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TIDEWATER AND WEATHER-EXPOSURE TESTS ON META
USED IN AIRCRAFT - II

By Willard Mutchler and W. G. Galvin
SUMMARY

This report is an addendum to NACA Technical Note No.
736, which dealt with tidewater and weather-exposure tests
being conducted by the National Bureau of Standards on
various aluminum alloys, magnesium alloys, and ﬂtalnless
steels used in aircraft., The exposures were begun in June
1938 and were terminated, for this particular series, in
June 1941, The methods of exposure and the materials being
investizated are described, and the more important results
obtained up to the conclusion of the second year's exXpo-
sure are reported.,
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INTRODU CTION

Tidewater and weather-exposure tests on various alumi-
num alloys, magnesium alloys, and stainless steels are now
being conducted by the National Advisory Committee T o®
Aeronsutics, the Army Air Corps, and the Bureau of Aeronau-
tics of the Navy Department. Reference 1 described the
materials and the methods of test and presenbed the re-
culte obtained during the first year of exposure, nging
the: surface app ara;ce of the panels as criterions. The
present paper discusses the changes in surface appearance
that occurred during the second year .of exposure and con-
tains the results of the microscopic examination of the

‘panels,

The style of this paper has been made %o conform
closely ©o that of reference L .in order to permit ready
comparison, L oridien ¢bo facilitate comparison, a number
within parentheses appears at the end .of the legend for
each photograph in this paper; bthis nunber indicates the
figure number in refercncel.to which the paoctograph is
related. Although reference to the preceding paper will
be necessary when information is desired regarding the eX-~
act chemical compositions of the alloys and the details of

ct
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the methods of surface. treatments, such information is suf-
ficiently summarized herein to make the present report a
self-contained unit.

N

BEXPOSURE TESTS Ol LIGHT NETALS

Procedure

liaterials.- The aluminum a2lloys used in the investi-
gation were: (1) 248T, 14ST, and llajor metal, which are
duralumnin-type alloys containing approximately 4 percent
copper, from 0,5 to 1.5 percent magnesium, .and 0.6 percent
manganese, and exposed as sheet, extrusions, or forgings;
(2) Alclad 24ST sheet, in which a coating on both surfaces,
consisting of approximately 99.7 percent aluminum, pro-
tects the 24ST core; (3) 53ST sheet.and extrusions; and
(4) 525S-3H sheet. The last two are essentially binary al-
loys containing 1.25 and 2.5 percent magnesium, respec-—
tively. The two magnesium alloys used were: (1) Dowmetal
M, 2 binary alloy with 1.4 percent manzanese; and (2) Dow-
metal E, containing approximately 6.5 percent aluminum

and & perecent zinc,

Iypes of panel .- All the »panels have over-all dimen-
sions of 4 by 14 inches. The sheet panels are usually
0.040 inch thick, but the thickness of extrusions or forg-
ings vaeries to o maxinpum of 0,25 inch.  Panelsg are of
Lhrce typess. Type 1, for the investigation of ‘nivetsion
paint schedules, has one strip 14 by 4 inches (identical
wvith the main panel sheet) joined to each surface by a
double row of four rivets spaced approximately 3/4 inch,
Type R, for welds, is assembled from three sections, each
of wvhich overlaps 134 inches and has a double row of ei-
ther four spot welds spaced 3/4 inch or seam welds spaced
similarly. Type 3, for dissimilar metals in contact, has
two similar strips 1 by 4 inches on opposite sides of the
main panel and joined to it by a single row of four riv-
ets, The main panel differs from the strips in composition,

liethods of exposure.- The tidewvater and the weather-
exposure tests were conducted at Boush Creek, at the
Naval Air Station, Hampton Roads, Va, Durilng the first
2% years of exposure the location of the racks was essen-
tially as shown in figure 1. The tidewater racks were
noved in ITovember 1940 to -2 lagoon where the salinity of
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the water vas somewhat higher, while the weather-exposure
racks were temporarily placed on-land, approximately one-
quarter mile distant from salt water.

. The exposure tests were begun during the week of June
11, 1938, Table I shows the intervals after which the var-
ious kinds of panels were withdrawn. Tests on the panels
withdrawvn after 3 years'! exposure are still in progress,
and most .of the panels reported upon in the present paper
were removed from the racks during June 1940, that is, af-
ter 2 years' exposure, The water at Boush Oreek has s
chloride content of 12,2 parts per thousand, a sulphate
content of 1.75 parts per thousand, a pH of 8.0, and a
normal mean temperature of approximately 35° F in JANuary ,
as contrasted with a normal mean temperature of 80° F in
July and Adugust, Panels exposed to the tidewater gradual-
ly became covered with a mixture of green organic growths
and colloidal mud, but barnacles were surprisingly few un-
til August 1940 wvhen they began to appear in some numbers,

Investigation of Rivets

Riveted aluminum-~alloy panels.~ The main panels and
strips of the 52S-3H, 53ST, Alclad 24ST, and anodized
24ST sheets were each Jjoined to themselves with 53ST and
anodized 178T and Al7ST brazier-head rivets, to determine
the electrolytic effects involved, Neoprene PAW tape was
inserted between the strips and the main panel sheet to
effect their separation, In each row of anodically treat-
ed rivets, alternate ones were anodized: (1) in 9.5 percent
chromic acld electrolyte for 30 minutes at 40 volts and at
35° Gy and (2) by the Alumilite 205 rocess, which in-
Vvolves treatment in a sulphuric acid electrolyte followed
by sealing in a potassium dichromate solution (not with
lead salts, as stated in reference 1), The 24ST sheets
were anodized in the chromic-acid electrolyte, except that
the sulphuric-acid electrolyte was used on sheets joined
with 538ST™ rivets. ¥

An important fact emerging from the tidewater tests for
this series of panels was that the 53ST and the anodized
Al178T rivets were very severely attacked when used to Jjoin
24ST sheets (fig. 2)., These combinations should therefore
be avoided in aircraft parts, such as pontoons, likely to
be subjected to immersion in salt water. Equally impor-
tant was the fact that. practically no attack occurred on
panels with anodized 17ST rivets on anodigzed 24ST sheets
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(fig. 2), or with any of the three kinds of rivets on Al-
olad 2482, 5381, or 538-«gH sheebts (fig. 3).

The small vertical black lines appearing in figure 2,
and on the other composite photomacrographs that follow,
indicate the planes on which the nicroexaminations were
made, The actual cross sections examined are pictured in
the small bdblack sauares inserted‘'at the corners of the
photomicrographs in composites such as figure 4., On the
cross sections, in - ‘turn, appear small circles that define
the area on which the photomicrograph was taken,

The attack on the 535T and the anodigzed ‘AL7ST rivets
on 24ST sheet was but little worse after the second than
after the first year of exposure; The corrosion on rivets
treated with sealed Alumilite coatings was almost as se-
vere as that on rivets anodized in the chromic-azcid elec-
trolyte.  Sufficient disintegration had occurred during
the first year to make it evident that both alloys were
anodic with respect to 248T. The photomicrographs (fig,4)
disclose the geverity of the attack on the rivet heads
and reveal no corrosion on portions of the 245ST sheet ad-
Jacent to, or in contact with, the rivets. The attack on
the 8538T rivets was in part intercrystalline, and corro-~
sion. was occasionally noted on the shanks of both 533T
and anodized Al7ST rivets.

Tlie microscopic exaninations confirmed the practical
absence of corrosive attack on either the rivets or the
sheets where any of the three kinds of rivet were used to
join Alclad 248T, 525-3H, or 53ST (fig. 4) sheet. Such
corrosion as occurred seldom exceeded 0,002 inch in depth
and was of the pitting type on all the alloys.

The tests also indicated that the Heoprene PAW tape
promoted corrosive attack on 24ST sheets, In several in-
stances the metal was practically disintegrated and the
accunulation of corrosion »roducts appreciably increased
the distance between the outer edges of the l%- by 4-inch
strips and the main panel (fig. 4, cross sections). Con-~
siderable shallow pitting, to depths of 0.003 inch, also
oceurred on the surfaces of 535T sheets in contact with
the Neoprene. The extent to which corrosion occurred was
doubtless related, in large measure, to the original water-
tightness of the contacts between the metal and the tape.

In the weather—-exposure tests, at the end of the
first year small localized areas of corrosion products
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were noted ,on most of the rivet heads, as well as on the
sheet alloys, but were least in evidence on the anodiged
24ST sheet, At the end . of the second year the areas were
slightly larger, somewhat more numerous, and the deposits
of corrosion products were somewhat heavier (fig. 5), and
there was considerably more attack on the anodigzed 245T
ghisets [fiz. 2). At the end .of the second year, alsp, cor-
rosion on the 538ST and the anodized AL7ST rivets joined

to anodized 24ST sheet was noticeably more advanced than

on any of the other rivets (fig..2). The microscopic ex-
aminations revesgled that the attack on the AL7ST snd 53ST
rivets was deepest (0.004 and 0,009 in,, respectively) at
the base of the heads near the circumference, where water
would tend to be retained longest and permit cell reac-
tions. Scattered areas of attack on the 248ST sheet seldom
exceeded 0,002 inch in depth., BSevere attack (0.0l in.
deep) was also found on 5387 rivets on 538T sheets. On

the Alclad 24ST and 538T sheets slight attack was noted ad-

.Jacent: to or under the anodigzed AL7ST and 17ST .rivet heagds.

The restricted volume of electrolyte occasionally present
at such areas was perhaps responsible for such attack for,
in the tidewater tests, where the water covered the entire
panel, the phenomenon was not noted., Although corrosive
attack was nore prevalent on all the rivets and panels
exposed. to the weather than on the corresnon dlnb specimens
exposed bto tidewater, its .depth seldom exceeded 0.003 inch.
The corrosion on the 535T alloy in the.weather-exposure
tests, as in the tidewater tests, was partly intercrystal-
line.in character.

Unriveted aluminum—alloy panels.- The forged 14ST pan~
els, not anodically treated, were the most severely at-
tacked of all the aluminum alloys, both in the tidewater
and weather-—exposure tests (fig. 6). The corrosion was
predominantly intercrystalline. and attained a depth of
ORiPlbREmeh dny tddewater and of 10.03s inch in the: weather af
ter 2 years. These panels were solution heat-treated in
alir at approximately 940° F, given a quench in-an aqueous
solution (not in air, as errioneomsil yistatied inrtable Il of
reference 1), and aged 10 hours at 340 F,. :

The lajor metal sheets (fig. 6), anodized and unano-
dized, corroded.in & fashion quite similar to- the 145T

alloy. The attack was largely intercrystalline and the

unanodized sheet panels 0,060 inch tbic“ were penetrated
in spots after 6 months in the tidewate The specimens
eXposed as forged and heat-treated bars, O 575 inch dian-

eter, had.an initial (uncorroded) ultlmat tensile strength
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of 46,000 pounds per square inch and an elongation in l%
inches of 25 percent, After a year in tidewater the val-
ues dropped to 36,500 pounds per square inch and ¢ percent,
respectively.

Riveted magnesium-alloy panels.-~ The Dowmetal M strips
and sheet anodized in accordance with Navy specification
PT13a were joined with AliI555 (avproximately 4 percent mag-
nesium, 96 percent aluminum), 538T, and anodized 178T riv-~
ets, and exposed both unpainted and painted. The tide~
water tests, which were discontinued after 1 year, demnon-
strated the superiority of the AlB5S rivets for Jjoining
this alloy. These rivets remained in good condition;
whereas the 538T and thre 17ST rivets were almost entirely
disintegrated.

The anodized 17ST rivets on unvainted panels, after
2 years of exposure to the weather, were in advanced
stages of disintegration (fig. 7), while the 53ST rivets
were also severely attacked. Both were much worse at-
tacked than after 1 year of exposure. he Ai55S rivets,
however, continued to exhiblt relatively little attack.
The Dowmetal M sheets were discolored brown on the skyward
surfaces and were partly covered with a thin nonuniform
grayish~white film of corrosion product on the earthward
surfaces. iiicroscopic examinations (fig. 8) revealed a
few pits 0.001 inch deep on the AMB5S rivets, but the 53S8ST
rivets had several pits 0.003 inch .deep. Numerous pits
from 0.002 to 0,008 inch deep were found on the Dowmetal M
sheet, and its edges were rounded off by corrosion. Rela-
tively little corrosion occurred on the Dowmetal M sur-
faces which were in contact with the Neoprene tape.

The painted panels were still in excellent condition
after 2 years of exposure. The paint schedule, which
proved one of the most effective used on the magnesium al-
loys, consisted of two coats of Watson Standard Dowmetal
Primer No. 1 (Navy specification P27) with the second
coat pigmented with 1 pound of aluminum paste per gallon,
plus two coats of Brooklyn Varnish No. 74 (Navy specifica-—
tion V10) with 134 pounds of aluminum paste per gallon.

The microscopic examination revealed considerable pitting
on the 53ST rivet heads, from 0,001 to 0,002 inch deep,
and some pits of the same depth on the Dowmetal M sheet at
areas immediately adjacent to these rivets.

liost of the other paints applied to Downmetal panels
failed to adhere well to the unanodized rivets. A few
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additional panels were made on which both anodized and un-~

anodized AL558 rivets were used, with and without painting.
These were placed in the tidewater and weather racks during

June 1940, After 1 year, on unpainted panels, the unano-
dized rivets showed considerably mpre corrosion than the
anodigzed ones. Paints on both types of rivet failed, dut
the amount of failure on the anodized heads was somewhat
less than on the others. Anodization in chromic acid,
therefore, does not improve paint adherence on AN55S alloy
to the same degree that it does on 24S8T alloy.

Investigation of Welds

Velded aluminum-alloy panels.- The Alclad 24S8T,
5258-3H, 53ST sheets, and 53ST extrusions were Jjoined to
themselves with electric-resistance spot and seam welds.
In addition, the 525-4H sheets were spot-welded to Alclad
24ST or 53ST sheets, and extruded 53ST gections were simi-
larly joined to Alclad 24ST and 53ST sheets. Sheets of
525-4H alloy were also gas-welded (butt joints). to each
other, using 528 filler rods, and to sheets and extrusions
ot NBBST, weing 28 filler rTods.

None of the welded panels exhibited .much corrosion
after 2 years of exposure to tidewater (fig. 2). This re-
sult indicates that either the metal on the surfaces of
the welds had potentials approximately equivalent to that
of the remainder of their respective panels or else were
somewhat cathodic thereto. The microsconic examinations
(fize 10) revealed that corrosion on the welded or un-
welded parts of the panels was largely confined fto a rel-
atively few small pits, nearly all being less than 0,001
inch deep, On the 538T and the 5238~-5H panels a few small
areas of intercrystalline corrosion occasionally appeared;
& very few had depths of 0,004 inch.  The 538T panels eX-
hibited more atbtack, however, than the 525-4E panels. The
surfaces of welds joining dissimilar alloys were corroded

-

similarly to those Jjoining alloys of the samne compositions.

The faying surfaces, which were in metallic contact, were
relagtively free from corrosion,

The panels exposed to the weather for 2 years (£d2
11) were nuch more corroded, especially on the welds, than
those in tidewater. In general, the attack was somewhat
worse on the earthward surfaces than on the skyward sur-
faces, The seam welds were more corroded than the spot
welds, while the gas welds exhibited but little attack.
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The microstopic examinations (figs. 12 and 13) of the snotb
welds disclosed many pits (0.001 and 0,002 in.) on the
Alclad 24ST panels, but in no case was penetration of the
aluminum protective coating found. On 525~-3H welds numer-—
ous pits were found gssociated with some intercrystalline
attack, generally 0,002 inch deep, but:occasionally 0,006
inch, The welds on the sheet and extrusions of 53ST alloy
were attacked similarly to those on 528—%H but intercrys-
talline attack was more in evidence; and occasionally pit
depths of 0,010 inch were noted. Little attack occurred
at the faying surfaces, but some pits 0.005 inch deep were
detected on the 53ST materials.

On the seam welds the attack was somewhat more severe.
The aluminum coating on the Alclad 24ST panels was pene-
trated in some instances and the attack reached a depth
of 0,004 inch, as it aid also on the 525-4H welds. Seam
welds on the 538T alloys were occasionally corroded to
depths from 0,007 to 0,012 inch, The gas welds proper
showed but slight attack. At the junction of the weld
metal with the unwelded parts of the sheets, however, cor-
rosion sometimes attained a depth approximating 0,004 inch,

The seam welds were uniformly sound, but cracks oc-—
curred ‘on some of the Alclad 248T spot welds (fig. 13%
wvhereas -very small cavities, 0,001 inch in diameter, were
present on a few of the 528-3H welds and cavities as wide
as 0,610 inch were found in several of the welds on ex-
truded 53ST panels. Numerous cavities, ranging from 0,005
to 0,017 inch in disameter, were found in the gas welds,

Welded magnesium—alloy panels.~ The anodized Dowmetal
i{ panels were exposed with electric~resistance spot welds
and with gas welds, both in the unpainted and the painted
conditions., The tidewater tests were discontinued at the
end of the first year wvhen it became evident that the spot
welds were disintegrated on the unpainted panels and se-~
verely corroded on the painted panels. The gas welds on
the unpainted panels were no worse corroded than the rest
of the sheet but, on the painted panels, pits 0.03 inch
deep were found in areas of paint failure that occurred at

the junction of the sheet and the weld.

After 2 years of exvosure to the weather (fig. 14)
the spot welds on the unpainted panels were very severely
pitted, often to depths of 0.040 inch, while the sheet
thiekness was only 0,064 dinch. On the gas welds, as on
the remainder of the sheet, pitting seldom exceeded 0.007
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inch in. depth.,  On the painted panels both the spot welds

apd the gas welds were practically unattatked., The paint

schedule consisted of 2 coats of Watson Standard Dowmetal

Primer No., 1 plus 2 coats of Brooklyn Varnish No. 74, pig-
mented with lz pounds of aluminum paste per gallon.

Contacts with Digsimilar Metals

Inasmuch as the ratin of the areas of the two digsim-
ilar metals is often a determining faector in the resulting
corrosion, most of the panels in this series were prepared
so that fthe ratio of the area of alloy A was approximately
78l wlith respect to that: of alloy B on some, while on'’
others this ratio was reversed. Yo insulating materials
were used at the faying surfaces and the panels weré not

rainted, except where noted. No pancls were removed from
the tidewater racks at the end of the second year, and the
results covered in this: report -pertain to the microscopic
exaninations of panels ewovn& after-liyear 'in the tide~-
wvater and 2 .years in the weather racks.

t

Contacts of aluminum alloys with each other.~ The con-—

tactS'lavestlgated included two-member combinstions of al-
loys 24ST, Alclad 24ST, 525-3H, and 53ST sheets, and 24ST
and B38T ;trusions. Joining was effected by means of 178T
rivets, all anodiged in chromic-acid electrolyte, on all

the aluminum alloy panels with dissimilar netals in conbact.

llacroexaminations of tidewater panels removed at the end
of the first year had revealed that the Alclad 245T, 52S~~
and 538T alloys were ahodic to 24ST and that severe corro-
sion occurred on these alloys, particularlv when they were
smagll in area as compared with the 248T ”icro coplic ex-
B vand
various combi~

(S

1g
measurements of the depths-of attack on the
navilons are) given in table ITiI. i i

Tae surface. appearance of the panels exposed for 2
years to the weather (fig. 16) indicates that, though cor-
rosion products in- some instances -accumulated along the
edges of and under-the 1~ by 4-inch strips, the quanti-
ties. of such products were usually less than the quanti-
ties on.the panels exposed to tidewater. The results of
the microscopic exaninations (fig. 17 aad table II) are in-
cluded for comparison with the pancls exposed to tidewater.

teel.~ One-
ectroplated with

Contacts of aluminum 2lloys wi
inch-wide strips of SAE X4130 steel, e
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0.0005 inch of cadmium or zinc, were Jjoined to the various
aluninum alloys. After 2 years of exposure to tidewater
the cadmiunm coatings were mostly corroded off and rust was
visible on more than 50 percent of the area where contacts
were with 2487, 53ST, and 525-3H alloys. The coating was
entirely off where contact was with Alclad 248T sheet and
the whole strip was rusted. The zinc coatings were al-
most entirely off all the strips and there was more rust
than on the cadmium-plated strips.

The cadmium-plated strips exposed for 2 years to the
weather were all in excellent condition (fig. 18) although
faint traces of rust were visible on the strip in contact
with Alclad 24ST. The zinc coatings were entirely corrod-
ed off strips in coantact with Alclad 24S5ST, were mostly off
wvhen in contact with 53ST, but were fairly intact when
joined to 24ST and 52S-%H sheets. liicroscopic examina-
tions revealed little corrosion at the faying surfaces of
either coating with the 'aluminum-alloy sheets except near
the edges of the strips, where the attack on the aluminun
alloys was usually very severe (fig. 19 and table II).

The results at the end of the second year, in general, den-
onstrate that zine is anodiec to a2ll the alumiaum allbys
tested and that cadmium is either slightly cathodic or has
a potential equivalent to that of these alloys. The tests
show that zinc sheets attached to aluminun alloys may be
sacrificially attacked anf prevent corrosion of the alunmi-
num wvhere cell action can be malntained more or less con-
tinuously.

Contacts of aluminum alloys with stainless steel.- The
stainless steel Jjoined to the various aluminum alloys was
one known as U.S5.5. Type 321, containing nominally 18 per-
cent chromium, 8 percent nickel, and 0,5 percent titanium.
The first year's teestgs in tidewater disclosed that the
four aluminum alloys were highly anodic and that they were
severely corroded, especially wvhen their surface areas
were small as compared with the steel. The surface ap-
pearance of the panels exposed to the weather for 2 years
(fige. 18) likewise revealed nuch corrosion on the aluminum
alloys, llicroscopic examinationsg showed that alloys 24ST
and Alclad 24ST were the most severely attacked (fig. 19
and table II), with 538T somewhat less so, and 525-35H the
legst., This result does not necessarily indicate the or-—
der of the potential differences involved since the 52S5-3H
and Alclad 24ST alloys are inherently the most resistant
to corrosion, while 24ST is the most susceptible. The
248T strips on stainless-steel main panels had several in-
tercrystalline cracks, attributed to stress corrosion.
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Contacts of aluminum alloys with nickel alloys.- The
aluminum alloys formed the l—*by 4-~inch strips attached
to main panels of nickel, monel metal, or Inconel. licro-
scopic examinations of the panels exposed for 1 year to
tidewater (fig. 20 and table II) indicated that the aluni-
num alloys were probably more anodic to the alckel alloys
than to the stainless steels. Honel-aluminum alloy cou-
ples resulted in the worsg corrosion on aluminum, but the
corrosion was sufficiently severe with 211 these combina-
tions to indicate that coupling with these nickel alloys
should be avoided. Oracks resulting from the combined ac-
tion of stresses and corrosion were found on all strips
of 24587 gnd Alelad 2487 in contect with these alloys.

The panels exposed to the weather for 2 years were
almost as severely attacked as those in tidewater for 1
year (figs, 21 and 22 and table II) as evidenced by the
quantity of corrosion products at faying surfaces of the
strips and the main panels. Cracks due to stress corro-
sion were present only on 245T strips.

The nickel and the monel panels on the skyward sur-
faces exposed to the weather were discolored a greenish-
gray that was darlker on the monel., Their earthward sur-
faces were discolored grayish green. Faint rustlike spots,
from approximately 1/8 to 1/4 inch in dianmeter, occurred
on the Inconel panels, particularly on the earthward sur-
faces.

Contacts of sluminum alloys with magnesium 2110ys.~
Dowmetals.ll and H were exposed in contact with alloys 2458T,
Aleclad 24ST, 53ST, and 525-4H. The tidewater tests early
demonstrated that the two magnesium alloys were anodic to
the aluminum alloys. Corrosion resulted in the deposition
of a coating of basic magnesium carbonate upon the alumi-
num 2lloys. A base, perhaps sodium hydroxicde, was doubt~
less formed at some stage in the reaction, which in turn
caused extremely severe attack on the 2485T and the Alclad
24ST alloys. The attack was not so .severe on the 5387 and
528—%H alloys, probably owing to their inherent resistance
tat e nriostion, '

Tew measurements of the depth of penetration were made,
since visual exanination of the original surfaces and of
Rk

cross sections (fig. 23) depicted the extent of the attack
satisfactorily.

Corrosion was also severe on the unpainted panels ex-
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posed to the weather (fig, 23), but the painted panels were

in relatively good condition after 2 Jepnos TRU R 08, o4
ané 25), The panels were painted with 1 coat of Watson
Standard Dowietal Primer No. 1 plus 3 coats of Brooklyn
Varnish Uo. 74 pigmented with 1% pounds of aluminun raste
per gallon. The photographs illustrate that corrosion wvas
much less severe where Dowmetal H, instead of Downetal M,
wvas coupled with the aluminum alloys.

Contacts of magnesium alloys with each other.- The
tidewater tests, which were discontinued at the end of
the first year, indicated that Downmetal I was severely at-
tacked@ when in contact with Downetal H. The uwnpainted
panels, after 2 years of exposure to the weather, were in
fairly good condition although congiderable »itting was
found on the Downetal I sections (figs. 24 and 25). The
Panels painted with 1 coat of Watson Standard Downmetal
Primer No. 1 and 3 coats oFf aluninum-pigmented Brooklyn
Varnish remained in good condition.

Contacts of magnesium alloys with stainless steel.-
The couplings of magnesium alloys with stainless steel
proved the worst of all the dissimilar metal contacts
tested, and corrosion of the magnesium alloys in the tide-
water tests was exceedingly rapid and resulted in their
quick disintegration. The unpainted Panels exposed to the
weather for 2 years were much more severely attacked than
after 1 year (figs. 24 ana 25). Oracks resulting from
the combined action of stress and corrosion were found on
some of the Downetal couplings, as noted later. The
painted panels, however, were in failrly good condition,
although paint failures by reason of poor adherence oc~
curred on the stainless-steel strips.

Stress corrogion.- The presence of cracks, which
tended to follow intercrvstalline boundaries, was noted
on the following: (1) 2487 strips coupled with the nickel
alloys or stainless steel, in Dot the tidewater and
weather tests; (2) Alclad 24ST strips coupled with the
nickel alloys or stainless stee¢l (fig. 26) in the tide-
water tests only; (3) Dowmetal E strips joined to 24ST

and 525-%H alloys, after 2 years of exmosure to the weather;

(4) stainless-steel strips joined %o Dowmetal I (fig. 26),
after 2 years of exposure to the weather.

The cracks were undoubtedly caused by the combined
action of corrosion and stress, The stresses were mark—
edly increased by the accumulation of corrosion products
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at the faying surfaces. It was suspected that the pres-
ence of the compound iigCl, among the corrosion products
may have augmented the cracking of the stainless steel
strips on Dowmetal M panels. Illicroanalytical and electron
diffraction tests, however, indicated that no solid phase
of that compound was present. The products were ad judged
to consist mainly of a Jjelly of hydrous magnesium carbon-
ate. Betwveen the steel and the Downetal Il sheet and ad-
jacent to the steel there was a film of nearly opague
white matter. Next to the magnesium was a translucent,
dense, slightly amber layer containing an undissolved res-
idue in which iron rust predominated.

Additional tests are shortly to be started in which
panels are to be exposed with varying amounts of stresses
applied by Dending the panels at different degrees.,

Investigation of Protective Coatings

Paints on anodigzed 248T aluninum alloy.- The paint
schedules (fig. 27) applied to 24ST aluninunm alloy were
generally in excellent condition in both the tidewater
and the weather-exposure tests at the end of 2 years. In
the tidevater tests aluminum-pigmented finish coats of
Fuller lacquer (Javy syecification L12a) and of Pratt and
Lambert Mumber 10 aluminum nixing varnish (¥avy specifi-

cation 52V15b), failed to adhere in some areas when applied,

respectively, over Berry Brothers 3164 Primer (Navy speci-
fication P27) and Brooklyn Varnish P-14 Primer (Javy spec-
ification P23). liicroscopic exaninations, however, re-
vealed no corrosive attack on any of the painted panels.

Surface trectments and paints on megnesium alloys.-
The protective surface coatings on the magnesium alloys
were applied to determine which of the paint schedules
would »nrove the nost effective, and %o determine the rel-
ative merits of the "chrome-pickle" and of the anodic
(lTavy specification PT13a) surface treatment with respect
to 1mpr ovi1g adherence of the paints.

he tidewvater
ections re-—

painted panels vere removed fron
t ho)
neral on all

racks at the end of the second year, but
vealed that paint failures were becoming g
but four of the schedules. These were:

(i) " One coat of aatson Standard Dowmetal Primer No. 1,

oné coat of the same with 1 pound of aluminum paste (Fo.
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1571 Albron Extra Fine Lining Paste used throﬁghout) per
gallon, two coats of Brooklyn Varnish No. 74 with 14
pounds of aluminum paste per gallon.

(2) Seame as (1) except that a third coat of the pig-
mented Brooklyn varnish replaced the second coat of pig-
mented primer,

(3) One coat of Bakelite XE8483 primer, one coat of
the same with 1i ounces of aluninunm paste per gallon, and
two coats of Bakelite XZ3944 with 1% pounds of aluminunm
paste per gallon.

(4) Same as (3) except that an aluminum-pigmented
Bakelite XE6440 vehicle was used for the last 2 coats.

The superiority of four-~coat paint schedules on mag-
nesium alloys was demonstrated, and the advisability of
pigmenting the second coat of primer with aluminum was in-
dicgted from the tidewater ftests.

In the tidewater tests, also, failures on the ano-
dized Dowmetal ! penels were, in general, nuch more ad-
vanced than on the ciarome-pickled panels, even with the
paint systems already listed 'as superior. On the Dowmetal
H panels, at the end of the second year, no differences in
the amount of paint failure were observed on panels given
either of the two surface treatments.

In the weather-exposure tests, at the endof the sec-—
ond year, most of the paints were in good condition (fig.
28). Tailures were generally confined to the unanodized
Ali555 rivet heads and to the edges of the panels. iiicro-
scoplc examinations (fig. 29) revealed occasional deep
pits at areas adjacent to rivet heads.

EXPOSURE TESTS OF STAINLESS STEZELS
liaterials and Procedure
The »rincipal purvose of the exnosure tests of stain-

less steel was to establish the relative corrosion re-
sistance of the 18:8 type alloys, with and without addi-

tion of the customary alloying elements, such as molybdenun,

titanium, and columbium. The steels were nearly all cold-
rolled sheet, 0,018 inch thick, with polished surfaces
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pagsivated by immersion in 20-percent nitric acid at about
60 € for 1 hour. Electric—resistance shot-welded panels
of each steel were also exposed, each protectec at the
faying surfaces with a petrolatum paste containing copper.
Each weld was rubbed lightly with emery to remove the
light film of oxide (not carbide precipitates) which forms
owing to the high welding temperature and which may cor-
rode to nroduce undesirable staining,

The steels had the following approximate percentage
compositions:

Ui reiSte Chromigzgﬁw.Nickel } Carbon Addition element
type |
302 18 7 Lo -- T
- 306 18 9 .08 | | Wl
S17 18 it .08 3.7 molybdenunm
321 18 9 .07 .5 titaniunm
347 18 10 .08 .5 columbiunm
20 16 1 68 ; T

llacroscopic examinztions were supplemented by flex-
ural fatigue tests on unwelded panels, a Xrouse machine
intended specifically for testing sheet specimens being
used. These tests were conducted by J. A, Kies, who de~
signed the swecimen (fig. 30) and perfected the method of
testing, W. L. Holshouser, and &, R. llcConnell (all of the
National 3ureau of Standards), to whom the authors ex-
press their indebtedness.

—_

esults of Tests

The panels exposed to tidewater at the end of the sec-
ond year still exhibited practically no rust except for a
number of locaglized areas on the 651 . chromium-nickel
alloys. Rust on the panels exposed to the weather was
greater in extent and somewhat more heavily deposited at
the end of the second -year than at the end of the first
year (fig. 31). Rusting continued to be worse on the
16:1 alloy, and notably much less on the steel containing
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3.7 percent molybdenum than on the others, At intervals
of 6 months or less after the first year the rust was
cleaned from some panels of the straight 18:8 +type. A4
cleaner commercially known as Nu Steel proved very effec-
tive in removing the rust, ilinute pits were then observed
under many of the rusted areas.

The endurance limits of some 300 specimens have been
determined since reference 1 was released, both on pan-
els as received (uncorroded) or on panels removed from the
exposure racks during the first 2 years. The endurance
limit values reported may be regarded ‘as accurate only in-
sofar as they serve to present a basis of comparison be-
tween the alloys tested. The values given (f1ig. 32 and
table III) represent,a stress, the half rangoe of which was
calculated to be within 800 pounds per sguarc inch of the
next highest stress, which resulted in fatigue fallare,
provided that at least two runs past 10° cycles had been
made.

The fatigue tests disclosed that stecls exposed to
the weather consistently showed grester loss in endurance
limit than wvhen exposed to tidewater for the same period
of time, The steels containing 3.7 percent nolybdenum or
0.5 percent titanium behaved similarly and both exhibited
appreciably less loss in endurance limits than did the or-
dinary 18:8 steel or one containing 0.5 percent colunm-
bium, The results i1llustrate that the greater part of the
losses for all the steels occurred during the first year
of exposure and that the rate of corrosion decelerated
during the second year.

Some panels of stainless stecels containing 3.7 and
2.5 percent molybdenunm, respectively, were nlaced in the
exposure tests after the main series began. Wone of these
panels has yet been remnoved for test, dDut visual examina~
tions have shown that rust was slightly more prevalent on
the steel with less molybdenum at the end of the second
year. The difference was so little, however, as to be ad-
Judged inmaterial for most practical purposes.

A few stainless-steel panels coated with Hercose AP,
Hercose C, Dupont RCX5555A, and Dupont RCX5556A clear
lacquers were inserted only in the tidewater racks. The
coatings all began to peel from the sheets during the
first year and were almost entirely off at the end of the
second year. DPolished stainless steel presents a surface
to which most paints are not adherent.



WACA Technical Hote No. 842 17

A series of stainless-steel vanels of various compo-
gitions wag ' also ingerted in the tidewater racks at month-~
ly intervals from June~1939 through illay 1940, Panels in-
serted from June through September were covered with or~
ganic growths, which were thicker and differed markedly in
appearance from the others at the end of the year, bdbut
such differences in time became less noticeable. Illone of

-the panels has yet been removed for test.

A few straight 18:8 psnels were exposed both as
cold~rolled and after heating at 440 F for 24 hours. The
heat—-treated specimens contained less rust after a year
than the cold-rolled panels.

Currently in progress are progranms embracing (1) the
corrosion behavior of stainless steels with various sur-
face treatments and with different finishes, (2) differ-
ent systems of.insulation designed to ninimize electro~-
lytic corrosion when magnesium alloys are in contact with
steel or aluminum alloys and, (3) a comparison of the
results obtained on metals exposed to the weather and sea
water at Hampton Roads, Va., Chapman Field, Fla., and
Cape Fear, W.C., Proposed for early investigation are pro-
grams covering (1) the relative corrosion rates of all
the conmercially available alloys of magnesium, (2) the
relative efficiencies of various surface treatments on
magnesiunm -alloys, particularly with respect to their abil-
ity to improve paint adherence, (3) spot welds on alu-
minum alloys anplied under various controlled conditions
of current and time, and (4) metals stressed by being
susPended in the racks under various predetermined amounts
of bending,.

CONCLUSIONS

The conclusions that follow are pertinent to panels
exposed for 2 years under extreme saline conditions, as
exemplified by tidewater tests or weather sxposure with
the metals in close proximity to salt water,

: 1, The panels were, in general, somewhat more cor-
fsioded 9t the end of the second than of the firset yeer,
particularly those with dissimilar metals in contact. In
most instances the rate of corrosion during the second
yeay ‘walsi not as rapid eas during the filivst,

2+ Alloys Alclad 24ST and 525-3H proved the most re-
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sistant to corrosion of the aluminum alloys tested and

were but slightly attacked during 2 years. Alloys 535T

and anodigzed 24ST were somewhat more susceptible to attack,
while the alloys containing copper, such as 245T, 145T, and
lla jor metal were much more. susceptible.

3. Anodized Dowmetal M appeéred more resistant to
corrosion during the first year than anodiged Dowmetal H,
but during the second year developed considerably larger
pits than Dowmetal H,

4, ©Stainless steels containing 2.5 percent molybde~
num wvere very slightly more susceptible to corrosion than
those containing 3.5 percent molybdenum, as judged by the
rust on panels exposed to the weather for 2 years., At the
end of 3 years the stainless steel containing 3.7 percent
molybdenun was much ‘less rusted than steels with additions
of columbium or titanium, or than those without additional
alloying elements. A 16:1 chromium-nickel alloy was more
susceptible to attack than any of the others and was prac-
tically the only one on which rust was present in the
tidewater tests,

The flexural fatigue tests on corroded panels demon-
strated that endurance limit losses were lower for the
steels containing molybdenum or titanium (approximately
9,000 lb/sq in,) than for those containing columbium or =no
additional alloy element (approximately 14,000 1b/sq in.).

5., 4Anodized 17ST rivets proved far better than 535T
or anodized Al7ST rivets for Jjoining aluminum alloy 24ST.
All three were satisfactory for joining aluminum alloys
525-4H, 538T, or Alclad 24ST, but the 53ST rivet heads on
these alloys, in the weather-exposure tests only, were
somewhat more corroded and exhibited intercrystalline at-
tack.,

6. Al555 rivets proved far superior to 53ST or ano-
dized 1787 rivets for Jjoining magnesium alloys. Anodic-
ally treated AMS5S rivets were somewhat more resistant to
attack and paints applied to them adhered somewvhat better
than on unanodized rivets. Anodization was not so effec~-
tive in improving adherence of paints to AlI555 as it was
to alloy 24ST. : i

7. The welds on alloys 525-4H, 53ST, or Alclad 24ST
were anodically protected in the tidewater tests but were

-ecorroded in the weather tests.. Gas welds were the least
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attacked, spot welds next, and seam welds the most at-
tacked. Welds on B3ST alloy were more prone to attack
than on the other two. The aluminum coating on the Alclad
24ST welds was sacrificially attacked and thus prevented
deep penetration of corrosion.

8.  Anodized gas welds on Dowmetal i proved as re-
sistant %o corrosion as the rest of the sheet, but spot
welds were severely attacked. Welds on painted panels
were practically unattacked after 2 years of exposure to
the weather.

9, 8hot welds on stainless steels exposed to the
weather possessed heavier formations of rust than the
rest of the panel, The rusting was quite superficial on
welds on the steel containing molybdenum,

10, The area ratio between any two dissimilar metals
in contact proved very important and was frequently the
determining factor in the amount of corrosion, he anodle
metal was usually very much more severely corroded when
its area was small as commared wiith that of the cathodic
metal.

11, Alloys 525-3H, 53ST, and Alclad 24ST were but
slightly corroded when in contact with each other but 11
were anodic to alloy 24ST and were attacked when in con-
b aeby maiths 1t

12. Alloy 525-3H invariably was the least attacked of
the aluminum alloys when they were in contact with dis-
similar netals. &lloy 53ST was usually considerably more
corroded, while attack on 24ST and Alclad 2487 alloys was
severe. This restlt does not necessarily reflecs the
true potential relatioanships involved, owing principally
to inherent differences in the resistance of the various
aluminum alloys to corrosion.

13. The zluminum alloys were anodic to stainless
steel, nickel, monel;, and Inconel and were very . severely
attacked when exposed in contact with them.

14, Electrodeposited coatings of cadmium on SAE X4130

‘steel strips attached to aluminum-alloy panels were in ex-

cellent condition and intact after 2 years of weathér ex-
posure, Zlectrodeposited zinc coatings on the same steel
were mostly corroded off when Jjoined to Alclad 24ST and
53ST sheets. When joined to 52S-3H and 245T sheets, the
zine was attacked but was not corroded off to the same
extent. ' 3 ‘ ‘
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15, The magnesium alloys were very anodic to alunminum
alloys, or to stainless steel. The adjacent aluminum al-
loys, especially 24ST and Alclad .24ST, were in turn severe=-
ly corroded by a base produced during the formation of the
resulting corrosion product, which was a basic magnesiun
carbonate, Dowmetal Il proved anodic to Dowmetal H alloy.
Painted panels exposed for 2 years to the weather were but
slizghtly corroded, ;

16, Corrosion produets that accumulated at the faying
surfaces of the dissimilar metals raised the stresses in
some instances enough, with the combined corrosive action,
tlo cause ecracks to form in the strips, Such cracks were
found on 24ST and Alclad 245T strips coupled with nickel
alloys or stainless steel, on Dowmetal H strips coupled
with aluminum alloys or stainless steel, and on stainless-
steel strips coupled with Dowmetal Il.

17, Painted anodized 24ST panels, with naint sched~
ules utilizing good grades of aluminun-nigmented varnishes
conforming to Navy Denartment Specifications V10, V11, or
52V15b, were in excellent condition after 2 years of ex-
posure,

18, The magnesium-alloy panels, painted with good
grades of aluminum-vpigmented varnishes, were in excellent
condition after 2 years of exposure to the weather, ex-
cept for slight failures at the edges of and adjacent to
those rivet heads from which the paints were off., Paint
failures in the tidewater tests bhecame advanced during the
second year on three-coat paint schedules. Schedules in-
volving two coats of P37 type (zinc-chromate pigments)
primers and two additional coats of aluminum-pigmented var-
nishes of good grade usually renained in good condition,
especially when the second coat of primer was alsgo alumiaun
pigmented. Primers of the P23 type (iron~oxide pigments)
reacted to accelerate attack on the magnesium alloys, after
coating failures had occurred.

19, Paint failures were considerably more advanced on
the anodized (PT13a) Dowmetal i panels than on those given
the chrome~pickle surface treatment and exnosed to tide-
water. On the Dowmetal H panels, after 2 years of expo-
sure, no differences were observed in the amount of paint
failure regardless of which method of surface treatment
was used,

National Bureau of S

andards,
Washington, D. .

JG
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TABLE I. EXPOSURE PERIODS FOR THE VARIOUS KINDS OF PANEL

(The symbol x indicates that one panel of each kind

Tables I and III

was withdrawn from the exposure rack)

Exposure period, months

Kinds of panels withdrawn from exposure racks Tidewater Weather
1/15 1 3 7% 12 24 36 7% 123 3¢ | 36
Aluminum alloys, (1) riveted, (2) spot-welded, (3)
seam-welded, (4) painted x X x x X x2 X
Aluminum alloys, (1) gas-welded; (2) in contact
with (a) each other, §b) plated X4130 steel, x P x X b X X X
(c) stainless steel; (3) alloy 148T
Major metal (MKSAS) X X X X
Aluminum alloys, insulated from stainless steel x
Aluminum alloys, in contact with magnesium alloys
Stainless steels, in contact with aluminum alloys
Nickel alloys, in contact with aluminum alloys x X x X X x x
Magnesium alloys, painted with (a) chrome pickled
~ surface, (b) anodized surface
Stainless steels (original series) X x x X P x x°
Magnesium alloys (painted), (1) in contact with
(a) each other, (b) aluminum alloys, (c) stain- x x x x x x x
less steel; (25 riveted; (3) gas-welded; (4)
spot-welded
Yagnesium alloys (unpainted); (1) in contact with
%2) each other (b? aluminum alloys, (c¢) stain- x x x x x x x
less steel; (25 riveted; (3) gas-welded; (4)
spot-welded
Stainless steel, in contact with nagnesium alloys X X >4 X X X x©
aRijveted panels, numbers 2, 3, and 6 were lost
bContact panels, numbers 38 and 37 removed at 7% months instead of at 1 year.
CPanels, numbers 4, 7, and 47 were lost
TABLE III. SUMMARY OF THE APPROXIMATE ENDURANCE LIMITS OF STAINLESS STEELS TESTED IN KROUSE
FLEXURAL FATIGUE MACHINES BEFORE AND AFTER EXPOSURE TO TIDEWATER OR THE WEATHER AT HAMPTON ROADS, VA.
Fatigue properties QiAgﬁﬁlglﬁﬁg%gﬁsgls,
I Straight 18:8 18:8 + 0.5% Cb 18:8 + 0.5% Ti 18:8 + 3.7% Mo
Endurance Loss Endurance Loss Endurance Loss Endurance Loss
Exposure limit percent limit percent limit percent limit percent
(1b/eq in.) (1b/sq in.) (1b/sq in.) (1b/sq in.)
None, uncorroded 68,000 - 75,700 - 74,500 - 64,700 -
Tidewater, 73 months| 61,000 1055 84,000 15.4 70,500 5.4 61,500 4.9
Tidewater, 1 year 56,500 16.9 66,000 12.8 71,000 4.7 59,500 8.0
Tidewater, 2 years 62,000 8.8 64,000 15.4 68,500 8,1 59,000 8.8
Weather, 73 months | 56,000 17.6 82,000 18.1 85,000 12.8 56,500 123.7
Weather, 2 years 55,000 1953 59, 500 21.4 65,000 12.8 55,500 14.2
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TABLE II.

CONTACT WITH EACH OTHER OR WITH DISSIMILAR METALS

DEPTH OF CORROSION MEASURED ON PANELS HAVING ALUMINUM ALLOYS EXPOSED IN

Table II

Main panel

1- by 4-inch

Corrosion range of average maximum depths, thousandths 1nch1

On main panel at

On strips, outer -

On strips at

strips faying surfaces surfaces faying surfaces
Tidewater Weather Tidewater Weather Tidewater Weather
1 year 2 years 1 year 2 years |1 year 2 years
2487 Alclad 248T 5-62 0-1% a-a.§° i 545 1-
2487 538T 2-3% 0-1 5-10 2-3° 15-24° s-s"e
2487 538T, extrusion | 1.5-2% a1’ 10-172 7-8% 12-20° 8-12°,
2487 528-3H 3-42 g.1° 11-13f 0-1 13-15% 15-18
Alclad 24ST 2487 2-2.5‘;’0 2-2.52¢ | 0-1 S 1-3 1.5-3
Alclad 24ST 248T, extrusion 3-2.6°" 3-2.56:° | 0-1 1-1.5 1-3 23-3
Alclad 248T 5387 1.0-1.58.d | 1-28 0-1 2-4€ 0-1 1-2¢€
Alclad 248T 538T, extrusion 1-1.58,4 1-1.568 1-23 3-4° 1.5-8° z-zf5°
Alclad 248T | 528-3H 0-18.d 0-18 0-1 0-1f 0-1 0-1
538T 248T 7-14P,€ 5-70,€ 0-1 0-1 0-1 0=1
5387 24ST, extrusion 2-38:¢ 5-68:¢ 0=1 1-3 0=1. (5451
538T Alclad 248T 0-18 1262 0-14 1-1.54 | o0-1d 1-1.5¢
5387 528-3K 0-18 1-28» 0-1 1-8 O=1 1-3
528-3H 248T, extrusion 2.5-3"@ 10-16%8 | 0-14 0-14 0-1 4 0-14
528-4H Alclad 248T 1.5-28 651 0-1 1-2 1-1.5 i
528-3H 538T 0-18 1-28 0-1 3-5° 0-1 0-1
528-3H 538T, extrusion | 0-18 1-1.58 0-1 2-3° 0-1 0-1
3487 X4130 Steel + Cd 10-6021 0-1P 3-3l 0-14 1-21 0-14
Alclad 24ST | X4130 steel+ Cd o-2b'g’§ 0-18,d 0-1¢ 0-1° 0-14 0-1¢
5387 X4130 steel+ Cd | 12-6077) 0-18 0=1¢ 0-14 0-14 0-13
528-3H X4130 steel+ 0d | 10-60°’ 0-18 0-1° 0-14 0-14 0-1
248T X4130 steel+ Zn | 1-5°:B 1-22 3_41 2-3t 1-21 1-29
Alclad 248T | X4130 steel+ Zn | 3-30% 0-1 123 (ers s 0-1 0-1
538T %4130 steel+ zn | L0-25%:%:B | 20-goP»® | 1-2% 2-31 0-1} 1-21
528-3H X4130 steel+ Zn | 5-10%:8 0-1 1-21 O=1 1-at 0-1°
2487 180r,8 Ni,0.5 Ti | 40®'% 3 402B y| o 0 0 0
Alclad 24ST 18Cr,8 Ni,0.5 Ti | 15-24%:2:C 2—2553’ 0 0 0 0
538T 18Cr,8 Ni,0.5 Ti | 5-68 5 4o5P 0 0 0 0 0
528-3H 180r,8 Ni,0.5 Ti | 10-20° 5-68 0 0 0 0
18Cr,8 Ni, 248T 0 0 20-24% 3-5% 10-18 20-24J
0.5 Ti
Do Alclad 248T 0 0 2.5-331 2-62 18-20 z-ghsi i
Do 53ST 0 0 30-30%:° 4-523 2302408 15-40%»
Do 535-3H 0 0 3-78 1-4b 38-40 5-6
Nickel 248T o® 0¥ 3-8, a-3b 25-35574 20-33%:4
Nickel Alclad 24ST a 0 139 2.5-3° 30-32K+J 2.5-3.5
Nickel 538T op ob 18-208,8 5-88,8 15-208,8 10-15%:8
Nickel 528-3H oP 0@ 12-150 2-4f,0 | 15-200 10-20%>
Monel 248T o0& o8 3-5 450 35-40K, ] 30-~37K5J
Monel Alclad 248T 08 0® 2.5-3%D 2.5-34R | 35-40%,J 13-33k,B
Monel 538T o0& opP 13-158,8 4-10%:B | 35-40%,° 10-13%-B
Monel 528-3H 08 op 30-230 2-48 30-300 38-308,h
Inconel 2487 02 0® 2-4 570 25-37%+J 35-405+J
Inconel Alclad 248T o0& ob 2-3% 2-23,51,D0 | 23-25%,J 18-35K,R
Inconel 538T oP 08 10-158:1 2-48,B | 15-30K-€ 8-108,h
Inconel 528-3H ob 08 5-gh 3-af,b | 20-24k g-10m

lyalues from O-1 indicate that corrosion was usually less than 0.0005 inch deep.
at faying surfaces, strips forced away from panel.

&gonasiderable corrosion products accumuiated

bsome corrosion products accumulated at faying surfaces, strips partially forced away
cProtective coating penetrated in some places.

dprotective coating not penetrated.
eIntercrystalline attack present, usually associated with voits.
frraces of intercrystalline attack present, usually associated with pits.
8Very 1ittle corrosion products at faying surfaces.
bpttack segregated or especially severe along line where edge of strips contact the main panel.

lprotective coating practically all corroded off.

jStreae—corroaion cracks present.

kStrips or panel in advanced stages of disintegration.

from panel.



Figure 1l,- The tidewater (left) and the weather-exposure (right) racks
at Boush Creek, Hampton Roads Naval Air Station (2).
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Figare 2,- Rivets used on 24ST alloy panels exposed for 2 years. Note the advanced disintegration of

the 53ST and the anodized Al7ST rivets exposed to the tidewater as compared with those ex-
posed to the weather, and the relative absence of attack on the anodized 17ST rivets. In this, and
all similar photographs that follow, the large letters at the right apply to the entire horizontal
rows, while those at the tops or bottoms apply to the entire vertical rows. x 1 (4 and 6),
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Figure 3.~ Rivets used on panels of Alclad 24ST, 53ST, and 528-}3 alloys exposed to tidewater.
Neither the rivets nor the sheets are corroded. x 1/2 (5).
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Al7ST RIVET

2457

ALL I7ST & AI7ST RIVETS
AND 24ST PANELS WERE
ANODIZED-

ALL PANELS EXPOSED FOR
2 YEARS:

24ST - dad 5357

I7ST”RIVET £ I 17ST RIVET

2sT  TIDEWATER a 53sT  TIDEWATER E

n on rivet heads and 53ST and anodized 24ST sheets.

Attack was especially severe on 53ST and anodized A17ST ri-
vets joined to 24ST sheet and exposed to tidewater. Photomicrographs,
x 25; cross sections (in black rectangles), x 1/2.

I7ST RIVET

24T  WEATHER

Figure 4.- Corrosio
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Figure 5.- Rivets used on panels of Alclad 24ST, 53ST, and 52S-3H alloys exposed to the weather., At-
/ tack on both rivets and sheet was, in general more severe than in the tidewater tests.
x 1/2 (6).
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I YEAR AT HAMPTON ROADS

|
|
|
|
|
|
|
Q FORGED 14ST
|
|
|

[ of all the aluminum alloys included in the test, X 1.

PANELS EXPOSED TO TIDEWATER

Fig. 6

Figure 6,- Forged 14ST and Major metal (MK9AS) panels exposed to tide-
water., These alloys were the most susceptible to corrosion



-~ 1- -~ -
~ 53ST RIVETS

¢

el

PANELS ALL ANODIZED DOWMETAL M 3L 0 ! ] A . .

EXCEPT STRIPS ON BOTTOM ROW. EX- 70 ;Noie:—P anels painted with watso

POSED TO WEATHER-2 YEARS. s P gmng;ga NO. | PRIMER P27)
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Figure 7.- Rivets on Dowmetal M panels exposed to the weather. The AM 55S rivets were very much less

attacked than the 53ST or anodized 17ST rivete. The paint coating, however, protected both
the rivets and the sheet from attack. x 1/2 (8).
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§7 AMSSS RIVET *

AMS5S RIVET

. > -
ANODIZED DOWMETAL

53ST RIVET (ON ANODIZED 53ST RIVET
DOWMETAL M) -

WEATHER—2 YEARS

ANODIZED I7ST RIVET

ANODIZED 17ST RIVET

Figure 8.- Corrosion on rivets used for joining Dowmetal M sheets. At-

tack was least on the mnanodized AM55S, intermediate on the
53ST, and most on the anodized 17ST rivets on unpainted panels, None of
the rivets on painted panels were corroded. Micrographs, X 40; cross-
sections, x 1.
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Figure 9,- Welded aluminum alloy panels remained précticaiiy unattacked after 2 years of exposure to

tidewater. The dark colorations on some of the welds were caused by the copper electrodes
used for welding. x 1 (10).




TIDE-WATER—2 YEARS

v

A Y

SPOT WELDS

_ ALCLAD 2437
* SEAM WELDS

Figure 10.- Microscopic examinations of welds on aluminum-alloy penels exposed to tidewater revealed

that corrosion was confined to small isclated areas and that corrosion depth seldom ex-
ceeded 0,002 inch, x 50,
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Figﬁre 11.; Weldéd aluminum-alloy panels exposed to the weather were more corroded than these expo-
sed to tidewater, especially at the welds., x 1 (11).
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Figure 13,- Photomicrographs of welds on aluminum-alloy panels exposed

to weather or to tidewater, Spot welds are pictured, unless
otherwise noted. A - Formative stage of intercrystalline corrosion, B =
Coating on weld, perhaps resulting from reaction with the electrode. C
- Cracks present in some of the spot welds in this alloy. D - Cavity,
representative of those of average size found in some spot or gas welds.
E - Pitting, though general, had not penetrated the aluminum protective
coating during the first year, F - Traces of intercrystalline attack
were occasionally associated with pits on the 525-3H alloy. G - Inter=-
crystalline corrosion on an area of the sheet remote from & weld., H and
1 - Intercrystalline corrosion on welds. x 60,
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Figure 14.,- Surface
appear-
ance and cross secC=
tion of Dowmetal M
panels with spot
and gas welds expo-
sed to the weather.
The spot welds were
susceptible to cor-
rosion owing to
contaminations of
copper derived from
the electrodes used
in welding. The gas
welds were quite
resistant to corro-
sion and were at-
tacked, in general,
less than the rest
of the panel.
Painted panels were
relatively free
from corrosion. Mi-
crographs, x 1/2;
photomicrographs,
x 28. {12).
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Figure 16,- Surface appearance of aluminum alloys exposed to the weather in contact with each other. Ac=-
cumilations of corrosion products at the faying surfaces were usually mich less than when
the same alloys were exposed to tidewater or were in contact with more digsimilar metals., x 1/2 (13 & 14)
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Figure 17.- Cross sections showing aluminum alloys exposed to the weather in contact with each other,
Corrosion owing to electrolytic effects were similar to those observed in the tidewater tests

but were usually less severe, Photomicrographs, x 25; smaller cross sectioms, X 12
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Figure
18,
Alumin-
Un-al-
loy
panels
in con-
tact
with
SAE
X4130
steel
having
electro-
deposi-
ted
coatings
of zine
and cad-
mium,
and with
staine
less
steel.
Cadmium-
plated
strips
remained
in rela-
tively
excel-
lent
condi-
tion,

but the zinc coatings were in either partisl or complete stages o
ducts at the faying surfaces of one of the 24ST-stainless steel combinations separated the metals

enough to cause one of the rivet heads to break off. x 1/2 (15-16),

f disintegration. Corrosion pro-
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WEATHER—2 YEARS
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()
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Figure 19.- Cross section showing aluminum alloys exposed to the weather

in contect with electrodeposited coatings of cadmium and
zinc or with stainless steel, Attack at the faying surfaces was usually
deepest on the main panel at areas near the edges of the strips, espe-
cially when corrosion products were present in quantity. Photomicro-
graphs, x 25; smaller cross sections, x 1/2.
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53ST
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TIDE'WATER
| YEAR

NICKEL

SRR . -

Figure 20.- Cross sections showing nickel alloy panels exposed to tide=-
water in contact with aluminum alloys. Attack on the alum-
inum alloys was very severe in every instance. Note the stress-corro-
sion cracking on the Alclad 24ST strips joined to Inconel (upper right
corner). Photomicrographs, x 25; smaller cross sections, x 1/2 (17),
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\ Figure 21.- Nickel alloy panels exposed to the weather in contact with
aluminum alloy strips. The presence of consideratble corro-

i sion products elong the edges of the strips indicates severe attack

' owing to electrolytic effects. x 1/2 (17).
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Figure 22,- Cross section showing nickel alloy panels exposed to the

weather in contact with aluminum alloys. Compare with Fig-
ure 20. Note cracks on 24ST strips in contact with nickel and monel met-
al. Photomicrographs, x 25; small cross section, x 1/2.
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Figure 23.- Cross sections showing aluminum alloys exposed to tidewater and to the weather in contact
with magnesium alloys. The magnesium alloys were the strips attached to larger areas of
aluminum alloys in the first and fourth vertical columns; in the other vertical columns the aluminum
alloys were the strips. Panels in the tidewater tests were in advanced stages of disintegration, ex=-
cept when painted. Unpainted penels with Dowmetal M strips were also severely attacked in the weather,

x 1 (18),
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Figure 24,.- Surface appearance of panels exposed to the weather with magnesium alloys in contact with
each other, with aluminum alloys, or with stainless steel. The painted panels remained in
relatively good condition, x 1/2 (19-20).
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Figure 25,- Cross

86C~
tions of panels
exposed to the
weather with mag-
nesium alloys in
contact with each
other, with alum-
inum alloys, or
with stainless
steel; Painting
was effective in
preventing elec-~
trolytic reac-
tions at the fay-
ing surfaces ex=-
cept near the
edges of Alclad
24ST, 24ST, and
stainless-steel
strips. Severe
corrosion was
present on cor-
responding un-
painted penels.
Photomicrographs,
x 25; smaller
cross sections,
x 1/2,
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.
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ALCLAD 24ST

~ -’Q_.‘ L
W~ ANODIZED 17ST RIVET ™y

Figure 26.- Examples of stress-corrosion. A - Crack on stainless steel
strip joined to Dowmetal M panel. x 1. B - Cross section

showing large emount of corrosion product preseant on couple of (A)s

x 23, C = Cracks in Alclad 24ST strip attached to a stainless steel

panel, x 50,



Figure 27.- Skyward surfaces of anodically treated 24ST panels exposed to tidewater or to the weather
with various protective paint coatings. The finish coats on panels at the top and the bot-

tom of the first vertical column at the left failed, in some areas, to adhere to the primers. This

condition was somewhat more pronounced than at the end of the first year. The rest of the coatings were

in excellent condition. x 1/2 (21).
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Figure 28.- Surface appearanée of magnesium alloys exposed to the we
coatings. Most of the paints remained in good conditien,
the edges of the strips of the main panel. x 1/2 (22).
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Figure 29.- Cross sections of magnesium alloys exposed to the weather with various protective paint
coatings. Edges of strips were purposely rounded prior to painting. Much of the corrosion
present occurred on these edges or at areas of paint failure adjacent to the AMS55S rivet heads. Photo-

micrographs, x 25; smaller cross sectioms, X 1Li2,
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Krouse sheet fatigue specimen

Figure 30.~ Sketch showing design and dimensions of specimens for tests
in the Krouse flexural fatigue machines. x 1. y



Figure 31.-

= telens SHOT WELDED STAINLESS STEEL PANELS EXPOSED T

steel - ; g =
o WEATHER 2 YEARS. SKY- WARD SURFACES.
various :
composi-

tions,

exposed

to the

weather.

Rust de=

posits

were con-

siderably

heavier
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end of

the sec-

ond than

the first

year. Fig-

ures in

the left

column

indicate

percent=

ages of

chromium

and nick-

el, res-

pectivelye.

Figures in

the right

column

give the

percentage

of the ad- ‘ :

dition element shown. Rust on the welds was generally worse than on the rest of the panels. Deposits
on the steel containing molybdenum were very much lighter than on the other steels. x 1 (286},
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Figure 32.- Results of flexural fatigue tests on stainless steel. Solid line curves pertain to speci-

mens exposed to tidewater; broken-line curves pertain to specimens exposed to the weather.
The upper curves, in each instance, refer to values for endurance limits; the lower curves to percent-
age loss, Panels exposed to the weather consistently showed greater loss than those exposed to tide=-
water for equal periods, Steels containing molybdenum or titenium exhibited appreciably lower losses
than those with columbium, or with no elements added to the typical 18 percent chromium, 8 percent
nickel alloy (Type 306). ' &
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