11CCIfl3Cl1%.

- "3:ao~1,~ L tcvmce Corrosionf at inilsI of %tfe.% jig.

111ode it' eig- (f W1141 IW441.

farl: it nt:.): of lhest-afictctl ,.)fic And 'dicci stit.

g'crcvlccL currOo3)o At Wil~t hole. releasedl tcfision.

1
Paimtd.JaauorstIs prinper. 8 tr.:taewsrtaid
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Tble~b 5 3. Chltin,,1 (..lmnposit loll 5 ot INCmncous Suantkss SICd,,. l'.cclnt by Wdighi

Mn cr 6W iih
it) cb 0,4344 O .N MIl8 4O4 0.07 28.38 19*1( 21o3.11 0.7 Om i T3

12~( j3.03 2(94 2-5 3.5 K IN.A) M3

20) (b ik. (1.07 Z. M.%$3 (.;5 1.0 34.0a 201.41 2.5 3.S (11~ v I XC K cEI. (4

20a 1tCI.O 34A 2.) 1) '23t 34t R IN() (0)

3L c-ilO 23125 3 CO (3)

Nt U-McwS3 ci.t 24 ts .13 .o 534 .11 R INC&, (3)

(L-35-14M, o "It .2 33.0 23.0 941 K INC() (31

S1 aj0c t .. *4 rcfcrclcv% A C114 ks .t fcpl3)st.

Tab* 5-1. Corrosion P~ itc andi T% pcs of Corrosimif of ,Micclilanous Stiiv.e -,?eels

t~Ji( aavro~ai~nt day (ft) Kate Mc ,,a~ ite
Pit Depth Dcpth -ry

1110 Cl 1 23 5,640 4) 0) 41 NC CEI. (4
2000C~ S 323 5.614 4o 0 I)NC CI,. (4)
20Cb1,V 403 6.780) 0) 0 0 NC CEIi, (4)
24OWl S .403 6.78(1 <01.3I 1012 C CI' 1, 4)
2o) Ch w 731 5.6441 '0.1 it 26 C CIiL (4
244 Ch 751 5.640) 09 0 INC CE 1. (4)
243 C11 w 3.0h64 5.300) 0) 4 0 NC ClII (4)
20 (1) 1.6 397) 2.4 <(. 0 0 IC 0:ii- (4)1 i
20, LbP 19 26 .34t) <0. 43 41 1 C ClIi. (4)

324) (.3 S 197 2,344) <43.1 (3 1 14. CEL (4)
20C (,w 4432 :'.37o3 <0A. 0 40 NC l. k4l)
2(0 C! S 4012 2.370 09.3 0 4) NC CFL (4)
'40 Cb w 181 5 <0'.! 1) 5 C-. SL+L CEL (4)

i'ts IV w 589 5 <41.3 0 21 C C FL (4)
243 CIO- V. 23 5.6a40 40)1 (0 0 Nc INCO i 3)

2"Ca3w 189 %tn9H <0.3 I I I14. 1I1 ClIA. (4)4

- 39 5.9003 .,11.J 403 c (:[:1 (4)j

(:,'atilluMI ~.
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1,311c 54. Continued.

w 0J to780 0A t I I yjC, fN13 0%).
zl cl-j 40 a. mp ,) Iu 2)o IWO (3)

___________..5.640--- --it-o-w
4aeuW -2. - INEO (3)

.11)01- 451 5.70I0 '.1 0 o ic INCO (3)
Jo ch-3 w 1,4v 3.3410 -,0A to Ia NC I SO (3)

1.064 $..;(it)r <0A2 0 1 1-C INCO M3

20)' 00 w 47 2,340 <.0A 0 1 R42 AWICI (3)4
{20 I('10 s 197 2.34i3 <0.1 0 1 W INCL'O M3
201 cb3 w 44)2 2.370 <41.1 1 4) 2.41 2NC) (3)
20) 00bs 402 2,370 ':)I22 IC)(3)f Ist <:.1 1c "O (3)

NI (4'4u..Mo No. I, ;a W 123j 5641) --. to0 NC
No ;r:lC'.1Q.tb 1.L23 5.640 0 IC 'NCO (3)

%1<14,U.Mc,) SQ. 1, C~s w40 5.64(0 <l). I 3 0 INC INCO (3)
S-,1 C- s433 (Jo <o. 1 0 Nc INCO (3)

I. N 1 .1( ) N I NW O ( 3 )
42*uM N. 7151 5.640) <0.2 4) 0 Nc INCI) (3)

~ ~.-u.oN.~w 1.064 5.34m) <o.2 I ) to I < INCI) (3)
-ci.rcll-So t.c .064 5.340 <0.I 03 0 NC 5Nc( ' 3)

Ni-cC U'At No. 1, cal w 197 2,340) <0.1 0 4) NC I NCO (3)
vl-clCU..M1: No.21. cS~ -197 2,340 <03.1 4) 1 342 INCO (3)

NO. 1. e-Ast w 4432 j2.370 <o3. I I1 8 c 2N(:op3
Ni2rC..t N.2.'~t 5402 2.370 <A.2 0 01 NC 2NC3 3)

Nk N'UI0S. 1, C-A: w Ixt 5 0.5 4) 24) C INCO (3)
NtC- - o. i. 1, cat w 36b. 5 <43. to I i-C IN(:() (3)

NN4.oN.2. ca~ w 123 5,o40 <m.2 0 (0 INC I NCO (3)INi (iru.1 No. 2. c3a.t S 1 123 5.640) <0,1 0 43 M: 3NC() (3)
'N-f uMNcl. 2. cjr w 4433 6.780 <t).2 )( Nc I NCO)
St4:-uNio No. . at S40)3 6.7803 <43.2 o I- 2 I INCI) 4 3)2:I.CT04.::M) No.2.: caz w 5 5j64fo <(. IC I (3)

NsCr: o.% 2. cAse s 7516 5.341) <4 .1 0t C muC) (3)
N -Cr-Cu.%lo No. 2,.r ak .4314 5.34M . 4) 5 (7 INCO (3)

Ncr0384)s. 2. es.: w 197 2.344) 43.2 1 4: INCO (3)M-0rCu-Mo No. 2. %:a'.t s 297 2.3403 <02 2 1 342 INCO (3)
Ni-Cr-f2u-M.oNc#. 2. caqt w 40)2 2.37) (3.2 3 4) 1, ICO (3)
Ni-Cr-Cu-Mo No. 2. c3%t s 4432 2.3741 <40.1 11 1 242 INCO) (34
Ni*Cr'cu.Mo No 2. cat w 1141 5 (0. 03 134 V INC() (3)
No Cf Cto*Mo No. 2. ci~ 36 S 43.2 03 27 C; INC() (3)
Ns-Cf-Mkwl. .2st w 223 5.6.440 <43A 0 0 INC INCOM(3
NI4CrMo. c.. s 223 5.6403 <43.2 03 1 NI: INCI) (3)
St Cr..AIo, c.t I w 44)3 6..780 <0.2 0 1 342 INCO (3)
S$-Cr-Alo, .2 s 4413 6.71103 .31 I * INC) 43)

Ni4.r.A1o. Cfist w 752 5..(o <43.2 I 3 I3N NC) 433NI.:r.'ii. Cj~t s 752 5.6443 -'0.1 4343 NI INtO (3)/- JNCr.Mo. ija.t w 1.0)64 5.31m) <40.2 0, 4) C INC4J(3)
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'rible 54. Coninucti.

It3Alluv rn1rW sn.?nti Ikph .%airu tc ~

Eniruseu A"'A'' mi~ (sii%

MIC-W a ,* .40) <0.1 U 1w. J%4 (3).Nir-MoAAs w ~ 17 9 2 ;34 0 2 0 W N. 25A)

Ni-krAkC to., 402.z ZJ7036 <0.2 1 C. AC. 3-
easr'to. 40LV. 2 5.444 <11 i 0 4C INC() (3)

Ni-Cft.~. Cit w 123 54 <0.2 0 to NC I 2NfL0i(3) -
NjC','S w~~V'43 670 <. 0 Nc I NCO (3)~

-Ni'C*%to.Si. m,. w 103 56.1 0-, -1. to 0 NC INCO t1

403~I.~ ctV 5 36140 <0.1 01 0o Nc ANCO 0(3)
Si-c -Mo-si. C-A; s 73- $64 <00 Nt. iNC i)i" -

%'~F ,Io i. 4 W1.46 .7430, <0.2 o 0) NC ACI)JNi-Cr-Alt'-si. cl1t w 714 0,4~ <0. (31 0 3

JNI*(r-Mtj'$i. cas s 492 2.3741) <().I 4? 3 t (3)-i
Na-Cf--.uSi, CA% w 4W2 2.374) <0.2 it 3 NC IC) 3

Ni t.-M41-si. 4c*%1 w 3(1 5 <41.1 0 to Nc Ako (3)-
s 14-O,~ 3 3.61 <3.3 El sI c 'NCO, (Y
SI-swo S 123 5.1140 41.3 0 C. INC.0 (3)

R2..35.2io. cu.: 12 5670 9.5 E0 E , IwoC (3)IRI.-3 5.1 (m, .' 403 (..780 <".I 4) G. IN'c 0)
RL.-35-lods. C. ~ 0 .ot . ) G Ic 3
RI.-33-14s.. cA A : 751 5.640 <to.] to 4) 1W- 2 INCO4 (3),

732- to 4% 5 5.640 41.3 01 0 F, INCO '((3-
It -3524. a~ V' .464 5.311) fl.7 El0 C. :NCO (3)AtI-35-l4Nl. ca. [ 1.064 5.3(X) 43.2 E) 4) C. 13U)
rut-5140 w'i 197 2.341) <,.I 40 to Nc INC) (3)

RA.-35.248. CAIt 1 97 2.3440 -:11. to 0 -NU-IET 2sc0  3)I
Touly .Xp~cf Isra~tr o %ilc' 4%trctu. AZpt'q.j in haI'4f %tructur m)that the lol~cr ptim tor hcpeciiicit

Symol' for tpc% 4)f Caorrm)ion3
C *crevice NG - No Viible corr'j~dou

E, A.Jec NU. - No~nuniform

- (CcraA SI. - Slight
- I ncipicnt 1) - IUnifuint

4- Sum2b% tclrr it; fr3-tr3- 2t cnj d cptorc.
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T'Abk 53. Streci% Corrosion CMiscellinus Stainless Szecls

tm-Ci f Iic-
Stes - eext xpiliure utpith Number 4 f ~ u!e

ia Clb16 35 - 123 r,,640 3 0) ChtL (4)iw0Cb 24- s 1 123 5,640 3 0) CEId 4) I
NO 35 IV12 5-640 3 0) CL (41)

io0eb 24 so40 6,780 2 0 (2El,(4)

if t, 33 75 403 6.1480 2 0 CELL(4)
20 Cb i6 35 751 5,646 3 0) CELW4

t2WiCb- 24 5u 75 5,640 3 0 (:EL (4)

20icb 35 75 731 5,6413 3 0 CEL (4)
2o clb 24 59197 2.340 3 0 'El. (4)I -2Cb 35 1039 2.340 31 0 CK1-t4)-''~ 2 0402 2370 3 0 C1kL(4)

210)--35 75- 402 0CL()

JNurnbers rcfer co refereccs at end of report.

k 'IT-bkc 56. Chiges inffiechatuil Properties of .~isccIlancous Srtinlcss Steels

M~o IlflTQlf~i Wjvj m") Onriii.1I Original ,.un Iofigilnat ou
(liaChange (.% r ~ " Challge

"41. 5.63r411 92 '3 47 .!0 40) - ii 14)
-26TS1v w 413 f.7X0 2 47 4 44 (4)

2:1 Cit S 401 6.71) 92 *I 47 .3 441 -~ :.(4)

6 :k w751 5.,40 Iv2 .2 47 .(, 441 -5 CIA. (4)
J41C, cit ~ 7 5 4 92 #4 47 06 4o1 -5 CEI. (4)

200, %V 197 !.340' 92 44 47 .3 41t +4 CIA, (4)
14) (k S 197 2X.344' 92 it 47 3 40 .4 CE.I. (4)
W' Ui W 4402 2..'7fo 92 U' 47 -1 44) -7 (TI. (4)

lo1 0. S 44t2 2.37043 92 '4 47 * I1 440 -12 CT 1 (4)

(. w1XI 3 92 .2 47 .3 441 -4 cC 1:(4)
2(i' 6 5 92 -2 47 -4 44) + I cm:. (41)
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.The~resi-tance -of 2luminum, and its ail s to cur h iassiikoito r
iosiofi is due to _--MatiVClW chcnikallv- inct t film~-of- The- chloride. i~mn in, pArticLula-r can. Accom~plish -is~

as thisv oxide filmromins intact the gooidcorrosion As discussed 3Wvc~; uluminum alloys generallylmnm xewihfrsonissrae!bekon
ri stince- Is -preserved. In cxxidizing environments, ctorrode 11scawater ITeV ptting and ce-cofrof~, 4_,

whre a sufficient am-unt of oxidizing. agent or therefore, as otitch -As 90) to 951% of the earp~sc
ox% gen is presenrt-to repAir any breaks in this prorcc- surfacc can .be uficLrroded. With suchiuow'ptrenagcs
tive film. thc corrosion- resistance of the aluminum of' tLe, total'-cxpose& areA a-ffectvd,~ cocewsion ?atte;
allovs is maintained. The, usu~al corrosion, protection racltd tn a ~~ss tAais pedainpt
jpassive) filni that fornms on -alurnanbm , n: wa-tcrs at .e-r 1,mpY)can -gtve t vvry mislead ietu e

iceIfiporatdres, 4-clow 701C is 4baycerite fupy ilumsatum li the dcaaskeIn

4n.,j-In 1e~a. oxidizing coinditins, fa oe 'the pre. Anothecr, Manilciiiiitii of lo~.aliiid: aitak - ii

smr:otion "of' this pAsve film, while -'reducing, condi- aluminum alloys i.ox~n g .t co ntaiois cell
tioni desiroy it. Chloride ions are patclry corrosion a n-.rvc. asulvkowt ~ ,C

agrSsivc pn rosuon) I hi. -tyft of -corrosiiih occurs, uadcrni*;ith
When aluminum is amnicised in water. tiie oxide dleposits -of any kind on,tlae~mital surface. tnderincad

film thicker!,% aitch more rapidly than itrdocs in air. 4aiits, anti at%, the 'faying sta rfaekes 4, joints. Thoc
The rate of growth decreases with time andi reaches a area of the alunuinai 'alloys w~hich .s shielded from .

limiting thickness. which depends on the temperature. the surrounding 50ltton bucoines dcicent in
the oXvgctj content of the water, the ions- present. oxyyg-n, thus creating a differelfice in oxygen concen- ,

and the pit. In stawater this-naturally formed prote- tration betwten the shielded and uishicldedct areas. An-'

tive film breaks down more readilv, andi its repair and electrolytic cell is created with a difference ini

The corrosion of alumitn allovs in seawater is and low oxygen concentration areas: the low concen-
usually .)f the pitting uit crevice types. Pit-, begin by tration area'becomes the anode of the cell. Corrosion4
breakdown of tht. protetive film at weak spots or at occurs at the small anodic area andi. because the
nonhomogenentics. The breakdown is followed by the cathoodic area is mttzh larger, the rate of at ack is -

formation of .n electrolytic cc' the anode of uliach considerably greater than if no such cell were present.
is a minute area of active met. and the cathode of Trhere are two other types of localized cvrrosionI

E which is a considerable area of passive metal. The often found in aluminun; a!lovs: intergranular and
large potentiAl differecec of this "passive-active" cell exfoliation. lntergranular (intcrcrvstallinc) attack is Z

accounts for the considernable flow of current with its selective corrosion of grain boundaries or closely
attendant rapid corrosion at the smrall anode (pitting). adliacent regions wthout appreciable 'attack of the

littirig is most likely to occur in the presence of grains or crystals themselves. Eixfoliation is a lamellar
chloride ions (for example, in seawater). combined form of corrosion. resulting from a rapid Iaveral
with such cathodic depolanizers as oxy en or attack along grain boundaries or striations within the
oxidizing salts. An oxidwing environment is .isually grains parallel to the metal surface. This directionalq

necessary for preservation of a pasive protective film attack results in :a leafing action. aggravated by the
uith accompanying high corrosion resistance, bout, voluminous corrosion products that causes the
unfortunately. it is also a condition for the uncorroded strata to be split -1part.

p *occurrence of pitting. Thc oxidiicr can ofteun act as a Low weight losses -andi low corrosion rates
depolarumcr tor *'passave-actisc" cells established boy accompany these manifes-tations of loeAlized
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4 orroo. lhu-; the iiii.rity' of -an~ivurnminun.Aallo,' at.2 E bk ul thj
-: ..... tU~du r.ill b jopidr di f d sined&soly_ o. Othe:

"wis of cwrrosion rLto calculated from Tcaght lossws *lhc corrosion, rates of I00 allov- increased with

-r titir than on the-bsis of nwasaret depths of-pits inreasng depth afterI year of exposure. loweivrer.t ;
aO dcpChs of crevice cortost ,ion, Pitt .ig ind, crevice there wercno €orrcIJ~ionS betwent ma.imum depths
Cot.ibsr. c"an. -ind dtp. penctra e- aluminum all)ys of p.ting and crevice corrosion andi corrosion rates.
rapidol° in se"w'atcr' thui renitring" thertn useIe" in In, getral. pitting and c crroin- were "re
shor. periods-of riic severe "at-depth than at the surface.

'herefore, corrosion rates cxproCed.i.1 ntilvpckC- I hete w.s no definite effc4't of depth on the
tration per year calculited frotir %eight los+s,, corros.ion of 1000 Series alummurn alitos.
maximum pit dcpths. lna1iin dptPhs. of cre ce
cocrosion and, other type. of cotro.Nion are tabulated 6.3.. U&fft-of oW trtiw of uxygm I
;o provide an overall picture of the onosio of the

Uihnurtallo+;.Clhango: in the concentration of oxygen in st'a-

water -had no definite or consistent effect on the cor-
roiotn of, 1100 aluminum-alloy. In-genctrAl; after I

-"'6.1. £000 l IEkES ALUIMINUM ALLOYS year of exposure- the corrosionratcs and wm itvyof
A9.0016.MINIU.M ALUMINUM) crcvice. corrosion .wci greater at thclowe.r oxyge

cocentrations, while the seveity of pittijng€orwsion
"he chemkal cornpositiols;. of the, 1000 er.es 2 yas greatest at the highest oxye:n conccntrat;on.

a' + luliiinun-allos- en in"I ablc 7, their corr6sion
rte and ti'pc- of corrosion- in fll 58i their stress 6.1.4. Stms CeroiMn
%cor:osioh ehavior in Table 59. and the etfect of
txpusum> on their mechanical properties in lable 60. Alloys 1100 and 1181) were exposed at the

T"he 30o Series aluminum alloys contain a mini- 2.500-foot depih for 402 ,Jys shen stressed at values
nium of 99% aluminum and are considered unali.ycd e-quivalent to 50 and 75 % of thcir respective viehl
'aluminums. strengths (Tablc 59) to dctermine their susccptibili-

The 000 Series aluminum allos corroded by the ties to sress corrosion. I hey were not susceptiMe to
localized types of corrosion, pitting. and crevice. stress corr. sion under the conditions of the test.

6.3.I. Duration of Expoware 6. 1.5; M.Iehm"ea Properties

The corrosion rates of 1 1(4) alloy decrca.scd with The effects of exposure on the mechanical pro- I
.increasing duration of exposure at the surface, in sea- pertics of 1100 and ti IS) alloys arc given in "blc 60.
water at the 2,54)-ftot depth, and in the bottom Their mechanical properties were not L:fected by
sedimcnts at the 6.k00-foot depth, while the revcic exposure in seawater at the 2.500-foot depth for 402
occurred in the hottorn scdlimnis at the 2,$OO-foot days. ' +
depth znd in the seawater at the 6.000-foot depth.

There was no correlation between the severity of
crevke corrosion and duration tof exposurc. The smm 6.2. 2000 SEKIES ALUMINUM ALLOYS
Aas true for the severity of pitting .orrosion. except (ALUMINUM-COWER ALLOYS)

at the surface %%here the maximum depth (if pitting
corrosion increased with increasing duration of expo- Thc chemical compositionms of the 2NNI) seri-s
sure over a pcriodi of I year. aluminum alloys arc given n Table 61. their corrosiot

The €orros,on of I iIOt alloy sas comparable to rates ind type of corroision in Tahlc 62. their ,ress.
that of the I ImtAlloy, corrosion behavior it, Tahlc 6. and the effect of

exposure ,,s their mechanical ptope-tics in Tale 64.

.... .



The 2000 Series aluminum alloys contain copper 6.2.5. Other Types of Corrosion
as the chief alloying element. Copper is one of the
most important alloying metals for aluminumn because Alloys 2014-T3, 2014-T6, 20241"3, 2024-T81,
of its appreciable solubility and its strengthening 2219-T81, and 2219-T87 were attacked by inter-
effect, granular corrosion. Alloys 2014-13, 2024-13,

The 2000 Series alloys corroded by pitting, 2024-'r6, 2024-T81, and 2219-T81 were attacked byF crevice, intergranular, and exfoliation types of cor- the exfoliation type of corrosion.:; irosion.

ron 6.2.6. Welding
6.2.1. Duration of Exposure

a orcWelding did not affect the corrosion behavior of
There was no definite or consistent correlation aluminum alloys 2024-T3 and 22 19-T81.

between corrosion rates and types of corrosion of the
2000 Series alloys and duration of exposure. 6.2.7. Mechanical Properties

6.2.2. Effect of Depth The effects of exposure on the mechanical pro-
perties of the 2000 Series aluminum alloys are given

In general, corrosion rates were greater, and in Table 64. The mechanical properties of the 2000
pitting, crevice, and intergranular corrosion were Series alloys were impaired except for those of alloy
more severe at depth than at the surface after I year Alclad 2024-"3.
of exposure. Thus, seawater at .epth is more aggres-
sive to the 20(M) Series aluminum alloys than is s-a-
water at the surface. 6.3. 3000 SERIES ALUMINUM ALLOYS

(ALUMINUM-MANGANESE ALLOYS)
6.2.3. Effect of Concentration of Oxygen

The chemical compositions of the 3000 Series
The effect of changes in the concentration of aluminum alloys are given in Table 65, their corrosion

oxygen in seawater on the corrosion behavior of the rates and types of corrosion in Table 66, their stress

2000 Series alloys was inconsistent and erratic except corrosion behavior in Table 67, and the effect ot
for alloy 2219-T81. The corrosion rates, maximum exposure on their mechanical properties in Table 68.
depths of pits, and maximum depths of crevice cor- The chief alloying element of the 3000 Series
rosion decreased with increasing oxygen conccntra- aluminum alloys is manganese. Manganese is added to
tion, but not linearly, after I year of exposure. This aluminum in amounts above 1% to increase its
behavior of alloy 2219-T81 shows that the concen- strength.

tration of oxygen in sawater exerts considerable The 3000 Series alloys corroded chiefly by the
influence on the corrosion of this alloy, crevice ant pitting types of localized corrosion. Therewas also some blistering of the Alclad 3003 alloy.

6.2.4. Stress Corrosion
6.3.1. Duration of Exposure

The 2000 Series aluminum alloys were exposed at
the depths and for the times shown ir. Table 63 when The corrosion rates of alloys 3003 and Alclad
stressed at values equivalent to 30, 50, or 75% of 3003 neither increased nor decreased uniformly with
their respective yield strengths to determine their sus- increasing duration of exposure, except for Alclad
ceptibilitics to stress corrosion. They were not 3003 at the 2,500-foot depth. At this depth the
susceptible to stress corrosion under the test condi- corrosion rates decreased with increasing duration of
tions. exposure. In general, the severity of pitting and

crevice corrosion was greater after the longer times of
exposure.
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The corrosion bhavior of the 3000 Series alloys 6.4. 5000 SERIES ALUMINUM ALLOYS
was erratic and unpredictablc with regard to duration (ALUMINUM-MAGNESIUM ALLOYS)
of exposure.

The chemical compositions of the 5000 Series
63.2. Effect of Depth aluminum alloys are given in "1 able 69, their corrosion

rates and types of corrosion in Table 70, their stress
After I year of exposure the corrosio, rates and corrosion behavior in 'able 71, and the effect of

maximum depths of pits increased with increasing exposure on their mechanical properties in Table 72.
depth, but not linearly. Alclad 3003 did not behave Aluminum is alloyed with magnesium to form an
in this manner. In other words, the corrosion important class of nonheat-treatable alloys (50W0
behavior of alloy 3003 appears to be depth (pressure) Series). Their utility and importance are based on
dependent in that it increased in severity with their resistance to corrosion, high strength without
increasing depth, heat treatment, anti good weldability.

The 5000 Series aluminum alloys corroded
6.3.3. Effect of Concentration of Oxygen chiefly by the crevice and pitting types of localized

corrosion. Other types of corrosion found were:
The corrosion rates, maximum pit depths, anti blistering, crter, edge, intergranular, line, anti

maximum depths of crevice corrosion on alloys 3003 exfoliation.
and Alclad 3003 due to changes in the concentration
of oxygen in seawater were erratic. 6.4.1. Duration of Exposure

6.3.4. Stress Corrosion The general effect of duration of exposure on the j
Slws pcorrosion of the 5000 Series alloys was erratic and

Alloy 3003-1114 was not susceptible to stress cor- nonuniform. The corrosion rtes anti tle maximum
rosion when stressed at values equivalent to 50 and depths of pitting or crevice corrosion neither
75% of its yield strength and exposed at tie increased nor decreased consistently with increasing
2,500-foot depth for 402 days as given in Tablle 67. duration of exposure; in man) cases, the behavior was

erratic.
6.3.5. Corrosion Products

6.4.2. Effect of Depth
Corrosion products from alloy 3003-1114 were

analyzed by X-ray diffraction, spectrographic After 1 year of exposure the average corrosion

analysis, quantitative chemical analysis, antd infra-red rates of all the 5000 Series alloys increased with
spectrophotometry. The qualitative results were: depth, but not linearly. Also, the maximum depths of
amorphous A120 3 'X112 0, NaCI, Si() 2 , Al. Na, Si, Mg, pits of all the alloys increased linearly with depth.
Fe. Cu, Ca, Mn, 3.58% chloride ion, lh.77% sulfate The maximum depth of crevice corrosion of all the

,-: ion, and considerable phosphate ion. alloys increased with depth, but not consistently. The
corrosion behavior of the 5000 Series aluminum

6.3.6. Mechanical Properties alloys appears to be more uniformly affected by
. . The.depth than by duration of exposure or changes in the

The effects of exposure on the mechanical pro- concentration of oxygen in seawater.
pertie of alloys 3003-1114, Alclad 3003-112, anti
Alclad 3003-1114 are given in Table 08. In general, 6.4.3. Effect of Oancentration of Oxygen
the mechanical properties of alloys' 3003-1114 and
Alclad 3003-1112 were adversel/ affected by exposure The corrosion rates of alloy 5086-1134 increased
at depth. linearly with increasing concentration of oxygen in
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seawater, Ilut the slope of thle line was very smiall 1I 6.4.7. Corrosion Products

to 275). I lowever, such relationshlips were not found
for the maximum depths of pitting and crevice cur- Corrosion products front alloy 5086 were

rosion. thei pit depths were a maximum at the highest an alyied by X-ray diiffraction, spectrographic
ox~gen concentration, and the maxinium depth of analysis, quantitative chemical analysis, and infra-red

ere %ice corrosion was at the intermediate oxygen con- spectrophotornetry. The qualitative results werei

centration. amorphous A1203 -Xl1,0, NaCI, SiO, Al, Na, Mg,

'The corrosion rites of alloy 5456-1132 1 dtecreased Cu. Fe, Si, Ti, 5.8% chloride ion, 26.20. sulfate ion,
linearly with increasing concentration of oxyg~en in anti considerAble phosphate ion.

seawater. blut tile slopie of' the line was very small(
to t0). I towever, no correlations were possib~le 6.4.8. Mechanical Properties
bectweecn maximum depth of pittinj, andi crevice cor-
rosion. The effects of exposure: on the mechanical pro-

ihe torrosion rates anmd ctiange in -lie miaximunm perties of the 5000 Series aluminum alloys are given

depthls of pits andi tre ite corrosion of the other 50(X) in tale 72. The mechanical properties of the follow-

Series alumiinum ,itlov's were erratic andi inconsistent ing alloys were adversely affected by exposure:

wit repec tochagesin ileconceittr:ton of 5456-11321 after 123 days of exposure at the
o~xgc i sewatr.Changes in the concentration of 6,000-foot depth; 5052-1132. 5083111H1, andi

oxygen isewtrddoteetacnttoruni- 5456-1134 aiter 403 days of exposure at the

forni influecect on thle corrosion hehas mor of thle 50100 6,000)-foot depth. anti 5456-11321 and 5456-1134

Series aluminum ailloys. 'I his lheha% ior, like thait of thle after 751 days of exposure at the 6,000-foot depth.
stainless steels anti somec nickel alloys, canl be 'The mechanical properties of the above alloys after

attributed to the diml role oxygen can play with exposures for dlifferent times at different depths and

rcgaird to alloys %s hiich depend upon passive films for of the other alloys %%e-re not adtversely affected by

their corrosion resistance. exposure at depth in these at.

6.4.4. Stress Corro* ion
6.5. 6(000 SERIES ALUMINUM ALLOYS

Somne 5000 Series alumninuim alloys were exposed (ALUMINUM-MAGNIESIUM-SILICON ALtLOYS)
at the depths and for tile times given in Tlable 71
s heni stress~ed at values cqim .dent to 30, 50, or 75'', 'The chemical compositions of the 6000 Series

.their respcttise yield strents odtemn their aluminum alloy s are given in I able 73. their corrosion
sthceptilfltims to stress corrosion. 'I ie% vsere not sus- rates aind types of corrosion in Table 74. their stress
ceptibIle to stress corrosion uinder the test conlditions. corrosion btehavior in I ab~le 75, and the effects of

expo~sure on their mechanical properties in Table 76.
6.4,5. Otlier Types of Corrosion The ilunitn-magnesitinisiliconi system is the

V basis for :a major class of hecat-treatable alumintim-
Alby c 5052-1132 an! 5456-1134 were attaicked by base alloys. The) comnbine man) dlesirab~le cliaracteris-

ih,: cxfolition ty pe of torrohion. Alloys, 5083-11113, tics, including moderately hligh strenth and good
50)86-1 132. and 50186-1134 were attacked by inter- resistance to corrosion.
granular corro,ion. 'I here was only one 60(1 Series alloy' (606 1) in

this program. Alloy 6(061 corroded chiefly hs' the
6.4.6. Welding crevice aind pitting typles of localized corrosion. Also,

there was sonic in tergranular corrosion.
Welding did not affect the corrosion behavior oif

allloys 5(183-Ill113. 5086-1134, and 5454-1132. 6.5.1. D~uration of Exposurc

Tlhe corroision rates; of 6061 at thev surface and at
the 6.11(0-foot depth decreased with dhuration of
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exposure, but not uniformly, %hile those at the 6.6.700 SERIES ALUMINUM ALLOS
2,OO-foot depth increased with duration of expo- (ALUMINUM-ZINC-MAGNESIUM ALLOYS)

sure. However, the maximum depths of pitting and
crevie corrosion increased with increasing duration The chemical compositions of the 7000 Series
of exposure at the surface and at depths of 2,500 and aluminum alloys are given in Table 77, their corrosion

i 6,000 feet. rates and types of corrosion in Table 78, their stress
feet. corrosion behavio- in Table 79, anti the effect of j s'

6.5.2. Effect of Depth exposure on their mechanical properti,: in Table 80.
Combinations of zinc and magnesium in

Although the corrosion rates and the maximum aluminum provide a class of heat-treatable alloys.
depths of pitting and crevice corrosion were greater at some of which develop the highest strengths presently
depth than at the surface, these increases did not known for commercial aluminum-base alloys. The
increase uniformly with increasing depth. Depth addition of copper to tlhe alumninum-zinc-magnesium
cxerted no uniform influence on the corrosion system, together with small but important amounts
behavior of alloy 6061. of chromium and manganese, results in the highest

strength, heat-treatable, aluminum-base alloys I
6..3. Effect of Concentration of Oxygen commercially available.

The 7000 Series alloys were attacked by crevice,
The corrosior rates and maximum depths of edge, exfoliation, intergranuiar, anti pitting types of 1

pitting anti crevice corrosion decreased with corrosion. Corrosion of the Alclad alloys was by
increasing concentration of oxygen in seawater. *he shallow pitting and crevice corrosion, 4light blistering,

maximum depths of crevice corrosion decreased and general corrosion.
linearly with increasing oxygen concentration. The Because of the erratic behavior of the 7000 Series

:- ] .corrosion rates anti maximum depths of pitting aluminum alloys during exposure in seawater at -
decreased constantly, but not uniformly, with depth. depth, it was impos, ible to find any correlation

between their corrosion behavior and duration of
6.5.4. Stress Corrosion exposure, effect of depth, or the effect of changes in

the concentration of oxygen in seawater.
Alloy 6061-16 was exposed at the depths anti for A practical case of unusual corrosion on an

the times given in Table 75 when stressed at values aluminum alloy was encountered with the Alclad
equivalent to 30 and 75% of its yield strength to 7178-1'6 aluminum alloy buoys used in the installa-
determine its susceptibility to stress corrosion. Alloy tion of the S'U structures. During the retrieval of
6061-T6 was not susceptible to stress corrosion under STU ,-3 after 123 days of exposure. the buoy, wbich
the test conditions. was 300 feet below the surface, was found to bt.

corroded. White corrosion products on the bottom
6.5.5. Welding hemisphere covered areas where the cladding alloy

had corroded through to the core material. The top
'Ih: corrosion of alloy 6061-16 was adversely hemisphere was blistered, the blistcrs being as large as

affected by welding. Alloy 6061 was attacked by 2 inches in diameter and 0.75 inch high with a hole in
intergranular corrosion in the "as-welded" condi-ion. the top of each blister. The hole in the top of the

blister indicates the origin of the failure: originally a
6.5.6. ,Mechanical Properties pinhole in the cladding alloy existed where seawater
~gained access to the interface between the cladding

Tlh' cffeczs of exposure on the mechanical pro- alloy anti the core alloy. When this blister was
percs of al!oy 6061-T6 are given in T['able 76. The sectioned to inspect the corrosion underneath, it was
mecharical properties of 6061 -T6 were adverscly found to be filled with white crystalline aluminum
affected by exposure in seawater. Those specimens oxide corrosion products. It appeared that seawater
which had been welded and which had been attacked penetrated the cladding alloy at a defect, or a pit was
by intcrgranular corrosion were the most seriously initiated .at a particle of a cathodic metal (probably
affected.
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iron), anti tile corrosion was then concentrated at the seawater exposures indicates that the seawater
Intetface bet'Ce., the t%%o alloys (ladding alloy and environnivnts at depths of 300 feet anti greater differ
core alloy). 'lP e thickntss of the remaining Aiclad from the seawater environments at tile surface, at

laver indicated that it had not bteen sacrificed to least with respect to the corrosion behavior of this
protect the core alloy as was its intended function, alloy.
On the other hand, the selective corrosion of tile
Alclad layer on the buttom hemisphere and tilt, 6.6.1. Stress Corrosion
uncorroded core material showed that, in this case,
the dadding alloy %%as being sacrificed to protect the The 7000 Series aluminum alloys were exposed at
cote material as ntendeo. the depths and for the times given in iabie 79 when

When an attempt was made to repair these buoys stressed at values equivalent to 30, 50, and 75% of
for reuse b) grinding off all tract of corrosion prior their respective yield strengths to determine their si-
to painttng, it was found that the corrosion had pene- ceptibilities to stress corrosion. Alloys 7075 '6,
trated along the interface between the cladding alloy 7079-T6. Alclad 7079-16, and 7178-T6, failed by
anti the core alloy for considerable distances from the stress corrosion cracking.
edges of the blisters anti the edges of tile holes where
the cladding alloy layer had been sacrificed. Polished 6.6.2. Corrosion Products
transverse sections taken from tile buoy through
these corroded areas corioborated the indications Corrosion prodLIcts front alloy 7079-T6 were
found from gimding operations. Metallurgical anatvzed by X-ray diffraction, spectographic analysis,
;:xammations shovted that the corroded paths were, quantitative chmnical analysis, and infra-red spectro-
in fact, entirely in the cladding alloy, with a thin photometr'. The qualitative results were: amor-
diffusion layer of material I-.twcen tie corrosion phorous AI,03 '" 20 , NaCl, Al metal, Al. Cu, Mg,
path and the core material. Mn, Zn, Na, Ca, traces of Ti anti Ni, 2.82% chloride

Blistering of Alclad aluninum alloys such as ion, 16.7% sulfate ion, and considerable phosphate
encountered with these Alclad 7178-T6 spheres was ion.

vcry unusual. Blistering due to corrosior. and the
rapid rate of sacrifice of Alclad layers had not been 6.6.3. Mechanical Properties

encountered previously by the author and other
investigators in surface seawater applications. Because The effects of exposure on the mechanical pro-

of this unique blistering one of tile spheres was sent pertics of tile 7000 Series aluminum alloys are given

to the Research Laboratories of the Aluminum Cone- in "fable 80. The mechanical properties of alloys

pany of America where an investigation was nade to 7002-T6, 7039-T16, 7075-T6, 7075-T64, 7075-173,
Ldeter'.iinc the mechanism of this behavior. 7079-'6, and 7178:1'6 were adversely affected.

Wei 1151 showed that there was preferential
diffusion of zinc over copper from the core alloy into

this interfacial zone. The high zinc antl low copper
contents of this interfacial zone renlered it anodic to
both tile cladding and core alloys. Selective attack
was inevitable once corrosion reached this anodic

diffusion tone.

That this type of blistering hxs Ix:tn encountered
on buoys at depths from 300 to 6.8(X) feet
emphasizes the fact that there is some factor present

: whiclh either is more influential at depth or is not

present at the surface. The fact that tilts thin anodic

/ one is probably present in all Alclad 717816 pro-
ducts and, as such, is not blistered during surface

191

... ...



rr
Tlable 57. Chemictal Composition of 1000 Se:ries Aluminum+ Alloys, Percent 1by Weight

Alloy Gage Si Fe Cu Mn Zn Ala

!-..99.0
I1100-0 -b 1, 0. 14 0.03 - R

!100-1114 0.00 0.14 0.55 0.14 - 0.06 R
1180 0.1050 0.06 0.08 0.002 0.002 - R

"R = remamnder.

'Si + Fc 0.57

Table 58. Corrosion Rates and Types of Corrosion of 1000 Series Aluminum Alloys

(;orrion

a Ibxposurc D)epthi Src
(dav) (ft) Rate

'II. ( y Pit )epth Iptt
h  T vpi ~~~(iy Ileil, ral.)'

I 1o-1114 W 123 5.640 2.0 39 0 ) INCO (3)
S1140114 S 123 5.64 3 .12 41 0 P INCO (3)
I 100-1114 W 40 6.7O 4.2 0 62 C (PR) INCO(3)
I 10-1114 S 403 6.780 1.3 62 62 C (PR): P (PR) INCO (3)
1 001o14 W 751 5.641) 4.5 0) 62 C (fit) INCO (3) I
1101II14 S 751 S.p4o 2.0 1) 62 C (PR0) INCO (3)

100I IW-1 1,4 W 1,004 5.300 3.0 0 62 C (PH) INCO (3)
IMMI111- 14 WI .(,4 5.3h1) I.X S-11 S.( S.-'. S.P (C1E1 (4)1 II-1114 S 1.064 5..3N 1.0 0 62 C (PR) INCO (3)

2I 10114 W 197 2.3f0 5.6 0 (2 C (PR) INCO (3)
!I' ))-1214 W 197 2.340 <0.2 23 0 1:;i RF (24) j ,
IIo)i 114 S 197 2.3441 <0.2 I I I-C; 2.2' INC() (3)
210 If 14 W 402 2.340 o.( 0 52 C (R) ICO (3)Cl(

1 (1)134 W 402 2.370 0.9 0 so C (PR): I.P CI (34)
!I -I 14 S 4U2 2.370 0.5 26 26 C; P INCO (3)
110<bill4 S 4o2 2.370 10.5 I 51) C ('R): 1-1' CFI, (4)
I8 I -I .1 W IN 5 1.4 0 S S4 INCO (3)
I I0W-I 114 W .i,6 5 0.6 13 13 C; IP INCO (3)

1180-1114 W 402 2.370 l.uI I So C (1PR): I-1 CI'. (4)
2I W .Io2 2.370 <o.2 41 0 F. ,P R-V (14)

1180-1114 S 402 2.370 0.8 I 50 C (PR): I.P Cl. (4)

"W - I of.1al cxpoICl if %.cJa,ltce on %life% of %tructurc; S l;, pa.cd in basea of structurc so that the Iocr port)ior% of

the %;ilirttietl 1+cre cmbcddc2 in the bottom ctme%,

IoSymbol, for tye, oif corrosion

C = Crevicc ' = littiog
I: - ldge 'R lePrforatcd

I Icicnipient S r Sever

rNumbcr% refer to rcferctc% at col of report.
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Table 59. Sires, Corrosion of 100 Series Aluminum Alloys

Percent Number of N; Alloy Yield ElSr Dtph Spcimens Source-'+
(ksi) (day) (ft) Fmailed

Aloy(,i) Strength Exposed Nt"e

I 1004 114 8 50 402 2,370 3 0 CE 1. (4)
1100-1114 12 75 402 2,.370 3 0 CEI. (4)

1180 6 50 402 2.370 3 0 CEI. (4)
I 18G 10 75 402 2.370 3 0 CI. (4)

"Numb-rs refer to references at end of -eport.

Table 60. Changes in Mechanical Properties of 1000 Series Aluminum Alloys l)ue to Corrosion

rTh 'eile Strength Vielhl Srelgth 1'ongatiton

llov rSourc"?'
(da2) (ft) (ng•iuI Originil Origmal

(hange Chang" Ching+(ksiA ' (k'.i) (%) +-

11(0,1114 402 2.370 19 -2 18 +. 7 .14 (:1.(4)

1180 402 2.3741 15 + 1 14 .4 II .1 CII. (4)

Numbr, refer to retcrel e% it cid of rcpott.

l'able 61. Chemical C-mlftioin of 2000) Seri"s Aluminm Alloys. Percent by Weight

Gagc SI I (.u Mn Mg Cr NI Zn 11 Other Ali
(n.)

2(114-'Ir ((.8(1 (4.3.1 3.90) 11.741 01.51 01.0 4) 11"II o.43 " R

4 24--4l6 (0.051 (.91 4.53 4.23 480 (.32 (1413 .1.011 01.08) oI.(12

2o.4, 36 4484 (.35 4.43 o.8(4 (.66 ""

2024 0.0f.4 4.3 0.6 1.5 --

2124.13,181 (20 (0.24) 4.501 04.803 1.51 0.02 01.0-4 (0.(6 01.01 -
Aklhd 2024-1'.

b

22 1'"81 41I4 I.1 0.2(4 0.304 0.3 0.301 1,01.02 0.101, (0.416 (.14 V R

223 -'3 3 (.1105 (4.15 4.00 010 43 (.05 1).4)5 l.1(4 ((.(15 (1 }.40 5 0 5

2 31937 0.040 0.4i( 0, 4.1 2 6.54 0.2o '(0.02 0.1 2 <40.402 01.013 0.02 0).10 V R
o.1 5 Zr

229-187 0.0414) (.3 ((.3(4 [.6 0.06

"4 rettaonfer.
h€ .nf lz'..+.nf.
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Table 66. Corrosion Rates and Types of Corrosion of 3000 Series Aluminum Alloys

Corrosion

Alloy Environmenta xposure )phCrevic Source
(day) (ft) Raw pit epthb  Depth Type b

S(py) (mils) (mils)

3003-114 W 123 5,640 0.5 27 32 C; 1 CIL (4)
3003 W 123 5,640 0.6 0 28 C INCO (3)
300;O3-1114 S 123 5,640 1.9 55 68 C; r:* P CEI. (4)

3003 S 123 5,640 3.6 0 50 C (PR) INCO (3)YW0o-H114 W 403 6,780 3.9 125 66 S-C; P (PR) CEL (4)

3003 W 403 6.780 3.8 0 50 C (PR) INCO (3)
A00-1114 S 403 6.780 3.7 125 52 S-C; 11 (PR) CF.L (4)
3003 S 403 6,7801 i.3 0 501 C (PR) I NCO (3)

3003-1114 W 751 5,640 2.3 125 125 C (PR): P (PR) CEIL (4)
3003 W 751 5,640 3.0 0 40 C (PR) INCO (3)
?003OO-11!14 S 75) 5,640 2.5 125 125 C (PR); 11 (PR) CFEL1 (4)3003 S 751 5,640 1.8 0 40 C (I'R) INCO (3)

3003-1114 W 1.064 5.30) 2.0 125 125 C (I'R); S-L; P1 (PR) CLL (4)
3003 W 1,064 5,300 2.8 - - d INCO (3)
3003-1114 S 1,064 5,300 1.9 125 0 IX.I: P (PR) CHI. (4)
3003 S 1,064 5.3oo 1.0 0 50 C (PR) INCO (3)
300)3-1l1 4 w 197 2.340 <0.1 17 0 Ii;I REX K (14)
3003-1114 W 197 2.340 2.4 4? 28 C: S-i; P CFI. (4)
3003 W 197 2.340 1.4 0 40 C (PR) INCO (3)

3003-1114 S 197 2.340 1.6 55 25 C: I': S-P ClI. (4)
3)a S 197 2,340 <0.1 I I I-C; I-P INCO (3)
3()3-1114 W 102 2,370 1.4 91 93 S-. S--; D-P CE.I. (4)
3003 W 402 2,370 1.1 0 40 C (P1R) INCO (3)
3003-1114 S 402 2.370 1.7 115 70 S-C: )-T CI:I. (4)
3003 S 402 2,370 0.5 0 50 C (PR) INCO (3)
3003-1114 W 181 5 1.1 33 0 E: P CFL (4)
3003 W 181 5 I.O I 0 I-1 INCO (3)
3C03 w 366 5 0.6 I 0 I-P IN(;. (3)
3003-1114 W 398 5 1.0 21 0 I' ClII. (4)
3003-1114 W 540 5 0.3 34 75 C: P ClI. (4)
3003-1114 W 588 5 2.0 65 0 I CF:L (4)

Alclad 3003-1114 W 123 5,640 -I 0 1' NADC (7)
A4:ad 3003-1112 w 123 5,640 0.2 18 15 H: C: SI-V; I e  CL (4)
Alclad 3003 W 123 5,640 2.7 0 0 ; INCO (3)
Alclad 3003-1112 S 123 5,640 2.8 20 0 B; C; SI.-IA. ClI. (4)
Alclad ;003 S 123 5,640 2.6 0 0 G INCO (3)
Alclad 3003-112 W 403 6.780 0.4 1 3 14 C; SI.-li. P CIA. (4)
Alclad 30o3 W 403 6,780 2.5 0 0 G INCO (3)
Alclad 3003-1112 N 403 6.780 0.2 14 13 C; SI-r: P CEI, (4)
Alclad 3003 S 403 6,780 0.4 0 0 f INCO (3)
Aldcd 3003-1114 W 751 5,640 - 0 13 SIC:(; NAIC (7)
Ahclad 3003-1112 W 751 5.640 0.3 13 13 C; IC (4)
Alclad 3003 W 751 5,640 1.4 0 0 G INCO (3)
Alclad 3003-1ll 2 S 751 5,640 2.4 14 14 C; I: I" CI. (4)
Alclad 3(03 S 751 5.640 1.5 0 ( U IN(:O (3)
Alclad 3(03-1112 W 1.064 5.300 0.5 20 13 c: Ix CI, (4)
Alclad 3003 W 1,064 5.300 1.5 0 0 U INCO (3)

Continued
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* Table '6. Continued.

I Corro.ionExposure Depth ,axu CeieSrc

Allov E nvironmient" M~3nUt et %axjium Crevice SourceC
(day) (ft) Irate Pit Iltb Depthb lypcb

(I py) Pit _______( 0y) (rds) (mils)Al

Alclad 300)3-1112 1,064 5,300 0.8 16 13 C; Ph CII. (4)

Alclad 3003 S 1,064 5.300 0 , 0 0 i U3 INCO (3)
Alclad 30O3.1112 W 197 2,340 2.2 .. 15 13 C: IW CEI. (4)

Alclad 3003 W 197 2,340 2.3 0 G INCO (3)

Alclad 3(K)3-1112 S 197 2,340 1.1 14 33 C: P" CIi. (4)
AlClad 3003 S 197 2,340 <0.1 2 2 C: P INCO (3)

Alclad 3003-1112 W 402 2.370 2.2 14 15 C; I
d  CI:I1. (4)

Aklad 3003 W 402 2.370 1.6 0 0 k INCO (3)
Alclad 3003.1112 S 4o2 2.370 1.8 13 14 C; 1  

CEI. (4)
Alclad 3003 S 402 2,370. 0.4 (1 0 ) INCO (3)

Alclid 3003-1112 W 181 5 1.0 1 0 ITP CII. (4)

Aklad 3003 W 181 5 1.0 2 0 NP INCO (3)
Allad 3003 W 366 5 0.5 2 ( N-1P INCO (3)
Alclad 3003-1 12 W 398 5 1.3 16 p P C II. (4)

Alclad 300(3-1112 W 540) 5 0.3 16 0 1) CEF1. (4)
Alclad 3003-1312 W 588 5 1.8 17 ( P C1:L. (4)

"'V = Totally expowed in %watcr on side'. of tructiure. S Expoed in bIac of% .,".ture -o that the lower pu.rtions of tie
specirnens were emldded in the bo'torn sediment%.

bSinbols for types of corroioa:

It = llli-tcr% N Numero %
C = Crevice P Pitting

) = beep PH = Perforated
E: = Egle S Severe

I = Ex,.tenslive SI. SlighltA

G = General U Uniform

CNuI' refer to retcrences i end of report.

Aol t 40% of %peeillleni ii%%itg.

l.arge area (if cladding go;:t.

fNtinunifornt cladding 1(,\%.

gNmunilfot i kladding io., 1o,8% gone, one .orev 7 cl. in.
"No ~llnimforim dihlhng lh-., 131% goilc. o11c ,re', 5 sq(. i.

On" 7"ml -in. irea o cladding gone fron portion in walei. cladding gone or 2-i.-ltigii %trip acro.... hot ton portion in

tillttom %edlinteit.

120J% cladding goie :innd incipient liiiing in tlIt1iindcd area.

k011, of cladding gone.

1II 13 ocladding gone, inipient pilling in denuded area. cladding gone oil 2-in.-high strip acrov. bottom portion embedded

in hottoill .edinent.

211,, of cladlt\ag gone.
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Tabl.k 67. Stress Corrosion of 3001 Series Aluminum Alloys

Percent Numbi o:
Stress d Exposure Depth Number S

(ksi) (day) (ft) FailedStrength Exposed

3003-1114 6 50 402 2,370 3 0 CEL (4)"300.3-111 4 9 75 402 2,370 3 0 CEL (4)

Numbers refer to references at end of report.

'Table 68. Change,. in Mechanical P'roperties of 30010 Series Aluminum Alloys Due to Corrosion

"'ncilv. Strength Yield Stength Elongation
" - Rxploure iX.'pth a

A~lloy 1 our rgnl rgnl ~ ~ 'u Source"v (d1% 1 f00 Origi na % Ch.mge Origil %l Original I ChangeSki)(k.,i) (%)

3(X)3.l 14 123 5.641 22 - 20 -8 13 -43 CEI. (4)
3003,1114 403 6.780 22 -48 20 -50 13 -77 CI (4)
3003-.114 751 5.640 21 -2o 21 -11 4 25 NAIX (7)
3003-ll4 751 5.640 22 -24 20 -2o 13 -72 CEI. (4)
30-114 1.064 5, 30) 22 -3 20 -28 13 -20 CEI1. (4)
3003-54 197 2,34(0 22 -6 20 -20 13 +15 CI. (4)
3003-1114 .4o2 2,370 22 46 20 +12 13 +5 CI:I (4)
3003.1114 1X1 5 23 #4 21 -! 18 -1 CF. (4)

Alclad 300)3-1112 123 5.640 19 -2 18 -1 14 -42 Cm'I l)
Alcad 3003-1112 403 6.780 19 +.1 18 -1 14 U CEI. (4)

-; Alclad 3M)3-l112 751 5,640 19 -3 18 -4 14 -19 CFI. (4)
Alclad 341)3.1112 1.0)64 5,300 19 1 28 +! 14 -12 CEI. (4)
Alclad 1003-1112 197 2.340 19 1 I 18 -2 14 +7 CE".(4)
Aldad 3013-1112 j 402 2.37) 29 . tI 18 14 -14 (E. (4)

AkljCl 31n3-1112 181 5 19 4 .4 18 42 14 +2 CI:1, (4)I__Alcld 3003-1114 173 5.6410 21 0 - 4 100 NAM (7)

i- ) d"Nunmbec;, refer to referenme% at crnd of rep~ort.

2'
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Table 72. Changes in Mechanical Properties of 5000 Series Aluminum Alloys Due to Corrosion

l'C 0ic Strength Yield Strength Eongation •
Alloy Ixpour kpnh Sourcca

SOrigina Original Origia
(J-V) (ft Orig) % (:haige (W) % (:haige r .% Change

5050I134 402 2.370 28 +2 22 +11 8 -25 Cl'l. (4)

5052-132 403 6.780 34 0 27 -4 11 --54 NAIDo (7)

5052-1132 197 2.340 34 -3 27 0 1 -3 NAIC (7)
5052.1132 402 2.370 34 0 27 -4 11 -18 NAIX (7)
505221134 123 5.641) 35 0 26 43 11 49 NAIX (7)

5052-11.34 751 5.641) 34 -64 27 -58 11 #95 NAIX: (7)
5052-1134 402 2,370 37 *4 30 +7 9 +34 CII. (4)

5233-11113' 12 5.640 4 *. 20 - 1 13 +26 I . (4)
5O83.1113 413 6.780 50 -15 38 -6 14 - a iL (4)
5083-.1111 J' 403 6.780 42 .4 20 -5 13 .23 ClE.| (4)
5083-11113' 751 5.641 42 .5 20 -8 23 +32 C IL (4)
5083.11113 J97 2.34') 50 -1 38 -1 14 +3 Ci. (4)
5083-11113' 197 2.340 42 +6 20 13 +21 ClI. (4)
50183-111 13 402 2.370 50) - 1 38 0 14 +37 Cl. (4)
5083-11113'* 402 2.37) 42 20 -1 13 +17 C"I, (4)
5083-11113 181 5 48 -2 35 -11 19 +1I CEI, (4)
5083-11113' 181 5 41 .9 22 +12 13 +8 CIL. (4)

5086-1132 402 2.3711 44 -5 30 -0 14 .33 CI:I. (4)
506.1132 181 5 46 -4 32 0 17 +41 CFI,. (4)

506-1134k' 123 5.640 49 -. 1 35 +8 13 -23 NAIDC (7)
5086-1134 123 5.640 48 - 1 37 # 2 12 - I CEI. (4)
5086-1134 4013 6.74 48 II 37 -1 12 -5 ClI. 14)
5086-1134 751 5.644) 48 -7 37 -5 12 -9 C1II. (4)
5086-1134 1.064 5.34W 48 -2 .7 -4 12 -3 CEI. (4)
5086-1134 197 2.344) 4K -5 37 -6 12 +4 CI-. (4)
5086-1134 402 2.370 48 -3 37 -2 12 -3 cl. (4)
5O86.1134 181 5 48 0 37 f2 12 -9 CI. (4)

5086-111 12f 181 5 47 ) 29 -3 16 -2 ClI. 4)

5454-1132C  123 5.(44 35 - I 16 +20 14 - I C1L, (4)
3454-1132 403 6.781 41 -2 31 - I 13 -22 C::. (4)

5454-1132' 4413 6.780 35 -2 16 '23 111 -7 C1".1(4)
5454-1132 751 5.d'O) 35 -16 16 +19 14 -36 CrI. (4)
5454-1132 197 2.34 41 0 31 -1 13 -3 C1. (4)
5.154-1132' 197 2.3411 35 -3 16 -7 14 -3 CIA. (4)
5454-1132 412 2.370 41 .4 31 42 13 .27 CII. 4)
5454-1132 402 2.370 35 I -4 1 *6 14 -6 C:I. 4)

5456 402 2.371 511 -7 36 # I 15 -7 C1.i. (4)

5456-11321 123 5.i40 56 -14) 39 -5 14 -24 C![1,(4)
5456-11321 403 6.7X1o 56 - 1 39 -6 14 .22 :11. (4)
5456-11321 751 5.6441 56 -21 39 -33 14 -3: CEI, (4)
5456-1321 I.I164 5.31m) 56 -4 39 -8 14 - C Cl. (4)

5456-11321 197 2.34o 56 -4 39 -14) 14 ) M1"1,t4)
5456211;21 4012 2.370 56 -2 39 -5 14 +9 C"1.(4)
5456-11321 181 5 56 -I 39 -6 14 +9 CF L (4)

C.onsinucd
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Table 72. Continued.I

TIIiCstIcug)gi Yied Sttengti EIilngaionI (dY) (ft) Ciriginal *~i Cml ue original ~ :~~

545tp*1134 123 5.640 61 -6 43 5 13 -34 NAM (7)
545o.1134 40)3 6.71 584 -14 54) -21 3 -190 N.AIX: (7)
3456-1134 752 5.640 584 -14 5O -44 3 -71 NAM) (7)
35t,.1134 tmiri4 5.3oo 58 -14 So -14 3'. +94 i N M7
5456-11;4 297 2.3411 18 -20 -14 3 .1701 NADC,(7)

5454-11349 4033 o.7140 584 -11 50 -14 3 +19(1 NAIX: (7)

546133 123 5.640 34 +14) - -~6 -33 NAM (7)
5456,10343 123 5.e.44) 5H4 0 46 .2 9) *27 C EL.(4) 4

546133 4403 6.7840 514 -2 46 -6 9 +54 (:lL(4

Z 4561I43 751 5.644) 514 -2 44) - I 11P *27 CCLi .4)
5456-11343 1.06b4 5,34191 514 -1 40) -3 9) .30 CELi (4)

545c2143 297 2.340 514 -3 44) -1 9) 22 CUA.0()

~Nurnb2, rcfer to rcferczi~e% a end of repo.rt.

I WatlNC llf0'Cftics.

'ransverse liui sAc2, wih 50)2 roi..
it. rfns,,6crv butt wchlr. 5560 efcciro1. ' I U. -)rcc%%st.2

~McchanicaI proprtc t:.nscrs to dircction oif %%cIl.

13in. xi.3 in. x 112 in. an~qc. o

Tale.b 73. Climnkal (:(mpisitimin of 600)0 Scrit' Aluinumur Alloys. Pcrccnt b~y Wct.ight

Aly (Ig i F Cu Mn Mg Cr %18 Zn jTi Al", 3

6061 - - - (1.25 - 1.0 0.28 - - 1- R
606 1 -16 0.125 0.60 0.70 0.27 01.15 1.0 0.25 - 0.25 0. 15 R
606 11*6 - (1.6 - 0i.25 - 1.0 (0.25 - - - R

606 1 -'1'6 - 0.50) 0.30 0.201 0.0)5 0).95 0.15 - 0.06 I0.014 R

"R rernmundcr.
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Table 75. Stress Corrosion of 600011 Series Ahuminum Alloys

Percent .uNumber of N
Allo Stress xposur Depcim Number

(ksi) id (dayI (ft Failed
Strength Exposed

606 1-T6 12 30 403 6.780 3 0 NADC (7)
606 1-T6 30 75 403 6.780 3 0 NADC (7)
6061-T6 12 30 197 2,340 3 0 NADC (7)
6061-T6 30 75 197 2,340 0 NADC (7)
606 1-T6 12 30 402 2.370 3 0 NADC (7)
606146 30 75 402 2,370 3 j NADC (7)

"Numbers reler to references at ent of report.

Table 76. Changes in Mechamcal Properties of 6000 Series Aluminum Alloys Due to Corrosion

I "enle Strengi h Vkld Strength I'Iongation
IAy xpoure IDepth - - Soure'

(dav) (It) ! Orginal Original . Original Change

(kWI ) (kWi) Cha) I

6061i6 123 5.64o 48 -7 41 -2 17 -58 CI. (4)
6061-T6 123 5.64(0 41 -43 38 -43 12 -85 NADC (7)
6061-T 6 k '  123 5,640 44 I 0- 11 38 -100 12 - 11 NAI)C (7)
6016116 4113 6,790 48 -11 41 -19 17 -58 CI. (4)
6061-T6 751 5.o40 48 -24 41 -41 17 -73 CI. (4)
6061 -T6 1.164 5,4Wl 48 - II 41 -9 17 -61 CEI. (4)
6061-To 197 2.3410 48 -5 41 0 17 -42 CEI. (4)
6161. 1'6 197 2.341 44 -2 38 .3 12 -57 NAI)C (7)
60016.16 412 2.371 48 -15 41 -9 17 -70 CEI. (4)
60l61tT6 181 5 48 I 11 .2 17 -9 CI.I. (4)

SNuinhr., rtefr to refo'roct ..at t(d of re-port.

b, rattsver,, butt weld. 60161 6'¢vtrode. i M; proe,.

'**I rait .v ,r wd. cxcc, %tcl\V corroded; not powbl)ic to obt.,in ten~il' "I'cent'ln.

I
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Table 79 Strc s Corrom.ot1 of 7000 Series %Ihimtltitt AlIhov

l'¢'~e~l l\p, me 1 l-r|l'9 Numnbet of

[ Alito :, wl.pci~l ~ lc Source
a

• I |,.} 1 r(lth 1.J.%') Aft) E lxp.C

7io2-1o Is 310 403 O782' 3 - NAIX- (7)
7:K:2-'1'6 45 75 43 6,.7 NAIX: (7)

7 H !A c. Is 341 402 2,.370 1 AI )

7OO2- l 30 $( .SO3 2.i 7o 3 o ( 4)
7t)2-| c. 45 73 41)2 2.3741)i NAIX: 17)

"7oio)
, 
Ft., 43 75 402 2.370 CI'I. (4)

S.A l. 74HP2- 1 o 18 JI o 4a. 1,.781) 0 NAM (7)

Aiclad -NAI2-To 43 1 75 403 6.780 1 NAIX: (7)

A'lki "2-l IS 12 oi 432 2.37o 3 0 NAIX. 7)

AlkIbad 7tW.-lo. 29 50 -1:2 2.37o 3 0 (I. (4)

l, l)2.'l 1, 44 3 7 112 2.37 11I NAIM (7)

, 7o02- I I, 441: 75 .;.12 2.371 3 CI (0
7175 I If 22 30 1;:' j NAIX: (7)

707 ,5 T . 3 I 4 .78 . NI (7)

7o73-l(P7 40* 41 13

3-It I , '~4t I I NA ,%I 7)
74,75 N 75 1'07 2.340 2 N C'X (7)

.. 70 7 - 11 ti i l1i2.27i 41 I N AX ( A '7 )

577516 75 ;::22 2.37o N I X' (7)

j 7075 I (-A' I 30 I , 5 78 , N:X (7)
7I17 , "i I 41. A I X

7 75 1 I'h ' 7 2A ,1NA DC (7
7o7i I- (.A' 12 ZI) 2 .40 3 II NA\IN (7

37t17.5 If,/ :1 4412 74) ) N I X 7)

7o 7t; 11.37, tI.9t 0-A' ;7f

77t5- M7 305 7 440 (,.7N4 11 0A (X7)

707.5-173 I 24 ; 9 77 . 0 \,%I)(. (7)

7175 17 51 7SI 12 2.;4o -- I 2I "7)

7 30 , 4;3 ',.74 .' )i \AIX (73

71 -75 173 ;1 75 .-2i 2..7ii N,\I)

717. 1, , I4 If, 7 42 2.;70 2 1 1( 4)

77v' " Mei 7 - ;2 7 3 , , ;4

.~1 711 7f 17 9 1 i)1 t ,.l -i;2o!11 3I %,I (

Ai. Lt, 7 ,) 1 ' 1 (II 4)

NA ' ,"7)7 I Ii '.

7178 b 497 1 275 hNI %2 IN7

7 17 1" .41 .41"2 " 2.37'1 9 ! 1 34) 2

717 I. 1 44412 %.-7 (71

717x17 12 :12 I 237'1
\.' 7 7 \t I(, Ii. . 1 :13 4,23 .74 ,* , 3 .\1* 7

W It, 7 N

il ~I fI . f . l i cv " Fv . I . .:, . ,i i

l~ ~ ~ ~~~~~~"n 1 fie % I 1 i4l wlli ' ,il ' ".1 T

7o-t___ If.__ ____ -
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Table 80. Changes in Mechanical Properties of 70W() Series Aluminum Alloys l)u to Corrosion

-'Icni,- Strength Yield ireih 3 l.. th Elig3.tion

I.lo NP mur )cplh ...... , ,5
Alw (a) (ft) 1% Jhmc '~g Soha.ge

4 " Origina. Orgiial Originl.1 Churge
%i) C ange i) Ch nge M ( . 3 I Igv

127.2-16 32- 5,641) 1 76 -31) 68 -12 12 -8 NAIDC (7)

74 )4)-T 6 b 123 5.640) 33 -32 2 -30)I NAMX: (71
70246 123 5.640: - .1 -10)4)01 - 3434) NAIX; (7)

7 4 ) -1, - 4 7 50 6 ,7 8 0 71 - 8 2 8 - 1 1 4 - . , t I , )
7 )2.-' 1 6 413 6,781 7to -12 (8 -15 12 -8 NAIX: (7)
70021'6 751 5.64 76 -8 68, -2 12 417 NAM )
700l2-T'6I' 19 1 2.3491 -11)) - 14) -tloo NAIM: (7)
7:)1412.'1 44)2 2.370 701 -1 58 0 14 1) CIA, (4)
7102-TO€ 402 2.37f) 7(, -II1 (PH -UP 12 -14 NAIX (7)

ALC441 700{2-1o 403 6.78011 C,5 -! 54 .- 15 -14 (11 (4)

A. A~iu+ " -' 4o 402 2.370 5 -3 54 *1 5. (4)7039- 1., |6 123 .6'40, 69,. -4 (4)- 14 -16, Cf.'144)
7o)39-16' 413 6,.7811 69 -34m) 60) -aI01 14 -31m) ''. (4)

7 "19- 16 751 .640 19 -1010 (4 - loll 14 -I1011 (:1. (4)
701-I,. t, 197 2. 691 ' -2 (1 -2 14 -2 CfI. (4)
7039 1 , 402 2..71 6'9 - 100 (,, -Ilk) 1 4 -. I414 :. 4)

73 9 164 383 5 t.3 .2 53 .6 3.S (C. (4)

471 '81-'I4' l8 5 ,.3 '17 53 -4 , 7 C1"1. (4)

7o75-16 123 jo4(l 83 0 76 . 1 II -5 NAIX: (7)
71753-*1 , 403 0.7811 83 -37 76 -2x 31 -94 NAIX (7)
7075-if 751 5.640 83 -13 76 - 1 X 4 NAIX: (7)
7o75- If4, I3.,,4 5..1 X3 -13 7o -1o 11 -52 NAI. (7)
7075-11 107 2j,41 S3 -8 76 -4 Ii -55 NAIX" (7)
71175-16 40)2 2.3701 83 -204 70 11 -91 NAIX" 47)

7075-16A 197 2.34(f 71 -22 63 -38 j II - W4 NAM: (7)
76l75.- 1 6A 4112 2.3711 71 17 61 -jib Il) -20 NADC (7)

70)75-164 123 5.r.4'4 73' -41 .1 -1 1 0IM NAMx (7)
7075-173 1323 5.o4,; 1 72 C 62 44 14) - I0 NIX: (7)

7075-173 411- 6.;%11 72 -13 (2 -3 344 -75 NAMX (7)
7475-173 753 5.'WO 72 -8 6P2 -8 14 4) NAIX t7)
7)75.17 397 2.34) 72 -3 t.2 N l0 * 3 I0 N\X: (7)

71175-17. .412 2.370+ 72 0 (62 9 14) -70 NAM (7)I

A,\lhd 70)75 1. 12. 5.. 4l1 76 4) (IS I I III - I N I)( (7)

7327 1.1,2 3 7e. -to. 67 -W3 13 -74 CI. 14)
7079, ', 4443 6.7841 ;, -43 67 -5 ! i -711 'CI. 4)
7;t7,;- I t, 753 5.6.4'1 7(, - 3P) 67 - 14114) 3 - l)im CI1. (4)
71179 It 397 2.34.4 7f

,  
-37 67 -4 3 -23 cI:. (4) I

70701r. 11 2.3.4. 74. -3 t.7 4 t1 -22 ('FI. (4)

,. 19.1o 4o)2 2..7) 7N -2 WI -3 32 I 4 0.1 ()

7178 It, 12- 5,t,411 XX -3 , 1 - 6 top -1I .(4)
717 9'It, 323 5..4(1 81, -4,1 65 I -I1 NAXt (7)
71 ;X- It, 403 6.780 Ho -41 8ot -41 14),, -82 C(3 (4)

7178.' 3 40-; t,.7Xcl 891 -56 65 I 3 { -93 1 ,AIX 47)

(.,,1,tinuc,1 '
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IlIi 80. Colln~lUed.j

0,~ ~~ ~ hrgna)rfg1143 O)riginalI

73178-16 731 I5.1,441 88 -48 803 -64 it) -58 C3I. (4)
7 178 1 t 751 5,6410 So) -93 65 1331 AC 7

71 7913 3o97 2.34o. L 8 -3W 84) -37 It) -52 CEL3 (4)
78 17 2.3 41 --7 (5 1 3 -81:: NAMX (7)A

17 4412 lj7o 8 -24 10 CE3 1. ~ C. (4)
19Io4112 j237o1 8-58 (15 1 J 3 NADC 97)

Nut:zilloI,, !ctct tI' * tltf(Iit t .11 VBI (ol rtcp.ft

MDl3R 7 3 cdct)o,Il. 311( prmc

I~chx li.1t.1 i, 14-imcnmAct %%V:.pt;*:
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sEcrlON 7

irrrANIUM ALWYS

Titanium andi titanbeom alloys owe their corrosion simulate the conditions present in a welded structure,
resistance to a protective oxide film. TIhis film resists i.e., to retain the mayimum residual internal welding
attack by oxidizing solutions, in particular those con- stresses. The process of placing a circular weld] in a
taming chloride ions. It has outstanding resistance to specimen imposes very high residual stresses in the
corrosion andi pitting in niarint enivironmntts andi specimen. Such circular welds simulate multiaxial
o-her chloride salt solutions. stresse, impoced in structures or parts fabricated by

The chemical composihions of the titanium alloys welding. There was iio visible corrosion of these
alre given in Table 8 1, their corrosion rates and types welded alloys. except for stress corrosion cracking of
of corrosion in Table 82, their susceptibility to stress alloy 1 3V-1 ICr-3M This will be discussed tindcr 7.2.
corrosion in '!able 83, andi the effects of exposure on Alloy 6A1-4V was also exp~osed as:
their mechanical properties in'Table 84. (1) Wire. 0.020- 0.045-, and 0.063-incli

diameter.

7.1. CORSION (2) Cables. 1/16-inch (I x 19), 1/4-inch
(6 x 19), 1/4-inch (6 x 19i with Type A(4

The corrosion rates andi type of corrosion of the stainless steel swaged ends, andi 1/4-inch
titanium alloys are given in Table 82. (6 s 19) with ends tied with mild steel wire.

Except for two alloys, there wvas no corrosion of ~ lls~vle ue
sc~lateror t deths f 25(8)and ,t)(J fet. (3) lFlash-wcled Sjuiei.

ativ of the titanium alloys during exposures insufe

Reference 15 reporird a corrosion rate of 0.19 mpy (5Picfrm roespr.
for tinalloved tituniuin and of 0).18 mpy for 6A1-4%V 5 ic rmboe pee

after 123 days of exposure at the 6,01XM)-foot depth. (6) Welded rings 9.625-inch 01) x 1. 125-inch

but no corresion of thecse same allovs after 751 days wide x 8.75-incli 11). One ring was unstressedI
of exposure at the 6.00)(-foot depth. Also, no visible andi the others were stressed uip ito a mnaxi-
(orrosion was reported. I-or praictical purposes these mnum of 60.0K) psi.
valties are considered to be inconsequential.*lerwanovilecrso n n othabe
DcLuccia. Reference 17. reported cracking in the
hea~t-affected z.one parallel ito the weld head in allov ecmIceptorheASTpe34wad
6A1-4V after 197 days of exposure at the 2.500;-foot fitnsadheml el %r.Teaygsuacso

~jj ept. Ivesigaton f te wldmets howd t~it the Type 304 stainless steel fittings were severely-
att-ickd k-v crevice corrowjon. Thei rate of this crevicethe welds had been made uinder improper conditions

and were contaminatedl with oxygen which made corrosion was probably increased by the glai
them bittle.couplo- fornict by the two dissimilar metals, with the

Allv% 5A.0.111d 5A-2.Sh.6AIVstainless steel teeing the an',dc of the couple. The mild
steel wieused to tie the enid of one titanium cable

7A1-2CbI-Ila. 6A-2Cb-l'ra-lMo. anti 13%-I lCr-3A1
werebot uneldd an we~le. Ihey erefuson-was corroded almiot through by L'al'ansc Lorrosion.

thee mild steellco wird wasd 'Iot to% thee titununicale
%%eldecl by> the Inert-gas shieldedl arc. nonconsumable thmidselwr vaanicotettnumab.

tungsten electrode process (TICG. 1 hiere %%ere trans-
verse butt welds across thle 6-inch dimensinr (if the

7.2. STRkEss coRROSION,
%peccnwrns and 3-inch-d-aicter ring welds in the -

c,:nters of 6 x 12-inch specimens. *1 lie welded speci-
menswer incnt~:'av nt stessrelevedin rde to Specimen% of tie allovs wvere stressed iii various

ways and to values equivalent to 30. 35. 50. andi 75'.

PreMlkg p01a ln
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of their respective yield -.-rengths at the surface and The 6AI-4V alloy rings stressed as high as 60.000
at depths of 2.5(X) and 6,00 feet for different psi (approximately 50% of its yield strength) did not
periods of time. fail by stress corrosion cracking during 402 days of

The majority of the specimens were deformed by exposure at the 2,500-foot depth.
bowing to obtain the desired tensile stress in the Alloys 75A. 0.15Pd, 5AI-2.5Sn, 7AI-2b-lTa.
central 2-inch length of the outer surface of the 6AI-2Cb-ITa-IMo, 6AI-4V. anti 13V-IICr-3AI were *

specimen. Many of these specimens. butt-welded by exposed with an unrelieved 3-inch-diameter circular
the TIG process. were positioned such that the trans- weld bead in the center of 6 x 12-inch specimens.
verse weld b,:ad was at the apex of the bow in the Only the 13V-IlCr-3AI alloy failed by stress corro-
2-inch lengta. Other specimens. 6 x 12-inch, had a sion cracking because of the residual welding stresses.
3-inch-diaricter circular weld bead placed i. the Failure by stress corrosion cracking occurred first
center. 'ne stresses induced Iby the welding operation after 181 days of exposare at the surface. Thereafter,

w.re ilot relieved in order to retain the maximum failures first occurred during 189 days of exposure
rsidual strtsscs in the specimens. Still other speci- when partially embedded in the bottom sediments
mens were in the shape of welded rings. 9-5/8 .nches and during 751 days of exposure in the seawater at
outside diameter, which were deformed difterent the 6.000-foot depth. At the 2,500-foot depth the
amounts in order to induce :cnsilc stresses in the first failure occurred during 402 days of exposure in
periphery at the end-. of the r~straining rods. the seawater. I'he cracks in all casc3 extended radially

Thresults of the stress corrosion tests are given across the weld beads. In some cases, the cracks
in "Ible 83. There itere no stress corrosion cracking changed direction by 90% anti propagated circumfer-
failures of anv of thed anti entially around the outside of the weld :ead. In
butt-wclded, st'ressd at values equivaen: t.,) as high as general. the 13V-1 ICr-3AI alloy was more susceptible
751 %, of their respective yid strengths for 130 days to stress corrosion cracking in'seawater at the surface

of exposure at the surface, 402 days at the 2.50@foot than at depth in the Pacific Ocean.
depth, and 75 1 days at the 6.000-fint depth, except

Sfor the butt-wehicel 13V-IlCr-3AI alloy. The

unrelieved butt-wclded 13V-1 ICr-3AI alloy failed by 7.3. MECiANICAL PROPERTIES
stress corrosion cracking when stressed at values equi-
valent to 75% (94,500 psi) of its yield strength after The effects of exposure in seawater on the
35. 77, and 105 days of exposure at the surface in the mechanic'J properties of the titanium alloys are given
Pacific Ocean. The stress corrosion cracks were in the in Table 84. The mechanical propertics of the
heat-affected zones at the edges of and parallel to the titanium alloys were not adversely affected.
weld beads.

The butt-weldcd 6x 12-inch specimens of
N3--I gCr-3AI alloy failed by stress corrosion during

398. 5441. anti 588 days of exposure at the surface
due to the unrelieved rcsidual welding stresses. The
stress corrosion cracks were perpendicular to anti
extended across the weld beads from side to side.
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Table 82. Corrosion Rates and Types of Corrosion of Titanium Alloys

Corrosion

Alloy Environment' Exposure Depth Sourcec
(day) (ft) Rate bype,

(mpy)

"'itaniim W 123 5,640 <0.1 NC INCO (3)
Titatium W 123 5,640 0.19 NC MEL (5)
Titanium S 123 5,640 <0.1 NC INCO (3)
Titanium W 403 6,780 <0.1 NC INCO (3)
Titanium S 403 6,780 <0.1 NC INCO (3)
Titanium W 751 (40 <0.1 NC INCO (3)

Titanium W 751 .5,640 <0.I NC MEL (5)
Titanium S 751 5,640 <0.1 NC Ir4c (3)
Titanium W 1,064 5,300 <0.1 NC INCO (3)
Titanium S 1,064 5,300 <.0.1 NC INCO (3)
Titanium W 197 2,340 <0.1 NC INCO (3)
Titanium W 197 2,340 <0.1 NC Boeing (6)
Titanium S 197 2,340 --o.1 NC INCO (3)
Titanium W 402 2,370 <0.1 NC INCO (3)
Titanium S 402 2,370 --0.1 NC INCO (3)
Titanium W 181 5 <0.1 NC INCO (3)
Titanium W 366 5 <(.1 NC INCO (3)
75A W 123 5,640 0.0 NC CHF. (4)

75A S 123 5,640 0.0 NC CEI. (4)
75A'1  W 189 5,900 0.0 NC CEL (4)
75A" W 189 5,900 0.0 NC CEL (4)
75A'I S 189 5,900 0.0 NC; BD CEL (4)
75A'! S 189 5,900 0.0 NC; 1BD CEL (4)
75,A W 403 6,780 0.0 NC CEL (4)
75 S 403 6,780 1.0 NC CEL (4)
75A W 751 5,640 0.0 NC CEL (4)
75A W 197 2,340 0.0 NC CEI. (4)
75A S 197 2,340 0.0 NC CE!. (4)

75A \ 402 2,370 0.0 NC CEL (4)
75A S 402 2,370 0.0 NC CEL (4)
75A %, 181 5 0.0 NC, VS CEL (4)
75A '" W 181 5 0.0 NC; FS CE1, (4)
75A" W 181 5 0.0 NC; FS CEL (4)
75A W 398 5 0.0 NC CEL (4)

75A d  W 398 5 0.0 NC CEL (4)
75 A" w 398 5 0.0 NC CEL (4)
75A W 540 5 0.0 NC CEL (4)
75' W 540 5 0.0 NC CEI (4)
75A' W 540 5 0.0 NC CEL (4)
75A" w 540 5 ,.L (4)

Continued
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"rable 82. Continued.

Corrosion

:lho Environncnt l  E'xposure Depth Source•(day) (ft) Rate ,yP~ b

(tmpy)

75A W 588 5 O.A NC CFL (4)

75 V W 588 5 0.0 NC C:L (4)
75A" W 588 5 0.0 NC CEiL (4)

0. 15 i' W 189 5,900 0.0 NC CEl. (4)
0. 5 IP& "  W 1 89 5,900 0.0 NC C-'I. (4)
0. ,5 ' 1  S 189 5,900 0.0 NC; I) CI. (4)
O. 15 i'd/ S 189 5,900 0.0 NC; 1i) CI. (4)
0.15 Pd'1  W 189 5 0.0 NC; F) CEii (4)

0.i511d, W 181 5 0.0 NC; FS CI. (4)
0.15 Id' W 181 5 0.0 NC; FS Ci'i. (4)

(P. 15 Pd' % W 398 5 0.0 NC C:I. (4)
o.15 Pd,'  w 540 5 0.0 NC CEI (4)

0.i215 Kil W12 5 640 5 0.1 NC ClIi. (4)0.15 I'd" W 540 5 0.0 NC (Fl (4)

0.1 5 Pd'  ' 588 5 0.0 NC Cli, .,4)

(). 15 Id" W 388 5 0.0 NC C1I, (4)

5AI-2.5Sn\ 123 5,640 0.1 NC ClI1, (4)
5AI-2.SSn e  W !23 5,640 OA NC CFA, (4)

5AI-2.5Sn d  S 123 5,640 ,o.I NC C:i. (4)

5Ai-2.5Sn" S 123 5,640 0.0 NC ( I, (4)
5\-2.5Sn W 189 5.900 0.0 NC CE ., (4)
5AI-W.5Sn W 189 5,900 0.0 NC CEI, (41
5Ai-2.5Sn' S 189 5,900 0.0 N; BiI CEI, (4)

5AI-2.SSn" S 189 5,)00 0.0 NC: BI) CEI, (4)

5A1-2.5Sn '1  w 403 6.780 0.0 NC C I. (4)

5Ai-2.SSn' "  403 6.780 (A NC CEIi (4)
S AI-2.Sr,/ 5 403 6,78(0 0.0 NC Ci, (4)

5AI-2.SSn" S 403 6,780 0.0 NC CIIi (4)
SAI-2.5Sn \ 751 5 640 0.0 NC CF, i, (4)

5Ai-2.5Sn" W 751 5,640 0.0 NC CiI, (4)

5AI-2.5Sn' 1  W 197 2,340 (.P NC CiI. (4)
5AI-2 5.n' W 197 2,340) 0.0 NC CI., (4)
5AI-2 5Sn '1  S 197 2,340 0.0 NC CEI. (4)

SA 2.5Sn" S 197 2,340 0.0 NC CI1. (4)
5AI-2.SSn'1  W 402 2.370 0.0 NC Cil (4)

5AI-2.5Sn W 102 2,370 0.0 NC CFI (4)

5AI-2.5Sn'; 402 2,370 0.0 NC CEI. (4)
5AI-2.5Sn'" s 402 2,370 0.0 N(C (:I-. (4)

5A-12.SSn' /  W 183 5 0P.o NC; FS CI (4)
5AI-2 5Sn" W 181 5 0.0 NC: I-S CFI. (4)

cont illulcd
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'aL': 82. Continued.

Corrosion

Alloy Fnvironment" Exposurc Depth Sourcec(day) (ft) Rate Type
(111py)

5AI-2.5Sn W 398 5 0.0 NC CFL (4)
5AI-2.5Sn" W 398 5 0.0 NC CEI. (4)
5AI-2.5Snd W 540 5 0.0 NC CI. (4)
5AI-2.SSn" W 540 5 0.0 NC CLI. (4)
5AI-2.5Snd W 388 5 0.0 NC CI.:1. (4)

7AI.2Cb.ITad W 189 5.900 0.0 NC FIi. (4)
7AI-2Cb-I 1 a'" W 189 5.900 0.0 NC CEL (4)
7AI-2Ch-ITa'1  S 189 5,900 0.0 NC; 1B1) ClL (4)
7AI-2Cb-rraf S 189 5.900 0.0 NC; ll) CEI. (4)
7AI-2C"- I W 181 5 0.0 NC:, FS CiE. (4)
7AI-2Cb-ITa'" W 181 5 0.0 NC; FS CEI. (4)
7AI-2Cb ITa' W 308 5 () NC C.I. (4)
7AI.2Cb-ITa" W 398 5 0.0 NC (FEL (4)
7AI-2Cb-ITa' 1  W 540 5 0.0 NC CI. (4)
7A:-2Cb-] Ta'" W 540 5 O.0 NC CI. (4)
7AI-2Cb-IT'a W 588 5 0.0 NC CEH. (4)
7AI-2Cb- I Ta' w 588 5 0.0 NC CFI1. (4)

4AI-.Mo-1 V W 1 23 5,64(0 0.0 NC NAI)C (7)
4AI-3Mo-! V w 403 6,780 0.0 NC NADC (7)
4AI.3Mo-I V S 403 6,780 0.0 NC; BI) NADC (7)
4AI-3Mo-! V W 751 5.640 0.0 NC NADC (7)
4AI-3Mo-IV S 751 5,640 0.0 NC; li) NADC (7)
4AI-3Mo-I V W 1.064 5.300 0.0 NC CI. (4)
4AI-3Mo-IV W 1,064 5.300 0.0 NC NADC (7)
4AI-3,to- I V S 1.064 5.300 O.O NC:; 1I) NADC (7)
4AI-3M o-! V W 197 2.340 0.0 NC NADC (7)
4AI-3Mo-I V S 197 2,340 0.0 NC; 1I) NADC (7)
4AI-3Mo-1 V W 402 2.370 0.0 NC CFI (4)

4A13\1o-I V S 4o2 2.370 0.0 NC CFI. (4)

8 Mn W 402 2,370 0.0 NC (iI. (4)
8 Mn S 402 2.370 0.0 NC CEL (4)

140A W 1.064 5,3011 0.0 NC ClEI. (4)

7AI-12Zr W 123 5,300 0.1 NC NADC" (7)

OAI-4V W 123 5,646 -0.1 NC NADC" (7)
6AI-4V W 123 5.641) 0.18 NC .%I-I. (5)
6A!-4V W 123 5,641 1.0 NC CI. (4)
6AI-4V1  W I 123 5.640 0.0 NC ClL (4)

Coninued
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Tabk 82. Continued.

Corrosiol
Ixposurc Dep:h Source'

Allov SS2o56ur00Cce!.(4

(da%) 00t Rate Tpl

011py)

6AI-4\ '  %V 123 5,640 0.0 NC CiEi (4)

SAI-4V S 123 5,640 0.0 NC CFI, (4)
6AI.4V d" S 123 5,640 0.0 NC CI-I. (4)

6AI-4V" S 123 5,640 0.0 NC CEI. (4)
6AI-4V d  W 189 5.900 0.0 NC CII. (4)

6A-4\"" W 189 5.900 0..0 NC CEL (4)
6A1-4\ S 189 5,900 (0.o NC; BI) CEI. (4)
6AI-4S" S 189 5,900 0.0 NC: R!) CI, (4)
OA\-4V w 403 6.781) (.0 NC NAD(C (7)
6.'1-4V"  W 403 6,7801 0.0 NC NA!)C (7)
(AI-4V \V 403 6.78(0 0.0 NC CII (4)
6AI.4\l 1 403 6.780 0.0) NC Cli1. (4)
6A--V" V 403 6.780 0.0 NC CFlI. (4)
6AI-4V S 403 6,780 0.0 NC CFI, (4)
oAS-4V ' 1  S 403 0i.780 0.0) NC CE. (4)
6A1.4V'" S 403 6.780 0.0 NC CE. (4)
(.\1-4V W 751 5,()4 0.0 NC NAI)C (7)
6AI-4V w 751 5,640 o.1 NC MIEI. (5)
6AI-4V W 751 5,64(0 10.0 NC CEI. (4)

6.\1.4Vd  W 751 5.640 0.0 NC C'.!. (4)
6A\4V' 751 5,640 0.0 NC ClIi. (4)
6A.4\1 W 1,0}64 5.30|0 0}.0 NC CI. (4)
6.\1-4\ ' 1)7 2,340 0.0 NC NADC (7)

oAl W w 197 2,340 0.0 V1 AZ (CR) g  NAI)(" (7)
6A!14 \ 197 2,340 0.0 Nc" CFI. (4)
6AI.4V '  W 197 2.340) 0.0 NC C-EL (4)
6AI-4V'" W 197 2.340 0.0 NC CFli, (4)
(0AI-4V s 197 2,340 0.0 NC; BI) NAI)C (7)
,Al-4\' S 197 2,34) 0.0 NC CEI. (4)
6A-4V"  S 197 2,341) 0.0 NC CII. (4)
6A1-4V'" S 197 2,340 (1.}) NC C(i,. (4)
61A-4V 4) -42 2.371 011.0 NC NADC (7)
6AI-4V k .102 2.370) 0).0i NC 1I I. (4)
6A.4V' l  W 412 2,371) 0.0 NC CI. (4)
6A4" W 402 2,37) 0.0 NC CFL. (4)
6AI.4V S 402 2.370 (.) NC CFEI, (4)
6A1I.4,V S 402 2.370 0.) NC CE!. (4)
6AI-4V'" S 40}2 2.3701 0.0 NC CI-I (4)
6A1..4V W 181 5 0.0( NC' FS CII, (4)

6AI-4V ' 1  W 181 5 1.1 NC- FS CFi. (4)
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".ble 82. Continued.

Exposurc Depth Corin

(daty) (ft) Rate Surc

(11py) "r |:

6A-4181 5 . NC; FS :I, (4)
6.ki-4V 398 5 0.0 NC CI:i. (4)
OAI'4V !  W 398 5 0.0 NC CFL (4)
6AI-4V" W 398 5 0.0 NC CEL (4)
6AI-4' V 540 5 0.0 NC CEI. (4)
6A-4V'1  w 540 5 0.0 V4C Cli. (4)
6AI-4V' \ 540 5 0.0 NC CI-I. (4)
6AI-4V"  w 588 5 0.0 NC CEL (4)
6AI-4V" W 588 5 0.0 NC (li. (4)

6AI-2Cb- I Ta-I Mo W 189 5.900 0.0 NC (:li. (4)
6AI-2Cb-I T-I Mo/ w 189 5.900 0.0 NC ClH. (4)
6AI-2Cb-I Ta-I M\o' W 189 5,900 0.) NC CFI. (4)
6AI-2Cb- I'r.- I .Mo S 189 5.900 0.0 NC: li) Cl'. (4)
6A1-2Cb- I Ta- I Mo'1  s 189 5,900 0.0 NC; li) CEII. (4)
6AI-2C[)- I'1a. I Mo'" S 189 5.900 0.0 NC(: Bi) CL1. (4)

I3V-I 1Cr-3AI W 123 5.640 0 (.1 NC MEI. (5)
I3V-1I Cr-3AI'1  V 123 5.64(0 0.0 NC CFI (4)
13 (,-3A! W 123 5.641 0.0 NC CIi. (4)
I3V-I Cr-3A' t  S 123 5.640 0.0 NC I-Ci. (4)

3V-1 ICr-3AI'" S 123 5.640 ( 0 NC CEl. (4)
13%'-1 Ir-3A' W 189 5.900 0.0 NC CliI. (4)
13V- I I Cr-3A' W i 89 5.900 0.0 NC CFI. (4)
13V I Cr-3' 1  S 189 5.900 0.0 SCC "  CI:I. (4)
13V-I 1(r-3Al S 189 5,900 0.0 NC. li1 CEI. (4)
13V-I Cr-3A\l 1  W 360 4.200 0.01 SCC' CI.I. 4)
13V-I ICr-3AI'1  s 361 4.200 (.0 NC C'i. (4)
1 'V- I Cr-3AI' W 403 6.781 (0.0 NC CI. (4)

13V-I Cr-3Al' W 4(3 6.78 0.01 NC CI-i. (4)
I3V-II Cr-3.\ '1  

S 403 6.780 (.0 SCC' CFL. (4)
13V-I (Cr-3A'" S 4013 6.780 0.0 \NC C:L[ (4)
13V-1 lCr-3AI W 751 5.64(0 0. 1 NC Mi1. (5)

3V I Cr-3.\' W 75i 5.6411 0.0 SCC1  CI. (4)
3V-I Cr-3Ai" W 751 5.640 0.0 NC Cl, (4)

I 3V-I 1Cr-3MI' #  W 197 2.340 0.0 NC CiI (4)
13 V- II Cr-3Al" W 197 2,341 0.0 NC: CII. (4)

3V-I ICr-3AI'1  s 197 2.340 0.0 NC CFI. i4)
13V-I ICr-MI" s 197 2.340 (0.0 NC CLi. (4)
13 V- II Cr-3AV" W 412 2.370 0.0i NC CI. (4)
13 V-I ICr-3A' W 4o2 2.370 0.0) NC CI:. (4)

I I (.r-3AI' s 402 2.371 (III 0(:So CIA. (4)

Continuedi
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kI)ICl 82 C:o ntiti

I V- I I CrS 3AI 4o12 .7 0(1(I()
)V 3\ I0-SAI 181 5 0 0 SCC' (A.1.(4

39 0,WI(.) E O

13VA ,~ 38 ~ 5 (0 1 SCC (29) CEi 1. (4)

13V ) 1 ~ u~ 10-31\ii~; O IlI)!1111 dth 54 011. 2' I 1 4

1 3 - I I I ..3Ai 1'on~k C- 4

13V r1I In SCCM lcE.v 4rnnIc P' c r , l I
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Table 83. Stress Corrosion of litanium AIt)%,%

[ Number (t

t i h.' Prcent I:×posure IDcpth Numnber Suc\lho) ;1,m Yeld Specmnws :aild Sourc

I Strchylga I(xllosc d

75Ab 41 50 189 5.9o(I 3 0 CEI. (4)

75A 41 50 189 5.900 3 0 CE. (4)

75A' 75 189 5.900 3 0 CTI. (4)

75A' 62 75 189 5,900 3 0 CE. (4)
75A 25 35 403 6,780 2 0 CEI. (4)

75A 35 5o 403 6.780 2 0 CEI. (4)

75. 53 75 403 6.780 2 0 CEH. (4)

75.\ 25 35 197 2.34o 3 0 CIA. (4)
75:\ 35 50 197 2.340 3 0 CE. (4)

75:\ 53 75 197 2.340 3 0 CH. (4)
75,\3 5 402 2.370 3 O CI. (4)

75A 53 75 402 2.370 3 ' CEI. (4)

7 , 2 35 180 5 3 0 CE!. (4)

75A. 50 i 180 5 0 CE!. (4)

75:A 62 75 180 3 0 CE. (4)

75A' 18 5 4 0 CE-I, (4)

v 15 I'di' 25 54 189 5.90. 3 0 CEI. (4)
0.I 5 I'd/ '7 5o 189 5.90o 3 0 C'. (4)

0 5 I'd' 37 75 189) 5.9010 0 Oil, (4)

0 15 I'd1 ' 5 75 181) 5,90, 3 0 0:H. (4)
o.13 I'd2 3 18o3 5 ) CII. (4)

35 I',l -13 123 5,64(1 . 0 Ch,1. (4)

S5-2 . 0' I5 1 123 5.64f1 3 0 (1:1. (4)
5 \!'2.S,':, "2 75 123 3,i4o1 3 0 CI. (4)

i.1 2.51Sn 123 5,.1 0 0 C1.1,(4)
5A1-211 189 5.9o0 . 0 CIA. (4)

2 1-n#' 2 50 189 I .)oo 3 C FI. (4)
5A! 2 5,n4) 75 189 5,91111 3 1i CII. (1)

4). 75 18') ) C ,,(4A2 I,: I
'.13 ,,,i.75 38, ' i .9.(10 .t (I (P11. (4)

;Al 2 5"n 1  43 35 4o3 0.7811 2 (I CI'. (4)
.12 1S' hI 50 403 6.780 2 CII. (4)

5.\l 2 5"" '  I 75 403 (,7 81 2 CFI. (4)
5.% 2 5Sn 4113 6.781 2 C:.I. (0)
5AI.2 5%t;' 43 ,.751 0 3 I ( 4)

5AI-2.5%ii 1' 6 50 -5 I 5.64o1 3 0 0 CFI. (4)

5A1-2 31ni' 1 751 5.641 3 ( CI: . (4)

Li 2 
5,

1  
-75! 5.04o 0 CIA. (4)
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Table 83. Continued.

Percent Number of
Stress E xposur Depth Number SoureedAlloy .tris Yield (day) (f) Specimens Faihd Sksi) Strength Exposed i

5AI-2.SSn b  43 35 197 2.340 3 0 CEL (4) -

5AI-2.5Snb 61 50 197 2,340 3 0 CEI. (4)
5AI-2.5Snb 92 75 197 2.340 3 0 C I-. (4)
5AI-2.5Snd  

, - 197 2.340 2 0 CEI. (4)
5AI-2,SSnb 402 2.370 2 0 CEI. (4)
5Al-2.SSnb 43 35 180 5 3 0 CE!. (4)
5AI-2.5Snb 62 50 180 5 3 0 CEI. (4)
5AI-2.5Snb 93 75 180 5 3 0 CEI. (4)
5AI-2.5Sn "  

. - 181 5 4 0 CEI. (4)

7AI-2Cb-lT.b 50 50 189 5,900 3 0 CEI. (4)7AI-2Cb-Ii.ab '  50 50 189 5,900 3 0 CEL. (4)
7AI-2Cb-ITa' 75 75 189 5,900 3 0 CEL (4)

7AI-2Cb-l'Ea1'' 75 75 189 5,900 3 0 CE. (4)

7AI-2Cb-ITab  35 35 180 5 3 0 CEL (41
7AI-2Cb-ITa b  50 50 180 5 3 0 CEI. (4)
7AI-2Cb-IT 1 ' 75 75 180 5 3 0 CI. (4) V
7AI-2CbI- IT'a - 181 5 4 ( CI. (4)

6AI-2Cb-ITa-I.Mo1  60 50 189 5.900 3 0 CEI. (4)
6AI-2Cb-ITa-i.Mo '  60 50 189 5.900 3 0 CE. (4)
6AI-2Ct6-I'I'a-IMb 89 75 189 5.900 3 0 CE!. (4)
6A1-2Cb-ITa-IMob' 89 75 189 5,900 3 0 CEL (4)
6AI-4V 48 35 123 5,64o 3 0 C1F!. (4)

6A-4V1  49 35 123 5.640 3 0 CE!. (4)

,6,AI 4V 68 5o 123 5,640 3 0 CEI. (4)
6AI-4V1  70 50 123 5.640 3 0 CI. (4)
6AI-4V 102 75 123 5.640 3 0 CEI. (4)

6AI.4V' 305 75 123 5.640 3 0 CI. (4)
6,%1-4V 'i  - 123 5.640 2 (0 CE!. (4)
6AI -W 66 50 189 5.900 3 0 CE!. (4)

El6AI-4V !''  66 5()l 189 5.9001 3 0I tEL (4)
6A-V' 99 75 i89 5,900 3 0 CE!. (4)

6AI-4Vb'' 99 75 189 5.900 3 0 CE!1. (4)

6AI-4V 43 30 403 6.780 3 0 NADC (7)
6AI-4V 48 35 403 16,780 2 ( CEI. (4)

6AI-4V1b  49 35 403 6.'710 2 0 CE!. (4)
6AI-4V 71 50 403 6.78o 3 0 NADC (7)
6AI-4V 68 50 4(3 u.180 2 ( CE!. (4)

6AI-4V 1' 70 50 403 6.78o 2 0 CLI. (4)
6AI-4V 107 j 75 403 6.780 0 NADC (7)
6AI-4V 102 75 403 6.780 2 0 CE!. (4)

Continued
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lal 83. Continued.

" 'rcent Number of -b

Stress Exposure )epth Specinens Number oJr
Alloy Yield Sdcmn So) aie

() S rength (day) (ft) Exposed Failed

106AI-4Vb  105 75 403 6.780 2 0 CEL (4)
6AI-4V . - 403 6.780 2 0 CE., (4)

6AI-4V 48 35 751 5.640 3 ( CEL (4)
6Al'4\' 49 35 751 5,640 3 0 CEA. (4)
6AI-4V 68 50 751 5.640 3 0 CEA. (4)
oAI.4V' 70 50 751 5.640 3 0 C1:L (4)
bAI.4V 102 75 751 5.640 3 0 CEI. (4)

6 AI- 4 Vb 1i 75 751 5.640 3 0 CEI1 (4)

6A-4V' r 751 5,640 2 0 CE!. (4)

6AI-4V 43 30 197 2.340 3 0 NADC (7)
6A1-4V 48 35 197 2.340 3 0 CE. (4)
6AI-4V b  49 35 197 2.340 3 0 CE ! (4)
6AI-4V 68 50 197 2.340 3 0 CE!. (4)
6AI-4 1  70 50 197 2.340 3 0 CE!. (4)
6AI-4V 107 75 197 2.340 3 0 NADC (7)
6AI-4V 102 75 197 2.340 3 0 CEL M)
6A-4Vb  105 75 197 2.340 3 4 CEI. (4)
6AI-4V '  - 197 ?.340 2 0 CEi. (4)
6AI-4\' 43 30 4O2 2.370 3 0 NADC (7)
6AI-4V o8 30 402 2.370 3 0 CEl. (4)
6AI-4V 107 75 402 2.370 3 0 NADC (7)

6AI-4V 102 75 402 2.370 3 0 CE!. (4)
6AI-4V d  402 2,370 2 0 C E1. (4)
6AI-4V b  -46 35 180 5 3 0 CEI. (4)

6AI-4V 1b 66 50 180 5 3 0 CE . (4)

6AI-4V' 99 75 180 5 3 0 (El. (4)

6A1-4' ," 181 5 0 CI. (4)

13%'-1 1C(r-3AI' 49 35 123 5,640 3 0 CE. (4)
13%'-! ICr-3M' 70 50 123 5.640) 3 0 CE. (4)
i 3%'- 1Cr-3AI' 105 75 123 5.640 3 0t CE!I. (4)
1 3%- 1 1Cr-3AI '/  

- 123 5.640 2 U CFL (4)

I 3V-1 ICr-3AIb 63 50 189 5.900 3 0 (:EL (4)

13V-I ICr-3AI ' 63 50 189 5.900 3 ) CEI. (4)
13V-I 1Cr-3AI 9; 75 189 5.9)0 3 0 CEl. (4)
I3V-i !Cr-3AII'' 95 75 189 5,900 3 C Ei. (4)

13V-1 1(r-3AI 1  - 189 5.900 2 if CE. (4)
1 3%'- 1Cr-3A !' 49 35 403 6.780 2 0 CE!. (4)
1 3%'-1 Cr-3M '  70 5o 40)3 6.780 2 ) CEi. (4)
13V-1 Cr-3AIb  10)5 75 403 6,78o 2 0 C:EI. (4)
I 3V-1 ICr-3AI ,. 403 6.784) 2 i/ f Ei. (4)
I 3V-I ICr-.A1" 49 35 751 5.64o 3 1) CE!. (4)

C2nti6i
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1 .1 il k $3 (:on sinized

Pe1 rceLnt Nniber of
I-i NSluauila D-a h Numnber

A lloy Sr rcw : d d 1-% IIi I .1d

1 W-1 1 Cr- 3A11  70 SO) 751 5.640) 3 0 CIE1. (4)
13 SV-I I Cr- SAI1  0 75 751 5.4) C! (4)
13 3V-I I Cr- 3Al" - 751 3.b410 2 C:1 4

ISN-1 IWr*A! 1  49 35 10)7 2.340 .i0 CE!. (4)
ISV-I Icr.3 if 70 SO 197 2.340) 0 CH!. (4)
IA I(:rA11' 105 .75 117 2,340 0 CEI1. (4)
1 V- IICjA!/J97 2.340 3 (:EI (4,

v-1 i -*Al -102 2.370 2 !~(4)
I S!(;1' 44 3i 180 5 3C0 . (4)

13 V I I A! "3 51) 11, 5 0, CI: . (4i
1I cr..AIb 4) 75o M 5 (EI (4)

13 V'-I lCr.3A' 1, 181 5 4 1g CEL (4)

I3V-Ir- --() 5 -2 C I ,(4)
I3V-1 I Cr-3M 1' 540 5 2 1 C 1: C1. (4)

13V-II1-A1 I 54o 5; 2 1:E,1 (4)
3V11r3I 588 5 2 I'L JUI(4)

v !3V 3C 58(i 21 5 I( 4

Co ;reclcdj buztt %%cd acrcost wiadth ol specime~n. I IG p)roces. fam ninht ungs%:c lectn'de.

P'artsiall em -rbedded in hiH '1:m se.dimnt

.j(I iCVc~'d 3-an -dINia %Vdd Ist-.d III CMnlcr Of %pL-( amen. TIG pri it C%. sa-losa t~h ungsren vicre't.

%%oldvi~.!ag 'trc~sc%

arc, enum . Iil enIIvdtcs' an bi 'am d a % ccaen -. tki d r.ait! .01 Oi welh ~itI ead

* Spe 'Ct -n In %C31WJICf. rMaekcd radiald acroi%% th c:, ;)i,.I.

Spr -1ImCn% Idcd a'I- : m /re. ; i'a l tIr 35. an 1r~I105 tfx. vt -T j~ me\Id

f(rc-arivi \%c& hmeads.,I: ~~ 41 twhI~e ca. k. r~aa.h.jik it o% *a , % i. iou tls
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Table 84. Chantges in Atuchanical Propertics of Titanium Alloys D~uto Corrosion

-xtuc DpI Ilsike Strenigthi Yidd Sitcligi. Elongation

Alloy kxouroapi rcl rgie oii.a
. (d) (ft) 4ri)~ Original~ ' Ch~ngC Oriin l u

7A123 5.644; 87 *4 741 *5 3) -5 C~IA,
75.0 ,7O 9 4 740 .4 34) -16 (:iii (4)

75A 717 5.c-40 X7 .4 70 .11 344 -II CII. (4)
75A 17 ?.3.40 M7 +4 740 .1 304 -1 Cii. (4)
75A ~ 4442 2.3704 M7 .6 74) .7 344 -13 CEL (4)
75A ~ b ~ 19 8 7 .8 744 +9 340 -19 Ciii (4)

75A ~ 1)41 5 1041 .2 84 - 1 25 -24 CEl (4)

44.1 Is Ni 191 5 W. *.3 47 #4 2)4 -33 Oli. (4)

SMl.2.5sinb 4043 6,7904 1304 .110 t23 - 111 14 -13 Ci1:i. (4)I
SA-.Snb 751 5.64t) 13o) -4 123 +5 14 -11 CEi (4)M

5AI..S::b 4042 2 3741 130 #5 123 -4 14 -15 (:iL. (4)

5Al-2.Sn" 1)41 5 138 .4 IN4.*l 17 -20) Cl1:i. (4)

S4442 2.3744 132 .2 1 11 #.3 12 +33 CEiLi 44)

4Al-3Mwo V 123 5,.404 155 41 115 -3 I5 4) NAIXC (7)
4AlI3.M1o-V 4403 6.784 153 - 15 .2 Is 44 NAi)C (7)
4A!-3.UolV 751 S5.40 155 -17 115 -29 15 0 NAMX (7)

4A1- 3 %io I~ V 1.4.4 5.3004 155 -8 115 -13 is #7 NAIXM.(7)
4AI-351u1v~ V 4042 2.374o 2041 41 1 go -2 4 +19 CiL (0

7AI-20wb I 181 5 111 -4 914 +' 18I - Ifo (:L (44

6Al-4%' 123 5.'.4l4 172 -3 143 .7 5 40 NAI)C (7)
oA-V4143 (-.7110 1444 * l 136 Ilt. 14 4) CIAi. (4)

f,AI*4V* 404 0.781) 14M .4 139 -1.1 -13 Cihii. (4)
(,AlISV 751 3S.M40 172 to 143 OX 5 .544 NAIX (7)

c.l41751 5.6444 140 3) 136 .4 134 Ciii.(4)
AI.4V 27 S.('411 14X4 ..I 139 .4 13 .1 Ciii (4)

eA4V197 2.34o4 172 27 143 -22 5 -444 NAI)C (7)
19 2.4) 1o I13 4+ E 4

(A4% p4442 2.37(o 14o4 *7 136 -6 14 - I Ciii (4) 1,A4142 5.7 14X4 +2 139 + 2 14 - CIAi (4)
et:Al-4% 444? 5.7 148o .3 139 .2 14 -8) Ci. I'1 (4)

f-AI.4%* 181 5 23)4 *3 132 -6 14 -29 C[Ii 44)

3%'l 1( r-3A11  41P3 4.784io 144 * 18 1444 .14 4) -2 CF.i. (m1

IV W1 R r 3A1 751 5.t.411 144 * 1m 1444 * 244 'p ., CE. 44 )
3V 1U r .3A:I 4442 2 3714 144 -6 1444 *S 1. -22 CFi. (4)

13 11 rMb 8 5 134 .5 12cs .8 it) -36 CEii (4)

%loener rcfcr I.-, rckcrcn.ca us tfpf

64 'nrclice.c.Iloi but cldarywdho ,cIte.IR rpt% uwniibetmtt 2ttte
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SECTION *4

MISCELLANEOUS ALWYSf

The miscellaneous allovs are those alloys or 19), except fer kcad-tin solder and zinc at the
nmetals which are "one of 3 kind" or dto n')t belong to 2.54)0-foot depth. The corrosion ratcs of these two
any of the previous classes of 3llovs discussed. Th'lese, alovs increased with increasing time of exposure. At
illovs would not be considered constructional the 6,000-foot depth the corrosion rate of tint
because of their pricc. mnechanwcal properties, increased initially, anti. thereafter, decreased wit:i
scarcity, and,. in sonic cases. pot). corrosion icsis- increasing time of exposure. The extremely high
tance. Many of thenm could be used adlvantageously in corrosion rate for tin after 75 1 days of exposure
specialty or unique applications. (Table 86), obviously, is an error and must be dis-A

The chemical conpositions of the miscellaneous regarded.
alloys are given in Table 85. and their corrosion rates Only surface seawater diata were available for
anti types of corrosion in Tabkc 86. molybdienum anti tungsten. and the effects of dura-

Alloy-- columblium. gold, platinum, 90% tion of exposure are shown ini Figure 20. The
platinum-101.. copper. 75% platinum- 25% copper. corrosion rAte of molybidenum decreased, becoming
tantalum, anti tantalum-tungsten (Ta60) were asymptotic with increasing time of exposure. The
uncorroded duing exposure both at dlepth and at the co;rrosion rate of tungsten increased linearly with
%urface, time. at least during the first 760 days of exposure.

Alloy MP35N neither corroded nor was suiscep-
ti!be ito stress corrosioni during 189) days of exposure 8.EFCTO E .Itriyaofepsear

to 50 ft-lb. There was also no galvanic corrosion of The effects of depth on the corrosion of some of
either member of the couple. the miscellaneous alloys aftrIya fepseae

The corrosion of the three magnesium alloys shown in Figure 21. Th'fe corrosion Of leati. lead-tin
(MIA. AZ1 B. andl 11K1(IA) anti beryllium was -.o solder, mol% hdcnum, tungsten, and tin was greater at
rapid that their use in seawater %touild bec impractical. the surface than at depth in the Pacific Ocean. Only

riatfinum alloys containing~ 50 and 75% copper :he corrosio~n of zinc was greater at depth than at thec
%%erecetchedi andi pititd after 402 days of exposure at Surface. 11
the 2.500-foo(t depth. Such 4lloys are usually used for
co'ntaicts in electrical apiplicaition%. The.se two alloys
W, uld not lie satisfactory for ume iin seawater. 8.3. EFFECT OF CONCENTRATION OF OXYGEN

Silver was attacked by the uniform thinning type
of corrosion in seawater. 'I hie thin tairniih-like film is The effects of changes in the concentration of
an excellent insulator. hentce, silver could not be use'1 oxygen in seawater are shown in Figure 22. The
As electrical contacts in seawater. corrosion rmtes of arsenical, chemical, ant! tellurium

lead, lead-tin solder. molybdenum, tungsten, and tin
were higher at the highest concentration of oxygen

8.1. I)URATioN 01: EXPOSUkE thin at the lowest, but the increases were not necs N
sarily proportional or linear. Only the corrosion of

1 lie effects of du~ration oif exnos~ure on some of zinc was not uniformlv influenced by changes in the
the imiscellaneous alloys aire shown in Figures 18, 19. concentration of oxygen in seawater between the -S
.ind 24) I he corr(,sion rates Of arsenical, chemical, limit, of 0.4 to 5.75 mll.
And tellurim lead, lead-tin soder. tin, andi zinc
deccreail s ith durai ion (if expt, tire 4 Figures IH a
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18.4. MECHANICAL PROPERTIES

The effects of exposure on the mechanical pro-
peries of columbium, molybdenum, and tantalum
are given in Table 87. The mechanical properties of
these three alloys were not impaired by exposure in
seawater.

i-I
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6.K# 2,500 5
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Depth (ft)

6.000 2,500 5

8 -Zinc 0 @ -

Tlin A A

7

" 4

o 1

(I2001 4001 o1111 8001 1,00{o1 1,-200

l" xpomilrc (hy',)

I:jgure 19. Effect of duration of exposure in seawater on the corrosion of till and zinc

at the surface and at deq:th.
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-' Molybdenum

J200 400 600 80

i} , IFigure 20. Effect of duration of exposure in surface. seawater on the corrosion of
mlyb~denumi and tungsten u
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Figure 2 1. lffect of depth on the corrosion of miscellineous allovs after I year
of exposure. -
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Table 85. Chemnical Composition of ii!-celianeous Metals and Alloys. Percent by Weight

Alloy Chemical Composition Source

Ber% llium 99.0 Be Boeing (6)

C:olumbliumn 99.75 Cl, Cli1. (4)
(:olumbiurn 99.8 Cb CF . (4)

(;old 99.999 Au (:Ll (4)

Lead. antinionial Q9 IPbl 6 ib lNCO (3)
Lead, chemical 99.9 Pb) INCO (3)
Lead, tellurium 99+ Pb., 0.04 Te INCO (3)
Leat1-tn ;older 67 Pb. 33 Sni INCO (3)

Magnesiuim.MIA 99 Mg. I Mn I NCO (3)
M.ignesium. AZ 3 1ItB 96 Mg, 2.6 Al. 1. 1 Zn. 0.4 Mnl I NCO (3)
Magneis Iiml. AZ31 ItB 95.3 Mg. 3.5 Al. 0.94 Zn. (0.25 Mn NAMX (7)
Magnesium. IIK31A 96.2 Mg. 2.07111. 0.07 Zr. 0.45 Min NAMX (7)

Molybdenuml 99.9.%t CI.o4
llAtilnuil 99.99 Ilt Q:l1. (4)
Platinum-copper. 90-10( 90 Pt. 10 (Cu CF . (4)

'Latimu m-wopper. 50-5(0 50 Pt. 50 Cui CE. (4)
Platinum-copper. 2 5-75 25 lt. 75 (:it CE 1. (4)

Silser 99.9409 Ag CHli. (4)

Talltalil 9 9S.5 IaC (1. (4)
I .int1ailm 99.9 '1i a. . 00Io1c omI 0. o.i it)5 N. 0.02 If ClIA (4)

l"intalumi-tungsccnl. Tai 60 88.$-91 3 1 -1. 8.5 -11 W CE!i. (4)
'Jinl 99 9i Snl INC0 3)

lu igtc 9'9.95 W CH. (4)

Zinc 99.9 Zn. '0 09 1Ph. 11.1 1 c IN(:0 (3)

%1[35%N 3 5 Co. 3 5 Ni. 20) Cr. 10 Mt (:Ll (4)

"N 'uribc rcier to refecrences .t :nd oI report
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l.iblb 8o orromon Ra 1s d I vpc ot Corrosion I), Miscelh ntous Alloys

11
, ih\I,% ifolillilt, SourceiNl L |(li~ %I~fL

(d.1% I (f Ra)IIc

Ie'.Il un. w I197 340 2 0 1 (lilt)( 27) ilhcing (b)

1 lult)laa. 402 2. l7o 0 i) N( CII. (4)

C. il .14111 .70 4II2 ?,( 7oIC (4)

(..I d ., IX2 5 )Ii 4( CII. (4)

( ih l(ii alal i \9. 4113- u.14 031 %1' IC C ()

7Z ; X IS i I' I (N)

(,old PI12 2.37o 0 Jil C((I- 1 4)

( .,i ",4o2 2.. Jt p 7o 0 ) N( L!.1 (4)

I allwilli l 
I  

.j,4o II? X U IN ) ( 3)

I a. i ,:,I . attnmi.i 5 7513 5.1,44) 11.3( IN(:C) (3) .

v ad. jiut 11111.1.11 s. 11, S.31K II I INC () (3)

cmil! it) ll,m l -111j; -111. .TI 8 0 3 1 IN( (I3)

cad .giliaa.aI Id jilt M.3 41l 1 i 5 U IN( (3)

ad altulloill It 751 .640 0 2 1I INCO (3)

I a *d .aalaii l i~,ia l 9 712 5.3.4 4) I0 IN(C 1)3)

* I .,llllmlalla0, II %% I i4 '.,.711 Ill2 I'NCI) (,3)
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%EC'TBN 9

WIRE ROPES

Wire ropes Of inan' dtifferent Lhemical t~mpolil. 1.064 dai% '.s lhecrspov ma beeni lubricated during:

*.izcs. and o! diffe-rent t~ pes of constructio %%,er ropes had disappecared. but not on) thle internal
Csosed fin ooea.% .ir at depth ito determiine their sutrfaces during splistire. One ropec. No. 2. was

itirr.)stoli lieha.' . So.me %crc %trcsrc. ti on ito dkgrovased prior it, esposurv. as .1 result, it %%as1 mlore

A.trtez mie their 1oULCeptIO..It\ lot sress co~rrosion ort se'erclv torruided than tile others On the outsidec sur-

%.shether strc% -x ea-r :t, (it.2 corrosioin. tao. cs. and there %%a% light rut ton mnN' of the internal
I lie ohernlika -.0.ilpo'.omIt(ii f thi. ropes arc gisen "si res. One,. rope. No. 3. %%a.s degrcased4. then %tsrapped

lin I aile 88. mid their torrooiton ISe ) : ,r n I ibl 89. "' fitl II-il thick poil ethylene tape prior to exspo-

I In. c %%.1 I%1i,0 isible (,Orros on oni rope- nminihcrs sutre, t here '.Sa% hica'. rust underneath thle tape for a

15 18, 19. 22, 221. 2 2. 42 (751 ,!a% s. o.048 feet 1. 48. distance of about 3 feei ironi cachi end and there was
41) 0. 5 1 . 5 2. and 5 3 Rope filir2 a p light rust ont .i:otl 75". of tie iternal wires. Wires
326 staliless steel Inodit ied In' addl~ing. S:I4onl Ind 35 and 36 had beeni strevssed fi tension ito 20i% of
nIITrO1!cn and %%a.s ce..sed it-. 180 das s .at the their rtespctise bororkinte strength% prior to csposure.

0,000ii to. it dc-lith 'Airt rope nuni,,er 41. tonentional I hese t'mo ropes %%ere tos erod %%fill rust m. th no rust

I' p 3 o 'ti ntorrfooed aftc. - 51 Jia'.s ot espot (ittle internal %% ire%. id, not fail bi% stress corrosion.
%tire at tile (0..4ot4eptti. butt ".i% rustvdath ad a no deraein their breaking~ strengths.
sonic Internal ss ire% broker nd tl. r.:'.it c orron.i I lie ga.iid (zinc-Loatcd) rohpes were numb~ersL.titer I .00;a oda'. -12 v\losut. It% breAing strength 4. 5. 1,. 23. 24. 25. 26. 27. 2b. 37. and 38. The iinc

'..i ls e~s In1' 41-'. aiter 1 *(i.4 .ia% of p..tr t aag prittd thle steel '.'irs. but there was no
'Iv .00 1"." hil os:.pt ItSvs aUse t..t. %On'.entiusnal I%. p.' good correlaition hoeistect tile it eight or thickness of
31 o tans %feel %%'.as ii.it tkorroIed util bet.. en coating and the durnition ot protection. in general.
-51 Atndi 1004 !J%. s. op i .It cs.nno! lie stated essecpt for thle ciectrogal'a.niied coating, the heat icr
that the Addition of a.',n id nit rogen ito thle 'IIi .phe coating the longer thle period of time becforte rust

31(- %t.i,lcs Stes. ittpirtned i!. -srrosion resoistiant appeired on thle ropes. I hie breaking strengths of the
*R-ope numbes% 18. 39. 20. and! 21 '.sere nickel ropies '.tere not Impaired b% exposures for as long as

,isa!.% Ripi nulitiirs 20 .ind 21 '.'ere A.io 1.064 da%% of exposurev. Aiso. rope numbemrs 37 and
it. Itl t i :%. til ' -i o.r tin 22w 2.-,tt oin tz:in 38 '.'ere not %tnsseptilale it) stress corrosion when
R '[i nllitr 22 '.5as a &.401!. itt as allom .'hih stresed tot 20'. 1 of their respeccti'. e lreaking strengths..
14. -n Lint f,I..I l .hn I'. Ing 01ii . r in) tle Ii. '22.i Rollpe numbhers 7. 8. 41. and 40. fin aditioll to

Sdt'IeTICI It. a!%, %% . Iml' sostc-pttilsie top stress or- lbeing pa.imed. .%-cre Aso jacketed %msliti plastic

r,,%, on ,I 5it li r fit( se.i'. ::r air thle I, t torn sedlintt ca atings. lIn all cases. scvaatctr pornetrated along the

%1601( n st*msss ! Ito 4(1. t-f iti breakiing %t2rengtti. itnterface% bet'.'.ee thle ropes and thle jackets. ['here
;w.pt tiut':f'ers M8. 44). 51), 51. 52. in,! 53 %%'ere '.%a% some, light rust onl the strandso of roipe number 40

V ". ' I r .ps anm: '..ire% I lie r.yt% aind a.'ircs them- underneath the psi! ( in% I chloride) jacket after 751
Cs %%. it0,t .rsiclou liszt 1' I.pc 31i4 stain!ess Ia\ to ot ov\pmutre. I lie ptlyurerthane (ru;pe number 7)

C.; t1:TiIIes .1nd. 'tee:u %e.c %%ef.:st %crel'. .ind polvethylenec 4rope numbers 8 andi 9) jackets

.1sido o e.!ci!.nlamcl' protccted thec gakaiimcd ropes to a considecrabie

V: Oic .';hvr '.'.irs roi.pes. Lisatl ssr uns ,'.ited. extenit. I lie jackets '.'ere not puncturesd or broken.
kltl k'r"I.d , . atmmg degrees (it .scrit'.. tile but sea'..ttr had~ penetrated ito tile meital ropes

"o 'tstcC 3 tile pairting -if tihe '.sires through thle end tcrinilnations. 1 hat water had pene-
It itse! '.t:rcs 1. 2. 3. 3 5. and 30. t%' es~pected. traited to the interfaice bct'..en the jackets andi the

%%,r( *.th t-, %s. red '.'.itl rkust there '%.Ia no loss ropes% %%'as pra' en It% puncturing tre j.icketts. at '.'hich
.. ::.-ngrh tit er pecrisa. opt c~pi:rs (if a'. lsI-g as I in-: %csa'.'at r spurted! out tinder considerable:

Preeig pagem Mak
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pt(-,nrc. WIcz' a1 tt(anana .11 %as rCnio'.M front ()li end stagniss steel rpe crc ittiiired b% exposure fi scei-

ofCA4,1 I l i 'p tn. IIIC l Ink L wot Iig'% e~re gone fromn %%atcr at depth. R~ope numherm 41 and 42 %%ere t

termlinak1 and tile %'.itc'. (if tile 'trand'. %%crc rusic.I. of their rcspcctic ircAking strengtim.

111c pokethcdi ne pi.kct onl one rope i1nmbe: 9) !fai 'I %t I% l p 304 stainlemcsteecl ropes (numbewrs 46
!;ccni pkun.ttocd In inin%1 pla..cs prior ito cposutrc. andi 47) icrc clad iw th 90"o .opper- 10'% nickel alloq
%fte.r C.*po'.urc d ew. sc c filicki %%,if, %ttiat cor- R-.pc numben.r 46. %thich had a clad Iai er (1.7 1110h

rom.on prPduti. % therv %%a'. Irc%'.surc talul%! lictli tile ti.k. had a green ..o~ot after 40)2 days of exposure.

jai ct . in,'dithre %%.% n.) fli't ton the %kitr% c'.ccept indiiating thati tile Cu-Ni dad! ;ai cr hadl not becit
iii'.idi thle terinals. L.OIIplctv% '..crificxel I lo'.ever. rdipC nInheII~r 47.

Rope numbers P). 43. 44. and 45 %%crv alum; '.- hui. had a daid layecr 0.3 iml thick. %i .% C.cc(i

L401till iiJ latirded ,j ica~ pro:IC mon it) to te .nnpice sc .urafic.d during tile ,anic period of limtl.
rope'. Ii zc %.itle ilianal.. r a'. did rim. n'ating". A I1, 1-111, ca'.r-, te mnte.rnal %t'ire%. of tlw ropes were
0I38( o/ sq If of aluininuin coazing (1 4 fill!. thick) uncorroilud.
aft. irded pr 'tekn.2 1 its mccd rope fo r abih the ac 
perio.! n't titne a%' d:d an, ) 83-o/ 'q It ofi zin. Coating

f 4inll!-. thick ). Ini .lcep-ti .i n cnm irn cntt.. equali

thi llevk nc.'c' itom.,a if- 1at c and Auiucz innnin pit)-
I ccl .. (A '.t el in pc'. tonr ail ut tle .l ine pin.!'. of litte.
but difn a1 %'.eIl; liam'Ii#.u .%.I% about t .1 i. c aciv'. aj%
.inI u o in iun. im c % . no den.rca..c an I ircaik ril

'trv(*'w.
t
l ..atan.I bii coro%ion Nl'., op rit.nmer 31)

%.Ia not '.ii.n.cpttl:c t-' %.tre%%' trrv~'a.n tcci

So ,31 32 ' ~4 4 1. and 42 "e. re .tminlcv.. %feel%' oft

kintryt c klieti.. al ..iiniptn'.ili tileIh 0 1875-ind.h
jhajlcjCjr I \ pie 3ii4 '.taji~IC'.' '.1c! ripc'. ( 10. 1 1 . 12
13 21). ZO. an.! 31). '.trcs relhc'..d mA wit %lie%%'

t-: n :ie k. 'U.m m..i.. id nm -4 ile %%re hc'..inn' .. par ted
be tiii -I2 .4 i: '.ii n ir;. I Ilay m e al i . '. arc'.
I .c'' %%v t 'inh' ri%t --pot%' -in tile larger than.incr

o 2iotl' 'i; t 7 '5amdi 1% pc 3(04 r-ypc'. '32. 33
a:1.! %-.1 * .r c.)ii:.0.aIte2 peru..!'. .4i r\114.'zrc I he 1i.,1A

12.21 . %allss!in ind i nicn trolc mitnb..r ifi2 t.2

thc I'. jie. IfI4 -sity11,21 i ,la,! nut ainro'.c tile (or'

liw rcm.'1 ~'i .i .c '.t til 1 lie 3' 14 4,t .12nlc'' %freel. I hieA

ma.t4ititin #i c-'pper It'.ic nuaniIc 14a. the-di I ype 3 16

re'.I';a t .2 n i ".h I.. [ln .i a . m * i t '.ai tm.'1 .111.1 nlit ri .eil

1 rope lim-docr 3 1a d0ti not tpleia to I'.aw. .ani initli-
cm, e c o'a'. en I in.2l I % pc 3 16 '.t -intlc.'% '.ce! I ro.pe
ritiilocr 4U '% 'i. -m.irroded .alit 751 (.,n. i

nLfirr,'.ii,2 I hc I'r('.lknl! '.1r('11Lth. of1 ftn it u)tile
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lable 89. Corrosion of Wire Ropes

kep __St__. Exposure IpthAlloy Coatingtc Cnstruction Oil Hope,
L AlloyJ Coating [Dm~~ Cxtil 0b) (day) D Original Find

(0b) 0Ib):

I Plow steel lubricated 1.87'. 7x 19 0 123 o.00 48.200 48.204

1 Plow steel lubricated 0 875 7 x 19 e 791 6.0(" 48.200 45.80

Plow steel defecated 0875 7 x 19 4123 6-,1)8 49.200 48,20

2 Plow steel dlegreawd 0.875 7 x 29 751 6,000 45,200 49."

P1: ctl d naacdo :'rd %Ith 0875 7 x 19 0 123 6,00 4.200

p-mil Polyethylene tape z

J Plow steel dtgreascd: cov'ered %itll 0.875 7 x 19 0 1 751 6.000 48.2010 4.
IOmal polycthylcnc t.Ap¢

4 Improved plow steel Zn 0.50 oz/fh2  J'.250 I x 19 0 189 6.000 -

5 Improved plow steel Zn 0.70 ozlft2  0.500 3 x 19 0 189 6.000-

6 Improved plow steel Zn 0.90 oftzI 0.500 3 x 7 1 189 6.000 -

7 Improved plow steel Zn 0.70 oz/ft2
. 0.500 3 x 19 0 189 6.000

polyurethane jacket

8 Imptoved plow steel Zn 0.70 oz/ft 2  
0.500 3 x 19 0 189 6,0(0

polyethylene jacket

9 Improved plow steel Zn 0.70 o/ft 2. punctured 0.500 3x 19 0189 6.00

polyethylene jacket

10 AISI Type 304 not stress relieved 0 1875 3 x 19 0 189 6.000

I1 AISI Type 304 stress relieved 0.1875 ix 19 4) 289 6.1M0-

12 AISI Type 304 not sttesu relieved u.1975 3 x 7 0 I189 6.010

_______4 _______- -i___ __ ____ ____!



le 89 Corrosion of Wire Itopc-

luth iak ing Load

(dAN (ffo Orig'nal Feinal1- - Ib) (Ib) %Cag

123 1).000 48,2(0) '8.2(X) 0 Rust on crowns of outside wires; lubricant still in grooves;
inside: wires brigt, tensile fracture.

751 6,4#) 48,2(X) 45,800 -5 Outside: 100% rust, inside: wires bright; tensile fracture.

123 -.' i .2( ) 48.200 0 Outside: 100% rust; inside: wires light rust. few bright spots,
tensile and torsion fractures.

t:1 I o) 48,2(X) 49,300 +2 Outside: 100% rust: inside: wi:es light rust, few bright spots;
3 + tensile fracture.

123 (, )O 48.,200 48,90() +2 Rust underneath tape for about 3 feet from ends; inside: 50%
light rust, 50% bright; tensile and torsion fractures.

751 6,0)90 48,2(X) 48,2(X) (I Iicavy rust at edges and utucrneath tape for about 3 feet from
ends; inside: 75% ;ight rust, 25% bright; tensile fracture.

189 6.0() -- - Outside: light, uniform rust, heavy in some grooves.

1119 (,.000 - - Outside: yellow with few areas of heavy rust in grooves.

1.49 i (xx) - - Outside: grey-yellow, few areas of white corrosion products,
few areas of heavy yellow corrosio, products in grooves.

189 6.000 No breaks in coating; white corrosion products on ends of
terminals; terminations not watertight.

189 6)1(10 No breaks ini coating, white corrosion products on ends of
terminals; terminations not watertight.

189 6,,00 No rust at punctures in jacket; r.- breaks in coating; white
corrusion products at ends of terminals; terminations not
watertight.

189 6.0(J Dull grey with light rust stains; 12-in. length near center of
wire covered with heavy red rust; some broker. wires; when
cleaned, many broken wites, tunnel, pitting, and crevice

corrosion.

189 6.000) Dull grey; sorae light rust stins; heavy rust at edges of s'licone
potting compound; broken wires at edge of silicone compound
under heavy rust at one erd (crevice corrosion); when cleaned,
numec'us broken wires, iuircrrl tunnel, pitting, and c:evice
corrosion

189 6.00) Dull grey, light rust ard some heavy rust in some areas; crevice
corrosion; when cleaned, broken wires, tunnel, pitting, and
crevice corrosion.

Continued

Preceding page blank
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Table 89. Continuc,

Ro eaDai rSt rev, 1FkS-,Pu Breaking 1

RNo. A Coating D)iater Constrliction oS Rope v I f

oAIboy )d (ft) Original Final13 AS -_ _ _ __________-- (Ib) (]b)

13 ASType 304 stress relieved 0.1875 3 x 7 0 189 6.000 - -

14 Fe-Cr-Ni-Mo-Cu bare 0 125 3 x 7 0 18 6,(X)O -

15 Fe-Cr-Ni-Mo-Si-N bare u.125 1 x 7 0 189 6,0W) - -

16 Fe-Cr-Ni-V-N bare 0.125 i x 7 0 189 6,000 - -

17 Fe-Cr-Ni-Si bare ". 125 1 x 7 0 189 6,0M - -

18 Ni-Co-Cr-Mo bare 0.0625 1 x 7 0 189 6,000 - -

19 Ni-Mo-Cr C bare 0.0625 I x 7 0 18f 6,000 - -

0 Ni-Cr-Mo 625 bare 0.250 7- 19 0 18? 6,000 7,400 -

20 Ni-Cr-Mo 625 b  bare 0.250 7 x 19 0 18? 6,000 7,400 -

21 Ni-Cr-Mo 103 hare 0.250 7 x 19 0 189 6,000 7,000 -

21 Ni-Cr-Mo 10 3b bate 0.250 7 x 19 0 189 6,000 7,000

22 (o-C..N,-D-Mo bare 0.1875 3 x 19 0 189 6,000 4,000 -

22 Co-Cr-Nj-Fe-Mo bare 0.1875 3 x 19 1,60V 189 6.0M 4.000 -

22 Co.C-.N'.--o..%ob bare 0.1875 3 x 1) 0 184 6.0M0 4,000 -

22 Co.Cr.'.- 'c.', b  hare 0 1875 3 x 19 1,600 1o 6.000 4,0(X -

23 A Arcrft cord Zn 0 40 ot/ft 0938 7 40. 6.0M 1.100 1,100

23 Aircraft cord Zn 0 40 o/ift (M.0938 7 x 7 01o" 2,5() 1,100 1.(1O

24 Aircalft ¢ablc .nO4o//t 2  0125 7 x 19 0 403 6.0(X) 2,(0X) 1,000
2!

2-1 Aircraft cable Zn 0 40 ow/f
2  ; 25 1 7 19 2 19- 2.50m 2.0(8) 1,800

'I
25 1 Aircraft cable Zn 0 50 o,/ft2  (11875,  7 . 19 0 4o' 6.O(H) 3,5(M) 4.000

25 A irc raft ca-!k n (i 0 n,', 1875 7 x 19 1 lp9 2.5(M1 3,5M8) 3.700

26 Wire rope Zn O 50 o/ift o 1 H75 I x 7 0 .. ,' 6.00 i 2.6(w1 2.600
I )x

26 Wre rope I. ,0 75 I x 7 I 197 2 5010 2.6(X) 2.500

V ,4



Wek S9. Cont:nuc,

I ~puu~r ) ~u - Irvt~~iig Lo.&3

ft)- Original Final ItChange"

I (b) (Ib), % ag
189' 6.A(X) - ull grey. light rust stains; few pits on crowns of outside wires,

when cleaned, crevice, pitting, and tunnel corrosion.

18)' 6,000 - - Dull grey with mottled light yellow stains; when cleaned,
incipient crevice corrosion. ,

189 6.Ot) - - - No visible corrosion; metallic sheen still present.

18Q 6.000 - - - Failed by tunnel and crevice corrosion underneath silicone
potting compound; only end loops recotered. 4

189 6.0X) - - Grey. no visible corro'ion; when cleaned. many areas of slight
crevice corrosion and shallow pitting.

18'9 6,00 ... No visible corrosion: original metallic sheen intact.

18 6.0(X) - No visible corrosion; original metallic sheen intact.

8v" 6,000 7.400 - No visible corrosion; original metallic sbeen intact.

18!1 6.00W 7,4(X) - -. No visible corrosinri: original inctallic sheen intact.

18- 6.00) 70M) - - No visible corrosion; original metallic sheen intact.

18" 60X) 7.0(X) - - No isible corrosion; original metallic sheen intact.

189 6.(X) 4.0(X) - Original blue film gone. no visible corrosion.

i 8F 6.0(X) 4.0(X) No wire failures: original blue film gone; no visible corrosion.

I s') 6 0W 4,(XX) - Origil2 due film gone, no visible orrosion.

189 6.0()0 4.MM) N% o wire faillu;s: original blc.j film gone. no visible corrosion.

4o0- 6.0(K) 1.1(9) 1.1(N) 0 liar, grey to black; tensile fracture. -,

1') 2.504: I.l(9) I.(moX -9 Outside I00% rust; inside grey. tensile fracture.

4() 60I (09 ON) -50 Dark grey to black: inside. grey. tensile fracture.

2.5(m) 2.)(M) I MiX) -10 Outside lIWO rust, inside grey. tensile and torsion fr.ictures

4, " (,j(o.0 9 3,5(g) 4 t1V) 14 )utside (lrk grey to black. n'.de grey. tensile and torsion

fractires.

S 2,5(W 3,51)41 .6 7)Outside dark grey. inmde. grey. renit and torsmor. frlt lures

.$1t 6 ()oo 2 ,(t1) 2.,0 ii (I utside WA, nist. inside gre)'; tensile fraCtur'.

19 25(1 2 6 2 5(M) outslc niedium grey, few rust spots. insidt grcy. tensile
I j fiatrtort.
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--- l'alC 89. Coninued

Roe- UBreaki

Rope Alloya Coating .I C)ouei o Horp W0 n(Ib) (da) ' (ft) Original Fin
S (Ib) (Ib)

27 Wirt rope Zn 0.85 oz/ft 2  0,2o 5 x 7 o 403 6.000 5,900 4.

27 Wire rope Zn 0.85 oz/ft 0 25 T 1 x 7 ( 197 2.S0 5.900 5.3

28 Aircraft cable Zn 0.60 o,/ft2  0.250 7 x 19 4o3 6,000 6,100 5,

28 Aircraft cable Zn 0.60 oi/ft2  0.250 7 x 19 0 197 2,500 6,100 6,2

29 Aircraft cord bare. I'pc 304 0.0938 7 x 7 0 401 6,000 800 1

29 Aircraft cord bare. I ypc 304 0 093 H 7 x 7 0 197 2,541) 800

30 Aircraft cable 'are. 'l)'pc 304 0125 7x 19 0 4 13 6.0OX; 1,600 201

30 Aircraft cable bare. , vpc 304 0 125 7 x 19 1 197 2.500 1.600 ;,801

31 Aircraft cabl. bare. I %pc 304 ; 1875 7 x 19 0 403 6,0WM 2.7(X) 100

11 Aircraft cable bharc, ype.'114 0,1875 7 x 19 01.7 2.5(M) 2.700 2,Hf.

32 Aircraft cable h.,rc I xpe 3(4 o 25o 7 i 19 403 6,0(X 5,1(X) 5.000

32 Aircraft cable bare 1%;'t 34(4 ( 25 7 x 19 1) 97 2.5001 5.IM) 5.100

33 Aircraftcibie bare I;'t M14 0"1i5 0 41,3 6.1MO 7,300 7.700

33 Aircraft cjble %1r , t~3'( 'o, .3)125 7x I) 10 30: 2 50m) 7.10 7.8)00

34 Aircraft .able !,ar c, p .(1 1! ) 7 % 1. )i 6. 3 (. I1,9,) 13.700

34 '%lk btel~ table . . 3) " .5m' 1 l3.Q( 71.600

3 n

11 P0o't %teel 1,1 . i2f 3 30 * 1.1 I f, (,1883 10.71) 1 11. 5W

' ) Impro ,e,| s.tce. ) *,¢.1l Ib , , ¢,t I • IQ
,  

.1 41'ia 711 I 0 ) 14.31Xll) I 14.91X); 4

S .I L



TAblc 89 (ontitivcd

cllaking Load
.iL.,Ur DtRemark
1 (d (itt) Original Final R emark

(1W (1W % Ch agel 0b) fib)

404 0o'M) 5.900 4,600 -22 Outside: l0ooyllow. inside: grey; tensile fracture.

2.5(X0 5.9(x) 5.300 - 10 Outside- medium icy'. fev rust spots; inside: grey; tensile
fracture.

40, r t(Xi1 6,1(1 5.9() -2 Outside dark grey to black; inside- grey; tensie and
i t orsion fracturc- .

i) 2.5 6. 10J 6.2M +2 Outside clark grey it black; inside grey. tensile fracture.

4ti ).0(X) 80 100 -88 Internal strands corroded; tunnel. crevice, and pitting; many
aris parted by cotrosion.I I

200 8 I 8() H141 0 Outside few rnst spots. insitc, bright, tensile fracture.

40" 6.(,Il I61-1 2 X) -88 Outside few rust stains. inside broken wires. crevice andi I ' pitting torro) ion.

1" 5 2 ) 1.600 .Oute r etaius. sd bright; tensile fracture.

2 ' 2 50.i 5. liP) 5.1(8) 0 Outside origina: metallic lste. insidebrgtteilan

4"" 6.(Hio ! 2,711<! 1 (K) -96 Outside inany rust s.taln anti broken wire:s, pitting, tunnel and

7crev.ice corroson. iidc many broken wires. patting, tunnel,
: anti cit-vle corri/lon.

2.11 2.71 k ) X .4 Outside few rust spots. inside bright, tensile fra tur.

4 I

4411 .si 7 ) 1 )0( -2 I Outide oi a f cw ) tliw sluas, inside bright, tensile fracture.

1 2 Soo) I it91%) 7tn)tsle oriinil stain.ll icd bright, tenil d tsioe and
,i -r.,ll fra cture s.

"'. (1 ON)" 7 limp 7" 71-. xN O,(ut%)dc" fru. nist MtA11%, IfP%1JC bright. ltnslle anti to~rsion

1-, 2 1( 7 P I o Ill O ,tt - 3 t hitside mrunal cttalt. inside bright teri l fracture

* 6 I(P 1 1 9)I1 i I I 71 ito - (tresd firw rit %tainsitale i br~id t nde bright. t ron

" ffracures,

I ' 41 l l 1 |o I I O MM 3 outstilc fr%% nis % tains, insidel. bright i lelt fracture.

1.14 • 6 4 11)+ 7E )i I0 518K 7 No trres faiurc. outsmid ll I9 ns. inide bright. ;tnsid

~frai Itor

* . )41P I a310 1 i ' ..i No stre s failure. i i sulw e I(HYu n0 , t inside bright ttisic I

" r
teat

tur 
"

(.ontiriUrd
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lbreaking Lad
, , t. t " ,U, O rig nal Final

(I,) (Ib)

rn IIpo.zCd Ppro .fel - luIn..atc - ') 2 I -Ip} II 4 -, 1((0) 14.30J0 1 .300

Him % CCI Z. l'8 01 f ;4- 10,400 10.900

37 P10% 5cel Zn it8 3 moft 
2  

to 4,p I 2 lV,4 6-m, 10.400 8,6(W

ill Pl p O eCl In 1. 10 t;,/ft2 0.I 2, -AN 10.900 .0i'P1t, t4p O.0 I ,.,.vaju¢

.14 Plow steel Zn I 50 o)/f .  
( 33i I • 19 "' ,Is24 1W MY) 10.9010 11,600electroga l%,n it cd

39 Phin% mtcl At G 38 tottft
2  

1' 3- ,7 1 4,, 711 ti(k,0 6.900 7.(O0)

At+ s 0tel AO..poit' ' . 7 4 1" 3.,4 3" 004 6.900 6.500

40 Plovo s tl 7n 0 17 1.: ' ) 1.3( ) 1.200

polyvin:.l 4hhlornk j.AL k't

40 Plow %tecl /n 0.1 7 iw/.t 7 2S, 1,IK.4 '. 1.0 0
p(ly4mnn, I chlirudc jpt krIt

41 Azrtraft c.tle bAe. lypr 3 1o. lul,r,. .'ed 0 135 7 7 (', 75; pipa 1.700 1.40

41 Aircraft table ['Arc hle 31o. ;ta'.z;tOcki p 135 7 x 7 ).(w,4 f(t4 1.7w 1.000

42 Aircraft cabi) bare. I 7Cr14M, 7) 5, ( .€ 74 751 12.400 11.400

42 Atrcraft table barc. Mr.14N.i-O 5. 0395 7 t3 2.t- I (W,4 A114141 2,41W) 12.5m

44 b r .4mprired PI-w %feel Al 0.39 " 2 1 4 1 , 5001 AN) 7.00

43 Impriwed pims %feel I Al (1.19')tlft21 0 312 113) 4411 (Igf 14.000) 13 (MM)46 1 y I 91X~u-IONs. 0AMMI7 in . 0 I 3
- - -. - - -- -.0 .1 1' I , ,1

o3'ap t2 _ -.. ___



Breaking LoAd
Xp4-.ute f).( jKerark
ii" k-ipt Or Fina Remarks

hlb) (ib) % Change

I 4 0 04x),' 14.3(t) 1 5.300 -7 No stress failure: outside- 100% rust; inside: bright: tensile
failure.

, I0.4(X) 10.900 , No stress failure; outside, grey with 5% scattered rust;
inside: grey. rfnsile fracture.

I 4VA . 10.40M 8.600 -17 No stress failure; outside- 20% rust. 80% yellow; inside: grey.
tensile fracture.

; ,. 10.9(x 1 .0) , No stres failure: outside- 50% rust. 50% grey; inside grey.
tensile fracture.

0 (. 4 , 15 10.900 11.600 +o No stre-s failure. outside. 95% rust: inside: grey. tensile
fracture.

7'4 i 6.900 7.0(X) * I No stress failure; outside white corrosiov: products with 10%
rust stains; inside: grey; tensile fracture.

I ,w,4 6.900 6.500 - No stress failure; outside, white corrosion productr. plus 50%
:t jrust. inside grey and light rust. tensile fracture.

, x() I M) %Lo -H I No strec% failure- PVC. dull; some light rust on strands under-
I neath PVC. tensile fracture.

I ii.4 ,fN 1.3m 1. 1(1) -15 No stress failure. PVC. dull: some light rust on strands under-
rineath PVC: tensile and torsion fractures

7;i ,41 1.7t1 1.40 -18 No stress failure; outside: original metallic lustre; inside.
I bright, tensile fracture.

I 0,.4 , . ) 1.7(X) 1.0) -41 No stress failure, outside: 50% rust. crevice corrosion: inside:
I rusted wires, some broken, crevice corrosion; tensile and

brittle fractures.

7$! ,ill 12.4(X) 11.400 -9 No streso failures, outide, few rust spots; inside: bright;
torsion fracture.

'-., ~12.40 12.5(k) * I No stress failure. outside- considerable rust and broken wires.
inside some broken wires in all strands. torsion fracture.

441! 510() J.x - 1) o)utside white corrosion products with light rust stains.

0, $.No RAM) 7.8(X) -11 Outsite" mottled white and grey

4i MP 14.18K) 1 -XIO -7 Outside grey with some white corrosion product%.

;,!, .9M) I jOutide green.

Continued
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14.~~~~~~~ o til (outru ts tllnOud t

47 rp V~ (.u N, X) n2

48p Al Io41 1, (~p 3114 ting 0 254 j t,U % ga412 2 (m

49t M.A14V I. ljz I p lat un 0065 1 A 19 4A,5m

so 6AI*4V-Ti li£:c. %tlIl 0065 P)2 1k
mtccl tic ~ %tt

I 51 c-Al-4V 'I 1~r 1115863 002 2 5100

52 t)Al.4V- It [tare 00(45 4 ~ .2 2 SIN

~53 bA1.4V.1 I bare 033£ t' ~ II-

I mmct,§'J in %cawatcr unlc,. otlhrritte %peeifird

Iimcvsd in bnat torn wifimrm~



'I ablek 89 ilk4:Il atted

(It, 'p

iO 00N I (Itilck light finm ru'.t. 11ih. iL ragit. untorfshjacd.I

-. 0 4.Q~ .' S~M 1Iiiag' rU'.aI. C[CVSaiC and gAIV.ii11t tigrCOMM:. iCAW. iii0

44.' 2 5(wN .ormncclsoecK% rcwihhdb:oi

lintroducd during fabi~atuion.

4, 5 ) tc fittin aticel tic 'Aic corojk.1 g31%.snIc~I) c~lc no

O ;IQ2 .2 if Nio Cortomm)'a

0 .. 2 i x NoCfwi

SI No Ltoatuai

I N

* 4~*' ',M %4 (iff)%i ~ 2014
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