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Introduction

Wood is an anis-tropic material possessing different coefficients of linear
thermal expansion along its radial, t/angential, and fiber axes. This anisot-
ropy, modified by the treatments involved, remains a basic property of all
the derived structural products of wood, in which the fiber arrangement is
not destroyed.

Little data are available on the thermal expansion of natural solid wood,
plywood, impreg, compreg, and papreg, and none on staypak, and hydro-
lyzed wood, plastics and laminated sheets. Consequently, the studies here-
in reported were made at the Forest Products Laboratory in an effort to
obtain such data. The coefficients of linear thermal expansion (hereafter
called "a" for brevity) were measured on each of these materials in the
three structural directions. The variation of a with specific gravity was
determined on a series of 26 solid, oven-dry specimens of 9 different
species of untreated wood. The effects of radial compression, resin treat-
ing, and cross-banding on the values of a were determined on a series of 23
birch laminates. The values of a for papreg and hydrolyzed-wood plastic
were also determined.

General formulas were developed that permit calculation of the coefficients
of linear thermal expansion of wood in any grain direction of the specimen
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from the original and final specific gravities, the percentage by weight of
resin and glue present, the percentage of cross-banding, and the slope of
grain relative to any three axes of reference.

Method of Measurement

The coefficients of linear thermal expansion (a) of each specimen were
measured radially, tangentially, and parallel to the fibers over a tempera-
ture range of from +50° to -55° C. , using specimens 10 centimeters long
for measurements in the fiber direction and 1 centimeter long for measure-
ments of transverse directions. The apparatus was a quartz dilatometer
of the optical-lever type (fig. 1). The length of the optical lever was 500
centimeters, and the spacing of the mirror legs 0.097428 centimeters.
The meter-long convex scale with a radius of curvature equal to the op-
tical lever length (fig. 2) could be adjusted during a run to accommodate an
optical lever swing of 176 centimeters. The zero point and lever deflec-
tion were read through two telescopes with a magnification of 20x (fig. 3).
The apparatus was calibrated against pure annealed silver, pure annealed
copper, and calibrated samples of steel and of copper alloy obtained from
the National Bureau of Standards. The equations for the thermal expansion
of the copper and silver were taken from the International Critical Tables
(7). All four samples agreed well, indicating an optical lever magnifica-
tion of 10,264 * 6 times. Temperatures were measured with a copper-
constantan thermocouple, and type -K potentiometer, calibrated against
condensing steam, melting ice, melting mercury and subliming dry ice.
The expansion of the dilatometer was calculated from data for quartz taken
from the International Critical Tables (8).

The measurements were made in an air bath with a plate glass door in
which the temperature was controlled by a thermostat. Anhydrous alumina
gel was used as a desiccant within the bath. The temperature was varied
by the use of a surrounding alcohol jacket, cooled by circulation through a
tank containing dry ice 'and alcohol, and heated electrically. The complete
apparatus is shown in figure 3. Readings of specimen length were taken at
+50°, +25°, o°, -25°, -40°, -55°, 0°, and +50° C. , to an accuracy of 3°
C. , the complete cycle requiring about 6-1/2 hours. The temperature was
maintained constant to * 0. 1° C. for 5 minutes before each reading was made.

The apparatus was mounted on a stone table with the supporting pillars
resting on sand beneath the foundation of the building and free from contact
with the building, while the air bath was supported by a framework from
the floor (fig. 3). Any vibration of the bath was thus prevented from being
transmitted to the dilatometer and the specimen.
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Natural Solid Wood

The only thermal expansion data for natural wood to find their way into
American physical, chemical, and engineering handbooks were obtained by
Villari (21) and Glatzel (3) in the previous century. Other data have been
obtained by Struve (19 ), Hendershot (6), and Menzel (11) . Menzel is the
only one to consider variations ina with the specific gravity of the wood
(red oak only) and differences between at and ar (tangentially and radially).
He failed to find a definite correlation between his two transverse expan-
sion values and the specific gravity as is obtained in this report. He did,
however, find at to be significantly greater than an , which is in agreement
with the findings of this study.

Measurements were made on the following nine species: Sitka spruce (Picea
sitchensis), white fir (Abies concolor), Douglas-fir (Pseudotsuga taxifolia),
redwood (Sequoiasempervirens), balsa (Ochroma logapus), cottonwood
(Populus deltoides), yellow-poplar (Liriodendron tulipifera), yellow birch
(Betula lutea), and sugar maple (Acer saccharum), using specimens of low,
medium, and high specific gravity for each species except balsa. The sam-
ples, 10 by 1 by 1 centimeter in size, were cut from clear wood specimens
previously used at the Laboratory for moisture content-shrinkage studies
as part of extensive strength investigations (10) (except for balsa).

The experimental data for yellow birch are presented graphically in figure
4. The expansion increases with an increase in temperature slightly more
at high than at low temperatures. For this reason both a+50 to _ 55 and
a+55 to 0 have been calculated and used separately in comparisons. For

ordinary use, however, these differences may be neglected. In all cases
the descending and ascending temperature changes gave practically identical
results; the average variance between the two slopes for all the species and
modified wood products was f 0. 4 percent.

The a values determined between +50° C. and 0° C. and corrected for the
slight variations in slope of grain as shown in appendix A are plotted in
figure 5. The values of a in the radial and tangential directions (ar and at)

increased in all cases with the specific gravity, but the a values parallel to
the fibers (an) were apparently independent of specific gravity and approxi-
mately the same for all the species studied. The radial and tangential values
of a fall into three groups; Sitka spruce, white fir, Douglas-fir, redwood,
cottonwood, and yellow-poplar all have approximately the same a-specific
gravity relationship; birch and maple fall into another group with lower
values of a than the specific gravity would indicate; while balsa stands alone
with considerably larger values of a than would be expected on the basis of
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A limited amount of data is available on the coefficient of linear thermal
expansion of laminated compressed wood. A progress report of the British
Forest Products Research Laboratory (14) gives values for synthetic-resin
film glue-bonded, parallel-laminated, compressed wood made from rotary-
cut birch veneer (Jicwood) of a = 147 ± 10 x 10-6 per ° C. and act = 58 ± 5cr
x 10 -6 per ° C. for material with a specific gravity of 1. 25, and a cr = 157 ±

8 x 10-6 per ° C. and act = 59 ± 5 x 10-6 per ° C. for material with a specific

the specific gravity. The redwood and Douglas-fir specimens with the highest
specific gravity each gave lower values of a i (at and ar , see table of symbols)
than would be expected on the basis of the other specimens. The redwood
specimen contained some compression wood, which perhaps accounts for the
low values of a1 and the highest values of a il. of all the woods. This is char-
acteristic of compression wood in expansion due to swelling. The Douglas-
fir specimen with the highest specific gravity showed signs of having been
case-hardened in drying, which may have restrained the thermal expansion.

The points in figure 5 are too few to show conclusively whether a varies
linearly with specific gravity in the transverse directions. Straight lines
through the origin, however, represent the data about as well as any other
relationship, except perhaps in the case of balsa.

Table 1 gives the values of a in the three structural directions determined
between + 50° C. and -50° C. and between + 50° and 0° C. for each of the
nine species with specific gravity values approximately equal to the average
for the species. The a values were obtained from figure 5, and a similar
figure for the measurements was made between + 50° and -50° C. Straight
lines through the origin were drawn through the data for each species sepa-
rately. The point on the lines corresponding to the average' specific gravity
of the species was taken from the tables of properties of Markwardt and
Wilson (10). The average specific gravity values given in the table thus
represent the true average for the large group of specimens from which the
specimens of this report were chosen.

Menzel (11) gives average values of a for

ar = 26.3 x 10 -6 , = 2.0 x 10 -6 per °C

x 10 -6 , ar = 28. 3 x 10 -6 per ° C. ), which
with the values given in table 1. Villari (
(a1 = 48. 4 x 10 - 6 and ail = 6. 4 x 10-6 per
than the values of this report.

yellow birch (at = 32.0 x 10-6 ,

. ) and for yellow-poplar (at = 29. 9

are in reasonably good agreement

21) gives values of a for maple
° C.) that are somewhat higher

Birch Veneer Laminates
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gravity of 1. 35, where ac is the linear thermal expansion of the laminate
and the subscripts r, t, and 11 indicate the radial (direction of compres-
sion) tangential and longitudinal values. Greenhill (4) reported values for
parallel-laminated, compressed boxwood, hoop pine, and Australian mountain
ash compreg (specific gravities 1. 35 to 1. 39) of acji = 8 x 10- 6 per ° C. ,

a = 102 x 10 -6 per ° C. , and act = 70 x 10 -6 per °C. Turner (20) reports
cr 

values for low-resin-content, parallel-laminated maple Pregwood of acji=
4.7 x 10-6 per ° C. and acr = 63.5 x 10- 6 per ° C. , and for high-resin-

content material of a =5. 9 x 10-6 per ° C. and acr = 68. 7 x 10 -6 per ° C.

Turner' s results are in good agreement with the following values, but the
other two investigators' results appear high.

Rotary-cut yellow-birch sapwood veneer 1/16 inch thick was used to study
the effect of gluing, resin treatment, and compression upon the values of
the coefficient of linear thermal expansion. In all cases the treated or un-
treated veneer in the dry but uncured condition was spread with phenolic
resin glue (Resinous Products PR14), conditioned at 30 percent relative hu-
midity, and 80° F. , and laminated and cured at 310° F. for 30 minutes under
varying pressures. Two series of specimens were made from untreated
veneer with glue spreads of 3 to 4 grams per square foot per glue line and
7 to 8 grams per square foot per glue line under different degrees of com-
pression. Two series of specimens were made from resin-treated veneer,
using Bakelite BR5995 according to the Forest Products Laboratory pro-
cedure (18). In one series the resin content was practically constant and
the degree of compression varied, while in the other series the resin con-
tent was varied and the degree of compression held reasonably constant.
All the laminated specimens were dried at 105° C. and stored over phos-
phorus pentoxide for periods varying from three months to over a year.

a Parallel to Grain

Table 2 gives the data for the coefficient of linear thermal expansion of the
laminates in the fiber direction, acir. The data indicate that there is no
significant change in aca with changes in the degree of compression. The
presence of both glue line and treating resin, however, does increase the
ac ji values. Because of this it seemed worth while to try to express the &cil

values in terms of awii the wood component, and aR, the total resin-plus -

glue component, as acting in parallel combination against each other. The
following general equation was derived in Appendix B:
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Ewaw(1 - ns ) + ERaRns
a - 

	

	 	 (B-3)
Ew (1 - ns ) + ERns

in which E is the modulus of elasticity, and n s is the fraction of the cross

section of the wood-resin system made up of resin-plus-glue component in
a plane at right angles to the direction of measurement. ER and aR will not

vary with the different directions in the wood because of the isotropic nature
of the resin. Ew, aw , and ac , on the other hand, will vary with the direc-

tion of the grain of the wood. Hence, these symbols will have to be followed
by subscripts AL, t, or r for thermal expansion in the fiber, tangential, and
radial directions, respectively.

In using equation (B-3) the experimental fractional resin content, n R, which

is expressed on a weight basis, was converted to nv on a volume basis by

considering the specific gravity of the resin to be 1.28 and of the wood sub-
stance to be 1.46. n s was calculated from nv by considering the resin to
be distributed in a continuous manner in the fiber direction. The fractional
length in the fiber direction consisting of resin is thus 1.0 and in the two
transverse directions (nv )1/2 . Hence, for measurements in the fiber direc-

tion ns = nv and for measurements in the transverse directions

(nv)
1/2

n s = 
(nv)1/2 + (1 - nv)1/2

To test equation (B-3) for thermal expansion in the fiber direction, it was

solved for ER, giving

	

(1 - n s )	 (aw_u_ - acii)
ER = EwiLx 	

ns	(acs aR)

E in compression was determined from strength data for birch parallel to
wit

the grain by correcting to 0 percent moisture content and extrapolating the
modulus of elasticity-specific gravity relationship to a specific gravity of
1.46, that of wood substance, (10 , 12), giving E wa = 6. 85 x 10 6 pounds per

square inch. awn_ = 3.36 x l0 --6-per ° C. was taken from table 1 for solid

wood. aR = 34.48 x 10 -6 per ° C. was determined experimentally on a bar

(1)
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of cast treating resin (BR5995) between +50° and -55° C. This value com-
pares favorably with values of 14 to 44 x 10- 6 per ° C. given by Souder and

Hidnert (16) and 25 to 60 x 10 -6 per ° C. taken from the "Plastics Proper-
ties Chart" (13) for phenolic resin. Using these data, the experimental
values of ac 

and nR
 for one of the laminate specimens, and equation (1),

E R
 was calculated to be 6.18 x 10 5 pounds per square inch. There are no

corresponding modulus of elasticity values in compression given for phenolic
resin in plastic tables, but the "Plastics Property Chart" for 1944 gives

values in tension of 7 to 10 x 10 5 pounds per square inch, which are in good
agreement with the calculated values in compression.

Calculated values, for aciLwere obtained for each of the experimental resin

contents by substituting the values for Ewa , awa , ER, aR , and ns in equa-

tion (B-3). These calculated values of a cu together with the observed values
are given in table 2. The agreement between the two in general is good.

Figure 6 shows the calculated curve for a cji versus resin content and the

points for the observed values of aciL.

a Tangential 

The coefficient of linear thermal expansion of the laminate in the tangential
direction is complicated in that it is dependent upon the original specific
gravity of the wood and the specific gravity change due to compression, as
well as upon the combined glue and resin content acting in parallel combina-
tion against the wood as in the case of aciv

In order to separate the effects of resin content and compression, equation
(B-3) was solved for awt , giving:

snER
awt = act + 	  (act - aR)

Ewt (1 - ns )

ER and aR having the same values as in the case of the expansion parallel
to the grain, Ewt = 2.93 x 10 5 pounds per square inch was obtained from

transverse compressive strength data for birch by correcting to 0 percent
moisture content and extrapolating the modulus of elasticity-specific gravity

relationship to the specific gravity of wood substance, 1. 46 (10, 12).

(2)
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n s was calculated from nR as indicated under the heading a Parallel to Grain.

Values of awt for the compressed wood were calculated from the experimen-
tal values of act , table 3 using equation (2). Values of a t for the original

untreated and uncompressed veneer were taken from figure 7. The differ-
ence between these two values, Aawt is plotted against the increase in speci-
fic gravity of the wood portion of the laminates, AG, caused by compression
(the final specific gravity of the laminate times (1 - nR) minus the original
specific gravity of the resin-free wood). The A awt values increase rapidly
at first with increases in specific gravity, but soon reach a near-optimum
value, whereas the Aawt values for normal wood seem to vary linearly

with specific gravity over the normal specific gravity range. This can be
explained on the basis of the change in cross section of compressed fibers
as shown in figure 8. Due to tangential restraint in pressing, the partly
circular fibers become more nearly rectangular. Although the fiber-cavity
diameter in the radial direction decreases greatly, it is but slightly changed
in the tangential direction. An increase in the amount of wood substance
effective in causing expansion in the tangential direction occurs primarily
as a result of squaring of the rounded fibers, which presumably is greatest
in the early stages of compression. The curve levels off rather abruptly
when the applied compression in laminating exceeds the elastic limit in
compression.

An empirical equation

72670. awt = at + Aawt = at + (12.129	 	 ) x 10 -6 per ° C. (3)
AG + 0.0624

relating the increase in awt with the increase in specific gravity AG, was
derived from the Aawt curve of figure 7 where at is the value for the normal

uncompressed solid wood obtained from figure 7. Substituting the values of
awt for the laminates with different degrees of compression and the corre-
sponding values of ns in equation (3-B), calculated values of act were ob-

tained. These are given in table 3, together with the observed values. The
agreement, in general, is good. Calculated curves for the relationship of
act to the fractional resin content are plotted in figure 6 for laminates with

an original specific gravity of the wood of 0. 6 compressed to a specific grav-
ity of 1.2. The plotted points are the calculated points for laminates with
the experimental total resin contents, corrected by the difference between
the corresponding calculated and observed values of table 3 for compressed
laminates.
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a Radial

Still greater complications enter into the calculation of a cr . The wood and

resin in parallel with each other in the fiber direction in both the glue-line
zone of the plies and the portion free from glue will restrain each other in
parallel in the same way as was shown to be the case for acIL and act . In
acr , however, there is the added effect of the plies and the glue lines, which
are in series with each other, having different thermal expansion values in
the direction of compression. In the simple case where the glue line and
wood are discrete and no resin penetrates the wood

acr = awr (1 - Ng ) + aR Ng(4)

where Ng represents the fractional thickness in the radial direction made
up of glue lines, and aR is the coefficient of linear expansion of the resin,
in this case the glue only. In actual practice the glue line is irregular,
with irregular penetration of resin from one to several fiber widths deep
in each direction, and with almost perfect wood-to-wood contact in places
and resin-filled gaps in other places. As the laminating pressure increases,
the wood-to-wood contact improves. Under such conditions the data indicate
that it is preferable to assume that the glue line consists of glue-impregnated
wood rather than assuming the glue line to be discrete glue. For untreated
wood equation (4) then becomes:

awrEwr (1 - ng ) + aRERng
acr awr - N ) + 	cr	 wr	 x N

gEwr (1 - ng ) + ERng

where ng is the fractional cross section of the glue in the glue line. For

treated wood:

awrEwr (1 ng) 
aRERng x Ng (6)

awrEwr  (1 nb) aRERnb x (1 N ) + 	
Ewr (1 - rig) + ERng

CYcr
E (1 - nb) ER nbEwr (

 ng is the fractional cross section of the glue plus resin in the glue line
substance and nb is the fractional cross section of the treating resin within

the solid substance of the plies, assuming that the treating resin in the part of
the plies constituting glue line is the same as in the bulk of the plies.

(5)
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A number of microscopic measurements were made to estimate the glue -
line thickness considering it the total thickness to which an appreciable
amount of glue penetrates. The average value for all the laminates was
about 0.018 ± 0.015 centimeter. Multiplying this value by the number of
glue lines, N, and dividing by the thickness of the specimen in centimeters,
gives the accumulative glue-line thickness per 1-centimeter thickness of
specimen and the fraction of the thickness, Ng , made up of glue lines. For

untreated wood

na
 -
g	 na + (1 - na )N

where na is the glue content expressed as the fraction of the solid cross sec-

tion of the laminate.

For treated wood

n-
g	 na + n, N + (1 - na - n, )N

g	 D g

Equation (5) was solved for awr , using the same values of ER and aR that

were used in calculating a t and act	
= 4.33 x 10 5 pounds per square

C 	 Ewr
inch, obtained from compression data in the radial direction corrected to 0
percent moisture content and a specific gravity of 1.46, and experimental
values of a for the various untreated laminates. These values, expressed

cr
as Da r are plotted in figure 7 together with the values for Aawt . The fact

w
that the ilawr curve is much steeper than the Aawt curve is due to the radial

compression, which increases the effective amount of wood substance per
unit distance in the radial direction much more than in the tangential direc -
tion (fig. 8).

An empirical equation was developed for the change in coefficient of thermal

expansion of the wood, awr , as follows

1 -
	°awr = ar + Aawr = ar + (45.194 AG , 1_8 05 ,3 041 ) 10 
6 

per	 C.

from the curve of figure 7 that shows the relation of Aawr to the change in

specific gravity. Substituting these values for awr in equations (5) and (6 ),

(7)

na	 nbNg	 ( 8 )

(9)
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calculated values for acr were obtained. These are given in table 4. The
agreement between the observed and calculated values again is good. Calcu-
lated values for the relation of acr to the fractional resin content are plotted
in figure 6 for laminates with an original specific gravity of the wood of 0.6
compressed to a final specific gravity of 1. 2. Again the plotted points are
the calculated points for laminates with the experimental total resin contents
corrected by the difference between the corresponding calculated and ob-
served values of table 4 for compressed laminates.

Birch Plywood

The coefficient of thermal expansion of plywood in the thickness direction is
practically the same as that of parallel-laminated material. This is shown
in table 5 where the calculated values for axr have been obtained for plywood,
using the same equations as those developed for parallel-laminated material.
The agreement between calculated and observed values in table 4 for parallel
laminates and table 5 for plywood in each case is practically identical.

The coefficient of linear thermal expansion of plywood in the sheet directions
is., of course, different from that for the parallel laminates because of the
restraint of the plies running in the fiber direction upon the cross bands.

The situation, however, is similar to that from which equation (3-B) was
derived. By strictly analogous reasoning, the equation

a =
acll.EN.LL actEt (1 - Nom)

(10)
EI N4 + Et - Nom)

may be derived. In equation (10) Ea and Et are the Young' s moduli for the
plies parallel to the grain and in the tangential direction, respectively:
NIL is the fractional thickness of the plywood made up of plies parallel to
the face-ply grain; 'and act and act are the linear thermal coefficients of
the unassembled plies.

The Eli and Et of resin-treated pieces are the sole unknowns in equation (10).
They may be calculated, however, using the equations:

= Ewe (1 - ns ) + ERns
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and

Et = Ewt (1 - ns ) + ERns	 (12)

where E is the handbook value of the modulus of elasticity in compression
corrected for moisture content and the observed specific gravities, the other
symbols having their usual significance. In equations (11) and (12) the E in
compression corresponding to the observed specific gravity is used because,
unlike the conditions in the derivation of equation (3-B), the stresses applied
are external and equivalent to the stresses applied in the determination of the
handbook values. This method of obtaining E is identical with the method used
in obtaining the modulus of elasticity of plywood (1).

To test equations (10, 11, 12), the values of aca and act for the individual plies

were calculated, using equation (3-B) and then substituted in equation (10).
The EIL and Et values of equation (10) were derived from equations (11) and
(12). The basic data used were

E R = 6.18 x 10 5 pounds per square inch

Ewjj = 4.69G x 106 pounds per square inch (12)

E	 = 2 01G x 10
5 pounds per square inch (10)wt

= 3.36 x 10 -6 per ° C.\you,

The value of awt was calculated from equation (3). Table 6 shows the cal-
culated and observed values of axe and axt . The agreement between the
observed and calculated values is qualitative but not quantitative. This is
undoubtedly due to the fact that in the derivation of equation (3-B) and (10)
no correction for shear was introduced. In equation (3-B) it was not neces-
sary, since the bonds between the two networks of fibers make them effec-
tively one. In equation (10), however, there is undoubtedly some strain along
the glue lines, and, further, an effect which might be termed "washboarding"
occurs. If a piece of cross-banded plywood is cut smoothly and then heated,
an unevenness may be detected in the once smooth cut. This is "washboard-
ing." Figure 9 shows the effect for both heating and cooling.

Due to imperfect restraint, the tangential plies both expand and contract more
than they would if restraint at the glue lines continued throughout the thickness
of the plies. Observed coefficients of linear thermal expansion in the plane of
the plies of plywood should thus always exceed the calculated values. Table
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6 shows that this is generally true. Turner' s (20) calculated and observed
values for a of cross-banded maple compreg show the same trend, although
his percentage variation Da is smaller, due possibly to his use of larger
samples. Unfortunately, the difference cannot be calculated, so the best
that can be said of equation (10) is that it probably represents the linear ther-
mal expansions of the body of large sheets of plywood, but that it fails when
expansion at the edges must likewise be considered, as would be necessary
for small specimens.

Rotary-Cut Veneer Laminates Other Than Birch 

Because of the limited data obtained on the coefficient of linear thermal ex-
pansion of Douglas-fir, Sitka spruce, and sugar maple, they cannot be sub-
jected to the same rigorous theoretical analysis as the data for birch lami-
nates. Table 7 gives the experimental values for ac in the three different
structural directions and the coefficient of volumetric thermal expansion 13

for both impreg and compreg made from these three woods. The values
are in reasonably good agreement with those for birch.

Papreg 

Two samples of papreg were made from Mitscherlich-base laminating paper
impregnated with spirit-soluble phenolic resin BV16526. The resin content
was 36.5 percent of the weight of the treated paper. The panels, one parallel-
laminated and the other cross-banded, were pressed under a pressure of 250
pounds per square inch at 325° F. for 25 minutes.

The coefficients of the parallel-laminated material, ac , were determined

parallel to the fiber, acu, at right angles to the fiber in the plane of the lami-
nate act and at right angles tothe plane of the plies (direction of pressing),

act. and are given in table 8. In the cross-banded material only the coeffi-

cient parallel to the face plies in the plane of the plies, a xii, and that in the

direction of compression, a
xr

, were determined. The panel on which meas-

urements were made contained 179 sheets so that axt could exceed ax.aby
only about 1 percent. Another respect in which the cross-bandedpapreg dif-
fers from plywood made from relatively thick plies is that the phenomenon of
"washboarding" illustrated in figure 9 is negligible, as the plies are so thin
that unbalanced end effects within the plies are practically prevented.

It is of interest that a for parallel-laminated papreg is appreciably larger
than a for birch compreg, whereas act for papreg is much smaller thanc A
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the corresponding value of a ct for compreg. These differences reflect the

lower degree of fiber orientation in the plane of the plies in paper. The
same comparison can be made between axit for cross-banded papreg and
cross -banded compreg.

According to the Plastics Properties Chart (13) the average a value for
paper plastics, ranging in specific gravity from 1.30 to 1.36 varies from
17 to 25 x 10- 6 per ° C. This upper limit is in good agreement with the
average a value for parallel-laminated and cross-banded papreg in the three
structural directions, 28.35 x 10 -6 per ° C.

Molded Hydrolyzed-Wood Plastic and Hydrolyzed-Wood Sheet 

Only one sample each of molded hydrolyzed-wood plastic in bar form and
hydrolyzed-wood sheet panel were run. The data are given in table 8. The
former material was made from acid-hydrolyzed maple sawdust (5). The
product contained 39.3 percent lignin, the soluble to insoluble lignin ratio
being 44.2 percent. The molding powder contained 30 percent of Bakelite
phenolic resin BR1922. The bar was formed in a mold under a pressure of
4,000 pounds per square inch at 155° C. for 10 minutes. In such a product
molded from powder, the physical properties are essentially the same in all
directions. Consequently, only one measurement of a was made.

A panel was pressed from parallel-laminated hydrolyzed-gum sheets (5)
containing 18 to 20 percent of Bakelite phenolic resin XV16303. The panel
was pressed at a pressure of 2,000 pounds per square inch for 10 minutes at
330° F. Unlike the lignin plastic bar, this material was anisotropic, al-
though not to as great an extent as compreg with a similar resin content.
The lack of complete fiber orientation in the paper shows up as it did in the
papreg, although there is little similarity in the coefficients of the two mate-
rials. The a values for the hydrolyzed-wood plastics are given in table 8.
Laminated lignin plastics of specific gravity 1.36 to 1.41 are reported in the
Plastics Properties Chart of 1944 (13) as having a values of 21 to 24 x 10 -6 per

° C.	
•

Summary

The coefficients of linear thermal expansion of 9 species of wood of varying
specific gravity were determined in the three structural directions. Equa-
tions were derived from correcting for variations in the slope of the grain.

al. was shown to be independent of specific gravity; at and a r Were shown to
vary approximately as the first power of the specific gravity.
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The coefficients of linear thermal expansion of resin-bonded birch laminates,
both with and without phenolic resin within the cell-wall structure and com-
pressed to various degrees were determined in the three structural direc-
tions. Theoretical equations involving the a values for the wood and for the
resin and the values of the modulus of elasticity in compression for the wood
and the resin were developed from which the a values for the laminates may be
calculated. Empirical equations for the effect of increased specific gravity
due to compression were developed, which, when used in conjunction with
the resin-content equations, make it possible to calculate the a values for
compressed resin-treated wood. The agreement between the calculated and
the observed values was good.

Equations were developed for calculating the a values for birch plywood and
cross-banded resin-treated birch, either uncompressed or compressed. The
agreement between the calculated and the observed values was good in the
thickness direction, but only qualitative in the sheet direction. This was
probably due to shear effects and an edge washboarding effect caused by un-
balanced restraint at the ends of the plies.

Data were also obtained for the a values of Douglas-fir, Sitka spruce, and
sugar maple impreg and compreg laminates, parallel-laminated and cross-
banded papreg, molded hydrolyzed-wood plastic, and hydrolyzed-wood sheet
laminates.

Appendix A 

Nonaxial Coefficients of Linear Thermal Expansion 

Specimens of wood are seldom cut so that their faces are truly in the axial
direction of the fiber and parallel and perpendicular to the annual rings. It
is thus desirable to be able to calculate the coefficients of linear thermal
expansion from data for specimens that do not have their faces in the three
structural planes.

Considering first the simplest case of a rectangular wooden block with the
grain sloping in only one plane with respect to the faces of the block, such
a plane rectangle of wood does not expand into a larger rectangle but be-
comes a parallelogram of larger area than the original rectangle.

In figure 10 the broken line parallelogram represents the shape of the wood
block after thermal expansion from the solid-line rectangle. The grain
angle before expansion was 0, and after expansion 4). Every point on the
broken-line parallelogram corresponds to a point on the rectangle. The
relationships are:
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Yp = Yr (1 + dyr)

xp = xr (1 + dxr)

where the subscripts p and r designate parallelogram and rectangle, respec-
tively.

The linear expansion of the figure may be determined by obtaining the ver -
tical distance between the lines of the rectangle and between the lines of the
parallelogram. The equation of the lines may be obtained by substituting in

the general equation for a straight line:

y- Y1 = m(x	 xl)
	

(3 -A)

the value of the slope and the coordinates of one point.

The slope of lines ab and cd is tan 0; the slope of the lines ac and bd is -cot

0.	 Then using the points of intersection of the rectangle and the coordinate
axes, the equations are as follows:

1	 (4-A)Line ab;	 y = x tan 0 +	 go

Line cd; y = x tan 0 - 12— g o (5-A)

Line ac; y = -x cot
1

- — h	 cot 02	 o
(6-A)

Line bd; y	 -x cot 0 + —
1 

h_ cot2	 w
(7-A)

Making use of the transformation equations (1-A) and (2-A), it is possible to
transform these equations for the lines ab, 	  into the equations for the

lines a' b' 	  The transformed equations are as follows:

Line a' b' ;	
1

tan 0 + — g o1 +	 2
1 +

_u_

1
Line c' d' ; 	 Y 	 _ 	  tan 0 - — go

1 + a	 1 + a	 2

(8-A)

(9-A)
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x	 1Line a' c' ; 	 Y	 	 cot 0 - — ho cot 0	 (10-A)
1 + a	 2

	

_11	
1 + a_L

x	 1
Line b l d' ; y	 -	 cot 0 + —ho cot 0	 (11-A)

	

1 + 
011	 1+ a 1	 2

where dyr and dxr the true coefficients of linear thermal expansion have been
termed au. and a1 respectively. The perpendicular distance between the lines
a' b' and c' d' is given by the expression

go (1 + ate)
d - 	 	 (12-A)

V	 (1 + ail)
2

1 +	 tan g 0
(1 + a1 ) 2 )2

Figure 10 shows d in equation (12-A) is g 1 (1 + dgi); but dgi is ago , so it is
possible to write

g 1 (1 + ajLo  
go (1 + ate)  (13-A)     
(1 + ate)	

tangV-1 +	 tan
2
 0

(1 +

From figure 10, g1 = go cos 0; so

1 + ajjo = 
(1 + ate)(1 + 

(14-A)   

V(1 + aid 2 sin2 0 + (1 + ad2 cos t 0 

Equation (14-A) is eliptical in form, showing that 1 + a .° increases withu 
increase in 0 until it becomes 1 + al: A strictly analogous series of steps
yields the companion equation:

1 + al.() = (1 + a_L)(1 + (15-A)   

/\/(1 + a1 ) 2 sin2 0 + (1 + al ) 2 cos 2 0  

Rept. No. 1487	 -17-



In equations (8-A) through (15-A) lack of the subscript "o" indicates true
coefficients of linear thermal expansion, and the inclusion of subscript "o"
indicates observed coefficients of linear thermal expansion.

While equations (14-A) and (15-A) give correct values of ado the magnitude

of the a makes numerical computation extremely difficult. Consequently,
equation (14-A) was simplified by the following steps: 1 + aiwas reintro-
duced into the square root, the square root simplified trigonometrically, and
then both sides of the equation squared. The resultant equation was cleared
of fractions and expanded, yielding an expression of fourth degree in a. The
largest a measured in solid specimens is approximately 40 x 10-6 per ° C.
Then elimination of a second degree term in a would result in an error of 0.004
percent, which is negligible. Consequently, all second third, and fourth
degree terms were eliminated, yielding the expression:

a	 = a cos 2 0 + a sin2 0
	

(16 -A)

and by an analogous series of operations:

a	 = a cos2 + a sin2 0 0_Lo	 _L	 IL
	 (17-A)

Equations (16-A) and (17-A) are easy to use and also accurate within the ex-
perimental error of any measurements of a. Equations identical with (16-A)
and (17-A), except for shear terms on the right side, have been derived from
stress-strain relations in wood by March (9). In solid wood specimens, how-
ever, the shear terms drop out, thus confirming the correctness of equations
(16-A) and (17-A). The steps between (14-A) and (16-A) were not shown, since
they are simple algebra and trigonometry. Equations (16 -A) and (17 -A) express
observed a in terms of the true a. Simultaneous solution of equations (16 -A)
and (17-A) yields the more usable form.   

a.ao cos 2 0 - a Lo sin2 0 

and

a =
Lt.

a =I_ 

cos 2 0

alp cos 2 0 - aj sin2 0   

cos 2 0 
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These equations hold at any value of 0 except 45°. For 0 = 45° an equation
involving shearing relative to the axes parallel and perpendicular to the sides
of the rectangle must be used.

Figure 11 shows the three simple cases of grain slope in solid blocks of wood.
For figure 11A,

a -

0 = 0 = E	 and equations (18-A) and (19-A) become:

a	 cos 2	- a	 sing11	 aro
(20-A)

cos 24)

aro cos 2 4	 - 0/11.0 sing ,4)

IL

ar (21-A)
cos 24)

In figure 11B, 4 = 0 = E, and equations (18-A) and (19-A) become:

at	cos2	 - aro sing 0
at = (22-A)

cos 2 0

I

ar =
aro cos t 0 - ato sin2

(23-A)
cos 2 0

For figure 11C, = 0 = 0, and equations (18-A) and (19-A) become:

cos2E	 - a to sin2E
a_LL = (24-A)

cos 2E

III

at =
ato cos 2 E 	- ajLo sin2E

(25-A)
COS 2E

Equations (20-A) through (25-A) were adequate if the grain was at an angle to
any one plane of the block, but on some samples the grain may be at angle to
two or three planes of the block. Consequently, investigation of these more
complicated cases was necessary.

The most complicated case arises when the grain is inclined to each of the
planes of the rectangular block. The case is illustrated by figure 12. The
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y2 + arCtz 2

+ atCly 2 + a Cm 2

a = a c 2+ a c 2+ c 2
ro	 t	 -r

ouo 
= Ctx_u_

ato = cYliC

(26 -A)

(27-A)

(28 -A)

line CA is a wood fiber lying in the radial plane ACD and the tangential plane
ACF, and X, y, and are angles measured on the face of the block. The
equations of transformation for the coefficients of linear thermal expansion
for this case will not be derived in this brief report. The reader interested
in their derivation should refer to the report by March (9). The x-, y-, and
z- axes in figure 12 are taken to be the natural axes of the wood in the fiber,
tangential, and radial directions respectively. The	 r-, and r,- axes are
taken to be the edges of the rectangular block with the origin of both systems
of axes at A. Denote Cgx, Crix , C tx the direction cosines of the x-axis with

respect to the g-, 11-, and -axes, and by similar symbols the direction co-
sines of the y- and z-axes. Then it follows that

where the direction cosines are given in the following table (Cgx = cos 4

cos 0 cos' + sin 4, sin W, etc.):

x	 y
	 z

:cos 4, cos 0 cos xli+ sin 4, sin W:-sin 4 cos 0 cos If + cos 0 sin :-sin 0 cos ''

11: -cos 4) cos 0 sin 1I' + sin 4) cos Ili: sin 4 cos 0 cos T+ cos 4 cos	 sin 0 sin IF

cos 4) sin 0	 - sin 4 sin 0	 cos 0

where   
c oty (29-A)

(30-A)       

sin 4

cos 4,  

cos 0 + cot
2 y2

cos 0         

cos 0 + ,cot
2 y2  
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2c z2 _ c 3c2 ctiz2)]

C	 C 2 ) +	 (C	 C 2tx	 riy •	ato tx -t y

+ aro (C x2 Crly2 - Croc2 Cgy2)]

cr,y2

+ aro(

[alio (Ciix2ar
1= —
A

O= c tx2(ciiy2 c„2_ C 2 C	 C 2 (C 2
CY	 lriz	 gz

2

2	 2	 2	 2+ Cpc (Cty	- Cz 2) (36 -A)

sin 8 =
	 tan X 

cos 2	+ tan2

cos 0 =
	 cos ‘1,

cos t + tan2
 X

Solving equations (26-A), (27-A), (28-A) for ail, at , ar, it follows that

1	 2 , 2	 , 2, 2% 
+
	 2	 2	 Cs y2 r 2 1a = — [alio (C	 - I1Z Or I	 ato .kcz	 sy.11. 

2	 2
+ aro ky

2)} (33-A)

at = _1 [alio (C riz 2 c tx2 - C.nx2 C tz 2 ) ato(C tx C	 tx	 z
2	 2	 C	 2)

A

Iv

where

These equations, I through IV relating the true and observed a with the grain
angle, were applied to all the solid wood samples. The percentage change in
at and ar in all cases is small, but in some instances the percentage change
in a is large.
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Hence, f

Ew(1 - ns)A
- a RAT

E R ns A
(B-2)awAT +

f

Appendix B

For the purpose of developing a formula relating a and resin content, a piece

of resin-treated wood was regarded as two intimately intermeshed fibrous
lattices, with the normal fiber structure of the wood as one lattice, and the
enveloping resin as the second parallel lattice. The two lattices were con-
sidered to be joined continuously along their surfaces of contact so that a strain
on one lattice is, perforce, that on the other. Under such conditions the ex-
pansion of the composite lattice must be a function of (1) the relative amounts
of each material present, (2) the Young' s moduli of the two materials, (3)
the thermal stress acting on each, and (4) the a of each material taken sepa-

rately.

Due to the fact that aR for the resin is greater than aw for the wood, increas-

ing the temperature produces compression in the resin and tension in the wood.
Assume that the resin is acted on by a compressive force f necessary to com-
press the parallel resin lattice by an amount (a R - ac ) AT. Then

f = ER ns A (aR - ac)AT	 (B -1)

where hs is the fractional solid cross-section occupied by resin in a plane at

right angles to the direction of measurement within the composite lattice, ac

is the a of the parallel-laminated combined wood-resin lattice, A is the
cross-sectional solid area of the combined lattice, E R is the Young' s modu-

lus of the resin, and AT is the temperature change in degrees centigrade.
The unit elongations of the wood and resin must be equal.

Substituting equation (B-1) in equation (B-2) and solving for ac , it is found that

Ew aw(1 - ns ) + ER ns aR
ac = 	

Ew (1 - ns ) + ER ns

(B-3)

ER in equation (B-3) is the E R in compression found in any table of Bakelite

resin properties. Ew demands a word of explanation. In the derivation, each

lattice is considered as acting against the other. Therefore the Ew must be

that of the individual fibers that carry the load. Consequently, E w as found
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in strength tables must be extrapolated to the specific gravity of wood sub-
stance, 1.46 ( 18). Turner (20) developed a similar equation for calculating
the coefficient of linear thermal expansion of resin-metal, and similar
material, for use as protective coatings on aircraft surfaces.

Symbols

a = coefficient of linear thermal expansion

cro = a uncorrected where slope of grain exists

ajj. = a in fiber direction of solid wood

au. = a in transverse directions of solid wood

ac = a of parallel-laminated combined wood-resin-compression systems

at = a in tangential direction of solid wood

a
r 

= a in radial direction of solid wood

ate, = a of wood alone in wood-resin and/or glue systems

aR = a of resin plus glue in(wood-resin systems

a of plywoodax =
(Combinations of_u., t, or r with w, c, or x indicate directions of
measurement in these systems)

coefficient of volumetric thermal expansion

A = increment sign

e = angle of grain to radial plane of block

4. = angle of grain to tangential plane of block

y = angle of tangential diagonal to radial plane of block - e

= angle of annual rings to tangential plane of block

= axis of rectangular wood block as designated in figure 12

= axis of rectangular wood block as designated in figure 12
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t = axis of rectangular wood block as designated in figure 12

A = solid cross section area of wood plus resin

d = differential sign

E = modulus of elasticity (subscripts have same meaning as for a)

f = compressive force necessary to compress parallel resin lattice by an
amount (aR - ac ) A t

G = specific gravity of wood

g = dimensions of block in y direction

h = dimensions of block in x direction

na = fraction of solid cross section of laminate consisting of glue

nb = fraction of solid cross section of laminate consisting of treating resin

nR = weight fraction of glue plus resin in laminates

ns = fraction of solid cross section of laminate consisting of glue plus resin

ng = fraction of solid cross section of glue line consisting of glue plus resin

N = number of glue lines per specimen

Ng = thickness fraction of combined glue lines relative to total thickness of
laminate

N = thickness fraction of the plies of plywood with the grain of the plies
parallel to the direction of measurement of property

T = temperature in degrees Centigrade

x = axis of wood block

y = axis of wood block

z = axis of wood block
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Table 1.--Average coefficients of linear thermal expansion per 0 C. of
nine species of solid wood over two different temperature ranges 
for the average specific gravity of the species 

Species	 : Average	 : a x 106	 :	 a
r
 x 106	 a

x 
x 106

t: specific : 	 :	 : 
: gravityl : +50° to: +50 0 to: +50° to: +50 0 to: +50° to: +50° to

:-50° C. : 0° C. :-50° C. : 0° C. :-50° C. : 0° C.

Yellow birch :	 0.66	 : 38.3 : 39.4 : 30.7 : 32.2 : 3.36 : 3.57

Sugar maple	 .68	 : 35.3 : 37.6 : 26.8 : 28.4 : 3.82 : 4.16

Yellow-poplar : 	 .43	 : 29.7 : 31.4 : 27.8 : 27.2 : 3.17 : 3.55

Cottonwood	 .43	 : 32.6 : 33.9 : 23.2 : 23.3 : 2.89 : 3.17

Balsa	 2•17	 	 • 24.1 •	 • 16.3 •	 •
:	 •	 •.	 .	 •.	 •.	

.

Douglas-fir. :	 .51	 : 42.7 : 45.0 : 27.9 : 27.1 : 3.16 : 3.52
.	 .

Sitka spruce :	 .42	 : 32.3 : 34.6 : 23.8 : '23.9 : 3.15 : 3.50

White fir	 .40	 : 32.6 : 31.6 : 21.8 : 21.7 : 3.34 : 3.90

Redwood.	 .42	 : 35.1 : 35.8 : 23.6 : 23.9 : 4.28 : 4.59

1-Average specific gravity (based on weight and volume when oven dry) taken from
tables of properties given by Markwardt and Wilson (10) for specimens from
which the test specimens of this report were chosen.-

.Specific gravity average of values for two specimens tested.

' Low transverse valuefirof a for highest specific gravity specimen were omitted.
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Table 2.--Coefficients of linear thermal expansion of rotary-cut 
birch laminates in the fiber direction, a

different  resin contents and degrees of compression

Specific
gravity

of product :

a x 10	Resin + glue :	 106	 : Error
CA content,	 :

: Observed : Calculated :

Fraction of : Per	 C. : Per	 C.
total weight :

: Percent

•

0.722 0.031 3.25 : 3.46 +6.45
.962 .049 3.67 : 3.52 -4.08

1.170 .047 3.62 : 3.52 -2.76
1.279 .047 3.41 : 3.52 +3.22

.866 .332 4.65 : 4.87 +4.73
1.205 .335 4.90 : 4.89 -.20
1.344 .341 4.97 : 4.93 -.80

1.158 .040 3.21 3.49 +8.71
1.305 .248 4.25 : 4.38 +3.06
1.310 .335 5.16 : 4.89 -5.23
1.323 .340 5.17 4.93 -4.65
1.308 .343 4.93 : 4.95 +.41
1.249 .37o 4.86 : 5.13 +5.55

Average 	 15.83

-Disregarding sign.
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Glue	 : Resin :	 a
ct 

x 106
	 : content : + glue : 	

Number:	 Specific gravity
of

: Error

Table 3.--Coefficients of linear thermal expansion of rotary-cut birch lami-
nates at right aniz.les to the fiber direction in the plane of the 
plies, act with different resin contents and degrees of compres-

Sion

glue : Original : Final	 content,: Observed : Calculated :
lines,: untreated : product	 nil

N	 :	 wood	 .	 :

:	 :Fraction : Fraction: Per ° C.: Per ° C. :Percent
of total: of total:	 :	 •
weight : weight

• : . . . •. :

5 : 0.697 : 0.722 : 0.031 : 0.031 : 40.29 : 40.00 : -0.72
8 : .553 .945 : .049 : .049 : 38.01 : 40.42 : +6.43

13 : .493 : 1.178 : .047 : .047 : 38.99 : 38.49 : -1.28
13 : .493 : 1.298 : .047 : .047 : 37.88 : 38.59 : +1.87

. . . . :
6 : .621 : .678 : .o85 : .085 : 35.42 : 35.97 : +1.55
8 : .648 : .793 : .073 : .073 : 42.20 : 41.44 : -1.81

11 : .643 : 1.050 : .083 : .083 : 44.35 : 42.99 : -3.07
14 : .656 : 1.364 : .089 : .089 : 45.73 : 43.52

: -
5 .856 : .006 : .332 : 35.11 : 35.34 : +.65
8 : .613 : 1.305 : .009 : .335 : 39.24 : 39.05 : -.48

13 : .613 : 1.346 : .015 : .341 : 38.64 : 39.05 : +1.06

11 : .538 : 1.169 : .04o : .040 : 40.21 : 40.26 : +.12
11 : .600 1.305 : .018 : .248 : 39.47 : 39.44 : -.o8
11 : .582 1.310 : .013 : .335 : 43.08 : 38.42 :-10.80
11 : .577 1.323 : .013 : .34o : 38.64 : 38.24 : -1.03
11 : .583 : 1.308 : .013 : .343 : 39.32 : 38.34 : -2.50
11 : .567 : 1.249 : .013 : .370 : 37,65 : 37.64 : -.3o

: . : . : •

Average .... 11.67

1
-Disregarding sign.
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Table 7.--Coeft16161ts of linear and cubical thermal expansion of Douglas-fir) 
Sitka spruce. and sugar maple imprez'aud . compreE

Species
• •	 •	 ..	 .	 .	 ..

:: Specific : nil	 'ac x 106 :act x 100 :acr x 106 . 13 x 106

gravity	 :	 :	 '
• .

.	 •.

of product :	 •• •
'	

•• •

:Per ° C.:Per ° C. :
•.

Per ° C.: Per ° C.: Per ° C.
: : .	 •

Douglas-fir..: 0.880 0.310: 5.95 : 32.52 : 42.89 : 81.36
.506 : .322	 : 5.46 : 31.20 : 21.34 • 58.00

Sitka spruce.: .972 .338: 4.05 : 33.36 45.20 : 82.61
.565 .310 : 4.74 : 30.89 24.38 : 60.01

: : : •
. :

Sugar maple..: 1.347 .342. 5.31 : 42.26 : 55.09 : 102.66
.987 .361 : 5.42 : 36.57 : 37.23 : 79.22
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Figure 1.--Quartz dilatometer used in measuring the co-
efficient of linear expansion with a specimen in
position for measurement in the fiber direction. Arms
terminating in metal balls attached to the optical
lever are to lower the center of gravity of the lever.z M 62942 F



Figure 2.--Concave adjustable scale on which opti-
cal deflections are read.

z 4 62243 F
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0./	 0.2	 03	 a4	 0 5	 0.6	 0.7	 0.8	 0.9

RESIN PLUS GLUE CONTENT (FRACTION OF TOTAL DRY WEIGHT)

Figure 6.--Calculated curves for the coefficient of linear thermal expan-
sion of compressed rotary-cut yellow-birch laminates with an original
specific gravity of the wood of 0.6 and a final specific gravity of 1.2
versus the combined resin and glue content expressed as a fraction of the
total dry weight, together with points for the observed values on speci-
mens of different specific gravity taken from tables 3, 4, and 5.
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Figure 7.--Increase in the coefficients of linear thermal expansion of
the wood portion of rotary cut yellow-birch laminates in the tangential
and radial directions versus the specific gravity increase caused by
radial compression, together with the increases in the coefficients of
linear thermal expansion resulting from natural increases in specific
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	LONGITUDINAL PLY
TRANSVERSE PLY

A
	

B
	

C

Figure 9.--Diagrammatic sketch of the edge washboarding of plywood due
to different coefficients of linear thermal expansion in the two sheet
directions, showing that the observed expansion ca and contraction ce
exceeds the true expansion cb+ and true contraction cd+. A.--Held at
cutting temperature. B.--Heated above cutting temperature.
C.--Cooled below cutting temperature.
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Figure 10.--Diagrammatic sketch of a rectangular plane of
wood with grain angle 0 before any thermal expansion
(heavy solid line), and of the parallelogram (heavy dashed
line), grain angle 0, resulting from the thermal expan-
sions ah e and age.

A
	

B
	

C

Figure 11.--Diagrammatic sketch of rectangular blocks of wood in which
the grain makes an angle to only one of the faces of the block.
(A) 0 is the grain angle to the tangential plane, (3) 9 the angle
made by the slope of the annual rings to the tangential face, (C)
the grain angle to the radial plane.
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Figure 12.--Diagramatic sketch of a rectangular block of wood in
which the line AC represents a wood fiber lying in the radial
plane ACD and the tangential plane ACF. The e-, 77-, and --axes
lie in the edges of the block, and the x-, y-, and z-axes are
the natural axes of the wood. The angles X, y, and IP, measured
in the faces of the block, determine the direction-cosines of
the two sets of axes with respect to each other.
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The following list of publications are obtainable free on request from the
Director, Forest Products Laboratory, Madison 5, Wis.:
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Note: Since Forest Products Laboratory publications are so varied in
subject no single list is issued. Instead a list is made up
for each Laboratory division. Twice a year, December 31 and
June 30, a list is made up showing new reports for the previous
six months. This is the only item sent regularly to the Labo-
ratory's mailing list. Anyone who has asked for and received
the proper subject lists and who has had his name placed on the
mailing list can keep up to date on Forest Products Laboratory
publications. Each subject list carries descriptions of all
other subject lists.
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