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AIRCRAFT WOQDS: THEIR PROPERTIES, SELECTION,

AND CHARACTERISTICS*

By

L. J. MARRWARDT, Senior Engineer,
Forest Products Laboratory, Forest Service,
U. S. Department of Agriculture

SUMMARY

Wood has been one of the pioneer materials in aircraft constructien.
Its salient qualitles ~-- a high ratio of strength to weight; lightness, af-
fording readily the size of member required tv resist twisting and lateral
buckling; ease of manufacture; facility of repair without specialized equip-
ment and without highly skilled labor; and adaptability to smull-scale pro-
duction — have always permitted it to serve usefully. Although a lack of
uniformity in the quality of wood is perhaps the most important factor now
militating against its continued use in present-day quantity production, the
existing detailed knowledge of the properties and the causes of variation in
them, determined at the Forest Products Laboratory and submitted to the
National Advisory Committee for Aeronautics for publication, makes it possible
to select aircraft material with assurance and places design on a reliable
basis.

Strength values of various woods for alrcraft design for a 15
percent moisture condition of meterial and a 3-second duraticn of stress
are presented, and also a discussion of the various factors affecting the
values. The toughness-test method of selecting wood is discussed, and a
table of acceptance values for scveral species is given.

This report presents, further, information on the properties of
various vther native species of wood compared with spruce, and discusses
the characteristics of & considerable number of them from the standpoint of
their poseible application in aircraft manufacture to supplement the woods
that are now most commonly used,

~ *Reprinted from Report No. 354 of the National Advisory Committee for
Aeronautics.
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INTRODUCTION

Engineering structures ere commonly designed with the use of
safe working stresses. The uethod is simple, makes for safety, and gives
satisfactory results when the merbers are subject to simple tension,
compression, or bending. With aircraft, on the other hand, the elements
of torsion, compression, and bending are often combined in the same member,
This makes it desirable to design on ultimate stresses since in combined
loading the siress is not proportional to the load.

Briefly, the usual procedure in aircraft design is first to
determine the load for horizontal flight conditions, and then to estimate
the maximum probable load in terms of the load for horizontal flight
conditions, A factor of safety (usually 2 in the United States) is then
applied to the maximum probable load, thus arriving at the design load.
For example, if five times the load for horizontal flight conditions were
decided on as the maximum probable load, and if the factor of safety is 2,
the load factvor would be iC. The designer loeps the stresses for the
maximum probable load within the elastic limit of the material. Hence, the
factor of safety provides some reserve strength tn take care of occasional
* overstressing, slight fluctuations in the quality of the material and
workmanship, and error in the estimate of loads,

STRENGTH VALUES FOR AIRCRAFT DESIGN

Table I presents strength data on various woods for use in
aircraft. design. The values are based on a moisture content of 15 percent
and a duration of stress of 3 seconds. The minimum acceptable and the
average specific gravities are included, as well as the weight per cubic
foot of material at 15 percent moisture content., These design values have
been adopted Ly the United States Army Air Service, the Bureau of Aeronautics
of the United States Navy Depariment, anl the United States Department of
Commerce. The stress values listed apply only to material that meets the
minimum requirements for specific gravity and the limitation of defects;
these requirements will be set forth later.

The design values of Table I, for native species, are a result of
a comprehensive series of standard tests made at the Forest Products
Leboratory; so far 164 native species have been included. The identification
of species; the method of sampling, ard the testing methods followed very
closely tvhe standard procedure of the American Standards Association and the
American Society for Testing Materials. (Rsferences 1 and 8.)
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TasLe 1.—8trength values of various woods, based on 15 per cent moisture conient, for use in aircraft design

Bpecific gravity Shrinkage from Com
based on vol- 'Welght | Sreen to oven- Statlc bending tograln |ﬁ%":’m
ume and welght .m dry condition Com- | 8hear- tred
. |whenoven based on dimen- pression| fng | 7980
Bpecles of wood; and ot | slomswhen | po. Fiber | Maxl | parpen- s Tih
mo stress Modulus | Werk to | stress to
" Mipn)- | mois- iy | 0 to | ball
=t Il turs at elas- of elastic- maximum| st elas- 1 i | OBe-hall
Aver: | MM jooniang t P |ty Ing | €810 ¢ | Sralnd | gy dip.
age | per- [° i1 | Tene ¥ strength| meter
mitted Radial gential limit 1 limit 1~ o
Lbs. Lbs. | Lbs, 1,000 Lba Lbs. . | Lbs.
P (“"“’“‘“‘" A PR o conleer ool Phet | PRE | T [oental Pt [P [P [P0 | s
Th 5 3 a5 80 7.8 | 6,400 | 11,900 1,340 14.3 | 4,060 | &, 1, 1, 780
Ash, blnak (Froxinus nigr o8| ous 550 [P %o | 1,300 | 1,050
Ash, commereisl white .82 . b8 41 4.3 6.0 | 8,000 | 14,800 1,480 42| 525 | 7,000 | 2250 | 1,380 1,180
Basswood (Tilia slspn 40 .36 26 6.8 9.3 | 4600 | B, 600 1,250 6.8 | 3,370 | 4,50 820 720 a70
Beech (Fagus grandifolia) . .68 .80 44 48| 10.8 | 8200 | 14,200 1,440 145 | 4,880 | 6,600 | L4670 | 1,300 1,080
Birch (Betula !gl‘i_l‘-l)’ ----------- . B8 .58 44 7.0 B.5 | 9,500 | 15 500 1, 780 18.2 | 5,480 | 7,300 | 1,500 | ‘1,300 1,100
iwand (Sopuius detieide) S| ®| B 50| U2 Seo|'mew| nie| ri| aem| emo| "ew| “se| 40
L0 B - A L K y iy . p
Elm, rock US:I]]I_.B- B8 .60 5| 4.8 8.1 7,000 | 15 000 1,40 19.3 | 5,180 | 6,900 | 2,000 | 1,880 1,230
Oum, red (Liguidambar st .53 48 M 52 9.9 | 7,500 | 11,600 1,230 10.9 | 4,000 | 5400 | 1,190 | 1,100
Hickory (true hintﬂ!‘!lﬁ! 70 .71 51 10, 600 | 18, 300 1, 8680 27.5 | 6,520 | B,700 | 3,100 | 1,440 ... . ...
Mahogany, “African D‘{I ) =2 AT .42 a2 4.8 5,5 | 7,800 | 10,800 1, 280 8.0 | 4,290 | 5700 | 1,400 080 720
Mahogany, true (Bwietenia spp} 51 .48 u 34 4.7 | B.B00 | 11,600 1,260 7.3 | 4,880 | 6,500 | 1,780 880 790
}]\'Innkpls. sugar (Acer ﬁgghmdmrid = (Qliarl.'us 67 .60 44 4.8 9.2 | 8 500 | 15000 1, 800 13,7 | 562 | 7,500 | 2170 | 1,520 1470
g' e .69 .82 45 4.8 9.0 | 7,800 | 13,800 1, 490 13.60 | 4,060 | 6,600 | L5870 | 1,300 1,240
Poplar, yellow éL[rloﬁendmn r.u]lpii‘ﬁru) .43 .38 28 4.0 7.1 | 6,000 9 100 1, 300 65| 8,75 | 5000 810 800 420
Wealnut, hlack (Juglans nigra) .. .-coooioooo . 50 .52 3 52 7.1 | 10,200 | 15, 100 1,400 1.4 | 5700 7,600 ( 1,730 | 1,000 900
S0FTWOODS (CONIFERS)

‘edar, incense TS dBCUTTens). . . ... .36 L 8 3.3 57| 8000 8700 1,020 56| 43% | 5400 800 RS0 450
Cedar, incense (Libocedrus dei ) 2 25
Cedar, northern white (Thuja oceidentalis) . . i82 20 b § 21 4.0 | 4,700 | 6600 700 4.9 | 3,040 | 3,800 560 610 300
Cedar, Port Orford (Chamecyparis lawsoni- .

M) e e s A R A A e e e ey A4 A0 30 4.8 6.9 | 7,400 | 11,000 1,520 8.7 | 4,880 | 6,100 | 1,030 760 5
Cedar, western red Smhujn plicata).____. .. M a1 b2} 2.5 61| 5100 | 7,800 1, 030 5.8 | 4,000 | 5000 800 830 320
Cypress, southern ( wdlu.m rllmchumj S A8 43 32 3.9 6.1 7,100 | 10, 500 1,270 7.7| 4,060 | 8,200 ( 1, % ] 480
Douglns fir { Psaudotsuga taxifolia) Bl .45 3 6.0 7.8 | 8,000 | 11, 500 1,700 B1| 5600 7,000 1, 810, 020
Pine, northern white (Pinns lltrohua}. S oM 26 2,2 6.0 | 5900 | B 700 1,140 6.3 | 3,840 | 4,800 780 840 380
Pine, Norway (Pinus resinosa) .. .3l .48 34 4.6 7.2 | 8500 | 11,000 1, 580 8.9 | 5280 | 6,600 | 1,080 870 520
Pine, sugar (Pinus lambertiana).. .38 L4 28 2.9 5.6 | 50600 | 8000 1,040 5.4 | 3,680 | 4,800 810 730 an
FPine, western white (Pinus monti A2 .8 o 4.1 7.4 6000 9 6300 1,310 7.0 | 4,240 | 5300 750 640 360
Bpruce (Picea spp.)i_... ... ... .40 .38 n 4.1 T.4| 6,200 | 8,400 1,300 T.8| 4,000 | 5000 40 50 440

I The average values for fiber stress at elastic limit and modulusof rupture in static bend and maximum crushing strength w
parallel to grain have been multiplied by two factors to obtain values for use in design. A statement of these factors and of the reasons for their use follows: It was thought

g

best, in fixing upon ¢ h valusa for nse In design, tg allow for the variability of wood and the fact that a greater number of values are below the average thtn sbove it,
and the most value (as i by the mode of the frequency eurve) was nemrding decided upon as the basis for d““t:h . From a study of the ratios
of most. probable to avurmvalunfw three species (Sitka  Spruce, Douglas fir, snd white ssh) was 23 the best value of this ratio for general application to the
properties in question. stress that wooden’ mrr{. p on its duration. factor of 1.17 has been applied to test results to get values tlnstrasst!mt
can be sustained for a period of 3 secol itbalng d that t I lmdwillnocbemalntslmdhr & longer period.

1 The values given are 92 per cant of :fm mod:lll.m of elastioit; é‘E.}uubhlnad by substituting results from tests of 2 by 2 inch beams on a 28-inch
span with load st the center in the formula &-P]*HS The use of these values of formulas t;mfﬂmm I'?:E?:li::: of bedms of otdl:nmdimmcth with (but

small error.  For exactness in thaeumpntaﬁon of defiections utI and box bums lmlur]y for short m&,
National Advisory Committes for Aeronautics Report No. Deflection of h h 8 R nce to Shear Deformations) should be used. This formuls in-
volves E,, the true modulus of elasticity in bending, and .F‘. modulus of ris]dity in sbenr Values of E, m'{ be obtained by nd(-in; I.Gper cent to the values of E, as
given in the table. If the I or box beam has theminofthawebpwleitothaamuthnm and perpendicular thers ulusomoplywoodvuh,thu
value of F may be taken as Ey/16 or E./145. 1f the web is of gywood wlthtll.cignln at 45° to tha“ﬁ oltlw F msy be taken as E\J5 or E,[4.5.

¥ Deslgn values for fiber stress at elastic limit ln eom; to grain were obtained by multiplying the values of maximum erus hlngmhudmlnth-
O oo mot eUIBIt & mdnige itlcaat Lianet 1o el et pu?mw“ﬁ;ﬁ:m rai wp:rh:lwlaﬂ hanth ioad Is pplied over anly o part of the surisos, na it is at

ex a de ultimate g com grain, w 8 8 over only a BE 8

fittings. Bevond the elastic limit the load continues to um:a'magI slowly until the deformation and crushi n{ becoms so 5-:11-“
erties. Figures in this column were obtained bytpplsdnc & duration of stress fctor of 1.17 (soom 1) wmawammumlt musmd then adding as;s purmt &m

design vi aswmp.nbletothmfor mpression parallel to m!n,nndlhﬂraa listed in le.

¥ Values in this colomn use in enmput[us resistance of beams to longitudinal shear, ] hoym obtained bg muluplrllg “mn values b{“n ‘This factor is used -
becausa of the vm’inbll]ltylnstnmhandl order that failurs by shear may belmpmnmbleihlnhim shown that becauss
of the- favorable infizence u| the distribution of stresses ng from limiting shearing the maximum stre: m varlability in
strength are attained when I and box beams are so proportionad that the ultimats shearing is not developed and fsilure by mr.

: white ash( (Bmma}hn&a) 8, blx(v:& nas “‘!:)mlu lanceolata), and bl'ut ash (F. quadrangulata).

sweet \
" bislonf shng‘hlrk hiu Wimuicu nl.on8 mockernut bickory (H. albs), pignut hickory (H. glabra), and shagbark hickory (H. ovats).

W Incldes white m{q e bur oak {Q. m p chestout oak (Q. prinus), post oak (Q. stellats), red osk (Q, borealis), southern red oak (Q. rubra),
Inarel oak (Q. ““"'.Sii"u?ﬁ."r'um,;nﬁ“’ aw (P'ﬂ.ﬁu::)k”.(&mmu). ow cak (Q: phellos), and yellow oak (Q. velutina).

ZM27315 F




OTHER PROPERTIES NEEDED IN AIRCRAFT 'DESIGN

Not all of the data obtained from standard tests on each species
are of importance in aircraft design, so that only the pertinent results
of tke work of the Forest Products Laboratory have been included in Table I.
On the other hend, data are lacking on certain properties that might other-
wise be expected in the table. A brief discussion of the omitted properties
follows:

Tengile Stress

In general, the tensile strenzth of wood along the grain is little
needed in the design of wood parts and, consequently, very little information
on this property is avallable, Furthermore, experience has demonstrated
that it is difficult, if not impossible, to gzet reliable data on tension
along the grain. The tests that have been made show that the tensile strength
when not affected by other factors, considerably exceeds the modulus of
rupture, Hence, the values for modulus of rupture may safely be used when
tension parallel to grain figures are necessary.

5 ]

Torsional Properties

The torsional strength of wood has been studied but little,
excepting Sitka spruce, The available results, however, indicate that, in
designing for shearing stress at maximum torsional load, values one-third
greater than the figures of Table I for shearing strength parallel to grain,
which apply to horizontal shear in beams, may be used, For example, 1,000
pounds per square inch may be used as the torsional shearing stress for
spruce instead of the 750 pounds per square inch given in the table under
the column heading "Shearing strength parallel to grain." For a 3-second
duration of stress, the fiber stress at elastic limit in torsion may be
taken for any species as two—thirds of the shearing stress at maximum
torsional load,

The mean modulus of rigidity of spruce is egual to the modulus of
elasticity alonz the grain divided by 15.5, or 84,000 pounds per square inch,
The ratios between these two modulil have not been definitely obtained for
other species, but scattered tests show a range of values between 14 and 18,
Until more definite information is avallable, the Forest Products Laboratory
recommends that a ratio slightly higher than that for spruce be used for
other species, A ratlo of 17 anpears conservative for the purpose.
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FORM FACTORS

The data obtained in test for a given beam sectimare not strictly
applicable to another size or form., When it becomes necessary to apply
the design values of Table I, which are based on standard specimens
2 by 2 inches in cross section, to oddly shaped sections such as the I and
box types, a correction factor of "form factor" must be used. This form
factor may be as low as 0.5 for some extreme sections in I and box beams,
whereas it is greater than unity in some cases, as evidenced by the fact
that a square on edge and a circular section carry the same load in bending
as a square of equal area tested in the usual flatwise position, Studies at
the Forest Products laboratory have led to the development of formulas for
determining form factors of sections of various shapes, Detailed information
concerning form factors may be found in National Advisory Committee for
Aeronautics Reports Nos. 180 and 181. (References 5 and 6.)

ADJUSTMENT OF TABLE I VALUES

The strength figures for desigzn in Table I'are not recorded average
values from test, but have been adjusted for various factors to make them
applicable to the conditions of aircraft use. The following discussion will
bring out more clearly the effect of these factors on the properties and the
methods of adjustment employed. :

Moisture Content

The table of stress values is based on a 15 percent moisture-
content condition of the wood. This value was seleoted as the result of a
survey by Heim and Hankinson of actual service conditions in various parts
of the country. In this survey the lowest average moisture content observed
was 9.8 percent for material at Ban Antonio, Texas, and the highest was 15.3
percent for specimens in Seattle, Washington. The géneral average for all
stations and species was about 12 percent, Individual specimens, of course,
showed values higher than these averages, and £ill higher values are
probable for extreme conditions, Long-distance flights bring aircraft inte
contact with a wide range of moisture and relative humidity conditions,
varying from those of dry interiors to those of the humid coast regions,
and year-round service often causes the same result, In fixing the moisture
content on which to base the values for design, most consideration must be
given the higher moisture conditions that may be encountered; in consequence,
15 percent was adopted as standard for gemneral use.
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\ A - MODULUS OF RUPTURE = 14880 x 10 ~90/4M
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The strength of clear weod in the small sizes and cross-sectional
shapes common in aireraft is greatly affected by its moisture conditione

Figure 1 represents the relation between strongth and moisture content of

Sitka apruce for four different propertiesa

. When green or unseasoned wood loses moisture, with mest species
there is no shrinkage or change in strength nroperties until the fiber-
saturation point is reacheds As the drying proceeds below this point the
redaction in moisture causes a stiffening and a strengthening of the cell
walls; the compacting of wood substance into a smaller volume as a result of
shrinkage is another, although a less important, factor in the increase in
+ strength. (Fige 1s) (Green wood or wood that has had prolonged soaking
usually contains absorbed water within the cell walls and free water in the
cell cavitiess In drying, the free water in the cell cavities is the first
to move out to the surface, where the air carries it awaye The fiber-
saturation point is that point at which all the free water has left the
cell cavities of the wood while the cell walls are still saturated with
moisturee The fiber-saturation point varies with the species. For most
species the moisture content at fiber saturation is from 22 to 30 perceni of
the weight of the dry wood.)

Wood is a hygroscopic material, continually giving off or taking
on imoisture in accordance with the prevailing relative humidity and
temperature conditions to which it is exposeds Such moisture changes, of
course, may be reduced by applying protective coatings to tie finished parts,
but in time some moisture changes can be expected after manutacture, even
with coated woode If dry wood reabsorbs molsture, its strength is lowered
by about the same amount that the strength is increased with a siiilar
reduction in moisture contente .

It is evident, therefors, that the noisture content of wood is an
important factor in the strength of aircraft members, and hence in designe
By means of relations derived from Figure 1, Table I, and similar data, it
is possible to estimate closely the strength at any moisture condition of
the materials

Yariability

The variability in the strength of clear, sound, straight-grained
wood may be attributed primarily to differences in its specific grovity,
since in any species there is a fairly close correlation Letween specific :
gravity and the different mechanical properties. For wood, frequeucy curves
of mechanicel properties are commonly skewed, more values falling below .
the average than above ite. Such skewness results primarily because most
properties increase more rapidly than the specific gravity, but is
accentuated somewhat by a slight skewaess in the specific gravity curves
themselvess (Fige 2 and Table II.)
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Table II,--Results of specific gravity determinations on 2,105 samples of

Sitka spruce
Specific gravityl : Pieces in group ! VARIABILITY DIAGRAM
group limits § o o e e e e e :
Tem=mmoses—-o---i gomber ¢ fraction of :
Minimum : Maximum : : grand total : Number of specimens in group
------- fommmmmmeclecmmmmemiem—emmmeeeee=30 100 200 300
: : Percent @ T ] T |
0.220 : 1,239 : 1z 0.05 d
240 ¢ 259 3 14 :
260 ¢ .279 : 18 .86
.280 299 : 10 A 3.33

300% 319 ¢ ‘133.7 6.3 4
.320 3 N5 i K9 17.05 o
340 ¢+ ,359 131" i 19.53 H

360 379 : 392 : 182 !
-ﬁgg t.399 :+ 345 & 16.39 ¢ ﬂTi"**“’“é’—
420

419 ¢ 211 10,02 :
i 439 1 4,32 :
Wo « 459 3 @ 2.04

460+ 79 16 .76 :
480 ¢ kg9 3 .14 :
+500 .519 ¢ 1 .05 :
520 :  ,539 : 4y o .19

540 ¢ 8559 2 .09

560 @ .579 1 4 .05 :
.580 : 599 1 O .00 H
.600 ¢ €19 0 .00 :
.620 :  .639 1 .05 :

L3
.

lBased on weight of wood when oven dry (moisture free) and volume when green,

gAvarage specific graevity equals 0.364; highest observed specific gravity
0.626; lowest 0,236,
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- It was thought best in arriving at design values to reduce the ‘
average fiber stress at elastic limit and the modulus of rupture in statie

bending, and the average fiber stress at elastic limit and the maximum

crushing strength in compression parallel to the grain by 6 percents The

modulus of elasticity, being somewhat more variable than modulus of rupture

and waximum crushing strength, was reduced by & percents The reason Ior

these reductions js to put the values for wood on the same bagis of reliability

cs those for other materialss It so happens that the 6 percent reductiun in g
modulus of rupture makes the design value correspond closely to the modeef

the frequency curve, as may be seen in Figure 2. Shearing strength parallel

to grain was reduced 25 percent because of variability in strength and in

order that failure by shear may be less probable tlan that from other causese

For the other properties of Table I the average test values were useld, except

compression perpendicular to graine

A freguency distribution of the specific gravity (for the weight
when the wood is oven dry and the volume when it is green) of Sitka spruce,

together with a bar diagram and a normal frequency cwrve arc shown in Tnable Il

The celculated probable variation in specific grawity of Sitka spruce,

assuming a normal frequency distribution, is 75 percent.

Duration of Stiess

The length of time a lead is allowed to remain on a wooden member
is a very important factor in load-carrying capacity and consequently in the
stress at which failure will occur. It is a well-imown fact that loads which
are carried safely for a few seconds may cause failure if applied for a long .
periods It is this fact that makes it permissible, in heavy-timber design,
to neglect impact resulting from mowing loads when tlie impact does not exceed
the live load producing the impacte

In the general standard laboratory static bending test several
minutes elapse after tho application of the initial lead and before tne
maximum losd is reached, whereas the maximum stress on a main structural part
of an airplane, such as that occcurring-in a. sharp pull out of an dive or other
maneuver, is maintained for only a few seconds. In aircraft comstruction
a2 3-second duration of stress hns been assumed for design purposes and the
values obtsined from test have been adjusted for this condition in Table I,
for the following properties: Fiber stress at elastic limit and modulus of
rupture in static bending, fiber stress at elastic 1imit and maxirmum crushing
strength in compression parallel to grain, and fiber stress at elastic limit
. in compression perpendicular to graine The factor used for this adjustment
was lel7e
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Curve 4 of Figure 3 shows the relation between fiber stress at
elastic limit in static bending and duration of stress while curve B
represents the corresponding relation for modulus of rupture. The stress
values as ordinates are expressed as percentages of the value (a, 100 percent)
obtained in the standard static bending tests (Reference 1l.) With loads of
short duration the members withstand higher stress than in the static bending
test, and continucusly applied loads but slightly greater than those required
to stress the material to the elastic limit in the standard static bending
test will ultimately cause fallure. These curves were used in determining
the adjustment factor of lel7e

SELZCTION OF MATERIAL

The success with which wood has been employed for the exacting
requirements of aircraft use bears testimony to the precision that may be
avtained in its design and manufacture. This successful use may be credited
directly to an intimate knowledge of the factors affecting strength, and to
the employment of proper selection methodss It is the understanding of
these factors that makes possible a design precision in wooden members
comparing favorably with the precision in other materialse

The chief merits of wood for aircraft construction are a high
ratio of strength to weight; an inherent lightness in weight which, for a
given depth of member, permits considerable width to afford lateral stability
against buckling; the ease with which it can be manufactured and assembled
and, for the same reason, the ease with which it may be repaired without
either highly skilled labor or special equipment; its relative cheapness;
3ts adaptability to production in small plants; and the readiness with which
it may be glued and splicede In addition, the present knowledge of wood
permits selection so as to obtain both the uniformity necessary for quantity
production and the properties that are best for the work in hande

On the other hand, the principal factors tending to restrict the
use of wood are a not unlimited supply of the most desirable species; a
hygroscopicity that results in shrinking and swelling and changes in strength;
and a wide difference in properties with different directions of the graine

The use of the Table I stresses presupposes that selected material
will be employed, in order to maintain high structural strength with a
minimum of weighte The selection of suitable material involves fixing a
minimum specific gravity requirement, setting a tolerance on certain defects,
apd prohibiting otherse These may be regarded as primary considerationse
In addition, there are a number of factors more or less directly related to
wood procurement, inspection, and use that are not ordinarily included in a
specification proper, but which will be discussed later as contributing
information relating to the use of wood in aircrafte
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RATIQ OF MECHANICAL PROPERTY T0 SIMILAR PROPERTY TESTED IN STANDARD STATIC

BENDING AT 0105 INCH OF TRAVEL PER MINUTE (PER CENT)

0./ SEC.

L JEC.

5 SEC.

[0 SEC
£
30 SEC
5 MIN.
10 MIN.
| HOUR

I MIN
1 .20 M1
/.

5 HOURS

10 DAYS

O | 0.00 SEC

[ 1

_
LEGEND

120

yd

Po

100

®

3

150— ﬁ

130

A - VARIATION IN FIBER STRESS AT ELASTIC LIMIT
WITH CHANGE IN DURATION OF STRESS.

B-VARIATION IN MODULUS OF RUPTURE WITH
CHANGE IN DURATION OF STRESS.

a=STRENGTH IN STANDARE STATIC BENDING

b= RESULTS OF DEAD-LOAD TESTS LASTING FROM
6 MONTHS TO A YEAR OF MORE.

C=FROM U.S. PEFARTMENT OF AGRICULTURE
BULLETIN 556.

d-ESTIMATELD

O -RECONDITIONED MATERIAL AT 17 PER CENT
MOISTURE CONTENT.
O-A/F-ORY MATERIAL AT 12 PER CENT MOISTURE
CONTENT.
NOTE: EACH POINT I3 THE AVERAGE OF THE RESULTS
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F1aURE 3.—The relation between fiber stress at elastic limit in static bending and modulus of rupture of 8itka spruce, and duration of stress




Primary Factors in Selecting Wood

Specific Gravity-Strength Relations

Studies at the Forest Producte Laboratory have shown that the
specific gravity of wood substance is nearly the same for all smecies, and
has a value c¢f about 1.5. Since the bulk specific gravity of wood is less
than unity for most species, it is evident that a considerable portion of
the volume of a piece ‘of wood is occupied by the various cell cavities and
pores. For these reasons, the specific gravity of oven-dry wood is an
excellent index of the amount of wood substance vresent, and hence of the
strength properties.

The relation of specific gravity to the mechanical properties of
wood may be considered from the standpoint of (1) differences between
species, and (2) differences between pleces of the same species. Considering
different species, the general relation of specific gravity to strength is
illustrated by two widely different woods, mastic, a dense Florida species,
and balsa, a very light Central American species. Endwise comoression tests
on green material gave the results of Table III, which show that mastic had
nine times the average specific gravity of balsa, and was also nine times
as high in crushing strength along the grain. Weight for weight the end-
wise crushing strengths of these diverse species are substantislly equal.

Table III.--A comparison of the specific gravities and the strength values
of two widely different woods in the green condition

tSpecific grav-: :

{ ity based en : Crushing :

: weight and ! strength : Specific

Species of wood ! wvclume of : parallel @ strength

: wood whon : to grain

3 oven dry .

: 1 : 2 : 3

: :Pounds per @

: igquare inch: (Col.2/Col.l)
Mmoo s e ¥ : 1.03 3 5yaa0 5,710
Balln i ciiinehvie i e : Sl : oul 5,850

-
CEE T
as e Be s
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Some properties increase directly with increasc in specific
gravity while others increase more rapidly. Crushing strength parallel teo
grain and shrinkage are examples of properties that vary directly with the
specific gravity. Modulus of rupture, on the other hand, varies from one
species to another as the 1-1/h power of the specific gravity. Other
properties are related to specific gravity by equations of still higher
powers; for instance, the exponent of specific gravity for the variation
in hardness is a-l/h. It is evident, therefore, that small differences in
specific gravity may result in large differences in certain strength
properties,

) Specific gravity affords an index of strength also for different
pieces of the same speciess In fact, the relationship is closer than that
between the averages of different species. Furthermore, the cwve
representing the relatiunship of pieceus within a species is usually of a
slightly higher power than that representinz the average values for
different speciess (Figs. U and 5.)

Some species of wood contein relatively large ausounts of resias,
gums, and extractives, which, of course, add to the weight but do not

.contribute to the strength as would a like amount of wood substencee

Furthermore, the different species of wood vary somewhat in the structural
arrangement of the fibers. For these reasons it is apparent that two species
which may be identicel in specific gravity may exnibit different average
strength characteristicse This fact is illustrated by the scattering of
points in Figure 4. Honce the specific gravity relationship should be taken
as a general trend rather than a perfectly uniform lawe A departure from the
general curve that applies to most species usually indicates some exccptional
characteristic of a species, which may make it particularly desirable fou
certain use requirementse (The term extractives is used ior the compounds
that can be removed from the wood of some species by passing cold or hot
water, alcohol, or other solvent. through it when it is in the form of sawduste
Extractives may be referred to in terms of the solvent used, such as hot-water
extractives, for example.)

Minimum Specific Gravity Fequirement

The minimum strength values that may be expected from random stock
of any species may be materially raised by eliminnting a relatively suall
portion of the materials This is accomplished by fixing a minimum specific
gravity requirement (Table I) as one of the specifications for aircraft wood,
thus rejecting light-weight stocks The inspection can usually be made
satisfactorily by visual examination, but in certain cases it may be desirable
or even necessary to resort to actual specific gravity determinationse Such
determinations made from time to time are of value to aircraft inspectors in
familiarizing them with the relation between appearance and cpecific gravitye

R1079 -10-
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The specific gravity values are calculated from the weight of
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While no maximum specific gravity limitations are necessary, it is
worthy of note that greater uniformity of weight and strength can be obtained
by removing the exceptionally dense stocke

Permissible Defects

Cross Grain

Cross grain may be regarded as any deviation of the grain fronm
parallelism with the axis of a pieces It may be classified as diagonal or
spiral, or a combination ¢f bothe Diagonal grain is that produced when the
saw cut is not parallel to the bark; spiral grain results from a spiral
arrangement of the fibers in the trees Diagonal and spiral grain can be
avoided to a large extent by cere in sawing, provided the logs are straight
and not badly spiraled. Diagonal grain is largely avoided by sawing parallel
to the bark, while spiral grain may be avoided by edging plain-sawed boards
parallel to the grain. Such edeinz is somewhat difficult, since the
direction of the spiral grein can not always be readily detecteds The effect
of diagonal and of spiral grain of a ziven gslope is the same, so that no
distinction is necessary except in regard to cause and method of detectiona

In order to correlate cross grain with the strength properties of
the timber, it is necessary te have some method of measurcumente This is
furnished by the angle between the direction of the fibers and the edge or
axis of a plece. The angle is usually oxpressed as a slope; for instance
1 in'15, or 1 to 15, means that in » distance of 15 inches the grain deviates
1 inch from the édge of the piece.

A series of tests made at the Forest Products Laboratory on Sitka
spruce, Douglas fir, and commercial white ash has slhown that the several
strength properties differ in the degree to which they are affected by cross
grain and that for properties materially affected the tendency of values to
fall off accurs with even slight deviationse (Reference 1l.) Table IV presents
some of the results of these tests, the values representing the average
percentage deficiency for various slopes cf cross—grained material when it is
free from checks and other defects, in terms of straight-grained stocke
Figures 6 and 7 present the results for white ash in curve forme

The weakening effect of cross grain results from the wide

difference in properties of wood along and across the graine Cross grain is
accompanied by an increased variability of the properties.
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Table IV.——Average percentage deficiency in strength properties, with respect

to straight-grained materialy of spiral-grained and diagonal-
grained material of various slopes

Compression
paerallel to
grain,

Static bending Impact

bending;

s g8 as

Specles of wood and

: H
slope of grain ¢ Modulus : Modulus : Work to: maximum : maximum
i of i  of ! maximum: drop ¢ crushing
¢ rupture ielasticity: load = : strength
| Waite ashs : : : : :
I 1:25--....:...:..3 }-l- H 2 . 9 ¢ 1 6 . 0
; 1:200.-:0....--.-: 6 . a H '17 el 12 -4 0
1;15-;003--.----.: 11 : H 27 H 22 : 0
Tilleisvemasseneis 38 3 7 ¢+ W3 37 1
1'500-.0----.;...: 36 H 22 $ 61 : 59 5 7
Douglas fir: : : 3 : :
1:25-0--.-00.....: ? : b H 1? 2 1 HI R R L
1:20-00.I-locc.co= 10 . 6 — 2‘4 . Ll- tsssaescesesen e
1;150-.¢-||¢.-.--: 15 . 8 H ag : 13 tesrenvrrnnavaa
1:10.0.0--..--..-: 2 : 1]1..011- o 6 H gl tecsseenscsnnnns
1:5..............: 5 : H 8 : 5 H R R R ]
: H H H : .
Sitka spruce: : H : H :
1:25-..0-0:----.-: 2 H 2 H lu 2 3 loecenasssssnnne
1:20..-0--..---.;: ]'" a2 ]'I' : 21 1 15 ttvessssasannse
1315.0.-..-.-..-;{ 8 : 7 H 33 - 22 Teswsascesaae e
1:10-ntonnoo‘nab.: 17 H 13 " 1 55 : l'l's fescecsamansssns
1:5...-.--....-:..: llll- : 35 H 76 : 69 H TR e T
H : £ : :
Average for three : 5 5 : :
species: : b H : :
1:25¢l'l-uooanaon: u {1 3 H 13 H 5 tassassagsannns
1320.---.-.0--0.;: ? 1 l'l' - 21 - 10 :o--ono--:-.;.-
l:lso--otloooooco: 11 s 6 H 1 : 19 tesesssanssnse
1:10--.-;00.---..: 19 i 11 : 3 : 38 tisnsaeresasne
_1:5.-.;0......--.: l‘l's H 33 : 68 H 614' ttssasensnsnes
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of elasticity in static bending tests of small, clear specimens of white ash
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In bending, the weakening effect becomes significant at a alope
of about 1 in 20 and increases rapidly with increusse in slope. In general,
a slope of grain greater than 1 in 20 should not be permitted in a main
structural aircraft member. In parts where failure in service would have
no effect on the structure as a whole, a slope of 1 in 15 is allowable.

Defects Causing Cross Grain and Iimited Thereby

In addition to cross grain itself there are a number of defects
that are limited in specifications principally because of the discontinuity
of grain and the cross grain that they cause. These defects are kmots,
pitch pockets, wavy grain, curly grain, interlocked grain, and indented
rings.

Enots.--A knot is a portion of a branch that has become
incorporated in the body of a tree. Sound knots are invariably denser
than the adjacent wood. Knots one-fourth inch in diameter may be psrmitted
near the neutral axis and along the middle of the top and bottom surfaces
of mzin structural members, provided they are not closer together than
10 inches and do not cause a divergence of grain at the edges of the
member greater than 1 in 20. Where less severe strength requirements
permit cross grain having a slope not greater than 1 in 15, knots up %o
one-half inch in dismeter may be used provided they are not closer together
than 20 inches, and do not cause divergence of the grain at the edges aof
the member greater than 1 in 15. EKnots in clusters are often accompanied
by irrsgular grain end should not be permitted.

Pitch pockets.—Pitch pockets are openings in the grainm of the
wood that contain more or less pitch or bark. Tests at the Forest Products
Laboratory show that while the effect of small pitch pockets is usually
slight, large ones noticeably affect the strength, particularly when they
ard on the compression flange of a beam. Although pitch pockets may be
permitted on the same basis as knots, the method of measurement will differ.
The limitation in both cases takes into consideration the cross secvion of
the beam occupled and the degree of irregular, grain caused. The presence
of pitch pockets in large members is often indicative of shakes or lack of
bond between the rings.

The following sugzested general limitations of pitch pockets in
wing beams of I section (solid or built-up) are based not only on the tests
Just referred to but also on many years' observation, by members of the
staff of the Forest Products Laboratory, of the effect of pitch pockets .
and various other defects on strength properties and on failures under test.
(Reference 9.)

R1079 13-



(1) At points where the computed stress multiplied by the load
factor is equal to the maximum allowable stress, the beams must be
entirely free from pitch pockets, ("Load factor" is explained in the
introduction.)

(2) At points where the computed stress multiplied by the load
factor does not exceed 90 percent of the maximum allowable stress, pitch
pockets 1~1/2 inches in length and not to exceed one-eighth inch in width
or denth may be allowed in any part of the section, except the outer
quarters of the flanges, pravided that they do not cause a slepe of grain
stesper than 1 in 25 in the outer guarters of the flanges. No pitch pockets
are to be allowed in the outer quarters of the flanges.

(3) At points where the computed stress, multiplied by the load
factor, does not exceed 70 percent of the maximum allowable stress, pitch
pockets 2 inches in length and not to exceed one-fourth inch in width or
depth may be permitted anywhere in the section, except in the outer quarters
of the flanges, provided that they do not cause a slope of grain steeper
than 1 in 20 in the outer quartors of the flanges. No pitch pockets are
to be allowed in the outer quarters of the flanges.

(4) At points where the computed stress, multiplied by the leoad
factor, does not exceed 50 percent of the maximum allowable stress, pitch
pockets 1-1/2 inches in length and one-fourth inch in width or depth may
occur in the outer quarters of the flanges and pitch pockets 3 inches in
length and one-fourth inch in width or depth may occur in any other portion
of the section, provided that they do not cause a slope of grain steeper
than 1 in 15 in the outer quarters of the flanges.

(5) Pitch pockets in the web may not be closer together than 20
inches; if in the same annual growth ring they may not be closer together
than 40 inches. In ether portions of the section these distances may be
10 and 20 inches, respectively.

In measuring pitch pockets in a piece the length 1s taken as the
surface dimension in the direction of the grain, the width as the surface
dimenslion across the grain, and the depth as the maximum distance the
pitch pocket extends inte the piece.

Wavy, curly, and interlocked grain.--Wavy, curly, and interlocked

grain are subject to the same limitations as other forms of cross grain.

Indented growth rings.--Indented rings of annual growth appear
as sllght local depressions of the rings on end sections of pieces of some
species. On a tangential surface they appear as longitudinal sgars, which
glves rise to the term "bear scratches" that is scmetimes applied to them.
Their effect is less than that of the permissible knot and may be ignored
in members of appreciable size.
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Shakes and Checks

Both shakes and checks are separations aleng the grain of the
wood. With a shake the greater part of the separation occurs between the
rings of annual growth, whersas with a check the greater part of the
separation occurs across the rings of annual growth. Checks and shakes are
more common in large timbers than in small pieces. The weakening effect in
any case is usually greater tham thet attributable to the visible extent of
the opening. Aircreft material containing shakes should be rejected. Air-
craft lumber should be relatively free from checks, and finished aircraft
parts containing chieciks should be rejocted.

Mineral streaks

Mineral streaks are localized accumulations of mineral matter
sometimes found in'wéod and zre generally asscciated 7ith a slight injury to
the living tree, such as a bird peck throuvgh the growth layers immediately
under the bark, Mineral streaks in themselves appsar not to affect strength,
but are sometimes accompsunisd by decay and consequently pleces containing
such streaks should bte iaspected for thig defect. A4ll material containing
decay is rejected. Sometimes mineral streaks are present in sufficient
quantities to be a factor in thas dulling of woodworking tools.

Injury Resulting from Insect Attack

Insects sometimes cause holes in lumber, In estim2ting the
effect on strength these holes can be considersd from the standpoint of the
anount of material removed, When the holes hawe resulted from inssects that
attack the green or partially seasoned wood, their presence is usually
detected easily. On the other hend, the presence of powder-post beetles,
most of which confine their attack to dry lumber, usually the sapwood, can
be detected in stored stock only through the most careful examination; at
times cutting into suspected stock is necessary. Hickory, ash, oak, 2nd
black walnut lumber are most subject to such attack, but other species are
not immune., ILosses caused By ILyctus veetles, which are perhaps the most
common powder-post beetles, can he prevented through proper methods of
classification and the piling of stock by kinds; by separating heartwood and
sapwood stock, when possible; by periodical inspection; by utilizing the
older stock first; and by coating the lumber to closs the pores; thus
preventing ezgg deposition, When materiel is urder atiack,proper heat treat-
ment in a kiln at a tempsrature of 180° F., will kill the borers; two to
three hours should be sufficient. (References 4 and 7.) Therc appears to
be little danger of powder-post bsetle attack in assembled aircraft parts,
however, since the finishes applied are =ffective in preventing entrance.
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Seasoning Defécts

Kiln drying, if properly done, can be accomplished without
injury to the strength properties of the wood, tests at the Forest Products
Laboratory show, (Reference 10,) Furthermore, results can be obtained that
fully equal those of air drying under the best conditions. On the other
hand, favorable appearance of stock alene is not a sultable criterion as to
whether the stock has been injured in the drying process. The best method
of obtaining satisfactorily dried stock is to use an approved drying schedule,
such as one of those recommended by the Forest Products Iaboratory.

The seasoning of wood in its simplest terms consists of driving
off the excees moisture always present in the living tree. To accomplish
this, a moisture difference must be established between the interior of a
piece and the outer surface from which the atmosphere takes away the
moisture, If the drying is too rapid, too great a moisture difference will
exist, and the resulting unequal shrinkage will cause stresses that manifest
themselves in checking, honeycombing, cesehardening, or warping. Collapse
is another defect that sometimes occurs in seasoning, especially with
certain species, in epits of care.

Wood that is checked, honeycombed, or collapsed is not suitable
for aircraft construction. That which is casehardened or warped may be
accepted or rejected as determined by the severity of the defect and the
use of the stock,

Storage after kiln drying.--Good practice in wood fabrication
involves the storage of lumber under cover for a short period after it
leaves the dry kilns and before complete manufacture, to permit the relief
of internal stresses that may exist, and the further equalization of moisture
content. Such stock should be bulk piled, and heated storage space is
desirable and may become essential as methods are refined to meet more
exacting specifications,

Manufacturing Defects

Manufacturing defects are only rarely the cause of rejection of
aircraft parts, since strength and not appearance is the criterion of
acceptance. The defects that are most likely to result from manufacture are
a slight raising of the grain and splintering in the machining process.

The splintering that sometimes occurs in routing a beam when the shaper

knife finishes out against the grain should not cause rejection unless the
splintering extends into the flanges. Excessive sanding to produce a
smoothly finished surface should be avoided, The finish of a wooden aircraft
member need only be sufficient to produce a good surface for varnishing.
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Prohibited Defects

Decay

All woods, to a greater or less extent, are subject to stalns
and decays, The stains not associated with decay, as a rule, have little
effect upon the strength of wood, whereae dacays affect the stremgth even
in their early stages, and before any apprecisble reduction in specific
gravity occurs,

The development of fungi ie dependent upon a relatively high
moisture content of the wood, suitable temperature, an abundant supply of
food substances, and a supply of oxygen, which may be obtained from the alr,
Lamber that is kept either dry or entirely immersed in water will not decay.
The most practical method of preventing decay in aircraft lumber is to avoid
undve holding of loze under conditions favorzble to decay, to kiln dry the
lumbsr immediately after sawing, or to air dry it immediately with proper
precentions, and then tc keep it dry in proper storage. Under such
conditions wood can bs held indefinitely without loss of stremgth or other
deterioration, Borer or termite attack, of course, requires its own
preventive measures,

Both stsins apd decays are usuzlly indicated by discolorations
of the wood, and it le frequently difficult to distirguish between them
during their early stagesz., Furthermoro, the conditions that are favorable
far the growth of stains, as & rale, are aleo favorable to the development
of wood~Gestroying funzi., For these reasons any discolorations in aireraft
wood should be regarded with suspicion end pieces so discolored should be
carefully examined,

In examining discoloration, 1t is necessary to aveid confusion
with some of the ratural coler variations of the species, For instance, in
Sitka spruce the heartwood has usually a light reddish tinge, slightly
distinguishing it from the sapwood. Some trees of Sitka spruce, however,
have & pronounced reddish or brownish pink heartwood, which is quite uniform
in color throughout. The color difference is striking in a eurfaced board
containing bath heartwood of this color and the characteristic white
sapwood., This reddish or brownish pink heaertwood is not discolored by
decay and so can be safely used for aircraft construction.

Decay varies in its effect on different strength properties, The
wood-destroying fungli use certain constituents of the cell walls of the
wood for food, with the result that these walls are broken down. In ths
final stages of development of the decay little or no strength remains in
the wood, In the early stages the crushing strength parallel to the grain
ie affected but little, whereas the shock resistance is reduced markediy.
When acceptance is hased on specific gravity and appearance alone, all boards
containing any evidence of decay should be rejected.
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Gogpression Wood

Compression wood is a type of abnormal growth frequently occurring
in the under side of leaning trees and limbs of softwood species. When
viewed in the cross section of a log, it may comprise all of the material
on one side of the pith, or may consist merely of one or more growth layers,
lying between growth layers of normal wood and extending over only a portion
of the circumference, It is characterized by high specific gravity, and has
the appearance of an excessive growth of summerwood. Compression wood in
most species shows but little contrast in color between springwood and
summerwood. Unlike normal wood, it has an appreciable endwise shrinkage.
This causes crook, bow, and twist, particularly when compression wood occurs
in combination with normel wood.

Strength tests made at the Forest Products Laboratory show that
compression wood, although usually very dense, is not so high in strength
properties for its weight as normal wood. This fact applies especially to
the bending and the shock-resisting properties, While pieces containing
compression wood are almost certain to be rejected because of their tendency
to some form of warp, all such pieces that may come up for final inspection
should be rejected,

Compression Failures

The defect called a compression failure, as the name implies, is
an injury to the wood resulting from its having been overstressed in .
compression. Such injuries may result from excessive wind against the

standing tree, from felling trees om very rough or wery irregular ground,

or from rough handling of the logs or lumber., Compression failures are

characterized by a buckling of the fibers that appears as streaks on the

surface of a plece substantially at right angles to the grain, The streaks

vary in degree from those so pronounced as to be unmistakable to wery fine

hair lines that require close observation to detect.

Compression failures affect the strength properties of wood,
the degree depending on their magnitude and location. They have the
greatest effect in reducing the shock-resisting properties. All wood con-
taining compression failures should be rejected for aircraft use in parts
where strength is important.
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Secondary Factors in Selecting Wood

Locality of Growth

The origin of wood with respect to locality of growth is not
ordinarily a suitable criterion for either accepting or rejecting stock,
Often the supvosed@ differences in the properties of a single species growing
in different sections of the country are practically insignificant; in fact,
there may be more diffsrence in th: strengths of timber grown in adjacent
townships than between tha averazes for two widely separated regions. When
considering such differences it is well to keep in mind the general principle
that wood of a given specific gravity grown in one locality will usually
have the same strength as material of the same species and like specific
gravity grown in another locality.

There are a few cases in which the material from a given region
will average ccnsiderably lower in strengtl than that from another, but even
in these cases the differcnces are in the ma:n reflected in corresponding
differences in specific gravity. Thus Douglas fir from the Rocky Mountain
region averages lower in weight and strength than that from the Pacific
Northwest, Likewise, the material from the swelled butts of southern swamp~
grown ash, tupelo gum, and a few other species is much lighter and weaker
than that from a higher position in the same trees, and that from northsrn
upland-grown trees. If lumber from southern swamp-grown ash is to be used
in highly stressed aircraft pesrts, it is essential that the lumber manu-
facturer cut off the swelled portions from the logs before they are sawed
into lumber.

The factors affecting tree growth, which are very complicated,
cause wide variations in the density and the strenmgth of different trees
grown within limited areas and even of the wood put on by a tree during
different periods of its life, The effect of these immediate environmental
factors is very great and withia the natural range of the species it over-
shadows such factors as geograpnical location.

Tests mede at the Forest Products laboratory show, for instance,
that Sitka spruce from Alaska is fully the equal in weight and stremgth to
that from the states of Washington and Oregon at the southern part of its
range. This and many other observations indicate that, in the absence of
specific data concerning wood from a given source, the general average of
all avajilable tests on the species is a more reliable estimate of the
strength pruperties of the wood from the source in guestioa than data on
samples from a nearby source or from a site that appears to be similar.

Sometimes, however, factors other than density and strength may
cause a preference for material from one region as against that from another.
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Four such factors are logging practice, seasoning practice, manufacturing
facilities, and the gradlngmethods employed. These factors, of course,
are subject to continual change and an immediate contact and kmowledge of
conditions is required to permit any exercise of regional preference on
their account,

Rate of Growth

It 1s impossible to set up a satisfactory rule for appraising
strength in terms of rate of growth. The specific gravity or the density
is a much better criterion.

In coniferous woods, such as spruce, material of very rapid growth
is most likely to be of low density and hence to fall below the average in
strength, For this reason the present specifications for aircraft spruce
Tequire that acceptable material shall have at least six annual growth rings
per inch. Sitka spruce of relatively slow growth shows no noticeable increase
or decrease in strength with rate of growth, and hence it seems desirable
to set a limit for the maximum number of rings per inmch. With comifers in
general, however, the wood of exceedingly slow growth, as found in the outer
part of overmeture trees, is very likely to be of lower density and strength
than that of msdium growth, Yet this slow-growth material works easily and
stays in place well; in manufacture, all slow-growth material is auperior to
equivalent stock of rapid growth. .

With hardwoods, on the other hand, wood of repid growth is
usually above the averege in density and strength., Nevsrtheless, the rate-
of-growth standard cannot be applied indiscriminately even to hardwoods
because some very rapid-growth material is brash and inferior in weight and
strength.

Position in Tree

As a general rule, wood of the highest specific gravity ie the
strongest regardless of its poeition in the tree. There are exceptions to
this rule, but they are confined mostly to the lower 10 or 12 feet of the
tree, Some slight variations with distance from the pith of the tree have
been observed that could not be entirely accounted for by the difference in
specific gravity, but they are not of sufficient magnitude to be considered.
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Heartwood and Sapwood

From the standpoitnt 6f stremgth there 1g¢} in general, no difference
betwean heartwood and samwood. Although the change from sapwood to heartwood
in a few species, such as redwood, is accompanied by an infiltratioa of
extractives that increase the specific gravity and, t6é some extent, cause an
increase in certain strenszth properties, this faétdr des not appear to be
of any importaice in aircrafi. Specific gravity or deneity is the best
criterion of strength, whether it be for heartwood or sapwood:

On the other hané, there are important differences between heart-
wood and sapwoed from the standpoints of ease of seascuing, resistence to
decay, ease of penetration with preservetives, and the like. As a whole,
the sepwood of all species is reslatively nondurable, whereas the heariwood
of certain woods, such as Fort Orford cedar, is highly decay resistant;
the sapwood of most species, however, permits easier penetration with
preservatives gand other agents then heartwoad.

Toughness-Test Method of Selecting Wood

As recounted in this report, wood that will meet the exacting
demands of aircraft service can be satisfactorily selected by careful visual
inspection, supplemented at times by specific gravity determinations,
Because of the extensive information on the effect of certain factors on
strength, no further requirements are essential in ordimary service.

On the other hand, it is conceivable that there may be special
cases where specifio information on the strength characteristics of the
wood of certain members is desired. For struts and similar members in the
Buler column class, the load is cependent on the stiffness of the material
and consequently it is possible to predetermine strength by means of a v
simple deflec*ion test, within the elautic limit, without in any way injuring
the members. With members in which bending strength enters, however, there is
no direct method that can be used., Further, to determine the modulus of
rupture involves the complete destruction of the member and any attempt to
estimate it by partial loading is likely to produce stresses beyond the
elastic limit that will ultimately impair the strength of the member and
the safety of the structure.

A definite means of appraisinzg strength in such cases is provided
by the Forest Products Laboratory touchness machine which, throuzh tests
on relatively small samples from a pisce, offers a comparatively simple
method of selaction,
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The Forest Products Laboratory toughness machine operates on the
pendulun principle, but it differe essentially from other types in that the
load is mpplied to the specimen by means of a cable fastened around a drum
mounted on the axis of the pendulum. In the test a specimen 5/8 by 5/8 inch
or 3/4 hg 3/4 inch in cross section, supported over an 8 or 10 inch span,
is loaded at the center by means of a tup and a stirrup that slips over the
specimen,

In brief, the toughness-test inspection method that may be
employed for stock intended for exacting uses provides for the testing of
small specimens (usually four) from the plank from which the part in question
is taken. To be acceptable, the piece (1) must either meet a minimum
toughness requirement established for the species under comsideration, or
if within a certain tolerance below the minimum must pass in addition the
present specific gravity limitation; (2) must show a limited range in
toughness values for all specimens from the same piece; and (3) must pass
careful visual inspection. - -

In practice, the procedure is less complicated than it appears
from the description. The tests are made very rapidly and no calculation
is necessary to determine the results. It is necessary merely to read the
final angle on the machine at failure of the specimen and for this value to

take the corresponding toughness (work in inch-pounds per specimen) directly

from a table., The procedure is simplified further by the fact that the
moisture condition of the specimen may be ignored, for tests have shown that
toughness is affected but little by moisture and consequently any effect
within the moisture range likely to be encountered may be neglected.

The one essential in the application of the toughness method,
in addition to the necessary machine for making the tests, is a knowledge
of the species with respect to minimum toughness requirements, Tests made
at the Forest Products Laboratory on a number of species have served as a
basis for establishing such values. A summary of these data are presented
in Table V.
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’ Table V.=Minimum acceptance regquirements for aircraft woods based on testsl
In the Yorest Products Laboratory toughness machine

; -
:Minipum average acceptable toughness

3

e b

t
: 4 Without
Size of . ! With epecific ¢ specific
Species of wood specimen + Span ¢ gravity limitation : gravity
! : : : limitation
: ; ; Hinimum‘g Uinioum ¢ Minimum
3 : :apecific2: average ! average
: : : gravity—: toughnassl A toughnessl
; ; ; ; Inch-pounds : Inch-pounds
§ Inches :Inches : :per specimen :per specimen
$ t : : =
White ash....... . 5/8x5/8x10: 8 : 0.56 150 : 175
Yellow birch....: 3/U x 3/4 x 12 ; 10 ': .58 ; 225 : 260
Douglas fir.....: 5/8 x5/8x10: & : .45 98- a . 11
White oak...... 3 x 34 x 12'¢ 10 3 i 175 : 200
s Sitka sPruce....; 5/8 x 5/8 x 10 wat b .36 ; 75 90
Black walmut....: 3/b x 3/4z12°: 10 : .52 : 150 : 175

wd w8 e me

-

1ohe load is to be applied to the tengential face of the specimen.
2Based on welght and volume of oven-dry wood.

hese values are to be applied to the average of Y4 or more test specimens,
and the range in individual test values used in arriving at the average
should not exceed 1 to 2-1/2 among 4 svecimens.
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SUITABILITY OF SPECIES

Many species of wood are sufficiently satisfactory for aircraft
service, even though relatively few are now used. Several factors lead to
the present concentration, and tend to delay the employment of other species.
Among the foremost are the excellent combination of desirable properties in
the most used species; the manufacturer!'s lmowledge of methods of selection
and inspection; practical considerations of availebility, uniformity eof
quality, cost, and ease of manufacture; facility in gluing; and ease of

drying.

The wood requirements in aircraft are (1) for material in the form
of lumber, and (2) for plywood. The possibility of combining species of
widely different properties for core stock and face plies makes plywood very
adaptable to a large range of requirements, and hence its uses in aircraft
are so many and so varied that a partial list of them is desirable. Some.
of the more common applications, as enumerated by John F. Hardecker, are as
follows: Fuselage, leading edges, engine bearers, flooring, tail linings,
center ribs, tank cover, center cover, float parts, box beams, wing beams,
walkway ribs, seats, rudder, drag ribs, end and tall rids, walkway, head
pads, propeller spinner, wing covering, step boards, bulkheads or partitions,
float covering, alleron or elevator surfaces, instrument boards, afterdeck
bulkheads, webs and wing spars, bracing and gusset plates on fuselages.
(Reference 2.)

Woods Now Common in Alrcraft Servige

Of all the requiremente of wood in aircraft, the procurement
of suitable, clear, straight-grained lumber presents the most important
problem, end the suitability of epecies will be discussed primarily from this
standpoint. Further, the question of suitability can best be approached by
meens of a comparison of other species with the woods now amployed, which,
through long use, may be considered more or less standard. Following is a
list of these woods, together with their principal uses:

White Ash
Longerons, propellers, landing gear struts, float ribs, reinforcing
for structural members, bent work on wings and fuselagea, chines, tall skids,

cabane strute, bearing blocks, wing leading edges, float bulkheads, false
keels, control handles, and fuselage struts.

Balsa

Plywood core stock, especielly where -insulation is desired, aw
in cabins, filling, streamlining, and fairing strips.
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Bagswood

Wing ribs, veneer for plywood, templates, and webs,

‘Yellow Birch

Propellers. and veneer for plywood.

Mahogany

Deck, bottom, and bulkhead planking of hulls and floats; veneer
for plywood, such as tha% used Zor wing covering, wing t.ps, and wing ribs;
propellers; control wheels and handles; pattern work; interior finish; and

instrument boards. e

§E§ar Hagla

Propellers, veneer for plywood, jigs end models, aassmblﬁ forms,
shearing blocks, and bearing blocks.

Oaikc
Propellers.
White Pine
Webs, cab strips, corner blocks, fairing strips, patterns, and
forms.

Yellow Poplar

Veneer for plywood.

Red, Sitka, and White Soruce

Mein structural parts,’ such as wing beams, struts, and longerons;
float and hull construction; ribs, webs, landing gears, cap strips, stiff-
eners, flooring, planking, and veneer for plywood. “

Black Walnut

Propellers, cabin furnishings, and instrument panels.
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Reguirements in Manufacture

The balance and alignment reguirements for propellers are probably
the most exacting requirements in the manufacture of aircraft. Balance and
freedom from warping in service depend as much upon matching all laminations
for density, moisture content, and direction of annual growth rings as upon
the species of wood used. Some species give very satisfactory results with
rapld manufacture and only a moderate degree of refinement, while others,
such &s oak, must be carefully handled, with ample time for conditioning, to
give the best service.

The preceding statements are largely typicel in character,.though
possibly not in degree, of all wood aircraft parts, and therefore the specific
manufacturing requirements of other parts have been given no additional
discussion.

Mechanical Properties of Native Spécies

Table VI presents information on tha properties of some native
species compared with spruce for use in aireraft. (Reference 3.) The
comparative values of column 7 are suggested as an index of the suitability
of a species with respect to its mechanical properties, in terms of spruce,
in so far as such a relationship may be expressed by means of a single value.
It is important in using the table to consider also the other individual
properties listed, since a species, to be entirely satisfactory as a spruce
substitute, should not fall decidedly below spruce in any property.

This table is not intended as a final decision in regard to the
suitability of the species listed. Probably no two engineers could agree
exactly in such an appraisal. In fact the relative importance of the
different properties varies in the different members, is dependent on design,
and changes with the type of machine and the speed. Hence, even granting
universal agreement on the detail of the relative importance of various
properties, it would still be difficult to compare the different svecies
from the standpoint of aircraft use as a whole.

The four properties combined to arrive at the suitability index
(column 7) are specific gravity, bending and compreseive strength, shock
resistance, and stiffness. Shock resistance does not come into action until
the elastic limit has been fully passed, but is included because of the mar-
gin of safety it offers under extreme conditions. For this reason, of two
species equal in other respects, the one of higher shock resistance is
preferable. In species of high shock resistance, the initial small com-
pression fallures in a beam that is stressed to the ultimate usuvally tend
to distribute, and thus more work is absorbed than can be absorbed when such
failures concentrate into a single localized fallure. A species of high
shock resistance will also stand more frequent repetition and reversal of
stress of high magnitude than one lower in this property.
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Tawi; VIL—Properties of various nafive woods com pared with
those of spruce, far aircraft service

= Selln e -
2 !'g 2
'“uE BES —
seb8sl |g| | E i
Common and botanicnl numes of shecics E%E gg i % 53
ez 22l 8 g '3 2"
TZE TV % ﬁ g H
g3 8 18
& w28 lE 8
| § | |
RN A
T e
Bpruce, red, Sitka, wnd whitet.___________ ' 16 100 10! 100 100 100 1 100

HARDWOODS (BROAD-LEAVED SPECLES)

1 1 TR (e
Aldar; red {(Alnos rubra)_. w50 11 | e [ I l
Applé ( s puatnila vat. ] ws ne 2e g0 2|10 8
.u I, Hilumore white | Froxious bilgmars.

i fs | 1w S sl e e
.Msh‘ iack [Fray 1 E

& 1Y) L TR R T
Ashy, blow { Fraxious qudeingolatn) L | B e | auT i 100 L e

E i

Tvanien: Ti- | |

S M 1w @ss | T RES | 148
Ash, Oregon P I T S b R Ll W
Al uum;ddn (Frwainus profandn) . T T T T R}
Ashy white {Prasinos amercionnn) . . S M R 256 2th M (1T
Ashies, cominendal wid yornge uf & spues {

Ash, i’mnn {Fraxinus penn
COOlREN) -
(Franifius urauonn:

¢ S e ——y Ll 140 150 357 | fEU N
Aspon (F |1|.|lm tremuloldes) . A0 A5 o M My HT
Adipon, etoglh{ Fopliss Kfﬂnd!ilﬁﬂhlml L B 0 R D
Basswooil CPills glabea) . Hil § e S ®a
Beseh [ Fisgus griandifoling . T A S IR L TR T . T

i | 1
[ ATT0 N8 (034 0

=

Birch, Alnskn white {Betuls nesaliskona) .. J oz k2

Frel, gray (Fetuly popnlifolisg. .. LR M L R
Bi meer [ Betnls |\n||m|’um] T e R (YRR A T

wion Il 24y 224 VAR im oy
Bira T e ion W 124 1 ARE | Ty
RLmku oGl (Avieannla ni ltlu) A

Mt M40, 258 | 190 | she 5

| 0 Tn| al o sl oo

) L350 157 | ok 4

b1 T e

s | wn |02 1se| & [aoe o0

ja7 1:¢a| 151 158 110!’ 9
I i i

Huvkeye, yollow {Asseulus octanden)
Barteral Lraglins sineren)..
Buttonwand (Conowirgiy am:LnJ -
Liuserri ( Khivmous purshlons) .
Laalp, Bard y (Gl specivsi)

{ Mherry,; Bl (Prunus soroling),
i, ifin | Prins II.IlIIa}l.\llni
f. Tnestinet (Uastineds « sml.n(n

1: By il
e, castern { gy dalterides) .

Cottomwoml, worthern Wlaek (Popudis -

elinenr i

oo (4 ornas: I'Inrl.\lal i
Prattined - Eeithy (4 oroms it i iy
Elifer, hlm-lmr:. t-hmhnt-m orrileal 14
i, Nmmeriean (U lnnes wiserionnng . ... .. ‘ L]
Bl moek (8 birsus preamisn) 1 |

1 sbipawry U0 s fualyag.. ' |

Hlion SIS f
Frdm, bl Erivintin) - | 12 |
v, blue {Euealyplus glahglus) | iee| FHH
vinn, ek Lol bise sty rueifis) |
Liier, fupeln (\i*m Wgrdieny. ., 28
Cigmingelihn [ Burseen siniseiho), 1
Hagkbirry (Gt veeldontalls) . . F20
Tk, (et { ratamens tninentosa) Hin |
IHekory, hlgleal sk (Hieudn bicini-

TS} o)
1Tikiory, hitternnt (1lworin socdiformiz) Tk

Iiekory, movkernut (I Esorin alha ]
iekory, nutmeg{1Heoriy myrlitiemformisl .| 131
THiokory, pignut (Heorin glabray . ....| T4

I lekney, xhagharic (Hinorin ovita).. 15
Hiekory, woter {1iioori agquatien) 165
l}“.c'l:urlns i (lmn:uuu trH iy 1h

f true (fverige of & spocies] 154
HOIIN, (R ) e 145
ogehir e tusarrn Virginiann) . 170
Lukwondl (Fnthen 7

Irnnwoard, ek {!\muhulmulm m-mm}. oy

Lawiirel, monntain {RKilmin Ingifoling__ Tis
Loeust, hlwek (Robinda | ). 174
ik, honey (Eikeditsin trincwnths) . w2

Nadeadia (Arbutas mTlgﬂdll.."_ e

12 i s
'\{lu.uulin. oL n L3
: W Risnnh T 0
\l.ulle, higieal (Acer macrphy i o
Maple, binck {Aver nlgrim) il
Maple, roid {Aver rabrum) . . Caild
Aluple, silver { Aver sagehnrinm = e
Moo, steiped {Aeer 1\enn~=yl\nmmn|] w2
Magthe, sugar (Acer saceliarim) . i
Ansthe (Rideroxylon fo !:-Im 1A
Avrtle. Oregon (1 mibeliibi i
1

ik, blaok (Chuercas veluring

nk, hur (Qiereus muereargual
mle, Culifnrnin hisck Rethigpiil
ik, canyan Live (O JITES]
Ohule, ehiEtnul (Quereis muniant). ..
rnks, el {Querens Luarifalin 5
ke, [ive {Guareis virginiunmg. . 2 £
ik, Omogon while 1%”@“‘“5 EUNITYRAN) . T
Ok, pln (Qiere palusteis) et %1
Ok, podt Duerras jillata) 71
Ok, podl {egviervas horealish .- B5
Ok, Roeky Moumtain u’ililz (Qm-
LRI £ S 4 43
l‘hsl‘ m-m]r: lt.!urm:s caeginen; . o
ok i - L
5

Tasre VI.—Properties of various nafive woods mgn;mred with
of spruce, for aireraft sercice—Continued
HNARDWOODE (BROAD-LEAVED SPECLES)—Continaed

las f @
Bt E
!
B 3 2
Common snd botanical names of species ggg E ] -5 =
" B e f i
el
&8 |8|8l8|28
1o Emiras]ie l 5| 8|9
Onlk, swamp white (Quercus bicolor)_......| 175 | 185 | 290 | 232 | 135 | 185 | 81
Oak, water (Querous nigra). JO15E | 144 | 240 | 104 ! 144 | 165 | B9
Onk, while (Quercus albm). . .| 182} 138 | 257 | 199 | 112 | M8 [ 72
Ok, willow (Quercus phellos) ... ... 151 | 128 | 253 | 163 | 123 | 142 [ 76
Oaks, commercial red (average of B apecies) | 151 | 1351 245 | 196 | 124 | 138 | 85
ana,l commercial w {average of ﬁ o [ i |
200 (176 0 110 | 145§ 72
ito, eabbage (Sabal paimetto). BL TR S
Paradise-tres (Simaronba glauc) BG 76 | 30 6% a7
Pecarl (Hicorka pecin). 162 | 149 | 338 200 139 | 179 | &4
yroE v 153 | 165 | 380 | 103 126 165 | 72
Figeon-plum {Coccolobis laurifolin) 208 | 1530 | 450 [-mA1 | 1A% | 152 | A1
Poisonwood ( Metopium toxifernm 138 HY | 148 [ ) T 6| 47
Popler, balsam (I'opuius baleamif BL 07| 60| a1 #00( 65| =i
‘op!sr. yellow {Lirl o?end.mn tullwfera i ] gl s | 82 m| w! s
great (R m
imum}_.. TG 122 | ME 146 | T 1 - T
Sassalras (Smal‘ms wiifolium) 114 90 143 (138 ] T Kt
Herviceberry (A 178 | 166 | 312 | ey 18| ey
Silverbell (ifalesia varolinn) ... 4| 101 | 1 114 | Wy
Zaurwdod (Oxydendrum alhmeunl!. 145 | 126 | 1o | 252 1| 44T N7
Stapper, ved {Eagenia canfusa) . . . W07 oeaa| 28 1 145 R &S
Sugarberry (Lellus Lovigata) . 103 | 1ok | aha | F0| gm0
SBumech, st“ o n (Rls hirts | &i IRZ | Q83 | o | 119
Hlatamis 1 152 400 | A | 1M
“alnul., Mack (Jugians nigea) | 150 210 | 475 m_; 1ha
Woalmut, Hede (Juglans nipesin R e T
Willow, Ik {Ruliy nlsrnJ L0 = O S 1 Ny
Willow, westerni hinel il . R/ B R R LT B TR T O
Witeh-fiuzel (llulll:uncln- Virgaitanng- I TS O I R

HOFTWOODS (00N

(e:lar. Alnska [Chammey pirls nontka-
nsis) 14| 15 | s | 1se o | s owr

fetlnl'. 1as | 10wk | 3| OI6L | M IIH bell

Cedar, incepse (Liborebyos decirrens) X LM i

Cedar, northern white ('Thuja oecldent

wl | T o] & o ow
Cedar, I'ort Ommi (L‘hammypmis ! : , i
spniRnn ... === 108 [ TES ) NL4 | A1D a2 17
C'ﬁﬂnr snur.harn wh!tn {t.hammrpaﬂs
r.hynu.taa) 8 30 I T - T N T

Cadir, westorn rid i‘ hﬁu plicata) - o8 iz i »
e, southoen (7 i distichumo. | 1 | 118 | dad | 007 | 10 | oy
Dn:u,lna fir { Fsendotsugn tasifaling fl‘nnad.
Ly e R S 122 | 185 | 10| 14 | 193 | 125 93
nmwl& fir { Pt lmiJ’uIlﬂ,‘a Tinlnd
AT 105 | 8| 10) [ 197 | a4

fir |

1
Mulntnin |1 i !pl (15" S O U ]

Fir, aljine {Ahip i ar
Fir, halzam (4 7l 4
Fir, Califorain rod { Abi 38 MM
Fir, corkbark ( Ahjes i ol i
Fir, lowlanid white | 1a! ne ]
Fir, |mhle \hios n =+ 85l ] }‘r’:;
J oW w 110
i i WA 11w § L
Firs, troe (evernee of 4 spnecies) (Th] "™ 1w
Hendovk, enstern ¢ Fang o [ L]
Homdork, mauniaio (P it
Tintinck pdernn Ut hetoropdyl i
e, mlligator (Dl peris el el
Lareh, weslern (Tatris oo A iy
! Hy
> i Mexifiz). ! :,:':
l'ine, ]uhlull\ {1 Inllhlmwlnj ! b3
Pine, lodgepote { Pl eontoriy) | LT
I'ino, Jungleal {Pinns palustis) . &l
Pine, mountain (1in bl
Piue, nort L1}
Plne, Nunmi "
Plne, pitch (Pinus rlulnlnl.... (k5 l (L
Pine, pored { Mo rigida serotinn) 12010 | 12
Pime, sand (Pinus clowsa), ... 2.l. Tam s p?g
¥ine, shortleal (I B o R
Pine, slash (L' aribuen) . LRI T T 4
Pine, sitgns ( Pinus lnbertiong) . oM R A
Pine, mesieen while (L monticol.._.. o5 wm | = e
Pine, ergan ([ P e ;{' IEI
#ifinn {l"lnl:s edulis).. s eI LA i TS 1}
Hedwumd (Soquoi semperyirens 1 13 0 un I L
Bpruwve, bk [Poes thagiann) e R T R 1 Wy | 102
Sproee, Eugelnunn (14 - ok w5y
Wrmaenek (g s L OGS 17 i T Y T 1;-: ‘?J:i
Yow, Paville {Tasns S U e

1 T thix tubleewel 5
of peher woorls ar Lh
P These values

g v ribeil B e conl and the corresponding values
x|resseid rulinely
sl fean the follivwing weighting: Column 2

ol & vislaes, 16
A2 power al e n-m»qmm'l.im: speelfie gravities

1o &, Ineltesive, are U.47, 72, 42, 71,

e Laken or culenlated from Com parstive

 Properties :rl \\ wkh t-m\m i the Unibed Stiades, which diseneses thelr
derivation, (Meferenee 3.)

Ehe prees onowlideh dhese \ulues un‘ Pepasl wene smowlab [gher in density

Pl the gemeral nversge for 1w iis, Eherifere, ¥ profuhie Ll fir-

Lher Lusty which are nnder way wil alu.hl!; lower e present ru.-un"(

ZM27314 F



The weighted and averaged figures thus obtained were divided by
the specific gravity raised to the 3/2 power. In this analysis the
consideration of such factors as effect of size on the strength, stiffness,
and buckling of thin parts, together with the essential reguirement in
aircraft of keeping weight to a minimum, necessitated the use of a power of
specific gravity higher than the first. Here again judgment was exercised
in selecting the power, as well as in weighting the properties.

Detailed Discussion of Species

An eirplane can be made from practically any species of wood that
will furnish material in the required sizes, and the size of the pieces
required may be greatly reduced by laminating and splicing. By choosing
the most suitable species, however, it is possible to reduce the weight of
the plane appreciably and to increase its efficiency. The following
comments, therefore, are based not on the bare possibility of use, but
rather on the relative suitability and efficiency. TFurther, the differences
in strength between many of the species are relatively small, and lowering
the quality required in any given species is thus likely to make material of
a higher guality from an inferior species preferable to the low quality
from the superior species.

Some of the species included in Table VI obviously need not be
considered for aircraft use, because of the small size of the tree or its
commerclal unimportance. The discussion of the spmecies included will be
directed principelly to the suitability for wing beams, which is the most
important requirement and also the most difficult to meet. However,

‘consideration will glso be given to suitability for other aircraft parts.

|

Hardwoods (Broad-Leaved Species)

Although the data on hardwoocds in Table VI are presented as ratios
to spruce, most of the hardwood species have properties that adapt them
better to consideration for uses other than wing beams and the parts commonly
made of spruce. The data, however, will serve as well for comparing other
specles among themselvee as for comparison with spruce. The hardwoods as
here discussed are considered from the standvoint of the aircraft uses to
which thelr properties seem to best adapt them.

Red Alder (Alnus rubra)

Red alder is about the same as spruce in weight and in most strength
properties but exceeds epruce in hardness. Although the leading hardwood of
the Pacific Northwest, it is nevertheless a relatively small tree that
matures in 50 to 60 years and reaches at that age a diameter of about 18
inches. The amount of clear lumber available is small.
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Black Ash (Fraxinus nigzg)

Black ash is considerably lower in weight than commercial white
ash. It is exceedingly tough and is an excellent species for bent work. It
lacks the strength and the stiffness of white ash, however, and can not be
used so satisfactorily where these properties are essential.

Biltmore White Ash (Fraxinus biltmoreana)
BIue Ash (¥. quadrangulata)

Green Ash (F. pennsylvanica lanceolata)
#hite Ash (F. emericena)

Biltmore white, blue, green, and white 2sh ace similar in density
and mechanical propertiss and can not be distinguished from one another by
means of the wood alone. They are marketed as white ash, or more oroverly,
as commercial white ash.

Commercial white ash has long been a favorite wood in aireraft
where bending and compressive strength, stiffness, shock resistance, and
capacity for bending to a reguired shape are reguisites. It seasons satis-
factorily, stays in place well, and presents no manufacturing difficulties.
It serves as a standard of comparison where these properties are essential.

Ash occurs all over the eastern United States and along the streams
in the plains region almost to the foothills of ths Rocky Mountains. Commer-
cial white ash lumber is produced from trees of a large range of sizes,
varying from small second-growth timber to large virgin trees 100 or more
feet in height and 3 or 4 feet in diameter.

Northern-grown -ash is frequently preferred by the trade because
the usual specifications under which ash is purchased do not exclude the
lightweight, brash material that comes from the swélled butte of swamp-
grown trees found in the overflow lands of the lower Mississippi Valley.

Oregon Ash (Fraxinus oregona)

Oregon ash is slightly lighter than commercial white ash and
slightly lower in its strength properties. Its range is from southern.
British Columbia through Washington, Oregon, and California. The Oregon
ash produced is only a fraction of 1 percent of the ash consumed in the
United States.

Pumpkin Ash (Fraxinus profunda)

Pumpkin ash is -somewhat lighter than commercial white ash and
is lower in most of its important strength properties. In ash, as in other
species, there is a considerable range in the properties of individual
pleces. The term "oumpkin ash" is used commercially to designate the weak,
soft material from all species of ash. Specifications for commercial white
ash for aircraft exclude pumpkin ash.
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Aspen (Populus tremuloides) ‘

Asper is lighter than spruce and is considerably lower in hard-
ness and stiffness. The tree is quite small and the species is not impor-
tant from the standpoint of aircraft.

Basswood (Tilia glabra)

Basswood is a lightweight wood that is low in practically all of
its strength properties. It works easily and can be nailed without snlitting.
It is a very satisfactory low-density species for veneer and plywood and
finds other aircraft use.

The range of Tilia glabra extends from New Brunswick throush the
Great Lakes region and southward as far as Pennsylvania and Missouri. Mature
trees freguently reach a height of 100 feet and a diameter of 3 to Y feet.

Beech (ggégs grandifolia)

Beech is ouite heavy and has about the strength properties of
sweet and yellow birch and sugar maple. Usually it is not available in the
highest grades. It might be used to some extent for propellers and plywood,
but can not be used extensively in the framework of aircraft.

Beech occurs from New Brunswick to northern Wisconsin and south .
to eastern Texas end western Florida. It reaches its best development in the
northern states, the lover Ohio Valley, and the Appalachians. Mature trees
attain a height of 120 feet, and diameters of 3 feet or more are not un-
common.

Sweet Birch (Betula lenta)
Yellow Birch (E. lutea)

Sweet and yellow birch are guite similar in their properties and
can not be distinguished from each other by the wood alone. They are heavy,
hard, and stiff. All birches are diffuse porous species, have a fine, even
texture, and are capable of taking a high finish. These two species find
many uses in sircraft.

The range of sweet birch extends from Newfoundlsnd to western
Ontario, central Iowa, southern Illinois, south along the Apvalachian
Mountains, and into Florida. Yellow birch occurs from Newfoundland to
northern New England, northern Minnesota, and south along the Avpalachians
to Tennessee and North Carolina. Mature frees of sweet birch range from
70 to 80 feet in height and from 2 to 3 feet in diameter, while yellow birch
is a little larger.
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Butternut (Juglans cinerea)

Butternut is slightly lower in weight than spruce and is lacking
in stiffness, although it is higher in shock resistance. Butternut can
perhaps be considered for veneer and plywood, but it is not likely to attain
any importance because of the abundance of other suitable speciss.

Black Cherry (Prunvs serotina)
. — e —— —}

Black .cherry is a moderately heavy wood, somewhat lighter than
black welnut end lower in its strength properties. Like black walnut, it is
diffuse porous, and is an excellent cabinet wood. It is used for propellers
and should, in general, be suitable for other parts where walnunt.is used.

Black cherry occurs from Nova Scotia to the Dakotas, soush to
Florida and Arizona, and along the mountains to South America. The tree
attains a height of 60 to 90 feet. Black cherry was once sbundant and of
considerable commercial importance, but the present supply is very small,
Consequently the species can not be expected to be of great importance to
the aireraft industry.

Chestnut (Castanea dentats)

Chestnut is somewhat heavier than spruce and -exceeds it in
hardness, but is lecking in stiffness. The supply is fast being depleted
because of the chestmut blight, so that a continued supply can not he
expected. The wood frequently contains numerous small worm holes. Chestmut
can be glued satisfactorily. Any considerable use of chestnut for aircraft
is unlikely, although it would serve satisfactorily for certain plywocod
reguirements.

The range is from southern Michigan and the New England States
southward to Florida and Mississippi. The tree reaches a height of 60 to
100 feet end a dismeter of over 2 feet.

Epstarn_Cottonwood (Populus deltoides)
Northern Black Cottcnwood (P. trichoca hastata)
Balsam Poplar (P. balsamiiera)

Eastern and northern black cottonwood and balsan poplar rsnk in
strength in the order named. ZXastern cottonwood is about the same weight as
spruce and with the exception of shock resistance is lower in the other
properties listed in Table VI. Balssm poplar is deciaedly lower than spruce
in both weight and strength properties. The wood dogs not split easily in
nailing, however, can be glued satisfactorily, and bends well. None of these
species can well be considered as a substitute for spruce in wing beams, but

all will perhaps serve some purpose in minor parts. They can also be
considered for plywood.
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Eastern cottonwood is widely distributed throughout the Unltea
States east of the Roeky Mountains. Under favorable comditiems it grows
very rapidly. Mature trees attain a height of 100 feet and over and a
diameter of 2 to K fest.

Northern black cottonwood grows from southern Alaska to northern
California and eastward as far as Idaho and Nevada. The tree under the best
conditions attains a height of 80 to 125 feet and a dimmster of 3 to U feet.

Balsam poplar occurs over a vast territory from Alaska to Labrador,
and southward to Colorado and New York. In the United States the best timber
seldom exceeds 30 inches in diameter and 60 or 70 feet in height, although in
the most favorable sites occasional trunks reach a height of 100 feet and a
diameter of 6 feet,

American Elm {Ulmis americana)

American elm, on the average, is lighter than white ash in weight
and is much lower in its strength properties. 1t can be bent to curved
form exceedingly well and its employment in aircraft largely hinges on the
need for wood having this property. The wood warps badly, however, so that
considerable care is necessary to hold it to form while it 1s being dried
after having been bent. It may be used for aircraft plywood. Very dense
pleces of American elm have sbout the same propertics as rock elm and may be
used wherever rock elm is satisfactory.

American elm occurs from southern Newfoundland to the eastern base
of the Rocky Uountains and south to Texas and Florida. Commercially it 1s
most important in Michigan, Wisconsin, Indiana, and the lower Mississiopi
Valley. The tree commonly reaches a height of 100 feet. Occasiomnally it
attaine a height of 120 feet, and a diameter of 6 feet or more.

Rock Elm (Ulmus racemosa)

Rock elm is slightly heavier than ash, is lower in stiffness, and
higher in shock resistance, in which it excels. It can be bent to curved
form readily and if properly dried after bending cam be used in aircraft as
an alternate for ash. Considerably more care is neceseary in the original
seasoning and the drying after bending of rock elm, however, in order to have
it remain in shape, since it twists and warps badly when not held firmly.

Rock elm-occurs from eastern -Quebec, through nerthern New Hampshire
and Vermont, to Wichigan, Wisconsin, northeastern Nebraska, Missouri, and
middle Tennessée. It 12 commercially important chiefly in northeastern
Wisconsin and adjacent parts of upper Wichigen. The tree occasionally reaches
& helght of 100 feet and a diameter of 3 feet.
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Slippery Elm (Ulmus fulva)

Slippery eIm averages somewhat lighter than ash and rock elm and is
lower in its strength properties. Pieces of a density equal to that of rock
elm may be used interchangesbly with rock elm. Like the other elms, it can be
bent to curved form readily and also tends to warp in seasoning and in drying
after having been bent.

lippery elm has about the same range as American elm. t occurs
from southerin Wewloundland to South Dakota and southward to the Gulf of
Mexico. The tree is comewhat smaller then the American elm and reaches &
height of about 70 feet.

Black Gum (Nyssa sylvatica)

Black gum is much heavier than spruce but is lower in stiffness.
Its density is sbout the same as that of American elm. The grain is inter-
locked, and although the wood does not split readily, it tends to warp in
dryinz to6 a greater extent than most of the common hardwoods. It probably
will be but little used in the frames of aircraft, although it is acceptable

for plywood.

Black gum occurs from central New England to Florida and west %o
Texas and Michigan. It is a water-loving species. On the best sites it
attains a height of 120 feet and a diameter of 5 feet.

Red Gum (Liguidambar styraciflua)

Red gum is heavier than spruce and higher in its strength
properties, with the exception of stiffness. The grain is interlocked and
the wood tends to warp considerably. Through careful menufacture and
seasoning, however, material that holds its shape satisfactorily can be
obtained. There is some prospect that carefully ouarter-sawed red gum,
matched for density, may be used for propellers. Studies at the Forest
Products Latoratory have shown that, as far as permanency of form is con-
cerned, red gum seems suitable for propellers if they are properly manufac-
tured and protected from extreme humidity conditions. It is a common veneer
and plywood speciles.

Red gum occurs from southern Connecticut to southeastern Missouri
and south to Texas and Florida. It is most abundant in the lower Mississipni
Valley. Average mature trees have a height of 80 to 120 feet and a diameter
of 1—1/2 to 3 feet. Some mature trees reach diameters of 5 feet or more.

Tupelo Gum (¥Nyssa aquatica)

: Tupelo gum is considerably heavier than spruce but is lower in
stiffness. It seems desirable for aircraft construction only in the form of
plywood.
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Tupelo gum occurs along the Atlantic and the Gulf coasts from
Virginia to Texas, and Northward along the Mississippl Valley as far as
gouthern Illinois. The largest trees are sbout 100 feet in height and 3 to
4 feet in diameter above the swelled base. The material from the swelled
butt is characteristically light in weight, brash, and weak.

. Hackberry (Celtis occidentalis)

Hackberry is lighter than ash, and compares faverably with ash
iin shock resistance, although in the other mechanical properties its
'average values are lower. The denser pieces of hackberry may perhaps be
substituted for ash.

Hackberry occurs from New England to Virginia and westward to
North Dekota and Kansas. It is a slender tree, commonly 50 although
occasionally 100 feet high, and when mature it is from 2 to 3 feet in
diameter.

Pecan Hickories
Bitternut Hickory (Hicoria cordiformis)
Nutmeg Hickory (H. myristicaeformis
Water Hickory (H. aguatica)
Pecan (H. pecan)

The pecan hickories are heavier and more shock resistant than .
ash and yet, in general, they are inferior to the true hickories in their
mechanical properties, especially in shock resistance.

Their range and size are in general the same as those of the
true hickories.

True Hickories
PBigleaf Shagbark Hickory (Hicoria laciniasa)
ckernut Hickory . a
Pignut Hickory (H. glabra
Shagbark Hickory (H. ovata)

The true hickories are quite similar in their properties and can
not be distinguished from one another by the wood elone. These hickories
are much heavier than ash, and are very high in their strength properties.
The wood is exceedingly tough and in this respéct excels all of the other
native species that are commercially available. It is characteristic of
hickory that the compression failures in bending do not usually localisze
but distridbute themselves so that the material develops a remarkable
toughness. Hickory, being a very dense wood, shrinks and swells consider-
ably with change in moisture content,
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The true hickories can be substituted in aircraft for ash but
would probably not give quite as good service for the same weight. Hickory
is particularly desirable where great toughness is required.

The hickories occur over the eastern part of the Unlted States,
beginning as far west as the states on the west bank of the Mississippi
River. The mature trees ave from 100’ to 120 feet high and saveral feet in
diameter. Second-growth material or that from small trees is frequently
considered superior to that from the mature trees, but tests show that the
density of tue wood, as with other- species, is the best criterion of
properties.

Black Locust (R6binia pssudoacacia)

Black lccust is a very heavy, strong wood. It shrinks and swells
but little for its density, having only about half the shrinkage of hickory
for a given moisture reduction. The heartwood has a high extractive content
and is very decay resistant. Black locust is sn excellent species where
hardness and the properties just mentioned sre recuired, but is not likely
to be of importance in aircraft.

Cucumber Magnolia (Magnolia acuminata)
Evergreen ¥agnolia (M. grandifiora)
Mountain Magnolia (W%a_se—rﬂ_—

The three species of magnolia, on which mechanical tests have
been made, may be considered together. They are sll heavier than spruce,
cucumber magnolia and evergreen magnolia being considerably seo. They all
compare favorably with spruce in their strength properties, and consequently
belong to the group of hardwoods that give promise of being good substitutes

for spruce in wing beams and bther aircraft parts, when they are available
in proper sizs and quantity.

The range of cucumber magnolia extends from western New York to
Alebana and westward to Illinois and ¥ississippi. The tree is from 60 to
90 feet high and 2 to 4 feet in diameter.

Evergreen Magnolia occurs along the coast region from North
Carolina to Florida and westward to Texas, extending through western
Louisiana to Arkansas. Trees 80 feet high and % feet in diameter are
occasionally found.

Mountain magnolia grows from southern Virginia and northsastern
Kentucky to northern Georgia and vest and southwest to Tennessee, Alabama,
and Louisiana. The largest trees are only 30 feet high and 1 foot or more
in diemeter,
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Bigleaf Maple (Acer macrgggzllum)

Bigleaf maple is about tne same in weight as silver maple and,
except in shock resistance, is somewhat higher in strength properties. It
is much lighter and lower in mechanical properties than the sugar mavple.
There is probably little use for bigleaf maple in aircraft, except possibly
for veneer and plywood.

Bigleaf maple occurs from the coast region of southeastern Alaska
to California. It varies greatly in size under different growth conditions.
Over most ot its range bigleaf maple is a small tree averaging about 50 feet
in height and 18 inches in diameter. Tnder the best conditions it sometimes
attains a height of 100 feet and a diameter of 40 inches or more.

Black Maple (Acer nigrum)

Sugar Maple (A. saccharum)

Black maple and sugar maple, which are very similar in their
properties, are classed and sold as "hard" maple. They can not be
distinguished from each other by the wood alone.

These two maples are dense, hard, and stiff. They are diffuse
porous, and have a fine, even texture. On account of their hardness and
resistance to wear they are often used for the faces of plywood. These
species find numerous uses in aireraft manufacture.

Black maple occurs from Quebec westward to northeastern South
Dakota, and gsouthward to a boundary from Yissouri to West Virginia. The
range of sugar maple extends from southern Newfoundland to Minnesota and
southward to eastern Texas and northwestern Florida. It is important
commercially principally in the Lake States, the Northeast, and the
Appalachian region. Mature trees ordinarily are from 100 to 120 feet in
height, and from 30 to 40 inches in diameter.

Red Meple (Acer rubrum)

Red maple is somewhat heavier, stiffer, and stronger than silver
maple but is lower in its mechanical properties than sugar maple. Red maple
could probably be used for propellers but the product would be much softer
than that made of sugar maple. It is possible that some of the densest
pieces of red maple have properties similar to sugar maple and can be used
as such.

Red maple occurs from New Brunswick to Minnesota and south to
Texas and Florida. The average size of mature trees is about 70 feet in
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height and 2 feet in diameter. Occasionally they attain a height of 100
feet and a diameter of U feet.

Silver Maple (Acer saccharinum)

Silver maple, which ie much lower in weight and strength than
sugar maple, lacks the stiffness needed to make it a satisfactory substi-
tute in aireraft for sprucs, and the greater weight is a disadvantage.

It is suitabie for plywood where a semihard species is reguired.

Silver meple occurs from New Brunswick to Uinnesota and south- '
ward to Arkansas =ni Florida. The trees attain a height of 75 to 170
feet and a diameter of 2 to 4 feet.

Oregon lMyrtle (Umbellularia californica)

Oreson myrile is much heavier then spruce and, although it is
higher in hardness and shock resistance, it is decidedly lacking in stiff-
ness. It will probably have little use in aircraft construction.

Oregon myrtle occurs ir southwestern Oregon and in California.
In general it is not a large tree, but under the most favorable conditions
it grows from 60 to 80 feet high and from 2-1/2 to 3-1/2 feet in diameter.

California Black Oak (Quercus kalloggii)
Oregon White Oak (Q. zarrgena)
Rocky Hountain Wnite Oak %QL. utahensis)
California black, Oregon white, and Recky Mountain white oak are.

decidedly lacking in stiffnese and need not be considered for aircraft
servicse.
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Commercial Red Osk

*Black Oak (Quercus velutina)
Laurel Oak EQ. Teurifolia)
*Pin Oak (Q. paiustris)

*Scarlet Oak (Q. coccinea)

*Southern Red Qak (Q. rubra)
Swamp Red Qak (Q. rubra pagodaﬁfolia)
water oER (Q. Tigre) o

*Willow Oak (Q. phellos)

Commercial White Oak
*Bur Oak (Quercus macrocarpa)
*Chestnut Oak (Q. montana)
*Post Ozk (Q. siellata)
*Swamp Chestnut Oak (Q. prinus)
Swamp White Oak (Q. bicolor)
*Thite Oak (Q. alba)

There are over a hundred species, varieties, and hybrids of
native oak but most of the oak lumber cut in the United States comes from
the 11 species in the heading that are starred. The various species can be
divided into two broad groups, the red oaks and the white oaks. Since the
oaks are fairly similar in their properties, they will be consgidered
collectively.

Commercial red oak is but slightly lower in weight than
commercial white o2k and the two groups are unusually similar in strength
properties, so that differentiation need not be made for this reason.
Commercisl red oak, however, is less resistant to decay than white ocak and
responds to moisture changes more rapidly than the white. The heartwood of
the white oaks is impervious to liquids, while there is relatively free
longltudinal passage in the red oaks.

The oaks are very heavy and hard and are extremely variable in
their properties. They need not be considered at all as a substitute for
spruce but they do play an important part in proneller manufacture. The
radial shrinkage is only about one-half of that in the tangential direction.
Hence quarter-sawed material stays in place much better than plain-sawved
stock and is more desirable for propeller. construction.

The southern oaks, particularly when swamp grown, are very difficult
to dry properly without serious checking, honeycombing, and casehardening.
They are also reputed to be guite difficult to manufacture, especially to
machine. For this reason there has been preference in the trade for upland-
grown ozk. The avsilable information, however, shows little difference as
far as strength properties are concerned.
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Taken together, the species under consideration are widely
distributed throughout the United States east of the Great Plains. The size
of the oaks, of course, varies greatly but at their best they occasionally
attain a height of 125 feet and a diameter of 6 feet.

Canyon Live Oak (Quercus chrysolepis)

Canyron live osk is very heavy and is greatly lacking in stiffness
for its weight.

Live Ozk (Quercus virginiana)

Live ook is one of the densest native specieés. Pleces of its
wood often eink in watcr, even when air dry. Its shrinkage, however, is no
greater than that of the other oaks, which average much lower in specific
gravity. It has remarkeble hordness and is ouite tough. Although it can
not be considered from the standpoint of substitution in aircraft for the
commonly us=d soecias, its unusual characizristics are worthy of
consideration in connectiocn with special problems.

Live oak occurs along the coast from Virginia to southern Florida
and to Texas. It is a spreading tree and consequently ylelds but short logs.
The largest commercial trees may be about 7O feet high and 6 or 7 feet in
diameter.

Pecan (Hicoria pec=n)

See the hickories.

Persimmon (Diospyros virginiana)

Persimmon is a dense wood, very high in hardness, and has a fine,
even texture. It is ar excellent wood for uses where toughness and smooth-
ness of wear are reguired, as in shuttles, but is probably of no impor-
tance in aircraft.

It occurs from Connecticut to Kansas and south to Texas and Florida.

lature trees are usually little over 12 inches in diameter but occasionally
reach a height of 100 feet and a diameter of 2 feet.

Balsam Poplar (Populus balsamifera)

See the cottonwoods..
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Yellow Poplar (Liriodendron tulipifera)

Yellow poplar is but little heavier than spruce and, although
somewhat lov in shock-resisting capacity, it has excellent working cualities,
ability to retain shape, and freedom from checks and shakes. It oresents no
manufacturing difficulties. Because of these desirable characteristics it
is regarded as a fairly satisfactory substitute for spruce. It is used very
extensively for plywood.

Yellow poplar occurs in all the states east of the Mississipoi
River except Maine, New Hampshire, Vermont, and Wisconsin, and occurs also
in lissouri, Arkansas, and Louisiana. With sycamore, it is the largest
hardwood tres in the United States. Mature trees are from 90 to 180 feet
in height and from 3 to & feet or more in diameter.

Sugarberry (Celtis laevigata)

Sugarberry is considerably heavier than spruce tut is lower in
stiffness. In properties it resembles hackterry, to which it is closely
related. As with hackberry, the denser pieces can be substituted for ash.

A Sugarberry occurs from Indiana to Missouri and southward to Texas
and Florida. The tree is not large.

Sycamore (Platanus occidentalis)

Sycamore is considerably heavier than spruce but, like many of
the hardwoods, is lower in stiffness. Shakes are very prevalent. Because
of this defect and its low stiffness, sycamore appears to be not suitable
for aircraft, gxcept in veneer and plywood where it is often mixed with red
gum, which has approximately the same properties.

! Sycamore occurs from New England to Nebraska and south to
Louisiana and Florida. It is one of the largest hardwood trees, attaining
a height of 140 feet. Trees several feet in diameter are common and some
over 10 feet have been known.

Black Walnut (Qgglans nigra)

Black welnut is an excellent furniture and cabinet wood that has
already established a position in aireraft use. It probably is the best
propeller wood of any of the native species, since it has good hardness to
resist wear aud has excellent ability to retain its share under varying
moisture conditions. However, it is not so hard as oak or birch. Its fine,
even texture, excellent appearance, and finishing qualities make it
suitable for instrument panels and cabinetwork. % serves & number of uses
in aircraft but is not considered as a substitute for snruce.
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Black walnut occurs from New England to Minnesota, and south to
Texas and Florida. Forest-grown trees vary in size from a diameter of
2 feet and & height of 50 feet to a dlameter of about 6 feet and =2 hoight

of 100 to 120 feet.

Softwoods (Coniferous Species)

Alaska Gedar (Qhamaecyparis nootkstensis)

Alasks cedar is heavier than spruce, and although the two are
about equal in stiffness, it is higher in the other mechanical properties.
The additional information available indicates that this cedar is easy to
kiln dry, moderately good in ability to stay in place, moderately easy to
glue, and easy to work, The heartwood is highly resistant to decay.

With its limited supply, Alaske cedar is not likely to be
considered for use in aireraft from the standpoint of special design. It
should rather bs expected to serve as a species supplementary to spruce,
for substitution in spruce sizes; the result is somewhat greater strength

at the exponse of increased weight. The range of Alaska cedar is tonfined
to the Pacific Northwest coast region. The trees not uncommonly attain o

diameter of 4 to 5 feet and a height of about 100 fest,

Incense Cedar (Libocedrus decurrens)

: Incense cedar is somewhat lighter than spruce, ani is considerably
lacking in shock resistance and stiffness. It i3 not available in large
quantities and its use in aireraft would be confined to parts that are not
highly stressed.

Northern White Cedar (Thuja occidentalis)

Northern white cedar is much lighter than spruce, and is
correspondingly low in 21l its strength properties. The heartwood is
highly decay resistant., Being a comparatively small tree with little clear
wood, northern white cedar cannot be considered as a possibility for large
or highly stressed parts of aircraft frames.

Port Orford Cedar (Chamascyparis lawsoniana)

Port Orford cedar is somewhat heavier than spruce, and equals or
exceeds the sirength properties of spruce. Although not an gbundant species,
this cedar can be obtained in large sizes. The wocd has a fine appearance
and presents no masnufacturing difficulty. The heartwood is highly resisfant
to decay. Because of the rather limited stand and production, the basis of
use should be very similar to that of Alaska cedar; namely, as a substitute
in aireraft for spruce in spruce sigzes.
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Port Orford cedar occurs in the ccoast region from southwestern
Oregon to California, extending inland about 40 miles. MUature trees are
usually from 3-1/2 to 6 feet in diemeter, and from 125 to 180 feet high;
occasional trees are 8 feet in diameter and 200 feet high.

Western Red Cedar (Thuja plicata)

Western red cedar is considerably lower than spruce in specific
gravity and is also lower in strength properties, particularly in stiffness
and shock resistance. Although a fairly abundant and durable species, it
can not be used satisfactorily in highly stressed aircraft parts.

Southern Cypress (Taxodium distichum)

Southern cypress is somewhat higher in specific grevity than spruce
and, on the average, is eoual to or better than spruce in strength properties.
Cypress, however, is very high in moisture content when green, and some of
the material is difficult to dry. The heertwood of mature trees is very
durable. The swelled butts of southern cypress produce some stock low in
density, which would not be suitable for aircraft use, but selected material
offers a possible spruce substitute. Further study of suitable selection
methods should be undertaken, however, before an attempt is made to use it
extensively in aircraft.

Southern cypress occurs in the Atlantic and the Gulf coastel regions
from southern Delaware-to Texas, and along the bottom lands of the liississippl
and its tributaries to southern Illinols and Indiana. Mature trees attain a
height of 70 to 150 feet, and a diemeter of Y4 to 1C feeot.

Douglas Fir (Pseudotsusa taxifolia)

Douglas fir is one of the few species that exhibit a noticeable
difference in properties with region of growth, Material from the Pacific
Coast, in average values, is considerably higher in weight and strength
than that in the Rocky Mountain region, and in addition the tree is much
larger, affording clear material in ouantity and in large sizes.

Douglaes fir from the Pacific Coast in general is much heavier than
spruce and its strength properties are ecual to or exceed those of spruce,
Unlike Sitke spruce, the density of Douglas fir wood shows a significant
decrease with increase in the height of its position in the tree. As a
result the best aircraft stock would come from the tree at a height of 40O
feet or more. Such material would be slightly lower in aversge specific
gravity and strength properties than the values presented in Table VI, which
are avsreges,
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Douglas fir is more likely to-develop checks in manufacture and
in service than spruce. It splinters somewhat and consequently is more
difficult to machine than spruce. The net result is that, although Douglas
fir has excellent stremgth properties, its other characteristics are such
that considerable more care in manufacture is required than with spruce.
Douglas fir is not likely to be used extemsively for aircraft wing beams as
long as spruce is aveilable; it is used, however, for veneer and plyweod.

Although Douglas fir grows over a large area in the West, the so-
called Pacific Coast type just discussed is confined to the coast region
from southern Oregon to British Columbia. It is ome of the largest
commercial trees of the world, being from 3 to 10 feet in diameter and

175 to 300 feet in height.

Douglas fir from the Rocky Mountain region is somewhat heavier
than spruce. It is generally lower in shock resistance, can not be obtained
in large sizes, is decidedly kmotty, and hence is not considered a satis-
factory substitute for spruce.

In Idaho and the region immediately around it, however, some
Douglas fir that is satisfactory for aircraft stock can be obtained.

Alpine Fir (Abiss 1as*_ocarg)

Alpine fir is very low in weight and also in all its strength
properties. Whether some stands contain materiel that is avpreciably
stronger than the specimens tested is not kmown, but this species apmears
to hold no promise of furnishing stock for highly stressed aireraft parts.

Balsam Fir (Abies balsamea)

Balsam fir is lighter than spruce and is lower in its stremgth
properties, being particularly deficient in hardness and in shock resistance.
It gives little promise of being a satisfactory aircraft wood.

California Red Fir (Abies magnifica)

California red fir is the same in average weight as spruce, and
is very similar in its mechanical properties. Little is known of its other
characteristics, such as ease of drying, workability, and ease of manufacture.
These factors must be investigated before it can be recommended for asircraft
service, and proper methods of selection must also be developed.

California red fir grows in California and southern Oregon. It is
commonly from 125 to 175 feet high and from 30 to S50 inches in diameter.
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Lowland White Fir (Abies grandis)
Siiver Fir (A. amssiiiss

fhite Fir (A. concolor)

Lowland white, silver, and white fir promise to furnish but little
clear material in sizes that are sultable for aircraft. They are of
interest chiefly because they may be used for vemeer and plywood.

Noble Fir ({Abies nobilis)

Noble fir is slightly lighter in weight than spruce, and compares
favorably with spruce in its strength properties. TFrom the strength stand-
point, therefore, noble fir is a possible spruce substitute in aircraft.
Mature trees are said to yield a high percentage of clear stock. Its use
seems to hinge on its othér characteristics, concerning which additional
information is needed. These characteristics include methods of drying and
handling, methods of selection, tendency for checks to develop, workahility,
ease of drying, and facility of manufacture.

Noble fir is found in Washington, Oregon, and California. Large

trees are from 140 to 200 feet in height, and from 30 to 60 inches in
diameter.

Eastern Hemlock (ngﬁa canadensis)

Bastern hemlock compares favorably in weight and in strength
properties with Sitka spruce, but because of its other characteristica it
need not be considered for aircraft, although it is a much used lumber
and timber species. The amount of clear lumber in large aizes is
relatively small,

_Mountain Hemlock (Tsuga mertensiana)

The average weight of mountain hemlock is much greater than that
of spruce. Although this species exceeds spruce in most of its strength
properties, it can not be regarded of importance as an aireraft wood
because of its limited supply and the inaccessibility of its stands.

Western Hemlock (ngga heterophylla)

Western hemlock is slightly-heavier than spruce, and equals or
exceeds that species in its strength properties, although it is somewhat
less uniform in texture then spruce. Studies at the Forest Products
Laboratory show that it can be kiln dried and glued satisfactorily. Westerp
hemlock is an abundant species. The trees, however, are not so large as
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gpruce and have a-lower percentage of clear material, and hence the
percentage of material that will meet aircreft regunirements is smaller
than that of spruce. Yet, all things considered, it should be regarded
as a possible substitute in aireraft for spruce in spruce sizes. It is
now used for veneer and plywood.

Western hemlock grows from northrestern Montana and sorthern
Idaho to Alaske and along the coast ranges and the Cascades to galifornia.
Under favorable growth conditions the trees reach a height of 200 feet
and a diameter of 3 or 4 feet. Larger trees are found, but those over 5
fest in diameter are rare.

Western Larch (Larix occidentalis)

The average weight of western larch exceeds that of spruce, and
the wood is also higher in its strength properties. The material from the
lower portion of the trees contains a gum called galactan, which adds
greatly to the weight. Four to eight feet of the lower portion of the tree
is often discarded because of weight and the prevalence of shakes. Western
larch, like some of the dense softwoods, exhibits a large variation in
properties, and there is evidence of comnsidereble difference in material
from different sites. Although this larch is high in strength properties,
it seems not feasible to use the species for aircraft, in view of the
supply of more suitable wonds.

Jack Pine (Pinus banksiana)

Jack pine is slightly heavier than spruce, and is especially
lacking in stiffness. The tree is relatively smell and does not appear to
be a promising aircraft material,

Jeffrey Pine /Pinus jeffreyi)

Jeffrey pine is about the same weight as spruce but it is lacking
in stiffness and shock resistance. It is not an abundant specles and shows
no especlal suiltability for ailrcraft.

Lodgepole Pine (Pinus contorta)

Lodgepole pine is very similar in weight to apruce but is slishtly
lower in most of its properties and is particularly lacking in shock
resistance. Only sbout 20 percent of the trees are large enocugh for saw
timber and the sbundance of small knots makes it difficult to cbtain much
clear stock. Consequently i1t is not likely that lodgepole pine will be
used for aircraft.
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Northern White Pine (Pinus strobus)

Northern white pine is somewhat lighter than spruce and lower in
its strength properties, particularly in hardness and shock resistance. It
has an enviable reputation as a wood that is uniform in properties, stays in
place well, presents no manufacturing difficulties, seasons easily, and may
be glued satisfactorily. Northern white pine is recommended for aircraft
service; although it could perhaps be used in spruce sizes better practice
would probably be to redesign because of the slightly lower design values of
strength. With a little additional cere in selection, however, it could
perhaps be used in spruce sizes.

The range of northern white pine extends from Canada into the
Great Lakes States and the New England States and south in the Apvalachians
as far as northern Georgia. The virgin timber is usually 3 feet or more in
diemeter and attains a height of 100 feet or more. Intensive logging has
made heavy inroads on the virgin supply of this wood, however, and the white
pine blister rust threatens its future growth. The supply of suitable stock
is not large enough to develop the use to the extent that 1ts desirable

properties would otherwise permit.

Norway Pine (Pinus resinosa)

Norway pine is considerably heavier than spruce and is higher in
its strength properties. The wqod is more resinous than that of the white
pines and the summerwood is mor;)ronounce&. Experiments show that it can
be kiln dried satisfactorily. Although Norway pine can be safely used in
aircraft in spruce sizes at the expense of the additional weight that will
then result, its considerably higher properties indicate that best results
would be obtained from special design.

Its range is from New Brunswick to Menitoba and south to
Minnesota and West Virginia., The tree reaches a height of 90 feet or more
and a diameter of about 3 feet.

Southern Yellow Pines
Loblolly Pine (Pinus tasda)
Iongleaf Pine (P. palustris)
Mountain Pine (P. pungens)
Pitch Pine (P. riﬁida§e
Pond Pine (P. rigidas serotina)
Sand Pine (P. clausa)

Shortieaf Pine (P. echinata)

Slash Pine (P. caribaea)

The southern yellow pines, in general, are extremely resinous,
with a pronounced summerwood that is very dense. The southern yellow pines
a8 & whole are from 35 to 7O percent heavier than spruce and are much higher
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than gpruce in strength; Table VI presents a detailed cotparison. Algndqgh
they have excellent properties, they are not so strong for their weight as
some of the other pines.

Individual pieces of any of the southern yallow pine specles
exhibit & large range in density and properties. Any material for a;rcrsft
wing beams from the southern yellow pines is most likely to come from the
lighter weight, slow=growth atock. However, even this lighter ﬁéigbtl
material, such as that represented in the trede by "Arkausas soft pine,"
would have difficulty in competing with the other speecies that are podsible
substitutes.

The southern yellow pines grow in the Atlantic Coast and the Gulf
Ooast regions from New Jersey to Texas, and in the lower uiﬁéiaeipyi_ﬁlver
drainaﬁe area. They attain & height of 50 to ovesr 100 feet and a diameter of
15 to 48 inches.

Sugar Pine (Pinus lambertiana)

 Bugar pine is lighter than spruce and is léwer in 1t8 strength
preperties, particularly shock resistance and stiffyess. 1t ean be worked
satisfactorily and stays in place quite well;, approaching to soms extent
the deésirable characteristics of northern waite pime. Suger pine is not so
6asy to season as spruce or white pine. It has a rélatively high moisture
content when green end conseguently attempts to hasten seasening by high
temperatures mist be avoided. The strength properties are téo low to permit
its use in airéraft in soruce sizes, but the speciss dees offer a poesibility
for use through speclal deésign.

Sugar pine occurs in the mountain regions of southera Oregon and
California. It 1s most abundant and reaches its bess develepment in the
Sierras. The trees attain large sizes, heights of 200 feet or more and
diameters of 6 feet being common.

Westeérn White Pine (Pinus menticola)

Western white pine is about the same welzht as epruee, but is
slightly lower in shock resistance and much lower in hardwess. Bxperiments
at the Forest Produsts Leboratory show that westera white pise ¢an be kiln
dried without demegze to the strength properties. It presents ho particular
marmufacturing difficulties and stays in place quite satisfaetorily. This
species could probably be substituied in aireraft for spruce in spruce aizes
but, as with northern white pine, better practice would be to redesign.

The range exbtends from southern British Columdia to westera
Wontana and south along the Cascades &nd Sierras to eentral Califdrnia; the
region of greatest importance is the Panhandle 6f I[daho and the adjaeent
parts of Washington and Montana. Wature trees of western vhite pine
frequently reach heights of 100 to 150 feet and dlaméters of 5 feet or more.
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Ponderosa Pine (Pinus ponderosa) ‘

Although ponderosa pine is slightly heavier than spruce, it is
also lower in its strength properties, being particularly deficient in shock
resistance and in stiffness. The wood is more variable than that of the
white pines and in consequence visual methods of selection are perhaps
somewhat less reliable than for many of the other woods, Although 1t oresents .
no serious manufacturing difficulties, and can be glued satisfactorily, its
variability and inclination to brashness make its use as a spruce substitute
in aircraft very guestionable tinless the use is based on acceptance tests,
such as the toughness~test method.

Ponderosa pine occurs from British Columbia and the Black Hills
southward in the Pacific and Rocky Mountain region to western Texas and
Mexico. The tree attains a height of 100 to 300 feet and a diameter of 6
feet, and occasionally more.

Redwood (Sequoia sempervirens)

Redwood is considerably heavier than spruce and is about equal
to or exceeds spruse in its strength properties. Although redwood shrinks
and swells but little with change in moisture, it is difficult to season,
particularly the material from the lower part of the tree. Redvood is some-
what more variable than many of the other species. The depth of the sapwood
is relatively small. The heartwood contains compounds soluble in cold water,
which are called extractives, and which may add as much as 12 or 15 percent
to the weight but do not increase all the strength properties as a like .
amount of wood substance would increase them. This deficiency is particu-
larly apvarent in shock resistance. Redwood, in an unseasoned con-
dition, exhibits strength properties (except shock resistance) that are
generally high for its weight, but lese increase in strength results from
seasoning than is normal for most woods. The heartwcod is very decay
resistant. Because of variability, drying difficulties; &nd the likelihood
of obtaining brash material, it appears that redwood is not a desirable
spruce substitute in airecraft.

The range of redwood is very limited, being confined principally
to Humboldt, Mendocinc, and Del Norte Counties of California. Averasge
mature trees are from 200 to 300 feet in height and from 8 to 12 feet in
diameter. Much larger trees are not uncommon.

Black Spruce (Picea mariana)

Black spruce is slightly heavier than Sitka spruce, but is similar
in strength. The trees attain a height of 40 to 80 feet and a diameter of
1 to 2 feet. The supply is hot large-and; since the quantity of clear stock
in suitable sizes is small, the species is not of enough importance commer-
cially to warrant consideration for aircraft use.
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Engelmann Spruce (Picea engglmannii)

Engelmann spruce, as found in the Rocky Mountain region of the
United States, is much lighter than Sitka spruce and is very decidedly lower
in its several strength properties. This material, if considered at all for
aircraft, would necessitate redesign, which would involve beam sizes
considerably larger than those required for Sitka spruce. There is evidence,
however, that Engelmann spruge is one of the species that show a difference
in properties for different parts of their rarges. MUaterial from the more
favorable sites in British Columbia appears to be much denser znd higher in
strength than that from the lower Rocky Mountain region, and apoears to be
very similar to Sitka spruee in these properties. As the necessity for
substitutes for Sitka spruce in aircraft develops, special consideration can
well be given Engelmann spruce from the more favorable part of its range
and studies should be made to appraise its suitability more definitely.

The range 1s from Yukon and British Columbia to southern Oregon
and through the Rocky Mountains into New Mexico and Arizona. The tree is
usually from 60 to 100 feet in height, although at high altitudes it may
resemble a mere shrub. The diameter ranges up to about 36 inches but in
most casss it is much less.

Red Spruce (Picea rubra)
Sitka Spruce (P. sitchensis)
White Spruce (P. gf&uca)

Although these three spruces are similar in their propertiss and
may be used interchangeably for aircraft parts, Sitka spruce, because of
its large size, availability, and proportion of clear stock in suitable sizes,
ig far more important than red or white and is the chigf source of supply.

Red, Sitka, and white spruce possess excellent strength properties,
with & high ratlo of strength to weight. They are relatively easy to season,
can be glued with facility, and present no manufacturing difficulties. As a
result they serve very satisfactorily for the highly stréssed parts of
aircraft frames and find extensive use in wing beams. They are considered
the standard of comparison for suitability.

Red spruce is found in eastern Canada and the eastern United States
from New Brunswick as far south as North Carolina. It reaches a height of
70 to 100 feet and a diameter of 2 to 3 feet.

Sitka spruce occurs in a strip along the Pacific Coast from
northern California to Alaska and usually is not found more than 40 miles
inland. The trees are ordinarily from 80 to 125 feet in height and 3 to 6 -
feet in diameter. Larger trees, which are not uncommon, reach a height of
186 feet and a diameter of 12 feet.
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White spruce grows from Alaska to Quebec.and southward to lHontana
end West Virginia. The largest trees are 100 feet in height and 3 feet in
diameter, but most white spruce trees are smaller.

Tamarack (Larix laricina)

Tamarack is much heavier than spruce, and is higher in strength.
This species would probably furnish little clear material and need not be
considered for aireraft use.

CONCLUSIONS

The chief merits of wood for aircraft construction are a high
ratio of strength to weight; an inherent lightness in weight, which for a
given- depth of member permits considerable width to afford lateral stability
against buckling; the ease with which it can be manufactured and assembled,
and for the same reason, the ease with which it may be repaired without
special equipment; its relative cheapness; the adaptability to both large-
scale and small-scale production; the ease with which it may be glued and
spliced; and the adaptability to close design with which is included perfect
freedom in the determination of sizes of parts, without the handicap of
manufacturing difficulties or standardized sizes.

The studies at the Forest Products Laborstory of standard shapes,
effect of form on strength and stiffmness, stability of thin, outstanding
flanges, factors affecting strength, preperties of different species, and
methods of selection have yielded extensive and rather complete information
covering the use of wood in aircraft. The detailed knowiedge of these
factors has placed airplane design with wood on an excellient basis of
reliability.

Although relatively few species are now used in aircraft production,
there are in addition a very considerable number from which further choice may
be made. In general, such additional species fall into three classes: (1)
Species that have properties and characteristics similar to woods now used
and that may be substituted directly for them (such direct substitution may
involve, in some cases, an increase in the minimum specific gravity limitation
over that given in Table I); (2) species that may be considered on the basis
of special design; (3) species that seem suitable from the standpoint of
strength, but on which additional information relating to selection and
manufecture are desired. Chief among the species that may be censidered
elong with red, Sitka, and white spruce for highly stressed parts, such as
wing beams, are Alaska cedar, Port Orford cedar, southern cypress, Douglas fir,
noble fir, western hemlock, northern white pine, Norway pine, sugar vine,
western white pine, yellow poplar, and Engelmann spruce.
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