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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric English 

Symbol 
Abbrevia- Abbrevia-Unit tion Unit tion 

Length _______ l meter __________________ m foot (or mile) _________ ft. (or mi.) 
Time _________ t second _________________ s second (or hour) _______ sec. (or hr.) 
Force _________ F weight of 1 kilogrnm _____ kg weight of 1 pound _____ lb. 

-
PoweL _______ P horsepower (metric) ______ ---------- horsepower ___________ hp. 
Speed _________ V {kilometers per hOuL _____ k.p.h. miles per hOuL _______ m.p.h. 

meters per second _______ m.p.s. feet per second ________ f.p.s. 

2. GENERAL SYMBOLS 

Weight=mg 
Standard acceleration of gravity = 9.80665 

m/s2 or 32.1740 ft./sec. 2 

Mass = W 
g 

Moment of inertia = mk2
• (Indicate axis of 

radius of gyration k by proper subscript.) 
Coefficient of viscosity 

II, Kinematic viscosity 
p, Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg-m-4_s2 at 

15° C. and 760 mm; or 0.002378 lb.-ft.-4 sec.2 

Specific weight of "standard" air, 1.2255 kg/ma or 
0.07651 lb./cu.ft. 

3. AERODYNAMIC SYMBOLS 

Area 
Area of wing 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 

Dynamic pressure ~ ~p V 2 

Lift, absolute coefficient OL = :s 
Drag, absolute coefficient OD = ~ 

Profile drag, absolute coefficient OD, = ~s 

Induced drag, absolute coefficient OD, = ~S 

Parasite drag, absolute coefficient OD = DS1J 
P q 

Cross-wind force, absolute coefficient 00 = q~ 
Resultant force 

?'w, Angle of setting of wmgs (relative to thrust 

Q, 
n, 
Vl 

p- , 
)J. 

'Y, 

line) 
Angle of stabilizer setting (relative to thrust 

line) 
Resultant moment 
Resultant angular velocity 

Reynolds Number, where l is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C., the cor­
responding number is 234,000; or for a model 
of 10 cm chord, 40 m.p.s. the corresponding 
number is 274,000) 

Center-oI-pressure coefficient (ratio of distance 
of c.p. from leading edge to chord length) 

Angle of attack 
Angle of down wash 
Angle of attack, infinite aspect ratio 
Angle of attack, induced 
Angle of attack, absolute (measured from zero­

lift position) 
Flight-path angle 
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THE WEATHERING OF ALUMINUM ALLOY SHEET MATERIALS USED IN AIRCRAFT 

B.v W ' rLL AH D M UTCHLER 

SUMMARY 

The investigation oj the cor"rosion oj aluminum alloy 
sheet materials used in air'craft was begun at the Bureau 
oj Standards in 1925, at the reque t oj its sponsoring 
governmental agencies, viz, the Bureau oj Aeronautics, 
Navy DepaTtment, the Army Air Cor'p , and the National 
Advisory Committee jor AeTonautics. It has jor its PUT­
pose the study oj the causes oj corrosion embrittlement in 
dnralumin-type alloys and the development oj methods JOT 
its elimination. 

The present repo1't contains result , obtained in an 
extensive series oj weather-exposure tests, which reveal the 
extent to which the resi tance oj the materials to corrosion 
was affected by variable jactors in theiT heat tTeatment 
and by the application oj vaTious sUTjace protective coat­
in gs. The Te ults indicate til at the sheet mater'ials aTe to 
be TegaTded as thoToughly Telinble, jTom the standpoint oj 
their permanence in se7'1nce , provided pr-opeT pTecautions 
are taken to render them conosion-resistllnt. 

INTRODUCTION 

The impetus toward improvements in aircraft con­
struction originating during the World War ha per­
sisted to the present day. During the war betterment 
in design were of primary importance. Materials of 
construction were given secondary consideration 
since airplanes were frequently destroyed in ervice 0;' 
rendered obsolete by changes in design before any 
serious impairment in the propertie of their materials 
had occurred. At the conclusion of the war wood wa 
most widely u ed, although there was evident a definite 
trend toward all-metal construction. 

Heat-treatable aluminum alloys, becau 0 of illeil' 
desirable quality of high strength combined with low 
weight, rapidly came to be reO'arded a outstandinO' o b 

among the materials upon which future progres in all­
metal aircraft construction depended. Duralumin 
sheet was accordingly used in lighter-than-air craft 
for practically the entire framework; and in airplanes 
for floats, fuselage, and wing coverings. 

Instances of failure cau ed by corrosive attack 
however, occasioned a pefiod of ~'eaction and a con~ 
tention that this material was unsuitable for u e in 
aircraft. The difficulties were experienced principally 
with sheet material and rivets, which became seriously 

ernbri ttled. On occasions certain heets would be 
rendered uself'ss after fl few months' service while , 
adjacent sheets exhibited no los in pllysical propertie . 
The beha viol' of the material seemed inexplicably 
erratic. 

It was during tllis period of uncertainty t.hat tbe 
investigation of corrosion embrittlement in sheet alu­
minum alloys was undertaken at the Bureau of Stand­
ard . The purpo. es of the inve tigation were twofold: 
First, to e tablish the causes of the deterioration by 
embrittlement of lligh-strength aluminum alloys in 
sheet form and more particularly the type of carro ive 
attack de ignated as intercr~T talline; llncl econd, to 
study method of retarding or eliminating thi deterio­
ration. 

In the earlier stages of the work short-time labora.tory 
corrosion tests constituted the principal approach t~ 
these problem and yielded information of considerable 
valu e. But uch tests, however cluefully performed, 
cannot be expected to reproduce accurately pecific 
condition of service. The result obtained could at 
best be regarded as only qualitative indications of the 
pos ible behavior in ervice. The need for confirma­
tory service data became more apparent a the labora­
tory corrosion te ts progressed . The only practical 
way to obtain systematic data of thi kind consi ted in 
the expo ure of materials to the weather. This course 
was followed and thi report con ists largely of a dis­
cllssion of the result obtained in the weather-f'xposure 
test, together with some correlation with tile results 
obtained in the laboratory. The results of the latter 
hay e already bef'n reported upon in some detail 
(references 1 to 7). 

It may be sta,ted at the outset that the results ob­
tained in the present investigation warrant confidence 
in the dependability of properly prepared d uralumin 
as a material for aircraft construction, nnd afford a 
foundation for the understanding of its behavior 
under carro i ve condi tions. 

MATERIALS 

Most of the tests were carri('d out upon 14-gage sheet, 
duralumin, 0.064 inch thick, and the results obtained 
are trictly applicable only to material of this tllick­
ne . The term "duralumin)) is frequently lorsely 

~ 
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used to refer to any of t he s trong aluminum alloys. 
Its u e here is re tricted to wrought aluminum-base 
alloys containing approximately 4 percent copper, 
0.5 percent magnesium, 0.5 percent manganese, to­
gether witll mall amounts of iron and ilicon, tllat 
r('su lt from impuri tie in the aluminum. The chemi­
cnl co mpo itions of the prill cipal materials u ed arc 
given in tilblc 1. Th e all oys de ignated as 17S and B 
W('I'(' furni h('d by two Am erican manuf[wtllrel's and 
lU'C representative of commercial dura lumin. ~fo t 
of the 1'emainin o' alloy w(' re included principally to 
determine the efrects of chnnges in composition llpon 
t he corrosion 1'e istance. 

Alloy I-I wa a specially prepared duralumin in 
which the iron- ilicon ratio wa controlled 0 as to be 
about 1 : 1. The combined content of the e two ele­
ments was a lso appreciably lower than i u ual in 
commercial dUJ'alumio. Alloy 1-2 was prepared under 
commercial condi tions from aluminum of very m uch 
higher purity than is ordinarily used for tbis purpo e, 
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FIGUIl" I.- Dimensions of the tensile specimens of the O.OI'r\ -inch-thick aluminum 
alloy sheet materials. 

with the re ult that th e iron ancl silicon contents were 
very low. 

Alloy 5 B diO'ered from ordinary duralumin in hav­
ing a lower copper content, and alloy 53A in having a 
higher iron content. Although prepared pecifically 
for this inve tiga tion , both alloy were made in accord­
ance with commercial manllfac tlll'ing processes . 

Alloy A1? and B1? a re marketed commercially 
and may be regarded as modifica. tions of cluralumin. 
Like duralumin, they age-harden spontaneously at 
room temperatures, but are said to be more suitable 
for cold forming . Both alloys nominally contain 
approximately 0.3 percent magne ium and very little 
mangane e. The A1? , alloy has an even lower cop­
per content (about 2.5 percent) than does the pecial 
alloy 58B. Th e strengths of neither of these alloys 
after age-hardening is a high as that of ordinary 
duralumin. 

Alloy 51 , another commercial product, in ten led 
primarily for foro-ing , is es entially an aluminum-ba e 
!llloy containing 1 percent silicon and 0.5 percent 
magneslUm. A strikin o' difference between 51 and 
dUl'illumin is the almost complete absence of copper 
ill the former. Although it age-hardens ub tan­
tially at room temperature, reheating to about 1500 C. 
is necessary for the development of maximum physical 
properties. 

The alloy commercially designated as 25S nominally 
contain 4.5 percent copper, 0.8 percent ilicon, and 
O. percent manganese . Unlike duraillmin, it con-
tains no magne ium. uperior hot-working qualitie 
are claimed for it. It has found exten ive use in 
forged parts in which high stresse are encountered in 
service, such a aircraft propellers and connecting rod 
[or internal combustion engines. The alloy does not 
age-harden appreciably at room tempera t ures, reheat­
illg to about 145 0 C. being required to produce maxi­
mum propertie . 

The ten ile propertip of the material discussed 
above, in various condi tion of heat treatment and 
prior to expo ure to corrosive conditions, are contained 
in table II and summarized in fig ure G. 

PREPARATION OF SPECIME S 

The initial step in the preparation of pecimens con­
sisted in machining tlJCm from strip material as 
received from th e manufacturers. The tensile bar 
used in n early all th tests had an over-all length of 10 
inches and a reduced ection % inch wide which ta­
pered to a. width of 1 inch at the grip ends. The 
detailed dimensions of the specimens are shown dia­
grammatically in figure 1. 

The machined tensile bars were given a preliminary 
annealing treatment by heating for 274 hours at 450 0 

C. and cooling with the furnace . An electric-resi tance 
furnace was used and no attempt wa made to con trol 
the atmosphere within the muffle of the furnace. 

The annealed specimens were subjected to a "solu­
tion h eat treatment", which usually con i ted in 
heating in a fu ed nitrate bath at 5000 to 5100 C. for a 
period of 15 minutes. Variations from this procedme, 
made for specific purpo e , will be noted later . 

After the solu tion heat treatment the pecimens were 
q uenched. Various quenching medium were used, 
ice wa tel' and boiling water being by far the mos t 
frequently employed . Particular care was exercised 
in effectino- all quenching rapidly. The quenched 
specimen, unless otherwi e specifically noted, were 
permitted to age-harden at room temperature for 
a minimum period of 2 week prior to the corro ion 
tests or before the determination of their " initial " 
properties. For those specimens to be exposed to 
the weather the aging period was approximately 3 
months . 

All specimens, prior to the application of additional 
coating or before corro ion tests, were cleaned free 
from grea e by washing twi e with clean benzine and 
once with alcohol. All pecimens to which the same 
treatments had been applied were designated .a "set " 
and were tamped with corresponding numbers. 
Protective urface coating were applied to a number of 
ets of specimens. A limited number of sets were 

mechanically worked in various ways nIter aging. 
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EXPERIMENTAL PRO CEDURE 

GENERA L 

A departure from the more commonly used methods 
in corro ion testing was utilized extensively in the 
pre ent inve tigation. The method had been n,dvo­
cated hy Blough (reference ), and was pm·hap first 
used by Basch and aY1'e (reference 9) . I t consisted in 
tlle carrying oui of cono ion test lIpon ten ile speci­
mens that were machined to ize prior to COlTO ion. 
It hould be borne in mind, in considering the results 
which. follow, that the tensile properties obtained on 
such bar after cOlTosion, are usually sligh tly lower 
than if thc machining bad been done after corI'O ion, 

and to reveal the period at which specimens were 
withdrawn for te t. On the curves which show the 
maximum depth of penetration of corrosive attack, 
the depth is expre ed in terms of per ent of half the 
thick:nes of the sh ct. 

LABORATORY TEST 

Th laboratory corrosion tests were performed 
almo t exclusively by the intermittent-immersion 
method. This method was selected because: (1) Pre­
liminary tests by the alt-spray mcthod (r fcr nce 7) 
and by the continuou -immer ion method (reference 2) 
had indicated that, although the result obtained were 
imil ar, both required longer periods than the inter-

FIG URE 2.- fntermittent-immer -ion appamtus used in the lahoratory corrosion tes l~. 

oecau e corro iOll oc lilTed on the Cll t edo·e of the 
machined specimen. 

For each set of specimen a number of ten ile 
bars were prepared. A few of the e were tested to 
determine the average ten il proper tie of the un cor­
roded material. The remainder were ubjected to 
corro ive conditions in eitlJ er laboratory or weather­
exposure tests, or both. The corroded bar were 
removed at interval and te ted . A compari on of the 
tensile properties of the corroded bar, ""ith tho e of 
uncorroded bars, selTed a a mea ure of the corro ion. 
Elongation values were obtained over a central 2-inch 
gage length. Mic["o co pic examinations were made to 
determine the nature and predominating type of cor­
rosive attack, and the actual depth of penetration of 
the attack was mea ured on all pecimen expo ed to 
the weather. 
~luch of the information pre en ted herein i in 

graphical form. The points appearing on the indi­
vidual cu rve serve only for purposes of identification 

~------------.-- .-

mittent-inul1ersioll m thod to produce equivalent 
losse in ten ile proper-tie ; and (2) the altenw.te wet­
ting and drying of the surface in the intermittent­
immer ion method simulated condition exi ting in air­
craft senrice more clo ely than would continued wetting. 

Th intermittent-immersion apparatu (fi g . 2) ha 
been de cribed in detail (reference 2) . The ten ile 
pecimens, supported borizontally on edge in a glas 

framework, were lowered periodically into the corrosive 
olution and then withdrawn into the air to dry. 

Ench "wet and dry' cycle occupied 15 minutes, durin'" 
about 14 minutes of which the pecimen were llS­

pended in the air. 
umerou in termittent-immersion te t , were al 0 

c nduc ed in specially developed apparatu wmch 
p rmitted the appli ation of repeated flexural stre 
or tatic tre throu",hout th te t period. A the e 
modified appliances have already been de cribed 
(references 6 and 7), the 1'e ults obtained will be touch ed 
upon only briefly in the pre ent report, 

j 
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Anum bel' of corroding m ediums were employed in 
the intermittent-immersion te t b ut, owing to i t 
rapid nction, a solution consisting of 9 par ts by volume 
of a normal sodium chloride solution and 1 of com­
mc]'cial hydrogen peroxide (3 percen t ) wa most fre­
quently utilized. The resultnn t olli tion wa 0.9N in 
Na 1 and 0.1 1\1[ in B 20 2. 

W E AT Ii IC R- EXP OSU R E T EST S 

Thc rae k for the ,,'ea ther-expo ur tests were 
ins lnllcd nt three locations which reprc~ente l t.pical 
climntic conditions, a fo llows: 

(J ) Burea u of tnndarcls, ' Ynshington, D .C" J'cpl'e­
sentatiyc o r a temperate inland expOSllre, free from 

'. 

ea assUl'ed occasional contact of the specimens with 
spray and Ie freq lIent thorough wetting during 
storms. The racks at H nmpton Roads were located 
on a platform attached to the side of a pier, abo l! t 3 
feet above highest tide, where the pecimen were 
inclined at about 45° and subject to wettino-s a at 
Coco 0 10. 

Specimens expo ed at Wasbington, D. C., and n,t 
Hampton Road, Va" were withdrawn for test at 
inter vals of 6 mon ths over a 5-year period. Owing to 
the more everely COlTO ive condi tions at oco Solo, 
the specimens \I'ere withdmwn at ~horter interval . 
After 37 months the specimens \\ hieh remained were 
lost during a severe torm, 

}',r.URE 3.- \\'eather,exposure racks and specimens 011 the rO(l1 01 t he northwest bui lding at the I111r03l1 01 StAndards, Washington, D.C . 

industrial ontamination and [rom marine conditions. 
(2) Naval Air Station , Hamp ton R oads, Va" repre­

sentative of temperate seacoast condi tions, with 
occa ional contact with salt water . 

(3) F leet Air Ba e, Coco Solo, Canal Zone, repre­
sentative of tropical eacoast condi tion , wi th occa­
sional contact with aIt \I-a teI'. 

The raek at the B ureau of Standard (fig. 3) were 
ituated on a roof. They faced the outh and were 

inclined at an angle of approximately 10° from the 
horizontal. The Coco 010 rack (fig. 4) facE'd the 
so uth and were inclined at an angle of abou t 45°. 
Their situation upon a breakwater on the Caribbean 

--, ~~-- -~---

At all three location ' the expo ure of the two sur­
faces of the specimens necessn,rily difI'ered omewhat, 
owing to the fact that one , urface invariably received 
the direct rays of the sun while the other did not, 
Since such a condi tion i frequen tly paralleled in er v­
ice, i t was not deemed desirable to change the posi­
tions of the specimens du ring the exposure periods, 

co T ROL S P ECIM ENS 

Duplicate pecimen of all ets included in the 
weather-exposure test were kept in the lnboratory in 
ealed gla s containers and wi thdrawn at 6-month 

interval over the 5-year period for comparison wi th 



THE WEATHE RIKG OF ALUMl:'1l UM ALLOY SHEET MATERIALS USE D IX AIRCRAFT 7 

FIGUHE I.- Front and side views of the weather-exposure racks and specimens at Coco 010. Canal Zone. 
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the exposed specimen A dry atmosphere was main­
tained within the containers by the u e of oda lime. 
The pecimen were sll spended in such a manner that 
they did no t touch the dehydrating agent. 

STRENGTH-D UCTILITY RELATIO S I CORRODED 

SP ECIM ENS 

Tbe expo me of upward of 2,500 specimens made it 
possible to determine wi th some accuracy the relative 

14-gage heet dura.lumin until corrosive attack hns 
penetrated in exce s of 20 percent of the thickne. s. 
Although no curves howing the relation hips of the 
"yield pints" of these alloy to the percentage of the 
initial elongation ]lll,ve been included, the data indi­
cated that the eR'ect of corro ion wa even less than 
\I pon thc tensile trength. Apprcciable lowering of 
the "yield point" was not in evidence un til the per­
cent of the initial elongation fell con iderably below 40. 

£Ionqatian, p ercent 

o 4 6 8 10 12 14 16' 18 20 22 
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FIG UHE 5.-llelations of strcn!'th-ductility index to physica l properties of beaL-lrcated duralumiu exposed to the weather. 

changes in physical properties resulting from corro­
sion, irrespective of both time and locality of exposure. 
The trength-dll ctili ty relation are ummarized in 
figure 6. The curves reveal that the changes in ten­
sile strength relative to elongation were practi ally 
the ame for all the alloys tested. Corrosion re ul ted 
in lowering the elOlwation of the materials to approx­
imately 40 p rcent of its initial value with ac om­
panyillg 10 es in trength seldom exceeding 5,000 
pounds per quare inch. Additional los e in elonga­
tion were associated with rapid deCl'ea e in strength. 
It i noteworthy, also, that the data ha,ve indicated 
that marked 10 e m tensile trength do no t occur in 

The e results are indicative that severely corroded 
duralumin, with elonga tion vail les of from to 10 per­
cen t, could be regarded a dependable for the upport 
of heavy tatic loads, For ervice conditions con­
ducive to sudden impact or repeated stresse the same 
material would be un ui table becau e of the embrittle­
ment cau ed by the lowered ductility. 

Figure 5 is included to convey an idea a to th 
number and di tribution of the plotted points on 
which, for example, cW've D of figure 6 wa based. 
The ordinate designation, the strength-ductility index, 
is practically proportional to the one used in figure 6. 
I t may be defined as the ratio, on a percentage basi, 

--- --- ----------
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of the product of the tensile strength and elongation of 
the cOl'l'oded specimen to the corresponding a vcrage 
product for the uncorroded specimens. The nmge of 
deviation of the physical propertie , from the average 
value r epre ented by the curves, is een to be quite 
limited. 

FACTORS AFFECTING SUSCEPTIBILITY TO CO RROSION 

RATE OF COO LING I N QUENCHI NG 

Knerr (reference 10) wa probably the first to note 
that the susceptibility of duralumin to COITO ion 
depend to some ex tent llpon its condition of heat 
treatment and wrote that (( t.he rate of cooling in heat 

100 

tensile properties of d uI'al umin q Il enclted in these 
various mediums were approximately identical after 
aging at room temperature. But quenching in cold 
water rendered heet duralumin very much more resist­
fLnt to corrosive attack:, as evidenced by the rate of loss 
in physical properties, than did quenching in cold oil 
or in ho t wa tel', irrespective of the condition of 
exposure. 

For all practical purposes, duralumin quencbed in 
water at 25° C. had a corro ion-resi tance equivalent 
to that obtained by qucnching in icc water, although 
the latter is to be recommended. Duralumin quenched 
in oil at 0° C. behayed practically the same a that 
quenched in oil at 25° C. After 5 years' expos ure at 
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o 10.000 20,000 30, 000 4 0,000 50, 000 60,000 70,000 
ultim a te tensile str enqth, /b.jsq. in. 

Ini tia l tensile 
properties 

Alloy 
Ultimate 

tensile 
s trength 

Lb. /sq. in. 
51S________________ 35, 500 
AI7S______________ 3 , 500 
liS (425° O.l______ 47, 000 
63A __ . ____________ 52,000 
58 B _ _ ______ ____ __ _ 52,000 

Elonga­
tion in 

2 inches 

Percent 
27.0 
22.0 
19.0 
18. 0 
20.5 

Alloy 

Ioitial teosilc 
properties 

Ultimate Elonga-
tensile Lion in 

st rength 2 inches 

Lb.jsq.ln . 
B l78_____________ 52, 000 

Percent 
23.0 
21. 5 
20. 5 
12.0 

?,58--------c -;,--_ __ 55,000 
DuralwlllO _____ 62, 000 

17S (workeell______ 66, 000 

('u rt'e . 1!'erll!Jl; oj allovs 
A ______ __________ ___ . _________________ '>lS-,\l78 . 
B ________________________________________ 178 (heateel at 425° O.l . 
C ___ __ . ____ ____ . _____________________ 03.\ - BI78-5 8 -258 . 
0 _________ . __________________________ 17 - [ - I- I -2-B (" Duralu rn io" alloys). 
E ______________________________ 171'; (rold worked after agi ng). 

FIOUIl E 6.-Strength-ductilily relatIOns of I I-gage sheet alumi num alloys corroded in exposure tests nfter solution heat t real rnent a t 500° to 5200 0. , 'luenchmg, aoel aging. 
D ata lacking for the broken por t ions of t he cur ves. 

treatment has a strong infl uence on its resistance to 
corrosion, as indicated by the salt-spray test." This 
was confirmed early in laboratory tests of the present 
investigation (reference 3), the results of which were 
in agreement with tho e obtained in the expo ure tests . 
Sets of specimens in both types of corrosion tests were 
quenched in one of the following: (1) I ce water at 2° 
to 7° C.; (2) water at room temperature (appro:-..'imately 
25° C.); (3) boiling water; (4) oil at room temperature; 
and (5) oil cooled to approximately 0° C. 

LOSS IN PHYSICAL PHOPERTIES 

The results obtained on specimens exposed at 
Washington and Coco Solo are shown in fig me 7, 
where the exceedingly important role played by the 
rate of cooling is apparent on a glance. The initial 

63519-34-2 

vVashington, duralumin q \lenched in cold water had 
retained more than 95 percent of its initial elongation . 
The comparable value of duralumin quenched in cold 
oil was only lighly in excess of 5 after somewhat more 
than a year 's expo ure, while that of material quenched 
in boiling water fell below 80 within 6 months and 
reached a value of 60 within 18 months. The excep­
tionally rapid rate of loss in ductility of duralumin 
quenched in cold oil or hot water, and expo ed at Coco 
Solo, is especially to be noted. The ductility value 
fell below 70 in less than 3 months. These results 
may be con idered typical of severe marine conditions 
in general. 

It is noteworthy that the decrea e in ductility of 
cold-water-quenched duralumin at Coco Solo was 
comparable with the rate at which the same material 
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quen ched in boiling water deteriorated at Washington. 
The need for additional protective coatings, under 
evere corI'O ive condition, i therefore apparent . 

From the foregoing, the nece ity for a rapid rate of 
cooling from the solu tion heat tl'ea tment temperature 
is i odicated. Thi co ndi tion is sati ned by the u e of 
cold water, bllt not h the usc of hot water or cold oil. 
Quenching in tl](' la tte]' two medium is sometime 
don e in prflctice to reduce distortion due to in ternal 
stre es. For materiel l of th ick cross section this pro­
cedure may be satisfactory, but not for sheet l1lf1, terial 
of the kind used in this in ve tigation. 

TYPES 01' CO llROSIVE ATTACK 

Two distinctive type of COlTO ive attack occur in 
duralumin. Tbe fir t (fig . 8c) , which ha been termed 

0 
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removal of the 100 ely adherent grains. More rarely, 
intercry talline attack start at the ba e of a relatively 
deep pit, probably indicating slow cooling of the 
interior of the metal as compared with the urface. 

An intercrystalline attack also occurs in which the 
u ual tendcncy to penetrate deeply 'eemingly ceases : 
the attack 'pl'eads laterally benea til the surface and 
results in localized bulging of the urface layer of the 
metal, as shown in figure e and f. The bulged layer 
fall off after a time, causing a characteri tic Sl1ucer­
shaped depression on the surface (fig. ge and f). 
Mei ner (reference 12) has described thi as a di -
tinctive type which he terms " pock-form" corrosion. 
Its occurrence is associated w.ith tho e methods of heat 
treatment which involve reheating after the solution 
heat trea tment. 

I I I I I 
Exposed of Wash/nglon, D .C. 

- -
- - - - - " " Co co S%~~J C.Z 

x x 
x x 

-

~ 
, -"=;.::.-::."Ox -"'1 

'1>, --- - x- ____ 
, , -po. ---t> --Q--- - - - --t>- ---- ~ -- -- --t> 

, 
.." - -<>-- ~---~ .... 

'-<>- - - -- - -

a 5 10 IS 20 25 30 .35 40 45 
Corros/on p e r/oo; months 

so 55 60 

Flouu;: i. " Ir~ct or rate or quencbi n~ lI pon the resistance or cluralulIlin to corrosion. .\11 specirnans ~i \'en a solutio n he:1L treatmenL 15 minutes at 50.,0 C. 

the " pi tting" type, i a purely superficial phenomenon 
analogous to the ordinary I'U ting of ferrou metals. 
The corro ive mediums result in the eating away of the 
surface metal with the formation of pit which bear no 
evident relation hip to the tructure of the metal. 
The second (fig. a ), or intercrystalline, type of attack 
is par ticularly insidiou , because it may begin at a 
relatiyely few and not a ily di cernible surface uclei 
and, following the crystalline or grain boundarie , 
proceed deeply into the metal or entirely through heet 
material. Intercrystalline attack was early shown 
(reference 11) to result in serious embri ttlement in 
sheet c1uralumin and to be a sociated with c rtain 
incorrect methods of heat treatment (reference 3). 

Occasionaliy, intercl'ystaliine attack presents the 
appearance (fiO'. 8b) of having begun around the edges 
0[' a previou ly developed pit. It is usually to be 
inferred in this case that the attack was entirely of the 
intercrystalline type and that the pit resulted from the 

The attack shown in figure 8d, although s trongly 
suggestive of a coarsely intercrystaliine trend, differ 
markedly in appearance from the typical intercrystal­
line attack pictured in figure 8a. It is characterized, 
particularly in its earlier stages, y the rela tively 
greater width of the attacked inte crystalline area, 
and by tLe relative frequency of pit beneath areas 0 

attacked. It appears to represent a stfige of attack 
intermediate between the two distinctive types and, 
like "pock-form" corrosion, its occurrence is limited 
in duralumin to material heat treated by a few of the 
less commonly used methods. 

Although the various types of attack described above 
are readily di tinguishable under the microscope, they 
are not usually determinable from a macro-examina­
tion of the surface, aside from the "pock-form" cor­
rosion already noted. Thus, the specimens shown in 
figure 9c and d are quite similar in aspect despite the 
predominate presence of intercrystalline attack in d and 
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,Fh;URE 8.-Characteri.tic microgtructural appearances of corrosive attack on poli.hed duraJumin specimens. (a) Typicli intercrystaIJiDc attack; (b) typical inlercrystalline allack with aD accompanying pit, 
which prp"lmahly ro,ulled from tho remo"" of loo •• ned groins; (c) typical pitting attack; (d) coarsely intercrystnlline or .. intermedhte" aUack; (e) anr! (0 .. pork-form" corrosion. X250. 
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FIGl'RE 9.-SurraCE' appeamnce or duralumin specimen, exposed to the weather. Specimens were solul iOIi heat treated, quenched in ice water anel aged at room temperature unless otherwise Doted. (a) 5 yeMs at \\'ashington; 
(b) 5 years at Hampton Hoads; (c) 3>2 years at Coco Solo; (d) quenched in boi ling water, 3).1 years at Coco Solo; (e) artificiall y aged ror 3 hours at 1500 C .. 2 years at Hampton Roads; ([) aged 96 hours at room 
temperature and rebeated 5 hours at 1350 C., 5 years at Hampton Roads. Skyward surraces are designated~ . Note the difIerences il! the amoun t or the accumulated corrosion products. depending upon lhe locality 
or exposure and the posItion or tile sur races relal h'e to the sky. " Pock·rorm" corrosion is present on (e) and (0. X I. 
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J<' WV lt E 10,· Longitud inal sect ions of d ifTerent w rou~h l-aluminu m alloys in the Qupnche,1 and a~ocl condition of heat treatment. T he d ifferences in microstructure are relali ,-ely minor onps dependenl upon the 
amount, size, and d istribu t ion of tbe precipi tated constituents . 1\'ote the cOlllJlle\ association of other constit llents with the \i!(hter colored e uA!" visihle at h igh mRl!nificlltions. (a) .\Iloy 17S, X2:,O; (b) 
nlloy A 17S, X 250; (c) alloy 51R, X2c,O; (d) a lloy liR, X;)OO; (e) alloy 1-2, X2,OOO; (f) alloy fi3.\ , X5,OOO. (a) to (c) were unetched: (d) to (f) were etched in a I percent hyrlrofluorit acid 'olution. 
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FIGURE 1 I.-Cast materials, the surfaces of which were covered with glycerin to trap the bubbles of hydrogen generated from the action of tbe corroding medium. 
Xotc how, in all cases, the bubbles are associated with the network of constituents. The materials and corroding agents were: (a) Alloy 178, sodium hydroxide; (h) 
al loy 178. ammonium chloride plus hydrogen peroxide; (c) aUoy ~5 , hydrofluoric acid; (d) alloy 518, hydrofluoric Reid. X250. 



FIGURE 12.-Longitudinal sections of duralumill specimens cooled at difTerent rates Rrtcrsolution beat treatment for 2 hours at 505° C. Quencbants were: (a) Cooled with the (uruace; (b) water at 100° C.; (c) oil at 
25° C.; (d) watcr Ilt 25° C.; (c) water at 2° C.; (I) water at 2° C. Aged at room temperatures, except (I) wh;cb was artificially aged, immediately after Qnenching, for 5 hours Ol135° C. ' ('he presence of constituents 
at the grain boundaries, and also as a fine "pepper" within the grains, is noticeahle in ~pecimens quenched in bot water or cold oil. Quenching in cold water, howe,'er, resulted in the retention of most of 
tbe constituents in solution, arter aging: lhe structure is, in contrast. ·'clean ." HebeRting of material quenchcd in cold water resulted in additional precipitation, Etched in 1 percent bydroOuoric acid . X250, 

~------------------------------------

~ 
l':J 

~ 
~ 
~ 
l':J 
~ 

Z 
o 
o 
"':l 

:>­
t< 

~ .... 
q 
~ 

:>-
8 
o 
><: 
U1 
~ 
l':J 
l':J 
.." 

~ 
:>­
.." 
l':J 
~ .... 
:>­
t< 
U1 

q 
U1 
l':J 
t:I 
.... 

e; 
~ 
(') 

~ 

~ 

~ 

CJ1 



16 REPORT ATIO AL ADVISORY COMMITTEE FOR AERONAUTICS 

its a b ence in c. pecimens containing in tercrystal­
line attack, however, after beino- te ted in ten ion, 
frequently exhibi ted a characteri tic "crazed" appear­
ance (fig. 24d ) indicative of embrittlement. 

CA SES OF I NTER RY TALLI E ATTACK 

DuraluJ1lin, truet.urall.v, consists of a matrix of an 
aluminum-rich solid sol u tion throughou t which are 
eli seminated particles of harder con tituent , princi­
pall)T CuAl2 and iron-magnesium-manganese-silicon 
bearing con titl! nt. In addition to tIle particle 
which are readily visible under the microscope, there 
i o-ood reason for believing that there arc other sub­
microscopic particle which may originate by precipi­
tation from solid solution during the aging operation 
and to which the alloy may owe its uperior trength 
and hardne s. 

ince the majority of the wrought-aluminum alloys 
consi t essentially of an aluminum-rich solid solution, 
the size and distribution of the precipitated con tit­
uents afford one of the principal means of diITerentia­
tion of the alloy under the micro cope. Such differ­
ences nre usually less marked between heat-treated 
nlloys of dissimilar chemical composi tion, thfLn between 
anyone alloy in its cast and wrought condition. The 
differences involved are apparent from a comparison 
of figure lOa, b, and c with each other and then with 
figure 11. 

Experiment were performed to determine whether 
or not micro tructural changes in wrought durallllnin, 
resulting from variou hent treatments, could be cor­
reia te-d with the te-ndenc)' toward the development of 
the intercrystnlline attack. The frequent appearance 
lIpon the surface of specimens corroded in the labora­
tory of a rcddish-brown depo it, contnining copper , 
suggested that the copper-bearing con tituent, CuA12, 

might be intimately a sociated with corrosion phenom­
ena in duralumin. 

In order to obtain confi rmatory evidence, observa­
tions were made upon the poli hed surface of a few 
duralumin-type alloys, in the ca t condition , while they 
were being subjected to attack by a corro ive reagent. 
COlTosive attack of aluminum and aluminum-ri h 
alloys results in the liberation of hydrogen. In order 
to hold the bubbles of gas in sit·u and 0 reyeal where 
the corrosive attack wa mo t inten e, the polished 
ection of the specimen, after momentary dipping in 

the reagent, wa covered with glycerine. The tes t 
confirmed previous evidenee in revealing positively 
preferential attn,ck on the constituents. Examples 
of this method are illustrated in figure 11 . 

:Microscopic examination on slightly etched speci­
mens demonstrated quite conclusively that in duraln­
min quenched in hot water or cold oil, therp \Va a di -
tinct tendency for the precipitation of the CnAl2 
throughout the graiu and for the coalescence of con-

stituents along the grain boundaries. This distribu­
tion wa found also to prevail in annealed ma trial, 
but not in pecimen quenched in cold water. Differ­
ence in micro tructllre of this kind are exemplified in 
figure] 2. The pecimens pictured in a, b, c, and r of 
fi gure 12 developed intercry talline attack in Ie than 
5 hours in in termittent-immer ion tests in the chloride­
pero~ .. id e reagent, whereas such attack was not present 
in cl and e at the conclu ion of the te t period of 0 clay . 

The evidence accum ulated in the pre ent inve ti­
gation all point to the coale cence of the CuA12 and 
associa te 1 constituen ts at the grain bou ndaries a a 
very important call e for the su ce[)tibility of dural­
umin to intercrystalline attack. For example, no 
duraillmin specimen, quenched in old water from a 
solution heat tref1tment tempern,ture of 500 0 C., and 
aged a t room temperatme, developed intercrystalline 
attack in pither laboratory test in various corro ive 
medium , or in the weather-exposure te ts. On the 
other hand, the in tercry talline attack was found on 
every ppcimen q llenched in cold oil or hot water. 
The e fact LIp port the conclusion that the tendency 
toward an intprcrystalline attack when corroded may 
be inherent in dllralumin under specific conditions of 
heat treatment and not 0 uncler others. 

It i not Lo be inferred that the actual mechani m of 
intercry talline corro ion is amenable to as simple a 
partial explanation a the foregoino· might seem to 
imply. The potential relation hip involved in the 
corrosion of duralumin are exceedingly complex, and 
not at pre ent entirely comprehended. 1\1icro copic 
eyidence, ror example, renals the CuAl2 con titu nt 
Lo be often surrounded b~' a sheath (fig. 10f), probably 
of a complex eutectic, the compo. ition of which 
remains unknown and which conceivably might be t be 
constituent attacked in tIl e proces of corrosion. 
Often, too, the CuAI2 occ urs intimatel'y as ociated 
with other consti tuen ts (fig. 1 Oe). Tbe fact remains, 
however, that the distribution of the CuAl2 ('onstitu­
en t probn bly play lbe elcLerm ining role, in dllrnlumin. 

This clop not neces arily imply that intercrystalline 
corrosion will 1I0t de\~elor lIndpr specific condition in 
cold-water-quenehed dmaillmin. The ub equent re­
heating of lIch material at ele \rated temperature may 
induce coalescence of constituent at tbe grain boun­
daries (fig. 12f). It is po . ihlc that under eorro ive 
condition. in \\·bich there i a deficiency of oxygen, or 
the application of certain unu ual t~T pe of external 
stresse, intercl'ystalline n,ttack might develop [or 
reasons other than the distribution of microstrllctlll'al 
con tituent . 

It ha be-en observed, in intermittent-immer ion 
la.boratory corro ion te ts in the chloride-pero~'ide 
reagent, that the effect of tre s wa , in general, to 
in ten ify the rate of corro ive attack and not to infiu­
encr, it type materially. Thi applies to specimens, 
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stre ed either in stH t ic tension 01' a I temately by flex­
ure (reference G), with the stl'E'sses frequently in the 
neighborbood of the "yield poin t." 

The view entertained by certain European Illetal­
lurgist , that internal s tresses may be tbe prime cause 
of inter l'ystalline attack in fl luminurn alloy, has not 
been corroborated here in the case of dlll'alumin. The 
known u ceptibility o f annea led wl'ought durai limin 
to intercry talline attack is in itself in opposition to 
thi s hypothesis. Opinions co nsidered in the past 
that certa in mediums, such as snit solutions, m ight 
be the prime cause fol' the dcve!opm en t of in tC l'crys­
talline attack, can al. 0 no longcr be regarded as tenable. 

R ATE OF PENETRATI ON OF CO RROSI VE ATTA C K 

The maximum depth of COITO ive attac k IVa deter­
r.ined on fi ll specimens pxpoSE'd to the wPflther . The 

t ie of duralumin conoded in an inkl'cl'ystalline 
fa s hi on are appl'C'ciably 10wC'1' t han tho C' of similal' 
lllHterial which, Ilfter servicC' fol' the clnlE' length of 
time, shows only the pi tting type of il.ttack. 

The presence 01' absence of saline conditions mll'y 

be regarded as a vital factor in determining the rate of 
CO ITO ion during the initial period of accelerated 
attack. In the ab ence of such conditions as, [or 
example, at "Va hington, the initial period of accel­
erated attack on "properly" heat-treated materials, 
seldom res ul ted in attack (pitting) exceE'ding 0.002 
inch in depth ; the J'e ulting loss in physical properties 
\\'as in ufficien t to lower the elongation much belo\\' 
95 pe rcent of its initial value (fig. 7). In the presence 
o f sn line condition, a at Ooco 010 alld lIampton 
R oad' , an initial al'l'e t on cold-water-qu enched matE'l'i­
als occulTed wh en the percentage of the initial elonga-

-- ~ - - - _I Inferc~y.sfa/lLe o ffalk on m~teria) quencled In b~iltn9 Jafer 
Pitting fype or " .. .. " "ice " 
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FIGL" HE l~.- ErrcCL of locality UPOIl penetration or corro3h"e attack in d'ln\lumin (178). 

NOTE.- :l[aterial O.064·inch thick. \ 'alues plolLe.1 arc double that of I ~e lIl1XilllulIl depth of attack me3sur~1 on one urface. 

re ults ohtained on duralumin qllenched in ice \rater 
Hnd in boiling water are represented graphically in 
figurp 13 . The following conc!u ion. arc uppol'ted 
by the data: (1) For a given period of time the inter­
crystalline attack penetrates much more deeply than 
does pitting, which tends to widen rathE'l' than deepen ; 
(2) the depth of both types of attack is a function of 
the conditions of exposure, being appreciably O'reater 
ill the pre ence than in the ab ence of saline conditions 
for t.he ame length of tim e; (3) the rate of penetration 
of both types of attar.1\ is higbe t during the early 
periods of exposure, the ini tia l period of accelerated 
attack being followed by one of more or Ie s complete 
ce sation or arre t over a prolonged period. ThesE' 
conclusion , of course, apply only in the absence of 
stresses acting simultaneously wit h corrosion. 

The fo['C'goiJ),g afrOI'd fin exp la nation for a fact fre­
quently observed in practice, tha t the ten ile pl'oper-

63;)19-34-;) 

tion approximated 65 and the corresponding depth of 
penetration of attack \\'a between 0.003 cmd 0.004 
inch. 

The difference were much more pronounced on 
duralumin pecimen heat-treated "improperly", a 
by quenching in boiling water (fig. 13). t \'i'ashing­
ton the most rapid rate of penetration of intererystal­
linC' attack occurred within the first 6 month, reaching 
a depth of approximately 0.004 inch. During the 
remainder of the 4 }~-year-expo lire period the depth 
mcrea I'd only to 0.006 inch. The elongation decl'C'ased 
within 18 month to approximately 65 percent of it 
initial Yalue, and then fell oft' Hry slowly to abo ut 55 
percent at the conclusion of the te t period (fiO'. 7) . 

At oco .'010, howeYC'r, the intercry talline attack 
penetrated very rapidly dmino' the first 6 months and 
reuchC'd a depth of abouL 0 .007 inch. The elong!ltion 
decreasE'd to approximately 20 percent of its initial 
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\ alue. The low('\' e!on/!'ntio n ohtain ed fo r neH rly 
identicnl m :lximul11 dept lls of in tercry La lli ne attnck 
llIny be attribu ted , nt lenst in pa r t, to thr m uch gr e11 te l' 
{lumber of nl'rflS o f llttack in a uni t o r s ur fnce al'!:'H nt 
("'oco Solo than nt 'Ynsh i n~to n . Lrs. acce lerated 
penetrnt ion occ lII'l'ec\ nt Coco Solo to t he conclusion or 
thr :37-lllon th-exposul'e p('I'iod , nt \\' Ilich t illl e Ih e mnxi ­
IIIUIll depth of nttllrk npp l'ox i l1 111ted 0.024 inch . 
fi(,I\('(' , if hot h sides of the 0.OG4- inr\l- t hick sheet \H' l'e 
n tln ckrd Lo the sn me deg l' er , penetration after 37 
1110nlhs \\'cHild HmOt!l1t to flO pr l'cent or the t hickne s. 

_\ n impol'tn n t fea t ure in t he co rrosion of t he alu mi­
I1UI1I nlloy . hert mate l' inls, t hr l'11J'iation in t he I'<1te o f 
nttHck, is to be noted in rig- ure 13 and is in pl'llctica lly 
consta nt evidence in nil t hf' figu l'C'. ill ustrating t he 
C'frects or co rrosion on t he ductil ity. It is appnrel1t 
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num alloys. I t has bccn attributed to the formation of 
11 protccti\'e oxide fum oj' to t hc protccti\' e en'ect of 
l1crumlt/ated products form ed as a re LI lt of corro ion. 
Th f' existcnce of t his period of practica l cessatio n of 
attack ill alum inum ldloys is or importancf' \\-ith 
rr ' l)('ct to the ir permanrnrc in sen -ice . Particu larly 
is t hi s so on shcet mate rial, wbere cOlTosion is eq ui\'a ­
lent, in efree t , to an 11 pp reciable reduc t ion in thickne s . 

The know ledge that corro ion ]l1 ,lY p ractically cease 
after n time, and that the pbysicll1 properties may 
rema in pnlctica llv lInc llHngeo fo r a pel'io I of yenrs 
t hcreaftcr, is rea ssuring . But it is high ly improbable 
that the nrl'e l peri0d continues indefini te ly. The 
e \' id ence in th e prese nt in\'cstigation merely co nrirm s 
th e existe nce of an a rrest period and demons trates 
thnt il eno ll r es for nt lea sL 4 years on correctly 

I I I i I I 
Exposed of Washingfon,D.C, _ 

- -- -- " " Coco Solo, C. Z, 
I 

-
x x 

-- - - -;> 

'--~--- - - - -2',5 r- -- --------·f- --6 

o 5 10 15 20 25 30 35 40 45 50 55 60 
Corros/on per/ad, monihs 

I' IGL'n>: 14.-EfTect of conditions of " aginr" upon Lh e resistance of dUl'.llum in to corrosion. All specimens gh en a solution heat trcuLmen t \,j minu tes at ;;05° C 
and q u en ch~cI in ice w atel. 

that corro ion at a particular locality did not result in 
a progressi\'C lowe ring of the tensi le propertie 0 1' 

incrcase in depth or attuc k in proportion to the period 
of exposlll'e. The l1lajor loss, wi tllo ut cxception, wa 
rOllnd. to occu r within the fir t 18 month of expo ure to 
the " 'eu lh er, a nclu sua llv wi thin the first G months . An 
aTTcst or re lati \-ciy \'ery low attack fo ll owed , d.u ring 
which the ductili ty ancl penetration nlill es remained 
pract.ically unchanged to the conclusion of the 5-year­
test period . It rannot be presumed, however, t hat 
s llch an arres t \\'olild occur on sheet material highly 
s tressed in service . Th ere is somr o\'idf'nce to indica te 
that localized hig h stresses at tilE' basc of ('o rroded 
areas render thrm more susceptible to fu rther co r­
rosIon. 

Thi ' tendency tO Il'ard alTest aftcr an initial period 
of accelerated atta.ck bas been noted by othf' l' irwesti­
gators (reference n) and in metfll other than alumi-

hf'at- treated, 14-gage sh eet-a.lumillul1l alloys exposed, 
in the absen ce of tresse, under relatively evere 
condi tio ns . 

It is concein Lble that the arrest period may be 
fOUO\\'cd by one or more stages of accelerated attack 
a nd arrest. , uch a po ibility is suggested, in fact, by 
a few of the c urves depicting the behavior of mater ials 
prone to inteJ'crystalline attack and exposed under 
marine conditions (figs. 7, 13, and 26 ), 

CO:-lD IT rONS OF AG I NG 

The phenoncnon of h ard ening, or aging, which 
occurs at room tern pera tlll'e in duralumin rapidly 
cooled from t he soluti on beat treatment temperature, 
i regarded by most authori ties (references 14 and 15) 
as the result of precipitation of submicro copic con ­
sti tuents from the so lid solution matrix . The process 
is freq lI ently d ignated a " preci pi tation hardening." 
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More or less complete hardf'ning takes place in 
quenched duralumin wi thin a week, the greater part 
of which occurs within the first 48 hours. The proces 
can be accelerated by heating for relatively hor t 
periods at slightly elevated temperatures, which is 
termed" artificial aging." 

Lahoratory tests (reference 3) ind icatrcl that 
d uralumin quenched in ice water and immediately 
aged artificially at 100°, ]35°, :WO° or 2 5° C. wa 
rendered sll sceptible to the inkrcrystalline t.ype of 
corro ive attack . MaAimum susceptibility wa s ob­
served when aging wa carried out at 135°C., material 
o treated being even more u cepti bl e to corro ive 

a tt ilck than duralumin qu enched in boiling Wil tel' bu t 
aged in the ordinary manner . It is of in terest to 
ob el've that the type of attack presen t on d ural umin 
aged at 2 5° C. cIo ely 1'e embled that ill u trated in 
figure 8d. 

The evidence indicated that u ceptibility to in ter­
crystalline attack had its inception at ahout 100° C. 
ilnd that the period of heating migh t on occa ions be 
a determining factor . Specim E'ns aged in an electr ic 
re i tance furnace for a period of 7 hour at 100° C. 
c1eveloped only tIle pitting type of attack when subse­
q uen tly corroded in a chloride solu tion, wh ereas spec­
imens aged imilarly for 24 hour developed inter­
crystallinE' attack. On the other hand, specimen 
aged in a steam bath for 24 hour at 100° C. did not 
exhibit in tercrystalline corro ion. 

The effect of reheating quenched-and-aged dura­
lumin was found to be much the ame a \\-hen th e 
heating wa performed immediiltely after quenching 
following solution heat treatmf'nt. H ence, the appli­
cation to sheet duralumin of protective coatings 
which require " haking" at iln elE'vated temperature 
is inadvisable. The chang('s in micro tru cture result­
ine- from reheating were difficult to interpret. At 
thos(' temperature which made for extreme su ce pti­
bili ty of corro ive attack, how('\,er, there \\'a notice­
able ft tendency (fig. 120 foJ' con tituents to precipi­
tate from the solid olu tion and to coalesce. 

The re ults of weather-exposure te t at ' Va hington 
and Coco 010, of duralumin aged in various manner, 
are given in figure 14. All the specimen were 
quenched in ice water after the solution heat. treat­
ment. It will be noted that pecimen aged 24 holll' 
at 100° C. (in steam) bchftyed similarly, in the matter 
of los in ductili ty, to tho E' aged ftt room temperature. 

pecimen. aged ftt 135° or 150° C. resembled each 
other in behavior, but were appreciilbly inferior to the 
onE' aged at thE' lower t('mpE'ratures. It is ftpparent 
from fie-Ul'e 14 tha.t duralumin sheet agf'd at the t\\·o 
highest temperatures might be rendered unfit for er\'­
ice in Ie s than 2 mon th ftt Coco 010. At both 
Hampton Roads and Coco Solo intercrystalline corro-
ion penetrated t.he pecimens wit h unusual rapidi ty. 

Surface layers frequently fell from the bE'et ftnd , in 

general, the surface appearance of these , pf'cimen 
WilS far wor ethan tha t of ilny others f'XpO ed to the 
weather (fig. ge and f) . 

The result in the present investigation are in close 
agreement with t.hose independ ently obtain('d with a 
"sllper-duralumin " by Mei ncr (referenc(' 12 ), who 
found the temperature range of 135° to ] 50° C. 1'01' 

artificial aging to fftvor maximum usceptibility to cor­
rosive a ttack. This wa tru e irrespectiYe of the rn te 
of cooling following the solll tion heat treatmen t 01' 

following the precipitation hardening trefttment. 
ome alliminum alloys reC[ lIil'e artificial aging tren t­

men ts for the attainment of maxim lim phy ical propl'1'­
ti('s ftS, for example, the alloys comrnerciall~T desig­
nat.ed as 25S and 51S. It ·o happens that the recom­
mended trea tment, iTlvol ves k'ating for periods 0 f 
from 8 (,0 17 hours at about 140° C. for alloy 25 and 
i1bout 160° C. for alloy 51S. Both the lahoratory and 
\\·('fttbf'r-expo lire test indica ted tha t these alloys arE' 
11Iuch more SlI c('ptible to corrosive attack in the arti­
ficially aged cOlld ition thlln whrll agE'd at 1'00111 tem ­
p('ratllre. HowevN, their use has been more or less 
re tricted to rna si\'{' forgings such as propell ers . 
In asmu ch a corI'o ion ph('nomena are confined to ur­
fnce action, the factor of COITO ion becomes an inc1'('as­
ingly negligible one as the thickness of the metH I 
ection i increftsed, with the exception of parts ub­

jected to rep eft ted f1uctufttion of stress. 
Figure 15 will e1"-e to iIll! trate indirectly the efl'ect 

of artificial aging upon the corro ion re i tance of alloy 
25. in sheet form. pecimen 0 aged, de pite the 
sub ('quent application of surface protective coatirg 
prior to expo ure, exhibited a relati\' ely rapid loss in 
ductility with accompanying interery talline attack. 
The ets de ignated ill figure 15 a artificially aged 
were expo ed in the condition of heat treatment n 
performed by the manufacturer. Incidentally, the 
"chromium varni b" coatino- applied to the E' peci­
mens failed completely to afford prot('ction, as re\'E'aled 
by vi ual macro-examination, aftE'r Ie s than il y('ar 
at ' Yashington and Ie. than 6 month at Hampton 
R ond and Coco 010. Reference to figure 2 6' will 
iIlu trate thnt the urface appearance of the corroded 
heet was uniformly poor. 

The aluminum-pigmented par varnish coating, 
applied on ftn oxidized mface, however, hO\\'ed litt!(' 
vi ible eyidence of failure at the conclusion of the 
maximum expo ure periods ftt any of thE' localitie, . 
The curyes illustrate that lack of yi ible evidence of 
failure on the paint coating doE' not neces arily ignify 
tha moi tlll'e may not ha ye penetrated the protccti \-c 
coating and cau f'd corrosion and 10 in tensile 
proper tie . 

COLD-WORKI G AFTER VARYI ' Co AGING I TER VALS 

A few sets of specimen of 17 alloy were included 
in the weather-expo ure program to determine the 
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l'elatiye corrOSIO n reSl ta nce of dU l'alull1in speClI llens 
giYell various periods of aging at room tempel'n t ll l'es 
and then colcl-workerl eq uivalent amollnt. T he 

Aging I I 
o Room t e mpera/ure . 
" 8 -15 h o u rs o f 14 0°C 

I-- x I' " " ,. /. " 

section at both ends. The average ini tial tensile prop­
erties of the s pecimrns, cold-\l·orked as abo \-e, are 
gIven In tn ble I ll . 

1 I 1 I 
E xposed ef; 

--- Washinqto n, D .C. 
- - - - - Hampton Roods, Va. 

---I--- -e--
- - --x- - --- -x ---- - x- ------- -- --x---- -- x 

o 5 10 15 ?O 25 30 35 40 45 50 55 60 
Corrosion p e riod, monf hs 

FIGURE 15.--Effects of "aging " and protecti ve cOClLing:;:. upon t he resistance of alloy 2;;8 to corrosion. All specimens so lll tion heat treated at 520° C . and quenched in cold 
wa ler. Rpecimens aged at the hicll er temperature were alloy 25S T com merciAll y lreaLed. 

treatments are ul1lmarized in figure 16, together with 
the results at Washington and H ampton Roads. 
Cold-working by tretching \I-as accompli hed in it 

1 

It will be noted from figure 16 tha t the aging period 
prior to cold-working was for all practical purposes 
immaterial for pecimrns q lI enched in co1cl. water. 
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FI GU RE 16.- E!fect of colli-work ing and il agi ng" upon the resisLlIlce oC dura lum in Lo C' rrosion. All specimens gh"en a solution heat treatment 15 min utes At 50.1)0 C. 

tensile-testing macbine, the lO-percent s tretch b~ing 
determined over a 2-inrh gage length on the reduced 
section. The lO-percent increase in length of the 
cold-rolled pecimen was measu red over a 5-inch gage 
length, which ex tended slightly beyond t he i·edllc('cl 

pecimens given the in termediate aging period of 96 
hours appeared somewhat inferior in corrosion re ist­
ance to tho e aged only 1 hou r or to those aged 3 
\\"E' cks or mom, but the dillerence was not great. That 
the metbod of quenching played a 1110re important role 
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than did the subsequent aging period is evident from 
the rapid loss in ductility, ftt both loralities, of peci­
mens quenched in boiling water . 

In the specimens given the I-hour aging periods, 
t here were some indiration of additional age-hardelling 
after rold-working, whirh lllay ftCColmt for the diO'er­
ence in behavior of sperim en of this et a compared 
with the others. The corro ive attack was pre lomi­
nantly of the pitting type, except on a few of the peci­
mens expo ed at 'Ya hington and the first three 
withdrawn at Hamp ton Roads; on the e the in ter­
media te type (fig. 8d) wa occasionally in evidence. 
Intercrystalline attack \Va found only on specimen 

to shorter periods at the u ual temperature of 5050 C. 
Laboratory tests (reference 3) showed that quenching 
from a temperature of 425 0 C. resulted in appreciably 
lower tensile properties, even though the heating was 
prolonged as mucb a 8 hour . It was I1pparr ut that 
the temperature wa too low to efi'ect complete solu­
tion of the alloy con tituent. After a 3-month period 
of age-hard ening the ultimate tensile strength was 
approximately 47,000 pOllnds per square inch, and the 
ayerage elongation ftbout 19 percent (table III) . The 
ultima te tensile strength and elongation of dllralumin 
heated at 505 0 

., and tlltenched and aged, averaged 
a,pproximately 62,200 pounds per square inch and 20.7 

I ~ 1 1 .I I I 1. .1 ,I 
- - - - A ged.3 monfhs of room femperofures (Approxlmofe 17ST) 
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1--- - 1-- --1---- --1-- -- - - - '--- - --:- - - 1- - - 1----1-- - 1- - - '67.8-00 
~- -0---- --0--- - - -0-- - ---0- ~--- --0--- ---0-- ---~ 60.800 

'~ , " 

'x 
-. ~ "~ ~3" __ ---1----- --!- .----I- --!--- --- - - --- - - - ,----

!---~ 
K~ ---x-

x )< ,,64,500 "", --- ~- - - - - - - ~ - - --~ I- ~-o- - -4--- x- - )<- =---.-~ 6QOOO .- --- -I::- ----- 1-- -<> 57,400 ---- - ---
63500 

- - - I-- -----!--- - - -- - - ---- - !- --- -------- -. - !--- --

- - - -- - r-- - - - ------ --!--- ------ - - - - - - --I-- - - '-- - -

a 5 /0 /5 20 2S .30 .35 40 45 50 55 60 
Corrosio n period, monfhs 

FlG UI! E i7.- EfTecL or wea Lher c.\posurc upon i i ·gap;e sheet duraiumin (l7S), A II specimens gi"en a solution heaL Lrcalllleni \.\ m inuLes aL 50:;0 C. Fi ~ure$ aL ends 01 
c'urvcs ar€' a vcra~c u.rr .s. valu es or all specimens on lhe hori zontal section of the ('lln 'c. 

of the set which was quenched in boiling water prior to 
cold-working. 

The weather-exposure te t would indicate thn. t 
cold-working of material CJ ucnciled in boiling wa tel' 
resulted in acceleration of corI'O ive attack, which 
induced a more rapid 10 s in ductility during the fir t 
year than occurred in the absence of cold-working. 
For periods of exposure in excess of a year, however, 
the tensile properties of the specimen were practically 
the same, irrespective of the initial cold-working. 
Compare, for example, the ets quenched in boilinD" 
water and exposed at Wa hington (figs. 7 and 16). 
Cold-working of properly beat-treated and aged dural­
umin did not materially affect it corrosion re i tance 
(fig. 17). 

TEMPERATu nE AND DunATJON OF SOLUTION HEAT TREATMENT 

At the time that this investigation was begun ome 
metallurgists advocated olution heat treatment of 
duralumin at 425 0 C. for a prolonged time, in preference 

percent, respectively. Thi is reason llfficient to dis­
courage the u e of the lower olution heat treatmen t 
temperature. Both laboratory t1Jld weather-expo ure 
te·t demon tl'ated, moreover, that the corro ion 
re isttlllce of material quenched from 425 0 C. wa ome­
what inferior to that quenched from 5050 C., which 
further remove the former treatment from practical 
consideration. The results from the weather-exposure 
te ts are hown in figure 1 . 

Typical intercrystalline attack was not in evidence 
on any of the specimen quenched from 425 0 C., the 
predominating type of attack on specimens heated for 
a period of Ie than 4 hours being that of figure 8d. 
Longer heating period appeared to result in some 
ligh t improvement in corI'O ion resistance and the 

attack pre ent wa invariably that of the pitting type. 
The exposure-te t re ults al. 0 revealed no practical 
difference in the corrosion behavior of duralumin 
sheet heated for 15 or for 60 minutes at 505 0 C. prior 
to quenching (fig . 18). 
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CH EMICAL COMPOSITI ON 

Previous laboratory tes ts (reference 2) on aluminum 
alloys of varying chemical composition led to the 
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and allowed to age at room temperature. The solution 
heat treatment temperature was 505 0 O. for all the 
alloys except 258 and.5 1 ,for which 520 0 O. wa u ed. 

1' 1 I ', r 
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F J(i L: HE IS.-Effect of temperat.ure and tillJe of solution heat treat,ment upon the r ist.ance of dUraiulllin to corrosiou. A ll spe('imcns quenched in water at 2:,0 C. and 
aged 3 months at room t.emperatnres. 

tentative conelu ion that, of the elements u ually pres­
ent, copper i 1110 t clo ely rela ted to the suscep tibility 
to corrosion . The results of the weather-exposure 
tests on the same alloys are given graphica'lly in figure 

It will be noted from figure 19 tha t the corrosion 
re istance of all the alloys, when expo~ed at Washing­
ton , was uniformly excellent. The percen t of the 
initial elongation was mo re than 0 a t the cnd of the 
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F IG URE 19 .-Effect of chemical composiLion upon the corrosion of alu minum al!oys exposed at ' Vashinglon. All spec-imf;\ I1s solution heaL~trea ted . Qlleocbecl in ice 
water , Hnd a~ed 3 mon ths at room lelUpel' fl l1: re~ . 

19,20, and 21. InaslJ1uch as tbese alloys varied appre­
ci.ably with respect to their phy ical proper ties, the 
act ual data obtained are given in detail in table II . 
All the alloys exposed to the weather were qu enched 
in ice water , after a 15-minute solution heat treatmen t, 

5-year exposure period. For all practical purposes, 
their corrosion resis tance can be r ':lgard ed as abou t the 
same for the period covered by the te t . 

It may be seen from figures 20 and 21 that the behav­
i.or of the alloys, whether e}.'Posed a t Coco 8010 or a t 

----- --- --- - - - - ----- -- - -- - - - -- ----
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Hampton Roads, was quite imilar, with corrosion 
tending to result in somewhat lower physical proper­
ties at the former locality. The con istently higher 
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The order in which the materials arranged them­
selves, during the fir t year, in sequence of increasing 
susceptibility to corrosion as based on the ductility 

I I I 
Alloy I -I LJ Alloy 63 A 

" 1-2 t>. " 25 S 
" 58B '\I " 51 S 

x x x x x 
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Corrosion period, months 

VIf'UR E 2O.-EITccl of chem ica l co mposition upon Lhe corrosion of aluminum alloys exposed aL HampLon Roads. All specimcns solution heaHreBLe'!, quenched ill ito 
water, and aged 3 months at room temperatur . 

values obtained on specimen of alloy 1-2, A17S, and 
58B would indicate that the 11 e of high purity mate­
rial and lower ('oppel' contents does appreciably in­
crea e the re istance of duralumin to corrosion. The 

I 
I I 

value, was practically the ame at both localitie . 
However, there wa ufficient catter within the pe i­
men of any given set, or alloy, as to make any rigid 
cIa ification extremely dubiou. Practically all of 
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FIGURE 21.-Etrect of chemical composition upon the corrosion of aluminum alloys exposed at Coco Solo. All specimens solut ion heat-treated , quenched in ice water, and 
aged 3 months at room temperatures. 

con istently lower values obtained on specinlens of alloy 
63A, on the other hand, may be taken as indicative 
that relatively high iron contents tend toward inferior 
cOHosion resistance. 

the alloy , after the maximum exposure period at each 
locality, had ductility value higher than 55, which 
indicates that there were no appreciable losses in ten­
sile strength. 
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For alloys varying only sligh tly from the ordinary 
duralumin composition i t. appears certain that the 
factors of heat treatmen t , more particul arly the method 
of quenching and ubsequent reheating, are of major 
importance in rendering suell materia.! resistant to 
corrosion. T he r61e played by slight variation in 
chemical composition is, in comparison, a minor one. 
This is well exemplified in fig ure 22, which illu trates 
that duralumin from difi'el'en t manufacturers, when 
heat-treated in identical ma nn ers, were marked ly 
similar in behavior in the weather-exposure tests. 

In this connection i t is notewor thy til a t no intE-r­
cry ta lline attack was found on any of the ice-water­
quenchcd specimens of alloys 178, I - ] , 1- 2, A 178, 
B17 , 58B , or 63A after exposure. The attack on 
alloy 518 was predominantly of the pi tting type; a 

specimens removed at a given time at each locality, 
irrespective of their compo ition, heat treatment, or 
protective coatings. Thus, with all the other varia­
bles taken into con ideration, the more general effects 
of locali ty of corrosion on the "average" aluminum 
allo:v arc cmphasized. It is apparent that saline con­
ditions of exposure, as at Hampton Roads or Coco 

010, clef-initely cau e a much more rapid initial rate 
of loss of ductili ty. 

A compaJ'i on of the Iocalitie can be made on the 
basi of an arbitrarily selected value of the percentage 
of the initial elongation . Let it be assumed that, when 
the value has fall en below 0, cOlTosion has resulted in 
lowering the ten ile propertie a definite amount 
(fiO'. 6). The average value of the utlimate strength 
for cluralumin would then be about 59,000 pounds per 
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~'l liUHE 22.- Comparison of corrosion rcsist~nces of two duralumins from sep.lrate manufacLllrers. Ail specimens given a solu tion heat treatment t5 minutes ai 5050 C. 

[cw specimens contained arcas uggestivc of inter­
crystalline attack, hut in no ca e was i t typi cally 
developed . The a.ttack on all oy 258 wa of a. type 
closely rescmbling tha.t shown inrrgure 8d . 

EFFECT O F LO CALITY 

Definite information on the effect of the weather at 
the three locali ties upon the corro ion of pecific alumi­
num alloys under pecific condi tions of treatmcn t, has 
been given for the individual sets in the results pre­
sented graphicully. Owing to the fact, however , that 
only a single specimen of earh set W,IS r emoved for 
test at each interval , the results cannot be regarded a 
quantitatively accurate. They are bettcr to he 
regarded as " pilot" tc t u cful for indicating, within 
limits of reasonable acclIl'acy, w\tat behavior may be 
expected at each of the th ree locali tie . 

In figu re 23 are plotted the average elongation and 
depth of penetration of attack values of at lea.' t 40 

sq uare inch, and the elongation approximately 17 
percent. 

It will be noted (fig. 23) that at Wa hin 'ton t he 
ductility value was still above 0 at the end of 5 years. 
At Hampton Roads the value, 80, was reached in 
about 3 month, and was above 50 after 5 years' 
exposurc. At Coco 010 the value, 80, wa attained 
in les than 2 month; at t he end of 3% year i t wa 
not below 40. It will be l' called that appreciable 
losse in tensile s trength do not occur in cluralumin 
until thi value falls below 40 (fig . 6). The foregoinO' 
emphasizes clearly the relative permanence of alumi­
num alloys in general, the more so ince t he e result 
werc ohtained on sheet matcrial only 0.064 inch t hick. 

However, propcrly heat-treated aluminum alloy 
shcet material wa found to be much Ie s sll sceptible 
to corrosive attack than the data in figure 23 would 
indicate. In figure 25 are curves plotted on the ba i 
of averages on the five uncoated alloys lea.st Llsceptible 

--- -_. ----~ 
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to corrosive attack. The alloys uniformly represented 
among the highest values were those designated as 
I- 2,A17S,B17S, 58B, 17S, and, at vVa hingtononly, 51 . 
All specimens were quenched in ice water, after the 
solution heat treatment, and aged at room temperature. 

Exposure to the weather 5 years at , r..,T a hington 
resulted in only light 10 ses in physical propertie . 
At both Hampton Roads and Coco Solo the ductility 
value was well above 70 after the maximum exposure 
period. Penetration of corrosive attack, which wa 
invariably of the pitting type, was seldom more than I 

0.006 inch at the end of 5 years, u ually being less 
than 0.003 inch at Washington. The arrest in cor­
I'O ive action at the marine localities, following initial 
attack, is well in evidence from the average of both the 
elongation and the depth of penetration values. 

The relative impermanence of alloys not correctly 
heat-treated is well exemplified by the curve of figure 
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line type in all cases. It will be noted in particular 
that intercrystalline attack may be expected to pene­
trate entirely 0.064-inch material, exposed under condi­
tions a severe a those prevailing at Coco Solo, in a 
period of from 3 to 4 years (fig. 24c) . 

The data in table IV [11'e presented to furnish sum­
marily an approximate idea of the probable behavior 
of aluminum alloy heet at the three localities. 

.IMMERS ION IN SEA WATER 

At Hampton Roads the specimens were placed on 
the exposure racks on May 5,1927. Between May 5, 
192 , and November 5,1928, one of the exposure racks 
accidentally became immersed in the sea water, where 
it lay until removed early in January 1929. The 
specimens were therefore continuously immersed for a 
period of not 10 s than 2 nor more than 8 months. 
The eff'ects of the immersion are shown in figure 27, 
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FIG UnE 23.- EfTect of locality upon the resista nce of aluminum alloy to corrosion. Average of 40 materia ls at each tes t period. 

26. The curves are based on averages of the fivo 
uncoated sets of specimens most su ceptible to attack 
at all tro.-ee localities. These were all 17 material 
heated at 505 0 C. and then treated as follows: (1) 
Quenched in ice water and aged 3 hour at 1500 C .; 
(2) quenched in boiling water and aged 3 months at 
room temperature; (3) quenched in boiling water, aged 
96 hours at room temperature, and tretched 10 per­
cent of length; (4) quenched in ice water, aged 96 
hours at room temperature and reheated 5 hour at 
135 0 C.; (5) quenched in oil at 25 0 C. and aged 3 month 
at room temperature. 

The exceptionally rapid lowering of the ductility, 
to values of approximately 20 and below at Hampton 
Roads and Coco Solo, i especially to be noted. The 
initial arrest at Washington, however, occurred at a 
value of about 60. The attack was of the intercrystal-

-----~.---- ----- ------- - --

where the specimens which lay in the sea water were 
arbitrarily plotted as having been removed after 6 
month. 

The curve indicate that at the conclusion of the 
12-month exposure period the specimens were nearing 
the end of the initial period of rapid attack. Immer­
ion in the sea water, however, resulted in another 

period of accelerated attack, during which the tensile 
properties were lowered to approximately 50,000 
pound per sq uare inch and the elongation to 6.5 per­
cent or lower. It may also be concluded that immer­
ion in ea water bould result in a much more rapid 

initial rate of corro ion than ordinary expo me to 
saline atmospheres. ome of the immersed pecimen 
were subsequently placed back for weatuer expo ure 
an additional 3 ~§ years, during which no further 
marked losses in tensile properties occurred. 
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F,GURE 24.-(a) Alc:lad 173 maLerial (uuetched), exposed 5 yenrs at Washington, X250; (0) Alclad lI3, exposed 5 years ~t Hampton Roaels " lid etched to >bow the 
difTusion zone, X250; (c) alloy liS, rebeated for 5 hours ct 1350 C. after solution heat treaLment, quenching, and aging 96 hours at room t mperaLure". X250; (d) 
surface cracks ("crazing") developed wbile breaking an emhrittled tensile bar, X3. Note that corrosion of the Alclad specimens has not penetrated thl' hi p;h puriLy 
al uminum coating. Specimen (c) was exposed 3., years at Coco Solo and 1T'0st of 1 hc origin"1 metal bas heen removed as a result of .. pock-form ,. corro,inn. The 
phenomenon of crazing is frequently encou ntered in embrittled dural umin. 
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STORAGE I N , EALED CONTAINE RS 

Specimens stored in the dry atmo phere of the sealed 
container for 5 years showed no evidence whatever, 
on mi croscopic examination, of the presence of cor­
I'O ive attack. I t may, therefore, be concluded that 
the presence of moi t urc i an essential factor for 
COITO ion. either was ther any evidence of 10 e 
in tensile propertie during the torage period. Both 
the e fact tend to refute a conj ecture voiced a number 
of year ago, as a probable explanation of in tercry tal­
line corrosion phenomena, that alloy of the duralumin 
type might be ubject to pontaneous di integra tion . 

In general, there wa orne light evidence of minor 
increases in tensile proper ties, or further age-hardening 
in t he majori ty of the set of specimens. The evidence 

I 
a 

by quenching in boiling water. Hence, corrosion of 
the underlying metal with the accompanying los in 
t ensile proper ties served as a criterion of the" break­
down " of the coating. A number of the coatings, 
however , was al 0 applied to duralumin quenched in 
cold water, to permit more rigid compari on with 
condi tion likely to prevail in actual ervice. 

Surface coatings on aluminum and its alloy may 
arbitrarily be cIa ified into four principal groups, viz: 
(1) M etallic coating; (2) oxide coatings; (3) organi 
coating, uch a paint, varnishes, lacquers, grea e, 
etc.; and (4) combination of the oxide and organic 
coatings. All fo ur classes of coatings were investi­
O'ated. Only 2 coatings of about 50 tested aITorded 
complete protection to the underlying metal t hl'ough-
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FIGURE 26.-EfTect of locality upon the resistance of aluminum alloys to corrosion. Fi\-e materials most susceptible to corrosive attack. 

was most pronounced on alloy 25S and 51S, quenched 
in ice water from 520 0 C . and aged at room tempera­
tures, and on duralumin which was cold worked by 
tretching after an aging period at room temperature 

of only 1 hour. Specimen of alloy 51S and of the 
stretched duralumin expo ed at Washington 5 years 
actually exhibited proper ties lightly higher than when 
originally exposed, 8S indicated in figures 16 and 19. 

R ELATIVE EFFI CIE CIES OF P ROTECTIVE COATI GS 

The advisability of applying protective surface 
coating to duralumin to be used under marine condi­
tions has already been indicated. The ubj ect of 
protective coatings was no t investigated systematically 
in the weather-exposure erie, although a number of 
random coatings were included. There ar e reviewed 
here only the results of outstanding importance. 

Mo t of the coatings exposed to the weather were 
applied to duralumin rendered usceptible to corrosion 

out the duration of the exposure tests at all three 
localities. 

The fiT t of these wa a prayed metal coating of 
p ure aluminum prepared in accordance with a sugges­
tion by D r. H. W. Gillett, contained in a pI' ogre s 
repor t to the sponsors of the project as early as October 
1925 , which read: "It is thought that a layer of pure 
aluminum on the surface of duralumin may aid in 
several ways. It is to be expected that the corrosion 
of such a layer would be very materially less than that 
of duralumin. Such a sprayed layer would be light 
and would afford a very good' foothold' for any coating 
applied on top of it." 

The coating was applied by metal spraying onto a 
previou ly and-blasted duralumin surface, the peci­
mens being heat-treated after spraying to restore the 
physical properties which were lowered by the sand­
blasting operation. 0 losses in tensile properties 
were obtained in laboratory corrosion tests, in the 
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chloride-peroxide reagent, extending over 2 months. 
pecimens expo ed to the weather under saline condi­

tions for a period of 3 years also exhibited no 10 in 
properties. Loss of the specimens then remaining in 
the racks made nece sary the discontinuance of te t 
of this et. 

The econd coating, which gave complete protcction 
over the entire 5 year at Wa hington and Hampton 
Roads and the 37-month period at Coco 010, wa of 
the type marketed commercially under the trade name 
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" Alclad" (reference 16). The Alclad product tcsted 
consisted of a duralumin (178) base to whi h 'a coating 
of high purity aluminum was integrally bonded thro ugh 
a tran ition zo ne of interalloying. The thiclmess of the 
coating on each side clo ely approximated 5 percent of 
the total thicknes of the 0.064-inch sheet. 

The Alclad 17 material wa expo ed to the wcather 
in both the hot- and cold-water-q uenched condi tions. 
In neither did the corI'O ive attack, over the maximum 
period of expo ure, penetrate through the aluminum 
coating (fig. 24a and b). The ductility values for 
the material remained consistently above 95. either 

- -- -- ----

was corrosion observed to any considerable extent 
on tbe cut edge of the expo ed ten ile pecimens. 

pecimen quenched in boiling water and expo ed at 
W' ashington howed occasional trace. of intercrystal­
line attack on the cut edges after 2 year' exposure, 
but the ten ile properties were not lowered. 

The Alclad coating also showed to very marked 
advantage in the laboratory stress-corro ion te t 
(reference 6). Its use under conditions of severe 
static tl'e s or repea.ted nexural tre e appear 
c pecially to be recommended . It wa found also to 
possess ccrtain advantage with re pect to the effect 
of abra ion. A number of Alclnd pecinlOn were 
scratched very everely, with a pail' of sharp divider 
(fig . 2 b). These pecimens showcd no 10 in phy i­
cal properties after intcrmittent-immersion te ts in 
the laboratory aftcr 40 days in the chloride-peroxide 
solution, even when under static tresses of approxi­
mately 20,000 pound per square inch. The pre ence 
of relatively liO'ht scratches (fig. 2 a), however, was 
found to be very detrimental when flexural stresses of 
approximately 20,000 pounds per square inch (which 
are well above the endurance limit) were applied 
simultaneoll ly with corrosion by the intermittent­
imrner ion method. Bu t no losscs in ductility had 
occurred on nny of the scratched recimens after 4% 
years' exposure at Washington or I-Iampton Roads . 

The tensile strength of the marketed Alclad 17 T 
alloy usually averages about 6,000 pound per quare 
inch lower (based on the total thickne of the heet) 
than that of uncoated heat-treated 17 alloy. But 
when this factor can be neglected, the use of the Alclad 
sheet under severe corrosive conditions is unquestion­
ably to be recommended in aircraft in preferrnce to 
duralumin otherwise coated. Coating of the oxide 
and organic types applied on Alclad sheet would still 
further increase its effectiveness. 

The following coatings, electrodepo ited on dural­
umin, were included in the weather-exposure te t 
serie at Wa hington: (1) hromillm, 0.00005 inch 
thick; (2) chromiulll, 0.0002 inch thick; (3) nickel, 
0.0002 inch thick with a chromium finish 0.00005 inch 
thick. Although initially uperficially excellent in 
appearance, the coatings developed crack (fig. 2 c) 
and the mnterial showed rapid loss in ductility in Ie 
than a year at Washington . These coatings are lffi­

que tionably not to be recommended for use in aircraft 
wherc resistance to corro iOll is an important factor. 

In geneml, oxide- urface coating alone, or organi -
surface coating alone, gave inadequate protection for 
long periods under the climatic conditions prevailing 
at fhmpton Roads and Coco Solo. The coating pro­
duced by the Bengough anodic proces (reference 17 ) 
vi ibly failed at Washington in less than 3 years, and 
at Hampton Roads and Coco Solo in less than a year. 
An initial application of grea e to the oxide coating 



FIGURE 28.-8urface appearance of protective coatiugs 00 durall1miu after long exposures to th~ weather. 'l'he coatings and exposure conditions: (a) Alclad 178 with 3 light sCrRtches, 4 years at Washington; 
(b) Alclad 178 with several severe scratches, 3 years at Washington; (c) electroplated coatings of chromium ou nickel, 1 year at Washington; (d) Alclad 1 i8, 5 years at Hampton Roads; (e) Bengougb anodic oxide 
coating, initially greased, 5 years at Hampton Roads; (f) aluminum pigmented spar varnish on Bengough oxide·treated surface, 5 years at Hampton Ronds; (g) "chromium varnish" (ou alloy 258), 3~ years 
at Coco 8010. Note the diITerences between the skyward aud earthward surfaces (cf. figure 9), the former beiug designated s. The attack in the Alclad specimen, (d), had not penetrated tbe aluminum 
coating. The mauy cracks On (c) attest to the marked inferiority of tbis coating. Preferential attack on the scratched Alclad speCimens, (::I) and (b), is not in evidence. Xl. 
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FIGVIIE 29.- Appenrance of protecth-e coatings on duralumin after ~~2 months' exposu re to the weather at Ooco Solo. The skywa,d surfaces arc shown in each instance. (a) Jirotka oxide coating "Oh-h"; (b) 
Bengough anodically applied oxide coating; (c) Stanley clear lacquer; (d) Stanley clear lacquer on Bengough oxide-treated su rface; (e) a luminum pigmented "Rust-Veto" grease; (f) a zinc chromate base paint; 
(g) ca rbon black in linseed oil; (h) alu minum pigmented spa r varnish; (i) alum inum pigmented spa r varnish on IJengough ox ida-treated surface_ Note especially tbe superiority of coatings appli ed to surfaces 
previously anodically treated . X I. 
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gave some additional protection, but was in itself 
insufficient. The continued application of grease at 
short intervals would undoubtedly have proved more 
efficacious but was impracticable in this series of tests. 
The addition of aluminum powder to greases resu! ted 
in markedly increasing their efficiencies as protectIve 
agents. 

Two organic coatings were out tanding among those 
applied to duralumin strips whose previous surface 
treatment consis ted imply in being cleaned free from 
grease. These were: (1) Aluminum "powder" in a 
vehicle of good grades of long oil varnishes; and (2) 
a zinc chromate base paint. ei ther showed visible 
evidence of failure after 5 years' exposure at Washing­
ton, but did so within 4 ;~ months at Coco Solo (fig. 29 ). 

Better protection was afforded by the same coatings 
when applied to specimens previously oxidized. The 
aluminum-pigmented par varni h coating, wh en 
applied to surfaces anodized by the Bengough process, 
was outstanding among coatings of this type (reference 
7). For conditions analogous to those in Washington, 
combinations of the organic coatings on oxidized 
surfaces can be relied upon a atisfactory for periods 
perhaps as long as 2 years. A renewal of the paint 
coating at that time would 'appear to be advisable. 
Although no visible evidence of failure wa noticeable , 
in coatings of thi kind there was without doubt some 
penetration of moisture after 2 years. Thi was 
revealed by the loss in ductility of the underlying 
metal, when it had been intentionally rendered prone 
to intercrystalline attack. That los es were not 
detected after 5 years' exposure at Washington, on 
properly heat-treated metal similarly coated was, of 
course, to be attributed to the inherent re i tance to 
corrosion of the metal itself. 

It has already been pointed out that the position of 
the specimen in the weather-expo ure rack wa not 
changed during the period of their exposure. As a 
result, the products formed by corro ion usually 
accumulated in greater amounts, on uncoated peci­
mens, on the surfaces which faced earthward (fig . 9). 
It may also be seen, by comparing figure 9a, b, and c 
that the corrosion products accumulated in greater 
amounts at Coco Solo, being somewhat less at H amp­
ton Roads, and very much less at Washington. 

On specimens to which protective organic surface 
coatings were applied, visible evidences of failure 
usually occurred first on the skyward surface, pre­
sumably owing partly to the action of ultra-violet rays . 
An example of the relative differences in the appear­
ance of the skyward and earthward surfaces may be 
seen in figure 28f. Figure 29 reveals the relative 
efficiencies of certain of the coatings previou ly di -
cussed, after approximately 4 }~ months' exposure at 
Coco Solo. The superiority, in the adherence of var­
nishes or lacquers which were applied to a surface pre­
viously anodically treated, is plainly evident. 

L--_____ _ 

CONCLUSIONS 

On the basis of numerous laboratory corrosion te t 
and weather-exposure tests, conducted over a period 
of more than 5 years at Washington, D .C., Hampton 
Road, Va., and Coco Solo, Canal Zone, the fol­
lowing conclusions appear to be warranted: 

1. The type of corro ive attack in duralumin is 
most freq uently one of two distinctive types, viz, 
pitting or intercrystalline. The method of heat treat­
ment ordinarily plays a much more important role 
than do minor differences in chemical composition in 
determining which type of attack will develop under 
corrosive conditions. Moisture is essential to the 
development of corrosive attack of either type. The 
type of attack is not materially influenced by varia­
tions in the composition of the corroding medium. 

2 . . Aluminum alloy sheet materials of the duralumin 
type are, when properly heat-treated, to be regarded 
a thoroughly reliable from the standpoint of relative 
permanence in service. 

3. The method of heat treatment of wrought dural­
umin is of the utmost importance with respect to its 
subseq uent behavior under condition conducive to 
corrosion. olution heat treatment, quenching, and 
ao-ing, must each be performed in accordance with the 
recommendations which follow, if satisfactory cor­
I'O ion resi tance i an objective. 

4. olution heat treatment should be carried out 
under conditions of accurate control, at temperatures 
ranging from 500° to 510°C. (930° to 950°F.), for a 
period sufficient to in ure thorough heating. For 
sheet material appro:-.':imating thiclme es of 14 o-age, 
a period of from 15 to 30 minutes is sati factory in a 
nitrate bath. Prolonged heating at somewhat lower 
temperature result in lower ten ile properties and 
relatively inferior corrosion resistance. 

5. Quenching hould be effected quickly into a 
medium conducive to a rapid rate of cooling. A 
recommended medium i water at a temperature 
below 25 °C. (77°F.), present in sufficient quantity, 
with reference to the mas of the metal, to prevent the 
formation of steam. 

6. Age-hardening of duralumin should be permitted 
to occur at temperature below 100°C. (212°F.). 

7. Quenching in hot water or cold oil, and aging or 
reheating quenched-and-aged duralumin at tempera­
ture in excess of 100°C. (212°F.) render duralumin 
inherently susceptible to the insidious type of attack 
termed intercry talline. 

. Intercrystalline attack has been hown, by 
illean of microscopic examinations, to be intimately 
related to the amount and distribution of the precipi­
tated con tituents, particularly CuAl2• The com­
pound CuAl2, however, occurs closely a sociated with 
other constituents and may not be the constituent 
actually attacked during the process of corrosion. 

\ 
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9. Interc1'ystalline attack tends to increase in depth 
much more rapidly than that of the pitting type, the 
former tending to penetrate and the latter to widen. 
The rate of penetration of both types is a function of 
the condition of exposure, being appreciably more 
r apid, in the initial stages of expo ure, in the pre ence 
of sal ine conditions. Chlorid e are particularly on­
ducive to rapid rates of corI'O ive attack in duralumin. 

10. An initial period of relatively rapid corrosive 
attack u ually cea e wi thin the first 1 months' 
exposure, and is followed by one of long duration dUl'­
ing which further losses in tensile proper ties are mall. 

11. COlTosion in wrough t duralumin-type alloys 
tend to lower the elongation to a l out 40 percent 0 fits 
initial value before appreciable losses in ten il e trength 
occu]' . The latter do not become ma nife t, in 14-O'age 
sheet duralumin, until corro ive attack has penetrated 
in excess of a total of 20 percent of t he thickne . 

12 . Cold-working duralumin for slight amounts 
cloe;; not a ffect it C01'1'O ion 1'e i tance materially. 

13. Alloys prepared from high purity components 
tend to be more corrosion resistant. High iron con­
tents appeal' to render aluminum all oys omewhat 
111 ore u ceptible to corI'O ive attack. Low copper 
co ntents tend toward improved corrosion resi tance. 

14. Protective surface coatings are e entia l on 
duralumin if the material is to be u eel under condi­
tions condu cive to rapid corI'O ion . 

15. Electrodepo ited coatings of nickel or chromi­
um, or both, are entirely un uited for u e as surface 
protective coatings in aircraft under corrosive condi­
t ion . 

16. Surface coating o[ the oxide or organic ty pe, 
when used alone, arc inadequ ate [or protection over 
long periods under severe cOlTosi ve conditions. 

17. A number of combination of the oxide and 
organic type coating have given adeq uate protection 
for satisfactory period s under evere corro ive con cli­
tions . Aluminum pigmented spar vamish , applied 
to a surface anodized by the Bengo ugh proce , wa 
fOllnd to be par ticularly efficaciou . 

1 . I rotecti ve coatino' of aluminum are undoubt­
edly to be recommended wh enever cono ive condi­
tion are severe. Alclad type products were found to 
be highly re i tant to corrosive attack, and exhi bited 
no con isten t 10 s in ten ile properties throughout 
the maximum duration of the weather-expo UTe te ts . 

BREAU OF TANDARDS, 

WAS H! GTON, D.C., Nlarch 23, 1934. 
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TABLE II 

PHY, I CAL PROPERTIE A D DEPTH OF PEr ETRAT10N OF ORRO rVE ATTACK ON 14-GAGE SHEET 
ALUMI UM ALLOY MATERIALS AFTER EXPO ' RE TO THE WEATHER · 

I EXPO URE PElllOO 

TENSILE PROPERTIES 
MAXIMUM DEPTH OF 

Itimate tensile strength Elongation in 2 inches PENETRATION b 

I Ooco ealed I Was h- I Ramp- I ealed I Wash- I R amp- I I namp- I I Otber Ooco Ooco Wash- Ooco Solo s tations con- . ton Solo coo- . ton So lo ington ton 010 i only tainers IDgton Roads tainers I ngton Roads Roads 

ALLOY 17S ~DURALUMI OF 'l'nE USUA L 00 flIIEROIAL OO~IPO ITIO 

Pounds I Pounds Pounds Thou- Thou- Tho u-
per square per square per square sandths sandths sandth s 

.\fonths .IIonths inch inch inch Percent Percent Percent Percent Percent o/an inch o/an inch o/an inch 
0 0 62, 500 . 62, 500 61,800 (') 19. 0 20.0 21. 0 (h ) 0 0 0 
1)1 6 61,900 61, 000 57, iOO 60,600 20.0 21. 0 15.0 20.5 1 1 2 
4)1 12 62.700 61,000 60,200 59, 800 21. 5 20.0 15.5 18.0 1 5 2 
7)1 1 62,100 62,500 1 44, 00 59,000 21. 5 21.0 13.5 15.5 I 14 3 

10)1 24 62,300 61.700 145, 00 60,600 21. 5 21. 5 14.0 14. 5 3 12 3 
14 30 63,200 59,200 146,000 ,750 19.5 I .0 15.0 12.0 2 13 4 
17 36 62,500 60,600 1 4 ,750 55, 00 21. 5 21. 0 16.0 10.0 2 15 3 
24 42 62,500 60, 00 150,000 58,300 21. 5 21. 0 16.5 12.0 2 15 4 
30 48 62,900 61,000 1 49,000 ,500 22.0 21. 0 16.0 13.5 6 1 5 6 
37 54 62,700 60,400 152,700 55,800 22.5 16.0 17.5 13.0 3 16 7 

-------- 60 63,300 59,800 155,000 (0) 23.5 20.5 19.0 (0) 3 (h) (0) 

ALLOY I- I ~DURALUMIN WITR "OONTROLLED" IRON- 1LIOON RATIO, APPROX1MA'l'ELY 1:1' 

0 0 

I 
59,000 59,000 I 59,200 (h ) 20.0 I 20.5 20.5 (h ) 0 0 0 

1)1 6 58,300 54,300 53,300 55,100 20. 5 20.0 17. 0 1 .5 (h) 2 2 
4)1 12 59,000 53,300 51 , 000 53,900 22.0 20.0 12. 0 16. 5 1 2 5 
7)1 1 58,500 53,900 51 , 000 53 , 500 21. 5 20.0 16.0 I .0 d 3 2 5 

10)1 24 55,000 55,200 52,700 54,000 20. 0 20.0 15.0 14.0 d2 d 5 d 4 
14 30 56,250 54,400 52,500 53,7SO 19.5 20.5 14. 5 15.0 2 5 d 7 
17 36 51 , 500 55,000 52,500 53,300 17.0 19.5 17. 0 15.5 3 4 "7 
24 42 58,750 5-1,900 52, 700 53,500 21. 0 19. 5 15.5 15.0 3 6 d4 
30 48 58,750 54,400 52, 700 52,000 22.0 19.5 16.0 13.0 3 6 d7 
37 54 59,600 53,700 52,500 50,200 22.0 19.0 15.5 11. 5 d5 7 13 

- ----- -- 60 59,000 53,700 52,700 (0) 21. 0 19.5 17.5 ( 0) 3 6 ( 0) 

ALLOY 1-2 ~DURALU UN MADE F R Ol\! nIGH PURITY MATERIALS' 

0 0 56,900 57,900 57, 300 (') 20.5 20.0 20.0 (h ) 0 0 0 
1)1 6 57,350 57, 100 56,900 ,500 21. 5 21.0 19.0 20.5 1 2 1 
4)1 12 57,500 55, 900 55,200 57,900 20.0 20.0 1 .5 18.0 1 9 2 
7)1 I 58,000 57,500 54,100 68, 750 23.5 21. 0 17.5 21. 0 2 3 5 

10)1 24 59,600 57,900 54,200 58.300 20.0 21. 0 16.5 20.5 2 9 4 
14 30 .56,500 58,500 55,200 56,500 20.5 22.0 17.5 1 .0 I 5 3 
17 36 58,750 58,750 57, 300 58,300 21. 5 21. 5 I .0 17.5 2 4 4 
24 42 58,100 57,500 57,700 56,500 21.0 21. 0 20.5 1.0 2 6 4 
30 48 59,200 57,900 55,200 56,900 21. 5 21. 0 I .5 I .5 2 7 5 
37 54 i~: 100 

55, 00 54, 200 55,400 22.5 21.0 17.0 I .0 2 9 6 
---- - - -- 60 5i ,300 55,900 54,200 (0) 22. 5 21.0 16.5 (oj 2 9 (0) , 

ALLOY 58B ~DURALUMI "-'l'YPF. ALLOY WITH LOW OOPPER 00 TE T (3.1 PEROENT) • 
-

I I I 
51, 250 52,300 51,700 (') 20.0 20.0 20 .. ~ ( h) 0 0 0 
51,900 52,300 SO, 00 52,500 19. 0 16.5 16. 5 21. 0 I 3 1 
52,500 51,900 51,900 51,500 21. 0 20.0 17.0 17.0 2 4 2 
52,700 f,2,100 51.700 51,250 20. 5 19.0 17. 0 1 . 0 4 3 2 
52,700 51,600 49, 00 SO, 00 21.0 19.0 15.5 15. 0 " 4 d 3 2 
,,2,300 52,100 SO,OOO 51,000 21. 0 19.0 13.0 16.0 1 d4 2 
51, 600 51 ,000 51,500 51,000 21. 0 19.5 17.5 14.0 2 4 3 
52,500 50,800 49,200 49, 00 21. 5 19.0 14.0 13.5 2 3 4 
52, ]00 51,700 50,200 4 ,400 20.5 20.0 14. 5 12.0 3 5 ]0 

I 53,300 50,000 50, 00 50, 400 20.0 14.0 17. 0 15.5 4 6 g 
51,800 I 50,800 49,600 (0) 20.0 20.5 15.5 (0) 2 8 (oj 

o 0 
1)1 6 
4)1 12 
7)1 18 

10)1 24 
14 30 
17 36 
24 42 
30 48 
37 54 

60 

See rootnotes at end of table 
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TABLE II-Continued 

TENSILE PROPERTIES 

EXPOS U RE PERIOD MAXIM UM DEPTH OF 
PENETRATION 

Ultimate tensile strength E longation in 2 inches 

Coco 
l ather Sealed I Wash- I H amp- I Coco Sea led I Wash- I Hamp- I oco Wash- I Hamp- I Coco 

010 stations taCi~~·rs ington 
ton Solo con- ington ton 

010 ington tOil Solo only Roads tainers Roads Roads 
I 

ALLOY 63A'-D U RALUMIN-TYPE ALLOY WITH JIIG H I RON CONTENT ( I 15 PERCENT)' 

POlLnds POlt1U/S Pounds 'r"OlL- 1'hou- TholL-
per square per square per squure 

-'fonths Al onths i'11~h inch inch. Per~e" t Percent 
0 0 52, 300 51,900 51, 250 (. ) 20,0 

sandths sandths sandths 
Percent Percent Perce"t oj an inch oJan inch oJan inch 

19.0 19 0 (') 0 0 0 
1)1 6 50,000 ,;1,700 4 ",00 51.700 19, 5 1f>.5 10.0 15.5 I 2 2 
4)1 12 52,300 51.000 50, 800 50,200 17,5 
7~~ I 52,300 52,300 48,000 50,400 17.5 

10)1 24 51 , 500 52,300 48, 800 50, '100 14.0 
14 30 50,600 55,400 4 ,500 50, '100 15.5 

19.0 9.5 II. ., I 2 2 
16.5 I I. 0 I I. 0 I 2 
15.0 I I. 0 10.0 4 2 4 
12. 5 I" 5 12.0 2 6 3 

17 36 51, 700 51,600 50,000 48,400 22.0 10.5 12. 5 10.0 3 5 3 
24 42 52,300 51,800 51,700 49,400 I .0 
30 4 52,300 51,600 49,800 (,) 16.0 

15.0 13.5 11.:; 2 4 3 
16.5 12.5 ( 0) 2 7 (0) 

37 S4 54,000 50,000 47.500 (,) I .0 I ~. 0 9.5 (0) 'I 5 (0) 
-------.-- 60 51,700 50, 00 49,600 (,) 16.0 17.5 II. 5 (0) (') 6 (0) 

ALLOY 13 178 ~"MODrl'rE D " D RALUM IN-T YPE COMMERCIAL ALLOY W[TH LOW CO PPER CONTEKT (3. 7 PER CEN'r) AND LO W 
MA NOA l ' ESE CONTE ' '1' (0.02 PERCENT) 

I 0 0 50,900 51 ,600 52,000 (.) 

I 
21. 5 22 . . 5 23.5 

I 
(') 0 0 0 

1)1 r, 51, 00 47.700 50. 450 52.300 22.5 ],.0 16.5 21. 5 I 3 8 
4)1 12 52,300 50,200 50. 000 49, 100 23.0 19. 0 18.0 18.5 I 2 7 
7)1 I 52,700 51,400 50. 000 49. 500 22.5 21. 0 20.5 20.5 :l 5 5 

10)1 24 52.700 49,300 50,200 5 1, 00 22.5 17. 0 I . 5 19. 0 4 4 5 
14 30 51. 600 50, 450 50,000 49, 00 21. 5 21. 5 19.0 17.5 2 4 5 
17 3(; 51,800 50.900 50.200 49. 00 22.5 21. 0 18.0 17.5 3 5 7 

24 I 42 52,300 

I 

50,200 50.450 49,500 24.0 19.0 20.0 18.0 3 5 10 

----~~----
4 52, 950 49, 100 47.700 4 .600 

I 
21. 5 

I 
19.5 

I 
18.0 17.5 3 5 (.) 

I 
54 .,2.700 49, 800 50,000 46,600 2'1. 0 Ii . .5 18.5 16.0 3 6 27 
60 52,300 51,500 50, 000 (0) 25.0 21. 5 I .5 ( 0) (.) 6 (,) 

ALLOY AI7S '-"MODIPIED " DURAL UM I ' -TYPE CO M ) E R .[A L ALLOY W IT H LOW CO PPER CONTENT (2.5 P£R ENT) AND LOW 
MANOA l £ F. CONTENT (0.02 PEHCENT) 

I 0 0 36, 100 37, 300 37,950 ( 
1)1 6 3 ,400 39,100 3 ,400 39, 
4)1 12 37,300 38,900 38,200 38, 
7)1 18 39, 100 , 900 38. 00 37, 

') 23.5 22.5 25. 0 (') 0 0 

I 
0 

500 21. 0 22.5 21. 0 23.5 (.) 3 5 
00 21. 0 19.0 20.0 21. 5 3 6 3 

700 22.5 2'1. 5 l R. O 21. 5 3 6 3 
10)1 24 38,600 37. 950 37, 300 39, 
14 3D 3 ,600 38,900 36,800 39, 

500 17.5 19.0 18.0 19.0 5 6 5 
100 20.5 23.0 17.0 20.0 5 6 2 

17 36 36,400 , 400 36, 100 37, 500 20.0 22.0 16.5 I . 0 3 3 II 
24 42 39,300 38, 400 37,000 3 , 600 25.5 21. 0 19.5 I .0 3 3 10 
30 48 40, 000 37, 00 37,500 37. 500 24. 0 20.0 20.5 16. 0 3 9 10 
37 54 38,200 as, 200 37,300 36, 800 19.5 22.5 19.0 16.5 3 6 19 

-----.---- 60 39,800 37,300 37,500 ( 0) 22.0 17.0 19.0 (.) 3 6 ( 0) 

A I, LOY 258 d-DUHALUi\UN-TYP" COM MERCI AL ALLO Y WITH HIGH SILIC ON CO l 'l'EN'r (0.9 PEHCENT) AND -0 MAONESI M 

0 0 52,600 
1)1 6 55,000 
4)1 12 55,400 
7y> 18 55, 400 

10)1 24 56, 100 
14 3D 53,900 
17 36 53. 600 
24 42 55.650 
3D 4 55, 900 
37 54 55,000 

- --- ---
I 

60 55, 300 

54, 00 53,500 
55, 900 52,600 
55, 000 50.900 
55,400 Ed. iOO 
54,800 52. 000 
54,350 51,700 
03,200 52,600 
54,350 52. :l00 
52,300 52,000 
53 , 600 53,000 
52,300 50,600 

5 
5' 

( ' ) 
6,1 00 
3,000 
2,400 
,500 

5 
51 
53 ,700 
5_ ",600 
0,400 
0,200 

5 
5 
51 ,500 

(0) 

I 

I 

20.0 21. 0 21. 0 (') I 0 0 0 
20. 5 21. 5 16.5 21. 0 I 2 2 
21. 0 21. 5 1'1. 5 15.0 I 4 2 
22.0 21. 5 16.0 14.5 2 3 4 
22.0 21. 0 15. 0 14.5 4 5 S 
20.0 21. 0 13.0 16.0 2 7 4 
21. 0 21. 5 II. 5 14.5 5 4 5 
22.0 20.0 17.0 12.5 3 4 7 
22.0 20. 0 13.5 10.5 4 5 4 
23.0 20.0 IS.O 14.0 3 5 5 
22.5 21. 5 15.5 (0) (.) 6 ( 0) 

ALLOY .,IS '-DURAL M IN -TY PE OMlI l EHC IA L 1\ [, LOY WITH IJO W COPPE R C' O 'l' 1, N'I' (0. 05 PEHCENT) AND nIOH ILl ON ON' l'ENT 
( 1.0 PEHCEN'I') 

I 
0 0 33,800 

I 
34,000 

1)1 0 35,800 :35,400 
4)1 12 34, 100 34,350 
7)1 18 35.650 35,600 

10)1 24 36,200 35,600 
14 30 35.200 35,650 
17 36 35,200 36,100 
24 42 36,000 36, 100 
30 48 36.700 36, 700 
37 54 35,900 35, 900 

---------- 60 36.700 36,100 

33.300 
34,600 
34.000 
33,500 
33. 00 
33. 00 
34,400 
34,600 
34,100 
~'I , 100 
33,900 

(' ) 
200 
60 
900 
700 
35 
500 
100 
400 
100 
) 

35, 
33. 0 
33, 
34, 
34, 0 
33, 
31, 
30. 
29, 

(0 

I 
26.5 30. 0 
26. 5 28.5 
19. 0 27.0 
27.5 26. 0 
27.5 27.5 
26.0 26.5 
28.0 27.5 
29.0 26.5 
28.0 26. 5 
29.0 26.5 
29.0 27.5 

26.0 (') 0 0 0 

I 19.5 27. 5 (.) 6 3 
15.0 14.5 (.) 8 3 
15.0 IRO 4 d 6 9 
19 .. , I .5 ~ d 9 dU 
Ii. 5 17.0 2 d6 d5 
J5.0 16.5 'I 9 9 
I .0 II. 0 d 4 9 7 
20.0 9.0 6 8 
19.5 . 5 d5 II 7 18 
I . 0 (,) (.) 11 (0) 

I 
, All alloys, except 258 and 51S, were given a solution ileat treatment at 5050 C. for 15 minu tes in a fu sed nitrale bath, Quencbed in ice water, and aged 3 months at rOOIll 

temperature, prior to eX I)OSUre to the weather or otilerwise testi ng. Tile treatments applied to alloys 25 and 58 I differed only in that the solution heat treatment-temperature 
was 5200 C . 

' Measured from the earthwar(1 surface of Ihe ~ pecimens. Tile maxim um depth of penetration from tile skyward surface was usuall y less than that recorded. 
, Corrosive attack was confined to the pitting type on each :pecimen (fig. 8c), except where otherwise indicated. 
d Corrosive attack closely resembled the In termediate type (fig .. d). 
, Alloy prepared speci ficall y for use in the presen t investi~ation. 
I Lay in sea water for an inderterminate per iod, less than 8 mouths, hut more than 2 months . 
• Specimen lost. 
, No test or measurement made. 
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TABLE III 

TE~SILE PROPER TIE. OF DURALUl\IIN (17 ') SPE T­
l\lEl 'IN THEIR INITIAL ( NCORRODED) CO TDI_ 
TrONS AFTER BEING GIVE~ THE TREATl\lEWI\' 
INDICATED AND A.GED AT ROOM TEl\lPERATURES 
FOR AN ADDITIONAL 3 MONTH . 

olution heat 
treatment 

'rem-
pers- Time 
ture 

o C. 
505 15 minutes 
505 do 
505 do 

505 do 
500 ___ do _ 

Quen­
chant 
water 
lelll­
pera­
ture 

o C. 
2 
2 
2 

Perioel aged 
at room 

temperatllI"C 

3 months /1 _ 

_do 
__ do. 

I hOllr 

. do 
d o 

·1-

Colrl-working 

:"lone. 
do 

. do 

Stretched 10 
percent. 

do 
do 

Tensile proper· 
Li es 

L'lli ma te Ie long'" 
tensi le I ion in 

st ren!.!lh 2 inches 

Lb./i71.' 
62, 1i00 
62,500 
61. 900 

58,400 

.;6,300 
59, 600 

I Perce1lt 
13. 0 

I 
20.0 
21. 0 

II. .1 

11.0 
10.5 

505 15 min."tes __ I 

-----------1-- ---1-----1--
505 15 mi nutes_ Stretched 10 67,300 9.0 

PNC nt. 
505 __ do 
505 ___ do 

2 _do 
2 _do 

do _ 67,950 13.0 
_ do 66.800 13.0 

2

1

96 hOllr., 

._-----
505 

501i 
505 

liOIi 

50'; 
50,) 

15 minutes. 

no 
1__ _do __ . __ _ 

425 15 minutes 
425 do _ 
425 _ do 

125 1 hour 
425 ___ do 
425 ____ do 

100 96 hours 

100 
100 

do 
_do 

:! weeks 

do_ 
__ do . 

25 3 months' _ 
25 _ do 
25 do . 

25 
25 
25 

3 months ' _._ . 
__ do. 
. do __ 

Stretched 10 
percent. 

no _ . 
do 

Cold·rolled 10 
percent. 

_ ____ rlo. _. _ 
do_. 

Nont:' ____ ___ _ 
do .... ___ _ 
rio 

None 
do __ ._ 
do ___ . __ 

(i(), (;00 

f , -100 
66,300 

69, :l00 

70,900 
71,000 

4,5,500 
44,900 
45.500 

48,900 
48,100 
4 ,300 

-----------1-----1----- 1---
46,500 
47,100 
46,600 

25 3 months , _._. None. ___ ._ . 
25 ._do. do ._ •. __ _ 
25 . __ ._ do ... . ___ do ______ _ 

425 5 hours .. __ . 
425 _ . _ do. ___ . __ 
425 ____ _ d o. _____ _ 

, No additional aging [Jeriod. 

II. 0 

11.0 
9 . .) 

II. 0 

11. '; 
11.0 I;OI 2l.5 
19.0 

20.0 
18.5 
I .5 

21. 0 
19.5 
18.5 

TABLE IV 

THE APPROXIMATE LENGTH OF TIME, IN MONTHS, 
R EQ IRED FOR THE ELONGATION VALUES OF 
ALUMI UM ALLOYS TO FALL BELOW TIlE DE 10-
NATED AMOUNT' AS DETERMINED IN TJ-m 
WEATHER-EXPO uIm TESTS 

~ronths required at loeality to ra il helowelongation "alue 1 

Percent· Alloys resistanl to .\110),5 susceptib le to 
age o( corrosi l'e attack intercrystalline attack 
initia l 

clonga­
tion 

-I 
~ , 
40 

WaRh-
ington, 

I) .C. 

LIamp. 
ton 

Roads, 
Va. 

Coco 
1'010, 

Canal 
Zone 

18 
(h) 
( 0) 

"'ash· 
ington, 

D.C. 

6 
4 

( ,) 

D am
il

' , ton 
Roads, 

\ 'a. 

1 
3 
5 

' Value did not ra il below 90 dUI'in~ the entire exposure period. 
' Value did not r.1I below 70 d uring the entire e'posure period. 
, Vallie did not (nil belo\\' 50 during the entire exposure period . 

oco 
010, 

Canal 
Zone 

H 

-~ \ 
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Z 
Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis Moment about axis Angle Velocities 

Force 
(parallel 

Designation Sym- to axis) 
bol symbol 

LongitudinaL __ X X 
LateraL _______ Y Y NormaL _______ Z Z 

Absolute coefficients of moment 
L Ai 

G1= qbS Gm = qcS 
(rolling) (pitching) 

Designation 

Rolling _____ 
Pitching ____ 
yawing _____ 

N 
Gn = qbS 
(yawing) 

Sym-
bol 

L 
AI 
N 

Linear 
Positive Designa- Sym- (compo- Angular 
direction tion bol nent along 

axis) 

Y---+Z RolL ____ cf> u P 
Z---+X Pitch ____ (J " q 
X---+Y yaw _____ 

'" 
w r 

Angle of set of control surface (relative to neutral 
position), 5. (Indicate surface by proper subscript.) 

4. PROPELLER SYMBOLS 

D, 
p, 
p/D, 
V', 
VI) 

T, 

Q, 

Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

Thrust, absolute coefficient GT = ~D4 
pn 

Torque, absolute coefficient GQ = ~D5 
pn 

P, 

G" 

7/, 

n, 

1>, 

Power, absolute coefficient Gp = p:;D5 

5/115 
Speed-power coefficient =" ~n2 

Efficiency 
Revolutions per second, r.p.s. 

Effective helix angle=tan-1 (2::n) 

5. NUMERICAL RELATIONS 

1 hp. = 76.04 kg-m/s = 550 ft-Ib./sec. 
1 metric horsepower = 1.0132 hp. 
1 m.p.h. =0.4470 m.p.s. 
1 m.p.s.=2.2369 m.p.h 

1 lb. = 0.4536 kg. 
1 kg=2.2046 lb. 
1 mi. = 1,609.35 m = 5,280 ft. 
1 m=3.2808 ft. 
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