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PROBLEMS IV JOLVED IN THE CHOICE AND-USE OF
'MATERIALS IN AIRPLAHE CONSTRUCTION*

"By Paul Brenner

ITTRODYETION

Careful, selection and proper sh ping of materials in-
sure low weight, Food strength and Serty in operation.
This reguires & thorough knoW1edge and exhaustive study
of materials.. The present state of the problem of mate-
riﬁlé in airplane. construction is studied below on the

basis of .data giving ‘the principal characteristics of dif=
ferent materials and snow1ng how they affect the *orm of
airplane parts,

.-The problem of materials and of their tronsformatlon

info airplane parts shows interesting aspects in the light
of orogress in aircraft construction., The originally
01év*leut opinion that naterials of low specifie gravity
are . required to build airplanes with a suf11c1ently low
structural welght led to ‘the extensive use of wood and
fabrice At that time metal was used as little as possible,
The increasing demand for economy and safety in operation
brought the weak points of wood into full evidence, espe-
,1dlly'its sinall resistance to weather influences and def-
ormation. Hence, the necessity of replacing wood by metal
at least in certain cases. Velded steel-tube fuselages
compare favorably with wood construction as regards
strength and weight. The development of steel-tube con-
struction was, however, greatly impaired by a prejudice
against the reliability of welded joints, especially in
wing construction, Their use is now practically confined
to fuselages, The introduction of duralumin is one of the
most important steps in the development of metal airplane
construction., With the specific -gravity of aluminum it

*"Baustofquéen bei. der Konstruktion von 12‘111.:9'75eugen.
Zeitschrift fur Flugtechnik und Motorluftscnlffahrt Tdv.
14, 1931, pp. 637-648, ‘
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had the strength ofi'the weldable steel tubes then in use,
For the last 15 years full advantage has been derived

from the possibilities afforded by this material., The use
of duralumin in ‘airplane’ construction-has thus taken an
unusual expansion. The new tendency to revert to steel
construction is marked by the use: -0f ‘high-grade alloyed
steel of 140 to 160 kg/mm? (199,130 to 227,575 1b./sqg.in.)
.strength in thin strips' shaped by rolling and joined by
rivets.. For several years this method of construction has
been developed in England on the basis of systematic in-
vestigations in the field.of materials, construction and
design., In certain cases it offers great advantages over
wood and light-metal construction, especially when highly
rustproof chromium steel is used,

\ All thme methods of oonstructlon are now in use,
Light-metal airplanes are employed.where great reliability
in operation, resistance to weather and durablllty are re-
quired, In order to keédp the price of spert airplanes,
which are not yet built in quantity, within reasonable
limits, they are preferably made entirely or chiefly of
wood, Englund is practically the only counrtry which has
»dopted all- steel constructlon.

It is dlfflcult to'predict.thé,future trend of air-
plane construction, the prodlem of materials being affect-
ed by technical as well as by economical considerations.
lfuch depends on whether the strength, uniformity and re-
sistivity to corrosion of present-day materials are fur-
ther improved or new materials with better characteris-
tics are devéloped. The decisive influence, which prog-
ress in the field of material research and manufacture
may have on the practical development of airplane construc-
tion, is clearly shown by the example of duralumin.

%.0.0.0

Strength Characteristics

Wood is an excellent material for light parts subject
to tension., Similar results can be obtainéd only with
steel having a tensile strength of at least 200 lcg/nm2
(2845470 1b. /8qg.in4) On the other hand, the compressive
strength of wood is much smaller than that of other high-
grade materials used in light airplame construction, being
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only about half its tensile strength. Wood is preferable
to metal for parts working under buckling stresses; so
long as the external dimensions of the cross sectioh re=
main optional and the stresses are below the limit of
elasticity, since the low specific gravity of wood permits
the use of large radii of inertia, When over-all dimen-
sions have to be reduced in' consideration of drag or lack
of space, as for struts exposed to the air flow, materials
with a greater Young's modulus (steel) are preferable.

The small compressive and:shearing strength of wood:in the
direction of the grain isdetrimental in beams working in
flexure, Besides, the excellent elastic properties of
wood permit the stressing of wooden parts nearly to the
breaking point without éxcessive permanent deformation,

The vibration strength of the woods used in airplane
construction (pine, spruce, ash, walnut), as determined
by fatigue bending tests, is rather small, being about 25
to .30 ner cent of the static tensile strength, All the
woods nRitherto tested show a pronounced fatigue limit
which is reached after not more than two million load al-
ternations or revoersals, and even sooner for softer spe-
cies, (Reference l.) :

The irregularity of wood, due to structural differ-
ences resulting from changing conditions of growth, is
prejudicial to its use in airplane construction., The ten-
sile and compressive strengths of pine and spruce obtained
in D.V.L, tests during recent years are compared in Figure
1, Although special woods are selected for airplane con-
struction, their strength coefficients show considerable
variation. The increase in the mean values with the spe-
cific gravity is roughly linear. A cexrtain degree of re-
liability of the strength calculation of airplane parts
may be attained with sufficiently small figures or by very
carefully testing the strength of the wood before using
it. The great irregularity in the strength factors can be
nartially eliminated by therwell-known tmethod of dividing
the cross section into a large number of separate layers
(laminas). This method, however, is applicable only to
thick parts, especially spar flanges,

The strength characteristics of several woods used in
airplane construction are given in Table I, inecluding
tensile, compressive, bending and shearing strengths par-
_allel to. and aeross the grain, as well as Young!s modulus,
the shear modulws and the fatigue bending strength,
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Plywood is now the wost important material for wood

airplanes. . It remedies completely or partly one of the
main. defects of wood construction, wviz,, the. strength
variation in different directions with respect to the grain,
The .tensile strength of plain wood is comnared in FPigure. 3
with that: of plywood, the three layers of which are ar=

ranged in different order and tegtcd in various directioans
with respect to the grain, Plain wood has practically n
strength across the grain (2 to 3 per cent, of the lonzitu-
dinal  strength), In three=ply wood the longitwudinal and .
transverse strength-can be regulated at will: by varyiang °
the tnickness of the different layers (dash and dash-=dot-
line), @ The diagonal strength, however, is alwvays rela-
tively small and therefore progud1c1al to the wse of "ply-
wood for spar webs or wing and fuselage covering, Tefy ot
tl?OL layers are not glued at right angles but:at anile
of 60°, the strength distridbution is uniform in all direc-
tions (dot line), - Such plywood is not yet used in air-
plane construction, It would, in fact, be practically

seless, since, on account of its dlssymmotrlcal struc+“*e,
1t would warp considerably under changing conditions of
humldltV.* This - difficulty can, however, be.:overcome by
using plywood with more than three layers., The results
given in this report merely show that present-day wood
construction can be further jmproved by developing tae
technical side of the material problem., The strength
characteristics of birch and alder plywood, used ia air-
plane construction, are given in Table II,

From the standpoint of utrength and weig nt the method
of assembling wooden parts by gluing, is the best. Tae
shearing strength of cold casein .glue is 60 to 80 k‘/cm~
(853 to 1137 1b,/sq.in.).  The full strength of wood.can
therefore be preserved by . gluing sufficiently .large sur-
faces, Scarfing prevents wooden joints from increasing
the structural welght (figs 3,b) .and obviates the dantnr
of additional bending moments capable of impairing the
strength of the joint. A scarf ratio of 1/15 to 1/oO is
used in avrblane constructlon for plne.

On the other hund disconnectable joints are extrome-
1y complex and comparatively .aeavy (figs:3,¢c) owing to the
difficulty of transmitting stresses from metal to wood,
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Resistivity to Moisture

The strength characteristics of wood, especially the
compressive streagth, bendiang strongth and Young's modulus,
depend largely on its moisture content. Pigure 4 shows
the effcoct of the moisture content on the compressive
strength and on Young'!s modulus of spruce, 3Both of these
properules are inversely proportional to the moisture con-
tent mp to the point of saturation of the fiders (20 to
30 per cent), beyond which they are not affect ed by a fur-
ther increase in the moisture content. (References 21 and
<

‘The w lume of wood changes with tlhe moisture content,
due chiefly to variations at right angles to the grain,
which may cause undesirable deformation of wooden parts in
operation, The crossed layers of plywood prevent swelling
or shrinkage across the grain, BEven plywood, especially
thin sheets, may buckle or warp, owing to irregularities
in the layers, inaccuracles of production, or local moist-
ure ub>orot10n.

Wood has a tendency to adapt its moisture coantent to
surroundings, Precautions must therefore be taken to
event variations in its moisture coatent, and ‘especially
crease of moisture in service, chiefly on account of the
ejudicial increase in weight. 0il varnish is the prin-

: neans of protection against hrumidity ian airplane
nstruction. Its protective effect is improved by a pre-
minaly treatment of the wood with paraffin. (Reference
) Under severe operating conditions (sea service, long
exposare to rain in flight or on the ground) even this
does not afford absolute protection, Dut more satisfactory
results may be obtained by saturating the wood with water-
repelling ligquids. In this connection good results were
obtained by tests with synthetic resinons substances.
HZowevaer, no saturation method suitable for wuse in airnlane
construction has yet been devecloped.
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The casein glues now in use have only a limited degree
of moisture resistivity, The binding strength of glucd
samples drops, after 48 hours' immersion in water, to about
SO per cent of its value in the dry state. (Sce "Bauvor-

schriften flr Flugzougo," 1928, 1o, 1132,) Tho moisture
istance of plywood is now being considerably increascd
by the use of adhesive films of artificial resin or cellu~
e acetate, instead of casein or albumin glues. These
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films cre placed betwecen the plywood layers and set Dby the
action of heat and pressure, FPlywood glued by this method
is renar »ablv moisture resistant, (References 3 and 4,)

The characteristics of wood, especially regularlity
and moisture resistivity, can be further improved. For
the last two decadés, however, wood research has lagged far
behind metal research, If such active research nhad been
carried on in connection with wood as with metals, the
former would now probably have reached a much higher decgrece
of perfection than it has,

At nresent the advantages of Wood over metal arc chief-
1y economic., Wood is a chesp material, easily workable at
small cost. It can, moreover, be easily adapted to tiac re-

quirements rosulting from changes in design.

BT AL S

iletals are suitable materials for use in airplane con-
struction owing to great regularity and permanency of form,
Phey afford reliable data for strength calculation and per-
13t increasing the accuracy of nanufacturing methods,
7hich is particule rly important in the case of interchange-
avble parts. The metals undor consideration (aluninum al-
loys, nagnesium alloys, carbon steels and alloyed stecls)
are usod in the rolled, stamped or forged state, Cast al-

loys can be used in only a very few cases, thelr mechanical
properties not being even approximately so good as those
of ‘reolled alloyse

Refinable aluminum alloys are of special interest,
dvuralumin being the best known representative of this group.
A1l e7forts toward developing other alloys with detter
characteristics than duralunmin have nitherto failed. On
the other hand, the properties of duralumin have been
glightly improved during the last few years by a better
conposition ard improved production methods. The ZB al-
loy (reference 5; used, among others, in the Zeppelin air-
ship LZ 127, and the flying boat Do. X, differs from stand-
ard duralunin alloys by having a higher limit of elastic-

1ty y*old 1imit and strength, its capacity of deformation
hci g, nowever, .slightly s“a‘le The characteristics of

> 9
al (referencec 6), another rexi;ablc alumninum alloy,
closely approach those of duralumin,

=
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Nlagnesium .alloys, the spoecific weight of which is on-
ly two—~thirds that of duralumin, have Xditherto been used
in the form of the soft elektron alloy AN 503 for welded
fuel tanks and certain other parts of ninor importance

such as- engine, fuselage and landing-gear sheet-~metal cov-
.erings, seats, inspection ports, etc. Attempts were re-
cently. made to. use the siroanger AZi elekiron alloy for
stressed airplane parts.' The .rivets are made of magnalium,
an -aluminum alloy with ppro::lma,telv 5 per cent ﬂaqncsiéﬁ,
elektron being unfit for cold riveting on account of its
brittleness,

<

Tie steels used in airplane construction may be clas-
osi 1 a
e

fied as weldable and nonweldable, Owing to its good
welding characteristics, unalloyed steel with less than.
Ou3 pver cent C is cormmonly used for steel-tubdbe construc—f
tion .eand for *1tt1n s, Weldable stcel of greater stroagth,
especially chrome-molybdenun steel. or steel with a higher
percentage of €, 1is extensively used for this purpose.,
Telded fittings are now .also .made of Xrupp'ls ¥V 2 A aus
tenite -steel. 4l
"na110jod stecls with approximately 0.6 per cent ¢
and a small ﬁerce“tm‘ of mangangsec have a strength of 75
to 85 xf/me (105,675 to 120,900 1b./sq.in.) and can bo’
cold-worited, It is now uscd to some cxtent in Germany
for riveted wing spars. Alloyed stcels of much greater
trongth- (199,125 t0° 227,570 1b./sq.in.) are used in Iag-

4-
v
~
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8
land in.the form of standard chromge-nickel stocl or stain-
loss chromium stecl with more then 12 por cont of chromium,
Thesc steels can only.be machined in the soft state. ZXRe-
fining after shaping requires special "Tb alTaulons.
(Reference 7.)

_Strength Characteristics

The strength characteristics of the different metals

are compared by determining the 1limit to which they may bhe
stressed in use. TWhile former nethods of calculation cov—
ered only the breaking strength, it.'is. now generally rec-
ognized that, in order to avoid excessive deformation, cer-
tain stress 11mits, considerably below tie breaking poiant,
must not be exceeded. It was fotnd impossible not to ex-

- oo

t

eed the limit of elastiocity of “the -mebtal, since the defi-
.pition and experimental ddtofﬂinution'of this 1imit in-
volve considerable difficulties, the location of the 11m—
it of elasticity, when defimed OJ'a permnanent set of 01
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per cent of the measured length, being affected by con-
structional comsiderations which are beyond. control,  3e-
sides, metals with a very low limit of elasticity, such
as light metals which have given excellent results in air-
plane’ construction, would be greatly handicapped by this
condition, : The practice of considering. the 11m;t of elas-
ticity as the permissible stress.linit is 1031ng ground.,
since it is impossible to prevent wibration ruptures si
o) a i oy s ueoolng within the limit of elasticity. Neither
can uqe yield limit or: the ©.2 limit be considered as the
per 03101 stress 1limit, since the corresponding perma-
neﬁt set 1s already excessive. Hence, tie maximum strcsses
in operation are often reguired.to be QOﬂ@wqat below: the
yield. Idmit, « Whwg, laccordizel tartthe latest :airplane spec—
ifications, a lsafety factortof Leds:is “eculred in order
to nvevent the 0.2 limit from being exceeded.,~The sane
safety factor ‘is required for the fatigue limit under
frequently alternating loads,.*

Increasing the elasticity, yield and breaking limits
of metals by cold-working or heat-treating, which reduce
the capacity for deformation, is limited in airplane con-
struction by machining considerations, A.cerfain minimum
elongation is also required as compensation for differ-
ences in tensicn due to overstressing,

o ilewed lle - str sgsaes.- The tension elongation curves for
different metal's uged ,in girplane conctructlon are p10:ted
dn ¥l gure :B,as :The ‘curves in . ¥igure b,b, In iwhich the
ratio of the tension to the specific gravity (o:Y), is
plotted against: the elongation, afford a better means oI’
comparison. - When referring to the breaking stress (OB),
this ratio is also called the "critical length." In both
figures the top curve is for stainless chronium steel with
a strength of about 170 kg/mm=..(241,800. 10 lag«ine)s [ Eaia
steel is of German make, annealed at 10~O Ol air~cooled
and tempered at 400°C,** As mentioned above, the elonga-
tion of this steel is smaller than that of other metals

It wust therefore be workcd in the annealed state. Elei-

tron (7), at'the bottom in Figure 5,a, is approximately
equivalent to duralumin Z3 {4) in Pigure 5,b. .According
to Fig gure 5,b, the weldable steels (3 and 8) are the mo

*Specifications for airplane—Surehgth calculations (DLA
draft of cover page No. 2.

*x*Steel with similar:characteristics was used in the ill-
fated British airship - R.10%L,
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unfavorable ; yel welding offers the advantage of a great ¢
saving in welgnt over other methods of dassembly (rivet-'
Ing, bolting, abe.),

Ul

Co ;pros size and buckling stresses.- The compressive
otrcngth of metals greatly exceods the practlcal require—
ments of airplane construction., The usually :slendeor, thin-
walled structural members collapse long»beLpre'thﬂ 2 e i
compressive strength of the material is resched., ' Since
the mizinunm buckling. strongth of & member is a Function of

its slenderness ratio, the buckling characteristics of tae
various materials can be compared for different slendcr-—
ness ratios. This comparison is made in-Figuro 3, where
the ratio of tho buckling strcqn to, tho speeific gravity
is »lottcd against the slendorncess rmtlo Tagel o AL cotnen
Buleor line is. found for the.elastic rogion, all the tested
materials having roughly ‘the same ratio of Young's modu-
lus to the specific. gravity., - .The curves for the inelastic

reglion arc partly oblained bw calculation on the basis of
distortion measurements for tubular compression mengors,
according to Karman's meth ;0@ (refercence 8) and vartly &
bucEling,tests. The superiority of chrome steel at small
slenderness ratios can be fully utilized only when a cer-
tain ratio of wall thickness to diameter is not excecded,
local buelzling of the wall boing otherwiso incurred, The
bluckling "tron”tn of . thin-wallecd hollow bodios can bo in-:
crcased, however, by longitudinal corrugations. This }
feoature, 1Acoroor’u06 in the steol spar. of an Zngiligh agir-
plaae, is shown in Figure 7,f+4 Soveral typical. spar typecs
made of .other naterials are also shown for comparison,
They -illustrate the influence which the clharacteristic A
of materials, especially their specific gravity, have on
the wall thickness and cross section of spars, - The in-
tricate structure of the metal spars is particularly con-.
spicuous by comparison with the simplicity of the wood-

en spar.

The behavior .of ‘the above ma-

Vibrational stresses.-
terials under the action of vibrational stresses différs
widely. In Figure 8 the stress ‘and alteraa bting=load

curves of ‘different zinds of sucel duralumin, elektron
and wood are.plotted in the cus stonary 10‘4r1tumic Manner .,
The curves arc determined by fatigue bending itests with
rotating cylindrical test bars and alteranations up b0 G0
million, 3Below .the pronounced fatigue limit, -stresses can
be withstood indefinitely by the tested steols (1 to 4)s
Tood behaves similarly (8), On the othor hand, the tost-
ed light metals (5, ‘6 dnd 7) have no actual fatigue limit,
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Their vibration strength decreases stcadily with incrcas-—
ing number of load altcrnations,

J

The disgram in FigufeVB,b is plotted with, the re
of the fatigue strength to the specific gravity (o
as ordinate, instead of the fatigue strength. In thir
case also the best figure is obtained -with chrome-nickel-
.tungsten steel. . In a conmparison made for 100 million al-
ternations, elektron (7) comes next and, far behind, wood
(8), hard carbon steel (2), the two duralumin alloys (5
and 6) and lastly, the soft carbon steels (3 and 4),

-0

\G
2 ct
\/}_h .

The vibration stresses; to which airplane parts are
subjected in: operation, are usuwually not simple fatiguc
stresses but supplement a static initial stress. The in-
fluence of the:static initial stress on the vibration
strength is shown in Figure 9. The: admissible -dynamic
stress decdreases with increasing static initial stress and
is zero for the static yield limit, The admissible stress
range '1ven in the latest .draft spec1f1cat10n° is .also
plotted in the figure. It yields a.safety factor of 1435
abalnqt vibration rupture and exceeding the 0.2 limit, and

a safety factor of 2 against a static tensile break,

U

The vibration~strength values for 'smooth cylindrical
test rads cannot be readily used for the calculation of
airplane parts on account of the stress increments at Dbor-
ings, abrupt changes of cross section, notches, bands,
etcs which, in certain cases, may groatly affect the vi-
bration strength of structural parts. (Reference 17.)
These stress increments cannot be determined by elas tici-
ty calculations since, owing to inherent plasticity, mate-
rials can make up to a certain oxtent for stress differ-
ences, EBach.material has a different degrce of sensitiv-
ity to stress increments, which can be determined experi-
mentally by means of notched or banded test rods., (“~;u.
10,a and 10,b,) Test results obtained with such rods ar
given in ablc 1II. The vibration streangth of the plain

rod (without notch o»¥ band) is denoted dy Oy, that of
the notched rod by Oy ndtch and that of the banded rod
bJ Ow bande The figuroes are given for C stecl of anorox-

ately 54 1m-/mmz (76, 8”0 1b, /sq.ln ), Or-5i-W stecl of
lo? kb/nmz (230,400 1b./5q.1n.), aluminum and'elektron,

The ‘ratios %F, gﬂ;%%igﬁ, and Eﬂ_%ggi show that, for

a smooth undamaged rod, the best Oy values are obtained
for Cr-Ni-W stecl and olektron (8.85, 5.1, and" 835)
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Compared with the corresponding values for notched and
banded rods, the 115"t netals, especially; eleLtron, sur—
pass steel by their better notch resistanee, This is im~
portant for the design of parts subJect to ‘vibration
stresses in oDe”atlon, on account of‘gtress increments,
es OeCl“llJ in riveted joints, ‘“According to former tests
(reference 1), woqd has 2 good notch resistance, On tlhe
other nond, stress increments are usually bettéer avoided
with wood than with metal, (Fig, 7,) 'Particular atten-
tion is therefore called to wood as’ a material for paris
7ork1n“ tnder VlbruthA stresses, B

Corrosion and Surface Protection

iiletals are more or‘'less subject to atmospheric influ-
ences and especially to the action of sea water which im-
pairs their strength characterisfics,  Figure 11l‘'is the
stress—strain diagram of an unprotected duralumin sheet -
subjected for 48 days to the-action of a 3 per cent table-
sglt solution, the cor-051ve‘uct¢on of which corresponds
roughly to that of sea water, Tho strength and elonght;oa
are ;reatly “e4wced Hile:the mechanical energy of thae
corroded sheet is onlJ about one-fourth of its original
value, Corrosion 'may also have a considera ble influvence
on the fwtigue streagth. (Reference 16,) he decrease
in strengtnh and ductility is caused by corrosion beginning
at the surface and working gradually deeper into the:met-
ale Typical examples of the corrosion of light metals by
the atmosphere and by sea water, are shown in Figures 12
to 14 (nicrosectionms). :In Figure'l2 the corrosiion is gulte
uniform. The decrease in strength is roughly proportional
to that of the thickness under the corrosive action, The
ductility is practically unaffected., Tigure 13 shows deep
pitting, resulting in loss of strength and ductility, 1In
Figure 14 the corrosion follows along the grains, deep
into the metial,:  The effect of this "intererystiallanei
corrosion on the strength charactoristics is disastrous,
(Reference 10,) -

v

Accordlnv to the present state of corrosion rescarch,
the corrosive action is chiefly ‘ah electro-chemical proc-

ess, With moisture and oxygen present, local galvanic
cells are'formed by irregularities in the chemical compo-
sitiony fereain, 1r;ace, etc,, the anodes of these cells

going into solutLon. Tocal cells are also formed by dis-
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31m11ar external’ conﬁltnonu, eeZey irregular :ventilation
of different points of the metal surface. According to
corrosion tests (reference 9), the corrosive action is
stronger at p01nts of ‘tie metal - surface where the venti-
lation 1svdellclent. This Oaulalﬂ "wuy internal struc-
tures of metal-covered se= s}anos,ginadequatcly protVCued
against sea-water venetration, often corrode more than
external surfaces directly in contact with sea water and
air, Several points found by experience to be particu-
larly %ubgect to corros1on are shown in Pigure 15, Sea
water co‘centrates_chle;ly in inaccessible coraners of ia-
ternal joints., The insgide of -the wing dries very slowly,
owing to deficient ventilation and because the evaporated
water is reprecipitated on the cooler metal surfaces,
The evaporation and condensation of the water also choages
continunally the salt concentration at the points of corro-
sion, which is thereby accelerated, '

In this respect, faorlc covered wings are better
31nue, on the one hand, the Water—twghtness of the cover-
ing can be increased to 2 reasonable cxbent, while, on
the other hand, a good ventilation and drying of the in-
side of the wing is enabled by its perviousness to &ir,
Practical experience has shown that, even under unfavora-
ble conditions, the corrosive action'is comn atively well
withstood by the internal structure of fabrlc covered
wings, -

The 1mnortunoe of corrosion in metal aircraft con-
struction, at least as regards seaplanes, lies in the pre=
vailing use of thin-walled parts wnlch, when subjected %o
the same corr051ve action, are destroyed faster than
thick-walled parts, For the same speed of corrosion, the
decrease in thickness and hence the loss in strength are
inversely pro“ortlonal to the wall thickness., Figure 156
shows the.los$ in strength of duralumin sheets of differ-
ent thickness under the same conditions of cor ro¢10y.

The continuvous curve was determined exmeriméntally and the
dash-dot curve calculated on the assumption of an identi-
cal speed of solution, Under the given conditions of cor-
rosion the 4 mm (0,16 in,) sheet 1o es approxinately 3

per cent of its original strength, but the 0,5 mm (0,02
in.,) sheet over 70 per cent of its strength,. The theoret-
ical curve .shows a loss of only about 25 per cent Tfor the
Oe5 mm sheet, The marked dlf;erence betwecen the theoret-
ical and the experimental curve is attributable to the
differcnce -between ‘the production methods of thin and
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thick sheets. (Different cond
treating, straightening of thin
etc,)

nditions of rolling and heat-
n sheets after reflnlno,

For these reasons the problem of corrosion and corro-
sion prevention offers much smaller difficulties in other
fields, such as -shipbuilding or bdridge construction, waere
materials with greater wall thickness are used,

Phaick sheet should bé used in airplane construction
wherever possible, especially for v1tal parts. Strong
corrosion developed between the thin flange sheets of
wing spar of Figure 17,a - consideradbly reduncing their
strength, Corrosion reswlted from infiltration of sea wa-
ter between the insufficiently tight flange sheets, whoreo
deficient ventilation increased its corrosive action

Ty
u

e

l—b °

The latter would have- been lessehed by using only a few
thick Hlates instead of the many thin plates. (Pigs X7k, )
In t2is respect pressed or rolled section flanges or spars

are proferable. (Figs. 1776 and ip,0.)

Another example of the influence of construction meth-
ods on corrosion 1s given in Figure 17,e. Hollow section
strips are often riveted on the outside of floats and
hulls to stiffen the covering. Inasnuch as rivet scams
cannot ve made absolutely watcer-tight, there is a posgi-s
Dility of sea water penetrating into the recess between:
the bottom sheet and the section strip where, owing to ‘de-
ficient wentilation, its action is >hly destructive.

The effect of this nethod of construction on the bottom
sheet of a duralumin flying boat is illustrated in Figur
18 A hollow section strip was riveted to the bettom bes-
tween the two left rows of rivets, shown in the figure.
Here imarked corrosion ensued, while between the two rigut
rows of rivets, where the bottom had been directly in con-
tact with the sea water, the corrosion is scarcely notice-
able, The inside of the hollow sectlion strip was also
strongly corroded. Ways in which these difficulties can
be overcome are shown in Figures 17,f to 17,h,.

3

Duralunin is the most corrosion resistant of the
strong  aluminum alloys, provided it is very carefully heat-
treated. and worked, Corrosion resistance may be greatly
affected Dy small variations in the annealing temperature
-bv gsubsequent heating or by internal stresses. (RCZLT—

ence.-10%)
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While it i8 comparatively easy to protect duralumin
against weather influences by coatings, this means is, in
the long run, inadequate against sea water, The life.of
0il, bituminous or cellulose dopes is very short under thae
severe conditions of operation at sea. Damage due to cor-
fosion is prevented by frequent renéwal of tge dope and
immediate repainting of defective spots. Material .dirfi-
culties are thereby encountered, owing to the difficulty
of access to internal structures. Attempts are therefore
made to replacé dopes by other means of 'surface protection
or at least to improve their resistance, 'The most impor-
tant methods of surface protection are briefly summarized
below, liore exhaustive accounts have bcen published else-
where. (Refereﬂceq 5 and 10.)

By the anodic process (reference 13) of Bengough Ad
Stuart, a thin uniform layer of aluminum hydrox1de, wnich
‘is an excellent base for greases or paints,. is applied by
electrolytic treatment of the duralumin part in a soluvion
of chromic acid. The-advantage of-this process over the
galvanic method lies in the insulating action of the oxide
layer which, owing to deeper penetration, affords a .good
protection even to intricate parts, hollow sections,
joints, etc. Oxidation is a means 6f increasing the corro-
sion resistance of duralumin parts without materially in-
creasing their weight. On the other hand, anodic oxida-
tion methods are rather troublesome and expensive, espe-
cially when applied to large parts. When the treatment
is confined to individual parte, prior to assembly, vital
points of the ¢1n1sqed structure (e g rivet ilieads) re-.
main unprotected,

Plating of duralumin sheet with pure aluminum or non-
cuprous aluminum alloys (more corrosion-resiste ant) is an-
other very efficient ‘surface protection. The plating is

"welded on the two faces of the sheet by hot rolling. Co-
hesion of core and plating is further increased by !

treating the rollcd sheet since, during the annealing
process, alloy particies of the core mabterinl are partial-
ly transplanted into the plating. The iticrosection of

such a plated sheet 4 mm thick is shown in Figure 19 (mag-
nified 150 times). 1Wote the gradual transiti oq from core
to plating which insurés perfect adherence of the latter
to the core, even under strong deformation, * Due to the
smaller stréngth of the plating, the yield point and ten-
sile strength of plated sheets are slightly below those

of ordinary duralunin sheets. The bending hharacte"ﬂstlcs,
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ductility; Young!s modulus and vibration resistance are
practically uncnmnged (Roforencc 18 ) e

In. wddltlon to tae dwrect protection of the coré ma-
te erial, the corrosion-~resistant coating also- affords an
plectrolytic protections: simee 1 18 below the core-mate~
"i~1 in the electrochemical series. Hence, pPoints where

he core is laid open, as along the sheet edges, are not
attacked by sea water..(Referemce 1l,) As shown by Fig-
ure 20, the protection also extends to unplated rivet
is The left of the two samples shown in theé figure

ndard duralumin sheet, the right "duralplat" sheet,

Bive rcht .being in-both cases orﬁlncry durglumine,  In ‘the
corrosion test, the rivet heads of the duralumin sample
were ﬂerlou31* danaged, while those of the "duralplat"
.sanple were merely blackened, while remaining absolutely
Lnitiaet, PThe cqrrosion of the coating is stronger in the
neighborhood of unnrotected moints, -This, however, is of
minor importance, since -the mechanical stresses are chief~-
ly transmitted by the Suronger core material,

In accelerated corrosion tests with very corrosive
solutions (3% FaCl + 0,1 ), the . .surface was corroded
even under tae rivet he ads; This, however, reguires a
period of time, during which ordinary duralumin riveting
would be 'seriously damaged., ~ Countersunk rivet heads ob-
viate the dana,r of ‘rivet loosening under the action of
corrosion in- the case  -of "duralplat!" shect,. (Reference

Do o wives i
efforts must - now tend toward improving ithe corro-
istance of aluminum alloys. According to inves-
ons male in recent :years, the corrosion resistance

aluninum alloys is unfavorably affected by the addi-
tion of copner, The alumninum-magnesium alloys of the non~
cuprous aluminum group have an excellent corrosion resist-
ance and good strength characteristics., - The results of
corrosion tests with magnalium alloy containing 7 per cent
of maznesium and 0.5 per ceat of manganese, in addition to
aluminum, are shown in Figure 21.* The hard-rolled magana~
shecet had a strength of about 42 kg/mm? (59,750 1b./
3g.ine ) at about 11 per cent elongation. The measured
Young's modulus of 700,000 kg/mm2 (995,645,000 1b./sq.ink)
is only slightly below that of duralumin, - Considering
that magnalium is approximately 6 to 8 per cent lighter

'

*This alloy, known as "hydronalium," is manufactured Dby
the I, G, Farbenindustrie A.G., Bitterfeld, Germany,
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‘
than duralumin, means are thus afforded for using softer
sheets with better deformation characteristics., The fig-
ure emphasizés the much-better corrosion resistance of
magnalium as compared with that of the tested duralumin,
If good sheets can be made of this material and easily
drawn, edged, etc.,, magnalium alloys may be advantageous-
ly used in seaplane float and hull construction,

Elektron, in its present form, cannot be used in sea-
plane construction on account of its small resistance to
the action of sea water., It has, however, hitherto given
good results in landplane construction, The resistance of
elektron to the action of sea water can probadbly be fur-
ther improved by plating or by suitable heat-treating.

Carbon steels and low-percentage steel alloys corrode
under atmospheric and sea water influences. They offer,
however, some advantage over light metals, in that the
corrosion usually spreads uniformly over the whole surface,
local pitting being less frequent., Even steel may -lose
much of its strength and ductility under the action of
corrosion, In general, paint adheres Detter to steel than
to light metals and lasts longer., Steel parts can also
be protected by the more resistant baked enamels, the use
of which is not recommended for duralumin on account of
the high temperatures required for baking. In England,
complete steel wings are dipped, after assembly and care-
ful cleaning of the surface, in a bath of thin enamel var-
nish and then placed in a hot chamber where the varanish
is baked on at 120 to 140°C. (Reference 7.) This method
is very simple and economical. The uniformity of the wvar-
nish coating is equaled neither by brush nor by spraying.
Another advantage of steel is the possibility of easily
anplying galvanic coatings., Cadmium is very successfully
used for this purpose. Owing to their small penetrating
_power, galvanic methods can only be used for the treat-
ment of parts with comparatively simple forms,

No figures have been hitherto available on the weataer
and sea-water resistance of high-percentage chromium
steels used to some extent in British aircraft construc-
tiony The resistance of these steels, if used on land-
planes, would probably exceed the needs of present-day
airnlane construction. Experience will show whether rust-
proof steel may be used in seaplane construction entirely
without paint or other surface protection,
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Connections

The fitness of materials for airplarne construction
depends chiefly on the means used for nS“emullng them,
Riveting and welding are the chief means by which perma-
nent connections are made ‘in airplane comstruction, Weld-
ing methods are successfully applied only to soft st
with a small percentage of carbon and Uossibly small addi-
tions of chrome-molybdenum or manuanose. In that case
steel tubes, sheets, eftc. can be butt- velded with a mi
mum increase of ‘etructural weight and w1tﬂoat material
reducing the strength of the welded points under static

t“eﬁqe The resistance of welded joints to dynamic
stress usually smaller. A microsection of an acety-

lene~ox g welded steel tubeis shown in Figure 22.
(Reference 23,) The welded seam is on the left, followed
by a wide section with very coarse crystals, while tae

return to the normal :structure unanect“ﬁ bv the welding
temperature, is at the extreme rlet Taq +at15ue strength

-is unfavorably affected by these marked differences in the
grainy The fatigue strength of welded stgel tubes is ounly
50 to 50 per cent of that of seamless tubes.. (Refereance
15,) This accounts for the frequent fatigue ruptures of
welded engine bearers, The grain differendes at the weld-
ing point :of small parts, fittings, etce,.can be consid-
erably reduced by adequate heat treatment. .This method
cannot, however, be extended to large units suca as fuge~
lages, wings, etc, : ' d

Duralumin and other refinable aluminum“allojys are al-
so weldable. Yet, the guality of the metal at the weld-
ing point is affected by the heat, the strehgth and cor-—
rosion resistance of duralumin being thus reduced. Weld-
ing of duralumin is therefore generally avoided in air-
pl one construction. Electric spot ﬁeldiﬂg'a‘kords'a

ncans of obviating this @ifficulty, the heat being there-

by entirely concentrated at the welding 901nt, An exam-
ole of this method (magnified 25 times) .is shown in Figure

23, (Reference 18, ) The two sheets of 1 mm tﬂIC“PG%S
are overlapped and welded between two electrodes applied

externally., The modification of %tae grain is CLtlL ely
confined to the lenticular welding area, Besides, the
grain on the sheet surface is absolutely unaff ctcd The
conditions for the application of such wcldln" methods
still rogqulre very ca rcfd“ investigations Besides, tho
behavior of spot-weclded ,01nts Qhaur d"namlc_strcssqs'ﬁbs

1ot ot been elucidated,
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While the same material can be used for rivets and
sheets in’duralumin connections, the rivets connecting
high~grade steel must be made of softer material in con-
siideration of working. The advantage derived from tue
-good strength characteristics of these steels for struc-
tural parts is thus reduced. Owing to'the.great sensi-
tivity of hard steels to notching (Table III), the stress
increments at the .rivet holes may be detrimental wunder
dynamic stresses, No systematic.investigations of the fa-
tigue strength of rivet Jjoints have hitherto been made,
but an idea of the sensitivity of various materials to
notching. may be gained from earlier test results,

1

SUMHARY . . .

The good elastic and ‘strength characteristics of wood
are outweighed by very small form resistance, considerable
water absorption and irregularity of structure. These de-
fects can be obviated by better soaking methods, especial-
ly with synthetic resins, by the use of moisture-resist-
-ant glues and by improving the quality of plywood., A steo
in this direction .was made by the introduction of glue
films in plywood manufacture, In addition to its low
cost, plywood offers the advantage of being easily work-
able and permitting simple structural forms on account of
its small specific gravity and assembly by gluing. Wood
can alsd be easily adapted ‘to the'changing requirements
of progressive airplane construction.

Duralumin has given excellent results in landplane
construction. The difficulties arising from corrosion in
airplanes used at sea can be successfully obviated by up-
to-date methods of surface protection, especially by plat-
ing, artificial oxidation and structural improvenents,
Noncuprous aluminum alloys of thd magnalium group may be
successfully used in future for floats and hulls. The
disadvantage of the small vibration strength of aluminum
alloys is practically negligible, considering the compar-
atively small sensitivity of these materials to local
stress increments at points of abrupt changes in cross
section, notches, etce

The strength characteristics of magnesium alloys,
compared with their specific gravity are as. good and in
some respects better than those of duralumin, The good
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vibrationzal: resistance of these alloys is particularly
notewortny. According to test results, their sengitivity
to notching is slightly greater than that of duralumin.
This is important for the construction of parts subjected
to vibrational stresses in operation. The small sea-water
resistance of magnesium alloys now available prohibits
their use for seaplanes,

Soft steels with a strength up to 60 kg/mm?® (85,350
1b./~q in,) compare favorably with other aircraft -materi-
als since, being weldable, their connections are lighter
than riveted and bolted joints. The advantage of welding
is less for parts working under dynamic stresses, the vi-
bration strength of the material being greatly reduced by
ain differences resulting from autogenous welding (fa-

b

tifvc rurtures of welded engine bearers). The grain dif-
ferences of small parts (fittings, etc.) can be compen-
sate oy suitable heat treatment after welding.

High-grade steel alloys with a strength exceeding 120
kg /mm2 (170,700 1b./sq.in.) have high elastic and yield
linmits and great vibrational strength, The great sensi-
t*vity of these steels to local strain increments under
dynamic stresses is detrimental, but can be partly over-
coime b; better design and »roduction methods., At present
the vse of rustproof chromium stecl secems to be the vest
solution of the corrosion problem in seaplane construc—
G10Mn e

To derive full advantage from materials used in air-
plane construction, their characteristics must |
thoroughly checked and carefully adapted to the

-

ments of design and construction.

. -r . - >
Translation by Wa Le Eoporindes,
Wational Advisory Committee
for Aeronautics




TAELE I. Mean Strength Coefficients of Woods Used in Airplane Construction

(Moisture content 12 to 14%)

e ! e S .
Direction |
Kind of wood with { Static strength (kg/cm®) Young's | Mod. of | Fatigue
respect | | : . modulus | shear | strength
to grain ;tensile |compnressive|hending!torsional | kg/cm?® kg/cm® ke /cm®*
i ! ! i
Eoe ] i Ol
S R lengthwise| ~1000{ ~ 50( F oy ~ 150 ~110000 | ~ 7500 ~= 250
: Bl eronamiee | o~ B0~ BO. R P o8 oh L SBODY 2
S e .‘L e D l,_.,..v_. S AR R b e R T SR R ] e
t |
. : | 1 -
Spruce at ¥ = 0.4 g/cm3 lengthw1se§ ~ 800 ~ 350 i ~ 600 ~ 150 ~ 95000 - ~ 200
+ & | crosswise | -~ e T80 £ ? - - - -
e R »-__.ni-n_v_w_~_-_*__rw___;__mﬁ —e
i ot Y = 0.65 g/cms% 1engthwise§ ~’1300f ~ 600 ;-v1250 f ~ 260 |~150000 |~13000 ~ 360
] | crosswise ;| ~ 125{ ~ 100 |~ 180 | ~165 |~ 16000 - -
- — : + . ! : e o CHIERES
; nethwise| ~ 12501 ~ 6 ~1400 s BO0 40000 Lo Ts00 ~ 42
Walnut at v = 0.6 g/cm® | leng h?l el 1 UO! 6?0 | ~1400 00 | 1_90%0 15000 420
| crosswise ! ~ 90| ~ 120 = 50 ~ 150 |~ 12000} - -
e | | i
| ! - [
| netheol o ~s 20 —~ 20 | o~ 5 = o BTN o s
B et 4 = 0.2 g/cma | leﬂeunﬁlue] 200 | 180 ! 250 ! 35000
=4 | crosswise | = e e R i i - - - , -
| ! B | |
: .

(g/cr® x .036128= 1b./cu.in.)
(kg/cem® x 14.2235 = 1v./:3q.in.)

*With alternate bending stresses (circular bending).
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TARLE II. Mean Strength Coefficients of Plywood Used in Airplane Construction
(Moisture content 8 to 10%)
| i Direction [ Tensile : Young's ? Shearing : Modulus
$ 3 i o] ; 7 ! < i '-
¥ind of wood i Layers’ | of face t  strength | rodulus { strength* { of shear*
| . ! s ! i / / s
: | = 2 T 2 ! e ! = 2
i 3 plies ! kg/cm ; kg/cm i kg/cnf i Lg/cm
i ! ! !
i 1 5 ; i . ! g I
i i lengthwise ~ 1000 |  ~ 120000 ! (e HIED } = 10000
' 1:1:1 | crosswise ~ 450 % ~ 60000 | ~ 180 b = AE000
i diagonal ~ 300 | ~ 25000 =500 i ~ 40000
Bareh Y = 0.75 g/cm3 TSR SIS il oot SRR R Y SRCUIAS. SRR S
1 . lengthwise ~ BOO | ~ 100000 ~ 200 i~ 10000
i crosswise ~ 700 i ~ 90000 ~ 200 ; ~ 100C0
i disgonal ~ 320  ~ 30000 850 : ~ 40000
H i
Lo ot ! SNSRI ST T——————— S
; lengthwise L o Y iy bl S50E00 ~ 17 : -
Alder Yy = 0.6 g/cm3 | crosswise b 5500 , ~ 50000 ~ 150 ! -
i i diagonal Lo -~ 500 IR 1010100 ~ 240 i -
| : '
i i ; i i i
(g/em3 x .026128 = 1b./cu.in.) (kgf/cn® x 14.2235= Ib.lagiin.)
*For determination of the shearing strength snd the modulus of shear, plywood plates about 35 cm

13.78 in.) square were so mounted in hinged frames that, on the application of tensile forces
5 s

at two diagonally opvosite corners msrallel to the edzes of the frame, the
stresses were produced.

the surface layer of airplane parts (wings, fuselage, etce)

maximus shearing

This arrangement is intended to represent the torsional stressing of
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TABLE III. Effect of Stress Increments on the
Pending-Vibration Strength of Metals

] 4 | ! s | o 4 i ‘i
| Tensile | | Alternating | i Notch i E Band
| strength| & | thelgn o talternating | | alternating | -
: 6] ! B 1 L oth | O-‘J notc L w band
Metal ‘ 7 e g = L 2. F st renobh i._i;ﬁr_y strength 1 7yu“
! ) e ; 24 Oy | Ow notch |
/ | | = H i | !
| k{;/mm i i lfg/’ljl'l'n ! ké;/}j‘_mg H ?
i [ !
‘ ' . : ! !
= T e i A e | |
C-steel (St 48) | 53.9 | 6.8 | 27 . 18 . 15 a 333
! ! i i i ; i
Cr-Ni-W-steel | 162 | 20.8 | 69 | 8.8 | & e 30 T
i , i ! i
. ' ! - 7 | §
Duralumin 681 B | 40.8 ! 14,6 14 550 13.5 4,8 ; 1158 i 4.1
i i i : i ;
; € e 1 f S !
Elektron AZM G % A M e = O ) B | e e 10 | 5,95 {
e | |
i § 155a% Tteliier. - | - i e ! Sle oI
ot 47, SEIEKE e T G NS e S SPWRDC PSR, (SSRUT R SO iy el B S OGEL Tl e e
*lccording 5o D V.. (According to ILudwilk,
{refere reierence 19)
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Figs.l,3,7,15,17.
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Fig.?7 Influence of material on form
of wing spar; a) wood: simple
box spar: pressure flange stronger
than tension flange, both laminated:
plywood webs for shearing stresses:
glued joints. b to d) light metal
spars, usually of sheet-wall type,
latticework rare; thick tubular or
channel flanges. Webs of thin corru-
~-gated sheet or thick sheet with
lightening holes; riveted joints.
e and f) steel spars of very thin
sheet; lattice type or the now more
popular sheet-wall type with longi-
tudinal corrugations. Riveted joints.

Fig.3 Joints of wooden parts:
a) overlapped,
b) scarfed,
c) disconnectable joint
x (spar joint).
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e) smooth sheet buckled by riveting to
a round tube or szsection strip.
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Fla 11 Decrease in
strength and
elasticity due to
corrosion., Mechanical
energy fo = about
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(1 mm thick). Corrosion
period: 48 days in 3k
table-salt solution
(DVL stirring method).
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Fig.14 Intercrystalline corrosion

(following the grain contours).
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Fig.22 Acetylene-oxygzen weld of a steel tube. (Note
marked grain differences).




