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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS - -

TECHNICAL NOTE Np. 842 S e

TIDEWATER AND WEATHER-EXPOSURE TESTS ON HETALS I ﬁ::

USED IN AIRCRAFT -~ II

By Willard Hutchler and W. G. Galvin
SUMMARY

Thig report is an addendum ¢ NACA Technical Note ¥No.

736, which dealt with tidewater and weather-exposure tests _ .
being conducted by the National Bureau of Standards onr =~ "~ —=
various aluminum alloys, magnesium alloys, and stainless Core ol
steels used in aircraft. The exposures were begun in June .7 __
1938 and were terminated, for this particular series, in o
June.1941l. The methods of exposure and the materialé Dbeing
investligated are described, and the more important resdlts
obtalned up to the conclusion of the - second Jear‘s expo— T
sure are reported, . e A

INTRODUCTION

Tidewater and weather-exposure tests on various alumi-
num alloys, magnesium alloys, and stalnless steels afe now

being conducted by the National Advisory Committes for "f “
Aeronautics, the Army Alr Corps, and the Bureau of Aeronau~ -
tics of the Navy Department., Reference 1 described the TR

.materials and the methods of test and presented the re= "~ rorse =
sults obtained during the first year of &xposure, Wsing ToTaT
the surface appearance of the panels as criterions, The T
present paper discusses the changes in surface aPPearaﬂce
that occurred during the second year of eXxposure and con=—
tains the results of the microsconic examination of the
panels, : B L T e e

The style of this paper has been made to conform _ N
closely to that of reference 1 in order fo pdrnit ready 7 7=z
comparison. In order to facilitate compuriaon, a numbér - ovE= LY
within parentheses_ appears at the end _o¢f the legend for -
sach photograph ian this, naper- this’ nuLber indlﬂates €he "

figure number in referoncel to which the photograph is =~ - -
related., &4lthough reference to tie ﬂfoce&in~ pape¥ Will _
be necessary when information is desired rezarding the ex~ - I

act chemical compositions of the alloys and the défalls of TR
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the methods of surface tresatments, such information is suf- - -

ficlently summariged herein to make the present report a _
self-contained unit,. L

EXPCOSURE TESTS O LIGHT HETALS

Procedure.

liateriagls.~ The aluminum alloys used in the investil-
gation were: (1) 2487, 14ST, and laJjor metal, which are
duralunin-~type alloys contailning 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,
conglsting of approximately 99.7 percent aluminum, pro- - S
tects the 248ST core; (3) B3ST sheet and extrusions; and
(4) 525—%5 shéet. The last two are essentially bilnary al- .
loys containing 1.25 and 2.5 perceant magnesium, respec- -
tively. The two magnesium alloys used were: (1) Dowmetal .
M, a binary alloy with 1.4 percent manganese; and (2) Dow- 'S
metal H, contalning approximately 6.5 percent alumlnum ’
and 3 percent zinc, - -

Types of panel.- All the panels have over-all dimen-
glong of 4-by 14 inches, The sheet panels are usually
0,040 inch thick, but the thickness of extrusions or forg— - - 7
ings varies to a maximum of 0.25 inch. Panels are of .
three types. Type 1, for the lnvestigation of rivets or
paint schedules, has one strip 14 by ¢ inches (identical
vith the mailn panel sheet) Joined to each surface by a
double row of four rivets spaced approximately 3/4 inch.
Type 2, f0r welds, is assembled from three sections, each
of which overlaps 1% .inches and has a double row of eiw
ther four spot welds spaced 3/4 inch or seam welds spaced
similarly. Type 3, for dissimilar metals in contact, has
two similar strips L by 4 inches onh opposite sides of the
main panel and Jjoined to it by a single row of four rive
ets., The main panel differs from the strips in composition.

Hethods of exposure.- The tidewater and the weather- 7
exposure tests were conducted at Boush Oreek,. atr the -
Haval Alir Station, Hempton Roads, Va. During the first
24 years of exposure the location of the racks was essen~ Y
tially as shown in figure 1. The tidewater racks were
moved- in fovember 1940 %o a2 lagoon where the salinity of
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the water was somevhat higher, while the westher- exposgure
racks were tenmporarily placed on land, approAimauely one-
quarter mile distant from salt water. B

The exposure tests wers begun during the week of June
11, 1938, Table I shows the intervals after which the var-
ious inds of panels were vithdrawn. Tests on the panels
withdrawvn after 3 years! exposure are still in progress,.
and nost of the panels reported upon in the present paper
were removed from the racks during June 1940, that is, af-
ter 2 yoars'! exposure, The water st Boush Creek has a
chlorlde content of 12,2 parts per thousand, a suvlphate
cohtent of 1,75 parts per thousand, a pH '8f 8.0, and a
normal mean btemperature of approximately 357 F in ganuary,
as conbtrasbed with 2 normal mean temperadture of 80  F in
July and August. Panels exposed to the ticewater gradual-
ly became covered wlth a2 mixture of grden organic growths
and colloldal mud, but barnscles were surprisinrgly few un-
til August 1940 vhen they began to appear in some numbers,

InYestigation of Rivets

Riveted aluminum-slloy panels.- The main panéls and

strips of the 52S-3E, 53ST, Alclad 24ST, ard anodized

245T sheets were each Joined to themselves with 5387 and
anodized 17ST and A1l7ST brazler-head rivets, to determine
"the electrolytic effects involved, Neoprene PAW fape was
inserted between the strips and the main panel sheet to.
effect thelr separation., Ih each row of ancdically trsabt-

ed rivets, alternate ones were anodized: (1) in 9.5 percent
' chromic acld electrolyte for 30 minutes at 40 volts and at
35° C: end (2) by the Alumilite 205 process, which ine-
volves treatment in a sulphuric acid slectrolyte followed
by sealing in.a potassium dichromabte solution (no% with
lead salts, as-stated in reference 1). The 24ST sheets
were anodized 1n the chromic-acid electrolyte, except that
the sulphurlc-acid electrolyte was used on sheebs goined
with 535% rivets,

BAn important fact emerging from the tidewater tests for
this series of panels was that the 5387 and the anodigzed
Al78T rivets were very severely attacked when used to jJoin
24ST sheets (fig, 2). These combinations should thérefore
be avolded in aircraft parts, such as pontoona, likely %o
be subjected to immersion in salt water. 3IZEqurally impor-
tant was thae fact that practically no attack odccurred on
penels with anodized 17ST rivets on anodigzed 248ST sheets
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(fige. 2), or with any of the three: kinds of rivets on Al-
clad 24ST, 53ST, -or 535-3H sheets (fig. 3).

The small vertical blabk lines appearing in figure 2,
apd on the other composite photomacrographe that follow,
indicate the planes on which the microexaminations were
made. The actuasl cross sections exanined are pictured in
the small black sguares inserted at the corners of the
Photomicrographs in composites such as flgure 4, On the
cross sections, in turn, appear small circles that define
the area on-which. the photomicrograph was taken,

The. eutack on the 53ST and the anodived AL7ST rivets
on 248T sheet was. but little vorse 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~acid elec-
trolyte. Sufficient disintegration had occurred.during
the first year to make it evident that both alloys were-
anodic with respect to 24ST, The photomicrographs (fig.4)
disclose the geverity of the attack on the rivet heads
and reveal no corroslon om portions of the 24ST sheet ad-
jacent to, or in contact with, the rivets. The attack on
the H3I8T rivets was in part infercrystalliney and corro-
sion was occasionally noted on the shanks of both 5SST
and anodized AL1L7ST rivets, ‘

The microscopic ezaninatlons confirmed the practical
absencs of corrosive attack on either the rivets oxr the
sheets where any of the three kinds of rivet wers used to
join Alclad 24ST, 525-3H, or 53ST (fig. 4) sheet. Such
corrosion as occurred seldom sxceeded 0,002 inch iIn depth
and wag of the ritting type on all the alloys.

The tests also indicated that the Heoprene PAYW tape
promoted corrosive atteck on 24S5T .sheets. In several in-
stances the metal was practically disintegrated and the
accumulation of corrosion »nroducts appreciably increased
the distance between the outer edges of the li- by 4~inch
strivs and the main panel (fig., 4, cross sections). OCon-
slderable shallow pitting, to depths of 0.003 inch, also
occurred on the surfaces .of 535T sheets in contact with
the Neoprene. The extent to. whiech corrosion occurred was
doubtless related, in large measurse, to the original water-
tightness of ths .contacts betueen the metal and the tape.

In the weather—exnosure tests. at tne end of the
first year small localized areas of corrosion products
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vere noted on .most of the rivet heads, as well as on the
sheet alloys, but were least in evidence on the anodized
248T sheet, A%t the end of the second year the areas were
slightly larger, somewhat more numerous, and the .deposlts
of corrosion products were somewhet heavier (fig., 5), and
thare was considerably more attack -on the anodized 243T
shests (fig. 2). At the ena of the second ysar, alsoc, cor-
rosion on the 53ST and the anodized Al78T rivets. Joined

to anodized 24ST sheet was noticeably more advanced than
.on any of the other rivets (fig., 2). The microscopic ex-
aminations revesled that the attack on, the AL78T =nd 538T
rivets was deepest (0.N004 and 0,009 in., respectively) at
the base of the heads near the circumference, where water
would tend to be retalned longest and permit cell reac—
tions. Scottered areas of attack on the 24ST sheet seldom
exceeded 0,002 inch in depth, Bevere sttack (0.0l in.

. deep) was also found on 538T rivets on 5357 sheets. On

the Alclad. 24ST and 63ST sheets slight attack was néted ad-
jacent to or under the anodized AL17ST and 17ST rivet hecds.
The restrlcted volume of electrolyte occasionally present
at such areas was perhaps responsible for such attack for,
in the tldewater tests, where the water covered the entire
panel, the phenomenon was not noted. Although corrosive
attack was more prevalent on all the rivets and vanels
exposed to the weather than on the corresnonding specimens
exposed, to tidewater, 1ts depth seldom exceeded 0,003 inch.
The corrosion on the 53ST alloy in the weather-exposurs
tests, as in the tidewater tests, was parstly intercrystal-
line in character. : :

Unriveted aluminum-alloy panels.- The forged 14ST pan-
els, not anodically treated, were the: most seversly at-
tacked of all the aluminum alloys, both in the tidewater
and weather—exposure tests (fig. 6). The corrosion vas
predominantly intercrystaliine and attained a depth of
0,015 inch in tidewater and of 0.0l inch in the weathé?r af-
ter 2 years. These. pane1s were solution heat-treated in
alr at approximately 940° F, ziven a guench in an agiéous
golution (not in air, as erroneouslv s%a*eo in table IT of
reference 1), and aged. 10 hours at 340 . F,

The Major metal sheets (fig. 6), anodized and unano-
dized, corroded in s fashion gquite similar. to the 1457
alloy, The attack was largely intercrystalline and The
unanodized sheet panels 0,060 inch thick were penetrated
ln spots after 6 months in the tidewater, The specimens
exposed as forged and hest-treated bars, 0.575 inch dian~
eter, had an initial (uncorroded) ultinate tensile strength
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of 46,000 pounds per square inch and an elongation in 1%
inches of 25 percent. Afbter a year in tidewater the val-
ues dropped to 36,500 pounds per square inch and 2 percent,
respectively. : ' T T

Riveted magnesium-alloy panels.- The Downetal M strips
and sheet anodized in accordance with Navy speciflication
PT13a were Jjoined with ANS55S (approximately 4 percent mag-
nesium, 96 percent aluminum), 538T, and anodized 178T riv-
etes, and exvosed both unpainted and painted, The tide-
water tests, which were dlscontinued after 1 year, demon-
strated the superiority of the AIISES rivets for Jolning
thisg 2alloy. These rivets remained in gocd condition;
whereas the 5357 and tlie 178T rivets were alnost entirely
disintegrated,

The anodized 175T rivets on unpainted panels, after
2 years of exposure fto the weather, were in advanced
stages of disintegration (fig. 7), while the 53ST rivets
were also severely attacked. Both were nuch worse abt-
tacked than after 1 year of exposure. The AIB58 rivets,
however, continued %o exhibit relatively little attack.
The Downetal M sheets were discolorsd brown on the skyward
surfaces and were partly covered with a thin nonuniform
grayish~white film of corrosion product on the earthward
surfaces. Ililcroscopic examinations (fig. 8) revealed a
few pits 0.001 inch deep on the AN55S rivets, but the 53S8T
rivets had several pits 0.003 inch deep. Humerous plts
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 1little corrosion occurred on the Dowmetal M sur-
faces whici were in contact with the Heoprene 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 magnegium 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 1% pounds of aluminum paste per gallon.

The microscopic examination revealed considerable pltting
on the B3ST rivet heads, from 0,001 to 0,002 inch deep,
and some pits of the same depth on the Dowmetal M sheet at
areas lmnediatsly adJacent to these rivets,

llogt of the other paints applied to Dowmetal panels
failed to adhere well %o the unanodized rivets. 4 few

7
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additional panels were made on which-both anodized and un-
anodized Ai558 rivete 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 unanod-

dized rivets showed considersbly more corrosion than the

anodized ones. Paints on both types. of rivet failed, bdut

the zmount of fallure on the anodlized heads was somewhat

less than on the .others. Anodization in chromic acidy —
therefore, does not improve palnt adherence on AU558 alloy

to the same degree that it doss on 248T alloy.

Investigaﬁion of Welds

Yelded aluminum-slloy panels.~ The Alclad 248T,
525-%H, 538T sheets, and 53ST extrusions were Jjoimed to
themselves with electric-resistance spot and seam welds.
In pddition, the 525-4H sheets were spot-welded to Alclad
248T or 53ST gheets, and extruded B53ST sectlons were sini-
larly Jjoined to Alclad 248T and 53S8T sheets. Sheets of
525-3H alloy were also geas-—welded (oust joints) to each
other, using 528 filler rods, and to sheets and extrusions
of 538T, using 25 £iller rods.

None of the welded parnels exhibited..much .corrosion
after 2 years of exposure .to Lidewater (fig. ). This rew C
sult indicates that eilther the mnetal on the surfaces of
the welds had potentials approximately eguivalent %o that |
of the remainder of their respective panels or else waere =
somevwhat cathodic thereto. The microscopic examinations
(fiz, 10) revealed that corrosion on the welded or un-
welded parts of the panels was largely confined %o a rel- A
atively few small pits, nearly all being less than 0.001
inch deép. On the 53ST and the 535-3H panels a few small
areas of intercrystalline corrosion occasionally appeared;

a very few had depths of 0,004 inch. The 53ST pansls ex-

hibited more atback, however, than the 525-4H panels. The
gsurfaces of welds joining dissimilar alloys were corroded
similarly to those Jjoining.alloys of the same composltions.

The faying surfaces, which were in metallic coubact, were
relatively free from corrosion. ) T

The panels exbDosed bto the weather for 2 years (fig,
11) were much more corroded, sspecially on the welds, than
those in tidewater. In general, the attack was sgomewha?t
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 nmicroscopli¢ examinations (figs., 12 and 13) of the spot
welds disclosed many pitg (0.001 and 0.002in.) on the
Alclad 248T panels, but in no case was pensetration of the
aluninum protective coating found. On 525-4H welds nuuoer-
oug pits were found associated with some inbtercrystalline
attack, generally 0,002 inch deep, but occasionally 0,006
inch. The welds on the sheet and extrusions of 53S5T alloy
vere attacked similarly to those on 525-3H but intercrys-
talline attack was nore in evidence; and occasionally pit
depthe of 0.010 inch were noted. Little attack occurred
at the faylng surfaces, but some pilts 0.005 inch deep were
detected on the 538T materials.

On the seam welds the atbtack was somewhat mors 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 did also on the 525-3H welds. Seam
welds on the B3ST alloys were occasionally corroded to
depthe from 0,007 to 0,012 inch, The gas welds proper
showed but slight attack. At the Jjunction of the weld
metal with the unwelded parts of the sheets, however, cor-—
roslon 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):
whereas very small cavities, 0,001 inch in dlameter, were
present on a few of the 528-3K welds and cavities as wids
as 0,0L0 inch were found in several of the welds on ex-—
truded 53ST panels. HNumerous cavities, ranging from 0,005
to 0.,01" inch in diameter, were found in the gas welds,

Welded magnesgium-glloy panelg.—~ The anodized Dowmetal
H panels were exposed with electric—resistance spot welds
and with gas welds, both in the unpainteld and the palnted
conditions., The tidewater tests were ‘discontinued at the
end of the flrst year whsesn i1t.becane evidendt that the spotb
welds were disintegrated on the unpainted panels and se-
verely corroded on the painted panels. The gas welds on
the unpainted panels were no voreé corroded than the rest
of the sheet but, on the painted panels, plts 0.03 inch
deep were found in areas of paint failure that occurred at
the Jjunction of the sheet and the weld.

After 2 years of exposure 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
thlckness wasg only 0.064 inch. On the zZas welds, as on
the remainder of the sheet, pitting seldom exceeded 0.007
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inch in depth. On the palnted panels both the spot welds
and the gas welds were practically unattacked, The paint
schedule consisted of 2 coats of Watson Standard Dowmetal
Primer Noe. 1 plus 2 coats of Brooklyn Varnish No. 74, pig-
mented with l% prounds of aluminum paste per gallon.

, Contacte with Digsimilar Hetals

Inasmuch as the ratio of the areas of the two dissim-
ilar metals ig often a determining factor in the resulting
corrosion, most of the panels in this series were preparesd
So that the ratio of-the area of alleoy A was approximately
7:1 with respect to that of alloy B on some, while on
others this ratio was reversed. Ho insulating materials
were used at the faying surfaces and the panels werc not
painted, except where noted. No pansls were removed from
the tidewater racks at the end of the second year, and the
results covered ian this report poertain to the micrascopic
examinations of panels removed after 1 year in the tide-
water and 2 years in the weather racks. o

Contacts of aluminum alloys with each other.~ The con-
tacts . investigated included two-member combinations of al-
loys 24ST, Alclad 24ST, 528-3H, and 53ST sheets, and 24ST
and 53ST extrusions. Joining was effected by means of 17ST
rivets, all anodiged in chronic-acld electrolyte, on all
the aluminum alloy panels with dissimilar netals in contact.
liacroexaninations of tidewater panels removed at the end
of tae first year had revealed that tine Alclad 248T, 525—%H,
and 538T alloys were anodic to 24ST and that severe corro=-
sion occurred on these alloys, pParticularly wvhen they were
small in area as compared with -the 24ST. Iiicroscopic ex-
aminations confirmed these obgervations (fig. 15) and
measurements of the depths of attack on the various combi-
nagtions are given in table II.

T:e 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 examinations (fig. 17 and table II) are in-
cluded for comparison with the panels exposed to tidewater.

Contacts of alunminum alloys with plated steel.— One-
inch-~wide strips of SAE X4130 s$teel, electroplated with
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0.0005 inch of cadmium or zinc, were Joined to the varlous
aluminum alloys. After 2 years of exposure to tidewater
the cadmium coatings were mostly corroded off and rust was
visible on more than 50 percent of the area where contacts
were with 2487, 538T, and 525-%H alloys. The coating was
entirely off where contact was with Alclad 24ST gheet and
the whole strip was rusted. The zinc coatings were al-
most entirely off all the strips and there was more rust
than on tne cadmium-plated strips.

The cadmium-plated strips exposed for 2 years to tae
weather vere all in excellent condition (fig. 18) although
faint traces of rust were visible on the strip in contact
with Alclad 248T. The zinc coatings were entirely corrod-
ed off strips in contact with Alclad 24ST, were mostly off
when in contact with B35T, but were fairly intact when
joined to 24ST and SBS-%H sheots. lilecroscopic examina-
tions revealed little corrosion at the faying surfaces of
either coating with the aluminun-alloy sheets except near
the sdges of the strips, where the attack on the alumianun
alloys was usually very severe (fig. 19 and table II).

The results at the end of the second year, in general, den-
onstrate that zinc 1s anodic o all the aluminum alloys
tested and that cadmium is either slightly cathodic or has
a potential equivalent to that of these alloys. The tests
show that zinc sheets sttached to aluminun alloys may be
sacrificially attacked and prevent corrosion of the aluni-
num where cell action can be maintained more or less con-
tlnuously.

Contacts of aluminum alloys with stainless steel.~ The
stalnless steel Joined to the various aluminum alloys was
one known zs U.S.S. Type 321, containing nominally 18 per-
cent chromium, 8 percent nickel, and 0,5 psrcent titanium.
The first year's tests in tidewater disclosed that the
four aluminum alloys were -highly anodlc and that they were
severely corroded, especlally 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
(fig. 18) likewise revealed much corrosion on the aluminunm
4lloys. lMicroscopic examinations showed that alloys 24ST
and Alclad 24ST were the most severely attacked (fig. 19
and table II), with 53ST somewhat less so, and 525-zH the
least. This result dces not necesgarily indicate the or-
der of the potential differences ianvolved since the 528 -4H
and Alclad 248T alloys are inherently the most reslstant
to corrosion, while 24ST is the most susceptible. The
2487 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 slloys.~ The
aluminut alloys formed the 1- by 4-inch strips attached
to main panels of nickel, monel metal, or Inconel. Hicro-
scoplc ezaminations of the panels ezpose& for 1 year to
tidewater (fig. 20 and table II) indicated that the alumi-
num alloys were probably more anodic to the nickel alloys
than to the stainless steels, Honel-azluminum alloy cou-
ples resulted in the worssg corrosion on aluminum, but the
corrosion was sufficiently severe with 2ll these combinaw
tions to indicate that coupling with these nickel alloys
should be avoided. Oracks resulting from the combined ac~
tion of stresses and corrosion wers found on all strips
of 24S8T and Alclad 2487 in contact with these alloys.

The panels exposed to the weether for 2 years were
alrnost as severely attacked as those in tidewater for 1
vear (figs. 21 and 22 and table II) as evidenced by the
quantity of corroslion products at faying surfaces of the
strips and the main panels. Cracks due to strees corro-
slon wers ‘present only on 4ST strips.

The nickel and the monel panels on the skyward sSur-
faces exposed to the weather were discolored a greesnlish-
gray that was darlker on the monel, Their earthward sur-~
faces were discolored grayish green. Falnt rustlike spots,
from approximately 1/8 to 1/4 inch in diameber, occurred
on the Inconsel panels, particularly on the earthward suY -
faces.

‘Contacts of sluminum alloys with magnesium 8lloys.-
Dowmebtals Il and E were exoosed in contact with alloys 248T,
Alclad 24ST, 5357, and 525-4H. The tidewater tests early
demonstrated that the two magnesium alloys were anodic %o
the aluminun alloys, Corrosion resulted in the deposition
of a coating of basic magnesium carbonate upon the alumni-
num allorys. - A base, perhaps sodium hy rdroxids, wvas doubte
less formed at some stage in the reaction, vhich in turn
caused extremely severe attack on the 24ST and the Alclad
24ST 2lloys. The attack was not so seévere on the 5357 and
528~%H alloys, probably owing to their innerent resistance
to corrosion.

FTew measurements of the depth of venetration were mads,
since visual exzamination of the original surfaces and of
cross sections (fig. 23) deplcted the extent of the attack
satisfactorily. .

Corrosion was also severe on the unpainted panelsg ex
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posed to the weather (fig. 28), but the painted panels were
in relatively good condition after 2 years (figs. 23, 24,
and 25), The panels were painted with 1 coat of Watson
Standard Dowuetal Primer No, 1 plus 3 coats of Brooklyn
Varnish Ho. 74 pigmented with 1% pounds of aluminum paste
‘per gallon, The photographs illustrate that corrosion was
much less severe where Dowmetal H, instead of Downmetal H, -
was counled with the aluminum alloys. -

~ Contacty of magnesium alloys with egch. other.— The
tidewater tests, which were discontinued at the end of
the first year, indicated that Dowmebtal M was seversly at-
tackef when in contact with Downetal H. The unpainted
panels, after 2 years of exposure to the weather, were in
falrly good condition althouglk consgiderable »itting was
found on the Downetal H sections (figzs. 24 and 25). The
panels painted with 1 coat of Watson Standard Downeisgl
Primer No, 1 and 3 coats of aluminum-nigmented Brooklyn
Varnish remained in good condition,

Contagts of magnesinm alloys with stainlese gteel.-—
The couplings of magnesium alloys with stainlesge steel
proved the worst of all the dissimilar metal contacts
tested, and corrosion of the magnesgium alloys in the tide-
water tests was exceedingly ranid and resulted in thelr
quick disintegration. The unpalnted panels exposed Lo the
weather for 2 yeszrs were much more severely attacked than
after 1 year (figs. 24 and 25). Oracks resulting from
the combined action of stress and corrosion were found on
gsome of the Daownetal couplings, as notsd later. The
prainted panels, however, were in falrly good condition,
although peint failures by reason of poor sdherence oc-—
currel on the stainless-stcel strips.

Stress corrosion.- The presence of cracks, vhich
tended to follow intercrystalline boundaries, was noted
on the following: (1) 2487 strips coupled with the nickel
alloys or stainlesg steel, 1n bothr the tidswater and
weather tests; (23) Alclad 24S8T strips coupled with the
nickel alloys or stainless shesel (fig. 25) in the tide-~
water tests only; (8) Dowmetal H sirips Joined to 24ST
and EZS-%H alloys, after 2 years of exwosure to the weather;
(4) stainless—steel strivs Joined to Dowmetal ii (fig. 26),
after 2 years of exwosure to the weather, '

The cracks were undoubtedly caused by the combined
action of corrosion and stress., The gtressges were nark-
edly increased by the accumuletion of cdérrosion products
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at the faying surfaces. It was suspected that the pres-
ence of the cbmppﬁnd'..gcl anong the eorrosion products
may iave augmented the cracking of the stalinless stesl
strips on Dowmetal M panels. ch:oanalytical and electron
diffraction tests, however, indicated that no solid phase
of that compound was present. The products were adJjudged
to consist malanly of a jelly of hydrous magpesium carbon-
ate, Between the steel and the Downetal Il sheet and ad-
Jacent to the steel there was a film of.nearly opaque
white matter, Next to the mazgnesium was a translucent,
dense, slightly smber layer containing:an undisgsolved 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 Dby bending the parels at different debrees.

Investigation of Protective Coatings o

Paints on anodiged 248T gluminum alloy.-—~ The palnt
schedules" (fig, 27) applied to 24ST glunminum'alloy were
generally.in - excellent condifion in both the tidewaber. -
and the. weather—-egxzposure tests at the end of-2-years. -In
the tidewvater tests. aluminum-pigmented finish coats of .
Fuller lacquer. (Javy specification Ll2a) anfi of Prath. and
Lambert ﬂumoer 10 aluminum nixing varnish (HaVy specifi-
catlion 52V15h) failed to adherse in sonmne areas when applied,
respectively, over Berry Brothers 3164 Primer (Navy speci-
fication P27) and Brooklyn Varnish P-14 Primer (Javy spec-
ification P23). liicroscopic examinations, however, re-
vealed no corrosive attack oan any of the painted panels.,

Surface trestmemts and paints on masgnesium alloys,.-
The protective surface coatings on the nagnesium alloys
were applied to determine which of the paint schedules
would wnrove the most effective, and to determine the rel-
ative merits of the "cnrome—nicble" andéd of the anodic
(ITavy specification P713a) surface treatment with respect
to lmproviang adherence of the paints.

No painted panels wbre renoved from the tildewater
racks at the end ' 6f the second yevar, but inspections re-
vealed that palnt fallures were: becomin -geneéral on all
but four of the schedules. These werel - -

(1) One coat of Watson Standard Dowmetal Primer No, 1,

oné coat of the same with 1 pound of aluminum paste (Ho.
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1571 Albron Extra Fine Lining Paste used throughout) per
gallon, two coats of Brooklyn Varaish No. 74 with 1%
pounds of aluminum paste per gallon.

(2) Same as (1) except that a third coat of the pig-
mented Brooklyn varanish replaced the second coat of pig—
.mented primer,

. (3) One coat of Bakelitbe XE8483 primer, one coat of
the same with 1 ounces of aluminum paste per gallon, and
two coats of Bakelite XE3944 with 1% pounds of aluminum
peste per gallon.-

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

The superlority of four-coat paint schedules on mag-
nesium alloys was demonsbrated, and the advisadbllity of
pilgmenting the second coat of primer with aluminum was in-
dicated from the tidewater tests.

In the tidewater tests, also, fallures on the ano-
dized Dowmetal M penels were, in general, much more ad-
vanced than on the chrome-plckled panels, even with the
‘paint systems already listed as superior. On the Dowmetal
H panels, at the end of the second year, no differences 1ln
the amount of paint failure were obgerved on panels givan
either of the two surface treatments.

In the weather-exposure tests, at the endof the sec~
ond year, most of the palnts were in good condition (fig.
28). PFallures were generally confined to the unanodized
AliEBS rivet heads and to the edges of the panels,., iilcro-
scoplc examinations (fig. 29) revealed occcasional decp
pits at areas adjacent to rivet heads.

EXPOSURE TﬁSTS OF STAINLESS STZ3L

Haterials and Procedure

The principal purpose of the exposure tests of staln-
less steel was to establish the relative corrosion re-
sistance of. the 18:8 type alloys, with and without addi-
tion of the cugstomary alloying elementsg, such as molybdenum,
titanium, end columbium, The steels were nearly all cold-
rolled sheet, 0.018 inch thick, with polished surfaces
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pagsivated by immersion 1n 20-percent nitric acid at about
60 0 for 1 hour. Electric~resistance shot-welded panels
of each steel were also exposed, each protected at the
faylng. surfaces with a petrolatum paste containing copper.
Each weld was rubbed lightly with emery to remove the
light film of oxide (not carbide precipitates) vwhich forms
owlng to the high welding temperature and which may cor-
rode to »produce undesirable staining.

The steels had the followiﬁg approximate percentage
compositions: .

0

U.S.S. Chromium - Nickel Carbon Addition element
type L
oz |- 18 7 0.10 . -
306 19 9 .09 ) —
317 18 11 .08 3,7 molybdenun
321 18 | 9 .07 .5 titanium
347 18 10 .08 " .5 columbium
_—— o 16. - |- "li .08 . _ ‘ —

liacroscopic examinations were supplemented by flex-
ural fatigue tests on unwelded panels, & Krouse machine
intended specifically for testing sheet spscimens being
used, These tests were conducted by J. A. Kiles, who de-
signed the specimen {(fig. 30) and perfected the method of
testing, W. L. Holshouser, and G. R. ilcConnell (all.oﬁ the
National 3ureau of Standards), to whom the authors ex-
- press thelr indebtedness. S

Results 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 localized areas on the 16:1 chromium-nickel
alloys. Rust on the paiiels exposed to the weather was
greater In extent and somewhat more heavily deposited &t
the end of the second year than at the end of the first
year (fig, 31). ZRusting continued to be worse on the
16:1 alloy, and notably much less on the steel containing
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3.7 percent mélybdenum than on the others. A%t intervals
of 6 months or less after the first year the rust was
cleaned from some panels of the stralght 18:8 +type. A
cleaner commercially known as Nu Steel proved very effec~
tive in removing the rust. iiinute 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
exXxposure racks during the firset 2 years., The endurance
limit values reported may be regarded as amccurate only in-
sofer as they serve to presént a basls of comparison be~
tween the alloys tested. The values given (fig, 32 and
table III) represent a sgbtross, the half rangoe of which was
calculated to be within 800 pounds per squarc inch of the
next highest stress, which resulted 1n fatigue failure,
provided that at least two runs past 108 cycles nad been
made. :

The fatigue tests disclosed that stecls exposed %o
the wcather consistently showed greater loss in sndurance
1imit than wvhen exposed to tidewater for the same period
of time, The steels containing 3.7 percent molybdenum or
0«5 percent titanium behaved sgimilarly and both exhlblted
appreclably less loss in endurance limiteg than did the or~
dinary 18:8 steel or one containing 0.5 percent colum-
bium, The resulte i1llustrate that the greater part of the
losses for all the stecls occurred during the first year
of exposure and that the-rate of corrosion decelersted
during the second year.

Some panels of stainless steels containing 3.7 and
2.5 percent molybdenum, respectively, were placed in the
exposure tests after the main serios began., None of these
ranels has yet been renoved for test, but visual examing-
tlong have shown that rust was slightly more prevalent on
the steel with less molybdenum at the end of the second
vear. The difference was so little, however, as to be ad-
Judged immaterial for most practical purposes.

A few stalnless-steel panels coated with Hercose AP,
Hercose 0, Dupont RCX55554, 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. Polished stalnless steel presents a surface
to which mogt paints are not adherent.

‘I
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A series of stainless-steel panels of various compo-
sitions wvae also ingerted in the tldewater racks at month-
ly intervals from June 1939 through ilay 1940, Panels in- R
serted from June through September weré covered with or-
ganie growths, whilch were thicker and differed markedly in
appearance from the others at the end of the year, but
such differences in time becams less noticeable., Hone of
the panels has yet been removed for test, )

A few stralght 18:8 panels wvere exposed both as
cold=rolled and after heating at 440 F for 24 hours. The
heat-treated specimens contalned less rust after a year
than the cold-rolled panels.

Currently in progress are programs embracing (1) the
corrosion behavior of stalnlesgs steels with various sur-
face treatments and with different finishes, (2) differ-
ent systems of insulation deslzgned to minimize electro-
lytic corrosion when magnesium alloys are in contact with
steel or aluminum alloys and, (3) a comparison of the
results obtalned on metals exposed to the weather and sea
water at Hampton Roads, Va., Chapman Field, Fla., and
Cape Fear, N.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 tregtments on S
maghesium alloys, particularly with respect to their abll-
ity to improve paint adherence, (3) spot welds on alu-
minum alloys avplied 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 concluslions that follow are pertinent to panels
exposed for 2 years under extreme saline conditionsl_as
exemplified by tidewater tests or weather sxposurs with
the metals in close proxinmity to salt water.

'ls. The panels were, in general, somewhat more cor-
roded at the end of the second than of the first year,
particularly those with dissimilar metals In contact. 1In
most instances the rate of corrosion durlng the second
year was not as rapld as during the first,

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 5357

and anodized 245T were somewhat more susceptidble to attack,
wvhile the alloys containing copper, such as 24ST, 14ST, and
lia jor metal were .much more susceptible. :

3. Anodized Dowmetal M avpehred more resistant to
corrosion during the first year than anodized Dowmetal H,
but during the second year developed considerably larger
plts than Dowmetal H,

4, ©Stainless stesls containing 2.5 percent molydbde=-
num were very slightly more susceptlible to'corrosion than
those containing 3.5 percent molybdenum, as Judged by the
rust on panels exposed to the weather for z'yeers. At the
end of 3 years the stainless steel containing 3.7 percent
molybdenun was much ‘less rusted than steels wlth additions
of columblum or titanium, or than those without additional
alloying elements. A 16:1 chremium-nickol 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 f;exural fatigue tests on corroded panels demon—
strated that endurance limit -losses were lower for %the
steels containing molybdenum or titanium (approxzimately
9,000 1b/sq in,) than for those containing columbium or no
additlonal alloy element (approximately 14,000 1b/sq in.).

5. Anodized 17ST rivets proved -far better than 53ST
or anodized A17ST rivets for Jjolning aluminum alloy 24ST.
All three were satlisfactory for Jjoining aluminum alloys
528-3H, 53ST, or Alclad 24ST but- the 53ST rivet heads on
these alloys, in the weather—exposure tests only, were
somewhat more corroded and exhibited infercrystalline at-
'ba.ck-

.6+ AHN555 rivets proved far superior to 53ST or ano-
dlzed 178T rivets for Jolning magnesium alloys. Anodic-
ally treated AM55S rivets were somewhat more resistant to
attack and paints applied to them adhered somevhat better
than on unanodized rivets. Anodization was not so effec-
tive in improving adherence of paints to AliIBES as 1t was
to alloy 2437, .

7. The welds on alloys 525-3H, 53ST, or Alclad 2487
were anodically protected in the tidewater tests dbut were
corroded in the weather tests. Gas welds were the least
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attacked, spot welds next, and seam welds the most ab-
tacked., Welds on 53ST 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-
sigtant %o corrosion as the rest of the sheet, but spot
welds were seversely abttacked. Welds on painted panels
were practically unattacked after 2 years of exposure Yo
the weather,

3

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 conteining molybdenun,

10.. The area ratio between any two dlissimilar metals
in contact proved very important and was frequently the
determining factor in the amount of corrosion, The anpdic
metal was usually very much’ more severely corroded when
its area was small as compared witia that of the cathodic
metalu .

11. Alloys 525-4H, 53ST, and Alclad 24ST were but
slightly corroded when in contact with each other but il
wvere anodic to alloy 245T and were attacked when in con-
tact with it.

12, Alloy 525-%4H invariably was the least attacked of
the aluminum-alloys when they were in contact with dis-~
similar metals. Alloy 538ST was usually considerably more
corroded, while attack on 24ST and Alclad 245T alloys was
severe, This result does no%t necessarily reflect the
true potential relationships involved, owing principally
to inherent differences in the resistance of the various
aluminun alloys to corrosion.

13, The aluminum alloys were anodic to stalnless
steel, nicksl, monel, and Inconel and were Very sevVerely
attacked when exposed in contact with them.

14, 3Blectrodeposited coatin s of cadmnium on SAE X4130
steel strips attached to aluminum-alloy panels werse ;n 86X~
cellent condition and intact after 2 years of weathér ex-~
posure, Electrodeposited zinc coatings on the same steel
were mostly corroded off when Jolned to Alclad 24S5ST and
53ST sheets. Wheh joineld .to 525-4F and 24ST sheets, the
zine was attacked but was not corroded off t6 the sanme
extent.
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15, The magnesium alloys wers very anodic to aluminum
alloys, or to stalnless steel. The -adjacent aluminum al-
loys, especially 24S8ST and Alclad 248T, were in turn severe-
ly corrodsd by a base produced during. the formstion of the
resulting corrosion product, which was a basic magnesiunm
carbonate, Dowmetal H proved anodic to Dowmetal H alloy.
Palnted panels exposed for 2 years to the weather were but
slightly corroded.

16, OCorrosion products that accumulated at the faying
surfaces of the dissimilar metals ralsed the stresses in
some instances enough, with the combined corrosive actlon,
to cause cracks to form in the strips. Such cracks werse
found on 248T and Alclad 24ST strips coupled with nickel
alloys or stalnless steel,. on Powmetal H stripe coupled
with aluminum alloys or stainless steel, and on stainless~
steel strips coupled with Dowmetal M,

17. Painted anodiged 2487 panels, with naint sched~
ules utilizing good grades of aluminum-pigmented varnishes
conforming to Navy Departument Specifications V10, Vil, or
52V15b, were in excellent condition after 2 years of 8X—
posure.,

18, The magnesium-alloy panels, painted with good
grades of aluminum-pilgnented varnishes, were in excellent
conditlon after 2 years of exposure to the wegther, ex-—
cept for slight failures at the edges of and adjacent to
those rivet heads from which the peints were off. Paint
fallures in the tldewater tests became advanced during the
second year on three-coat paint schedules. Schedules inw
volving two coats of P27 type (zinc-ciromate pigments)
primers and two additional coats of sluminum~pigmented var-
nishes of good grade usually renained in good condition,
egpecially when the second coat ¢f primer was alge aluminum
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 cons®derably, more sadvanced on
the anodized (PT13a) Dowmetal M panels than on those given
the chrome~pickle surface treatment and exposed to tide-
water. On .the Dowmetal H panels, after 2 years of expo-
sure, no differences were observed in ths amount of paint
failure regardless of which mathod of surface treatment
wes Lsed. ST s e - . ..

National Buresu of Standards, o
Vashington, D. C,, October 2, 1941.

Y
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NACA Technical Note No 842 ) Tables I and III
TABLE I. EXPOSURE PERIODS FOR THE VARIOUS KINDS OF PANEL
(The symbol x indlcates that one panel of each kind was withdrawn from the exposurs rack)
Exposure period, months
Kinds of panels withdrawn from exposure racks idewater Weather
1/15 1 73 12 | 24 36 7% | 18 | 24 | 36

Alumingum alloys, (1) riveted, (<) spot-welded, (3)

seam-welded, (4) painted x x x x x x& x
Aluminum alloys, (1) gaa-welded; (2) in contact

with (a) each other, gb plated X4130 steel, x x x b x x x

{c) stainless steel; (3) alloy 148T :
Major metal (MEDAS) x x x X
Aluminum alloys, insulated from stalnless steel X
Aluminum alloys, in contact with magneslium alloys
Stainless steels, in contact with aluminum alloys
Niockel alloys, in contact with aluminum alloys x x b 4 x X X
Magnesium alloys, palnted with (a) chrome piockled

surface, (b) anodized surface
Stainless steels (original series) x x x x x x x°
Magneglum alloye (painted), (1) in contact with

(a) each other, (b) aluminum alloys, (c) stain- x x x x x x

less steel; (35 riveted; (3) gas-welded; (4)

spot-welded
Magneseium alloys (unpainted); (1) in contact with

a) each other, (b) aluminum alloys, (c) stain- x x x X x x

less -steol; (25 riveted; (3) gas-welded; (4)

spot-welded
Stainless steel, in contact with nagnesium alloys X x x b ¢ x x X

aRjveted panels, numbers .3, 3, and 6 were lost

boontact panels, numbers 36 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 ENDURANOE LIMITS OF STAINLESS STEELB TESTED IN KROUSE

FLEXURAL FATIGUE MACHINES BEFORE AND AFTER EXPOSURE TO TIDEWATER OR THE WEATHER AT HAMPTON ROADS, VA.

Fatigue propert]
Stralght 18:8 18:8 + 0.5% 0b 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/eq in.) (1b/sq in.) (1b/eq in.)

. | §one, uncorroded 68,000 - 75,700 - 74,500 — 64,700 -
Tidewater, 7} months| 61,000 10.3 64,000 15.4 . 70,500 5,4 61,500 4.9
Tidewgter, 1 year 56,500 16.9 66,000 13.8 71,000 4.7 59,600 8.0
Tidewater, 2 years 62,000 8.8 64,000 15.4 68,500 8.1 69,000 8.8
Weather, 74 months 56,000 17.8 62,000 18,1 65,000 13.8 58,500 12.7
Weather, 2 years 55,000 19.1 58,500 31.4 65,000 12.8 55,500 14,2
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Table II

TABLE II. DEPTH OF CORROSION MEASURED ON PANILS HAVING ALUMINUM ALLOYS IXPOSED IX
OONTACT WITH IACH OTHER OR WITE DISSIMILAR METALS
Qorrosion range of average maximum depths, thousandths ‘inch*t
Main panel l1- by 4-1lnch On main panel at On strips, outer On strips at
strips faying surfaces surfades faying surfaces
Tidewater ¥eather Tidewater ¥Weather | Tidewater Woather
1 year 2 years 1 year 2 years |1l year 2 years
2487 Alclad 2487 5-8% o-:.'g 3-3. 1 3-4° 1-
3487 538T 2-3* 0-1p 5-10 3-3¢ 15-248 6-8'0
2487 6387, extrusion 1.5-3% 0.1} 10-17¢ 7-8% 13-203 8-18°%,
2487 538-4H 348 0.1 11-13 0-1 12-15 15-18
Alclad B48T 2487 a-a.s'g:c 3-2.6%:¢ | 0-1 1-1.5 1-3 1.5-8
Alclad 2487 2487, extrusion 2-2.5°°° 28-3,58:° | o-1 1-1.5 1-3 -3
Aloclad 348T 5387 1.0-1,66:4 | 1-38 o-1 3-40 0-1 1-3¢
Alclad 3487 B38T, extrusion 1-1.58» 1-1.58 1-2 3-4% . | 1.5-2¢ 2-2!5°
Alolad 248T | 5388-3E 0-18: 0-16 0-1 o-1f 0-1 0-1
5387 248T 7-140:8 §-70,@ 0-1 0-1 0-1 0-1
5387 3487, extrusion a-z&.e 5-g&>8 0-1 1-3 0-1 0-1
5387 Alclad 2348T 0-18 1-26.2 o-14 1-1.54 |o-1d 1-1.64
538T 538-}E 0-18 1-28 0-1 1-3 0-1 1-3
B28-3H 348T, extrusion | 2.6-30% 1o-éeb-8 0-14 0-1, 0-1 4 0-1,
538-4H Alclad 248T 1.5-281 o-1 0-1 1-3 1-1.5 1-2
528-3E 5387 0-18 1-28 0-1 3-5° 0-1 0-1
538-iE 5Z8T, extrusicn 0-18 1-1.58 0-1 2-3° 0-1 0-1
2487 X4130 Steel +0d | 10-g0%D 0-1P 2-31 0-1¢ 1-21 0-14
Alolad 2487 | X41230 steel+ 0d | 0-2 :g’g 0-18:4 0-1° 0-1° o-14 0-1°
638T X4130 steel+ Od 13-60.° 0-18 0-1° 0-14 0-14 o0-14
538-3H X4130 steel+ 04 ] 10-80° 0-18 0-1° 014 0-1¢ 0-1¢
2487 Y4130 steel+ Zn | 1-60>R 1-2‘; 3-41 a3l 1-31 1-a¢
Alclad 2487 X4130 stesl+ Zn | 3-230% 0-1 1-23 0-1° 0-1 0-1
5387 Y4120 steel+ 2n | 10-2352:8:R 2o-gob»° 1-3 2-3 o-1i 1-a1
538-}H Y4130 steel+ Zn | 5-10%:8 o-1 1-2 0-1 1-3i 0-1°
2487 180r,8 N1,0.5 T1 | 40%:B n 40%18 410 ’ 0 0 o}
Alclad 2487 180r,8 Ki,0.5 T4 | 15-34%:%:° a-zﬁsa' (o} 0 0 0
5387 180r,8 Ni,0.6 T4 | 5-68 : 4-50:8 o 0 0 o}
538-38 180r,8 N1,0.5 T4 | 10-20P» B-8% o 0 0 0
180r,8 n& , 248T © 0 0 20-34% 3-g% 10-18 30-244
Do Alclad 3487 0 0 3.5-3%1 3-6% 18-20 z.ghri
Do B3ST o} 0 20-30%® 4-5°°° 30-40° 15-40°:1
Do 538-3H o ] 3-7% 1-4P 38-40 5-8
Fickel 2481 o* od 34, 3-38 25-35%:4 80-g35:4
Nickel Alclad 348T o* ) 1-3%» 3.5-3° 30-32%»J 2.5-3.5
Nickel 538T og ob 18-308,b 5-88,2 15-308,b 10-162,2
Kickel 538—3H o o0& 18-158 2-4f:b |35 308 10-20f,2
Monel 248T o o® 3-5 4-BB 35-40K, ] 30375 3
Monel Alolad 348T os o* 3.5-3%1 3.5-3%)0 | 35-40K,3 13-33%,b
Monel 538T 02 op 13-15%:8 4-10%:8 | 35-40K:0 10-13°:0
Monel 52B~3H o ob 30-33h 3-48 30-30R ag-z0e,b
Inconel 2487 o* o2 3-4 5-7B 25-37514 z5-40F+J
Inconel Alclad B48T os ob 3-3% 2-3.61,B | 33-36%:J 18-35K,B
Inconel 5387 op 08 10-158>0 3-4%8 | 15-30F® 8-108,0
Inconel 538-3H oP o8 5-8 3-4T>B | 30-24% 8-1

lvalues from O-1 indicate that corrosion was usually less than 0.0005 inch deep.

&congiderable corrosion products accumuiated at faying surfaces, etrips forced away from panel.
baome corrosion products accumilated at faying surfaces, strips partially forced away from panel.

cProtective coating penetrated in some places.

dprotective coating not penetrated.
8Intercrystalline attack present, usueslly associated with oits,
frraces of intercrystalline attack present, usually assoclated with pits.
8very 1ittle corrosion products at faying surfaces. .
Battack segregated or especially severe along line where edge of strips contact the main panel.

1?:0“01;110 coating practically all corroded off.

jstreal-corronion cracks present.

kS'l::r.-j.pﬂ or panel in advanced stages of disintegration.
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Figare 2.~ Rivets used on 24ST alloy panels exposed for 2 years. Note the advanced dlaintegration of
. the 53ST and the anodized A175% rivets exposed to the tidewater as compared with those ex-
posed to the weather, and the relative abasence of attack on the anodized 175T rivets. In this, and
21l slmilar photographs that follow, the largs letters at the right apply to the entirs horizontal
rowa, while those at the tops or bottoms apply to the entire vertical rows. x 1 (4 and 6),
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Flgare 3.~ Rivets used on panels of Alclad 2457, 53ST, and 525-3H alloys exposed to tldewater.
Feither the rivets nor the sheets are corroded, x 1/2 (5).
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AI7ST RVET

245T

ALL 75T & AI7ST RIVETS
AND 24ST PANELS WERE
ANODIZED-

ALL PANELS EXPOSED FOR
2 YEARS,

17ST RIVET
24sT WEATHER

Figure 4.- Corrosion on rivet heads and 53ST end anodized 24ST sheets.

Attack was especially severe on 53ST and anodized Al7ST ri-
vets joined to 24ST sheet and exposed to tidewater. Photomicrographs,
x 25; cross sectioms (in black rectangles), x 1/2.



FNACA Teckmical Note No. 842 Fig., b

At-

1loys exposed o the weathsr.
than in the tidewater tesis.

535, and 528-3H a
t was, in general more severe
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Rivets used on panels of Alclad 245

tack on . both rivets and shee

F:lgu.re Se=
x 1/2 (6).



NACA Technical Note No. 842 Fig. 6

Figure 6.« Forged 14ST and Major metal (MK9AS) panels exposed to tide=-
water. These alloys were the most susceptible to corrosion
of a.ll she aluminum alloys included in the test. x 1.
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Figare 7.~ Hivets on Dowmetal M panels exposed to the weather. The AM 555 rivets were very mmch less
attacked than the 53ST or anodized 175F rivete, Tho paint coating, however, protected both
the rivets and the sbeet from attack. x 1/2 (8). ‘
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53ST RIVET (ON ANODIZED 53ST RIVET
DOWMETAL M) '

WEATHER—2 YEARS -

ANODIZED 17ST RIVET

Figure 8.~ Corrosion on rivets used for joining Dowmetal M sheets. At-
tack was least on the mnranodized AMS6S, intermediate on the
63ST, 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 slloy panels remained practically 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),
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Figure 10,- Microscople examinations of welds on aluminum-alloy panels exposed to tidewater revealed
that corrosion was confined to small isolated areas and that corrosion depth geldom ex-

P, PRt - A Y

coaded 0.002 inch, x 50.
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shallower than on the other alloys but penstrated the protective alumimm coating in some instances, x 50.§
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_____ B T U

f—————— -

H.  EXTRUDED 53ST .

"WATER-75 MONTHS 2 . WEATHER-I YEAR"
o EXTRUOED 53ST “EXTRUDED 535T SEAM WELD
Figure 13.- Photomicrographs of welds on aluminum-slloy 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, €
= 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 528-3-1{ alloy. G - Inter=-
crystalline corrosion on an area of the sheet remote from a weld, H and
I - Intercrystalline corrosion on welds. x 60,



Figure 14,- Surface
appear-
ance and cross sac-
tion of Dowmatal M
vanels with spot
and gas welds expo-
sed to the weather.
The spot welds ware
suscepiibie to cor-
rosion owing to
contaminations of
copper derived from
the electrodes used
in welding, The gas
welds were quite
resistant to corro-
slon and were at-
tacked, in gemeral,
less than the rest

ef t}l‘s lr\ﬂM1

Painted panels were
rolatively free
from corrosion, Mi-
crographs, x 1/2;
photomicrographs,
x 25. (12),
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Mgure 15,- Cross
soc=
tions showing ale
uminum alloys ex-
posed to tidewh-
ter in contact
with each othser.
Note that the #la
clad 24ST, 528-3H,
and 535T were an-
odic to 24ST alloy

and mawme samsmandal
aGd Welc SSpeCiliu=

ly severely at-
tacked when 245% 2457

was the main panel, 2487 iy ¢

The lack of proxe
imity of etrips to
ths- panels, in
some instances, is
a criterion of the
amount of accume-
lated corrosion
products at the
faying surfaces
which forced the
sheets to separate,
Photomicrographs,
x 25; smeller cross
section, x 1/2,

(12 and 14),

TR

19 *oN e10H TeoTwdeLn VOVH

ar ‘31



1

u:g’_;.- i

i L
e b i L
Figure 16,- Surface appearance of aluminunm allcys exposed to the weather in contact with each other. Ac-

cumlations of corrosion products at the faying surfaces were usually wuch less than when
the seme mlloys were exposed to tidewater or were in contact with more dissimilar metels. x 1/2 (13 & 14)
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Tigure 17.- Cross sections showing aluminum alloys exposed to the weather in contact with each other.

Corrosion owing to electrolytic effects were gimilar to those observed in the tidewater tests
but were usually less severe. Photomicrographs, x 25; smaller cross sectioms, x 1/2,
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electro-
deposi-
ted
coatings
of gine
and cad-
mium,
and with
8taine-
leas
steel.
Cadmium-
plated
strips
remsined

in valn.
winuedh o W e

tively

excel=

lent

condl-

v ‘ ither partisl or complete at&ges O
re in e T par r

Et:hztzx ;;.;::?:u;:‘aces of one oli)‘aths 2451-stainless steel cOm'bi.nati_,ons separated the metals

¢nough to cause one of the rivet heeds to break off. x 1/2 (15-16).

w_ NawrAacian nrnc
AP Wik b VA WA M

e
<

2P e "oN 940:11 TedTaoe] VOVN

g1 ¥4



NACA Technical Note No. 842 Pig. 19

CADMIUM-PLATED STEEL PN cosiv

s28iH - sesiH STANLESS STEEL

S ——— .
ZING-FLATED STEEL E STAINLESS STEEL E sas‘&u . E
‘ GACHIM-PLATED STEEL STAINLESS STEEL' . - 835T

s3sT - ssT ool

<

WEATHER~2 YEARS

24ST

ZINC-PLATED STEEL STANLESS STESL E

STAINLESS STEEL

Figore 19, Cross section showing aluminum alloys exposed to the weather

in contact with electrodeposited coatings of cadmium and
zinc or with stainless steel., dttack 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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TIDEWATER  s2si#H

| YEAR
NICKEL

Figure 20.- Cross sections showing nickel alloy panels exposed to tide=
water in contect with aluminum alloys. Attack on the alume
inum alloys was very severe in every instance. Note the stress-corro-
sion cracking on the Alclad 24ST strips joined to Incomel (upper right
corner). Photomicrographs, x 25; smaller cross sections, x 1/2 (17).
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KRECS EXPOSED TO WEATHER=
RS. TARTHWARD SURFACES,
s e, 4 S KA

Pigure 21l.- Nickel alloy panels exposed to the weather in contact with

aluminum a2lloy strips. The presence of consideraltlie corro=-
sion products along the edges of the strips indicates severe attack
owing to electrolytic effects. x 1/2 (17).
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NICK. - :
IALc._24$r _ _é

A_ANODIZED (7ST RIVET L _.2451' o .
2451-‘#7—- i o .

MONEL "~

Figure 22.« Cross section showing nickel alloy panels exposed to the
weather in contact with aluminum alloys. Compare with Tig-

ure 20. Note cracks on 24ST strips in contact with nickel and monel met-

al. Photomicrogrephs, x 25; small cross section, x 1/2,
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PANELS STRIPS PANEL P
PAINTED S PQ!%EFLF::SD

'rogs sections showing aluminmum alloys exposed to tidewater and to the weather Iln contact
with magnesium alloys. The magnesium alloys were the strlips attached to larger areas of
aluminum alloys 4in the first and fourth vertlcal columns; in the other vertical columns the aluminum
alloys. were the strips. Penels in the tidewater tesis were in advanced stages of dlsintegration, ox-
cept when painted. Unpainied penels with Dowmetal M atrips were also severely attacked in the weathsr,

x1 (13)0
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Figure 24.- Surface appearance of penels exposed to the weather with ma
each other, with aluminum alloys, or with stainless steel.
relatively good condition, x 1/2 (19-20).
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Flgure 25.,~ Cross
gac-
tions of pansla
exposed to the
weather with mag-
negium alloys in
contact witk each
other, with alum-
imam alloys, or
with atainless
steel. Painting
was effective in
preventing olec-
trolytic reec-
tions at the hy-
ing surfaces ox-
cept near the
edges of Alclad
245T, 24ST7, and
atainless-stesl
atrips., Severs
corrosion wag
present on cor-
responding vn-
painted penels.

Photomicrographs, ..

x 25; smaller
cross sectlons,
x 1/2,
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o ——

ANODIZED 17ST RIVET =iy

’

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

showing large amount of corrosion product preseat on couple of (a).

x 2. C - Cracks in Alcled 24ST strip attached to & stainless steel

panel. x 50.
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Pigure 27.- Skyward surfaces of anodically treated 245T 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 proncunced than at the end of the first year. The rest of the coatings wers
in excellent condition. x 1/2 (21).
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Figore 28.~ Surface appearance of megnesium alloys exposed to the weather with various protective paint’

coatings. Most of the paints remained in good condition, except at the rivet heads and at
the edges of the strips of the main panel. x 1/2 (22).
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CHROME-PIXLED

IWATSON DOWMETAL 1 (P27)
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Figure 29.- Cross sections of magnesium elloys exposed tothe 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 ths AM55S rivet heads. Photo~

micrographs, x 25; smaller cross sections, x 1/2.
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Erouse sheet fatigue specimen

Pigure 30.~ Sketch showing design and.dimensions of specimens for tests __

in the Krouse flexural fatigue machines. x 1.



Flgure 3l.~

Stainlesas i S5440T WELDED STA|NLESS
uptall ' WEATHER 2 YEARS., @KY-- :

varions .',1' 1, -
tions, Loy : "f" i o e
exposed 1449 . “"3 v ; j-’
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fiderably
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dition element shown. Rust on the welds was generally worse than cn the rest of ths panels. Deposits
on the steel containing molybdentr were very much lighter than on the other steels. x 1 (26),
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Figure 32.~ Bewults of flexural fatigue tests on stainless steel, Solid line curves pertaln to speci-
mens exposed to tidewater; broken-line curves partain to specimens exposed to the weathar,
The upper curves, in each instance, refer to valuss for endursnce limits: the lower curves to porcent-

EXPOSURE PERIOD - MONTHS

age loss, Penels exposed to the weether consistently showed greater loss than those exposed to tlde~
water for equal periods. Steels containing molybdernum or titanium exhibited appreeiably lower losses

 than those with columbium,
. nickel alloy (Type 306),

or with no eiemenis added to tbs typical 18 percent chromium, 8 percent
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