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Summary

During drying, veneers free of checks caseharden just as does lumber. These
veneer stresses and strains are easy to evaluate by measuring the bowing of slices cut
parallel to the veneer surface. Compared with investigations on casehardening in
lumber, experiments with small veneer sections have several essential advantages:
The experiments are much faster to run, more accurate conditions can be applied,, and
considerably less material is needed.
Under certain conditions maximum residual stresses in the dried veneers resulted with
drying temperatures from 120 0 to 160° F. , but even at -7° and 360° F. some residual
stresses were observed. By conditioning the veneers, their stresses were relieved in
several minutes, provided the temperature was high enough. Dry wood required considerably more heat than moist wood. Slices cut from the surface of casehardened
veneers bowed instantaneously; their curvature increased in succeeding hours and days..
After some time, the slices flattened out, provided they were stored under warm and
humid conditions. Boards resawed from casehardened thicker boards should behave
similarly. It is to be expected that casehardening and stress relief in veneers have an
effect on the properties of veneers and veneer products.
In the drying experiments, shrinkage in thickness increased as drying temperatures
rose, especially with flatsawed samples, while shrinkage in width decreased to some
degree.

Introduction

As green wood dries, it regularly has a moisture gradient from surface to center. At
moisture content values below the fiber saturation point, wood shrinks. In drying
pieces of considerable size, the surface layers attempt to shrink against the restraint
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of the central layers. This puts the material in this first stage of drying under various
3
stresses--tensile stresses at the surface and compressive stresses in the center (.9).—
In this study these first stresses are called differential moisture stresses. These
stresses cause both elastic and plastic strains. The plastic strains have been called
sets, or permanent deformations, although they are subject to modification or relief
under subsequent treatment.
The sets caused by the differential moisture stresses at the start of drying are called
primary plastic strains. They consist of tensile sets in surface layers and compressive sets in central layers. As drying continues and the moisture content within the
piece is reduced sufficiently, the shrinking interior will produce a compressive stress
in the surface layers because these layers retain a larger-than-normal dimension as a
result of the primary tensile set. The effects of the primary compressive sets of the
interior combine with those of the continued shrinkage of the inner layers to produce
tensile stress in the interior. Thus the stresses that existed in the initial stage of drying are reversed in the final stage. In the moment of stress reversal of any point, it
can be said that the differential moisture stresses are replaced by stresses caused by
set. In this report such stresses are called set stresses. When the wood surface is in
compression and the interior in tension, the material is called "casehardened."
The set stresses are accompanied by elastic strain and, if a cross section of a casehardened specimen is cut into slices, the slices will immediately deform or curve.
This is identical with the reaction of the outer prongs of a casehardening test section
when the cross section has equalized to a uniform moisture content. Under some circumstances during the latter stages of drying, or during a special conditioning treatment, the set stresses can cause secondary plastic strains opposite in direction to the
primary plastic strains. Thus the secondary plastic strains relieve the primary
plastic strains and reduce the set stresses to smaller residuals (less severe casehardening) or to zero.
Youngs and Norris (15) have shown a method of calculating drying stresses, including
shear, at various points throughout the cross section using perpendicular-to-grain
mechanical properties determined earlier (1.f.)1
Fleischer (1) proved that casehardening may exist in 'veneers when he split 1/8- and.
1/4-inch veneer strips parallel to the veneer surface; the split-off slices bowed outward as is typical for casehardening.
Residual stresses in dry veneers should have an effect on the strength of veneers and
veneer products, provided the stresses are not relieved by glue spreading and hot
pressing. For example, when plywood (fig. 1) is bent by outside forces, the residual
stresses in the veneers are added algebraically to the bending stresses and increase or
decrease the total effect; the critical stresses in the face veneers are then reached at
different bending stresses than would be the case without residual stresses in the
veneers.
Casehardening in veneers may influence surface checking in plywood too.. When the
face veneers of plywood pick up moisture, their swelling is restrained by the crossbanding veneer, and the face veneers receive compressive set. Later, in losing moisture, the face veneers attempt to shrink, but their shrinkage is restrained bythe crossbanding veneers, so they go into tension and may check (12). Any stress or set in the
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face veneers before swelling should affect the degree of compressive set and, by this,
the surface checking. A third point is that the gluability of veneers may be affected by
the residual stresses W.
This investigation shows how veneers can be dried either with or without great residual
stresses. It is an approach to other stress-related veneer problems. Furthermore,
it should help in the general study of drying stresses and sets and in improving the
stress-relieving techniques for lumber.
The major portions of this study cover the effects of drying temperature on the residual
stresses and the relief of such stresses after completion of drying. Effects were judged
by measurement of curvature of slices cut from the cross sections of the test specimens. The first portion of the report covers development of the test method, a study
of the delayed recovery affecting the final slice curvature, the relationship of curvature
to actual stresses, and the development of stresses during the course of drying.
Stresses and set occur in all directions in drying wood. They are most severe across
the grain of flatsawed or rotary-cut pieces. When not otherwise indicated, this investigation deals with such tangential stresses and their effects in flatsawed or rotary-cut
pieces.

Basic Test Method

Specimens
Little blocks were split from the heartwood of a green 25-inch-diameter log disk of
sweetgum (Liquidambar styracifiva L.) at about 8 inches from the pith. From the
blocks, samples were flatsawed and planed to a 1/8-inch thickness, 3-inch width, and
9. 5-inch length. To avoid premature drying, log disk and samples were stored in cold
water until drying tests started.

Method
For stress evaluation, either during the course of a drying procedure or at its completion, stress-test strips were cut as shown in figure 2. They were sliced by hand, using
a microtome knife, parallel to the former sample surface (fig. 3) into four or occasionally eight slices. In the strips, which were internally stressed, the surface layers and
inside layers were holding each other in an essentially flat, but stressed condition. By
separating the layers, stresses and their corresponding elastic strains were released.
From the casehardened strips, the surface layers in tangential compression expanded
lengthwise (tangentially) while the formerly tensile-stressed inside layers contracted.
There was usually a continuous stress and elastic strain gradient from the surface to
the center of the strip. This caused different length changes at the outside and inside
surfaces of the slices when the stresses were released, and the slices bowed. The
amount of bow was determined by measuring the greatest vertical distance between the
inside of the curve and a straight line against which the ends of the slice were held.
This distance was called the rise of the bow. When measured against the opposite slice,
the distance was designated as double rise (fig. 4).

Report No. 2164

-3-

Calculation of Stress Distribution
The comparative effects of temperature and relative humidity on drying stresses and
sets in this report are shown by either the single rise or double rise of the slices from
cross-sectional strips cut from the drying samples. Actual stresses can be calculated,
however, by the following method:
A slice cut from a strip shows a length change As (fig. 5) at its outside surface relative
to inside surface. The radius r of the resulting curvature of the slice is in inches.
s =Aa
r = Aa
LSE
As
Where Aa is the thickness of the slice in inches, is the length of the slice' s inside
surface in inches, and A€ equals as or strain. The radius can be expressed approximately as a function of the slice' ss rise b
2
r=
8b
By combining these equations we get
Aa s 2
Ae 8 b

and

AE

8

b

Aa

As the length s of the dry slice is about 2.83 inches and because 2.83 2 = 8, the strain
gradient approximates the rise, AE /Aa = b. The double rise values in the figures
illustrating the results later in this report represent the double strain gradient 2 DE /Aa.
As far as only the elastic strain is concerned, E may be replaced by e = /E (Hooke' s
stress and E = modulus of elasticity)
law, where
Cr

46(i) 8 b
Aa
8bE
Aa
Er differs in any distance a of the strip' s surface
Then the stress Ea
at the strip' s surface (where a = 0) by the amount

8

Aa a

a
a=
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from the stress

b E Aa = 8 EE bAa
2
s2

or

For infinitely thin slices, da inches thick, this equation has the form
a
o

da

=\8

a--z
a.0

and the corresponding strain difference E is
a

E

a = a=
E

da
S

2

By plotting the measured single rise b over the distance a from the strip surface
(fig. 6A), equalizing the points with a curve b = f(a) and integrating this curve graphia
cally, the
b da are obtained, and o- at any distance from the surface can be
a
calculated.
=0
The integration should be made from both strip surfaces to the
strip center, because the values of opposite slice:: are not distinguished by plus or
minus. In the final step the abscissa of the graph (fig. 6B) is moved vertically until
the area between abscissa and curve is the same above and below the abscissa, as
required for equilibrium of forces. The sample of figure 6 had been dried at 160 0 F. ,
then cut into several strips, the strips conditioned Rt 80° F. and 30 percent relative
humidity, and then sliced. Different symbols are used in figure 6A to represent rise
values of different strips. The value of 85,000 pounds per square inch for modulus of
elasticity (E) originates from Literature C13).

Instantaneous and Delayed Deformation of Slices

Slices cut from internally stressed strips will bow instantaneously after they are sliced.
Such bowing releases elastic stresses which are due to moisture differentials, plastic
strains or sets, or a combination of both. In addition to the instantaneous effects,
there are aftereffects. The simplest are due to any necessary equalizing of moisture
content throughout the slices. The others are elastic aftereffects. All of these change
the amount of bowing. These same reactions should also be expected to take place in
pieces resawed from casehardened lumber. Such effects were observed in 1923 by
4
Tiemann- and more recently by Suzuki (11).
The changes in amount of bowing in this study were found to depend a great deal upon
the storage conditions. This section of the report points out the magnitude of the
changes and suggests possible explanations.

—Unpublished information by H. D. Tiemann, U. S. Forest Products Laboratory. 1923.
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Experiments
To study this phenomenon, a severely casehardened sweetgum specimen was cut into
several strips. These strips were stored at 34° F. and 30 percent relative humidity
until practical equilibrium with the conditions was reached. Then they were removed
one at a time to 80 percent relative humidity, at the same temperature, where they
were kept just long enough to cut each into four slices. After measurement of immediate bowing, these slices were moved quickly to one of the conditions of the delayed deformation test and frequent measurements were taken until the course of the delayed
action was fully outlined.

Results
The results, expressed as double rise of the two outer slices are shown in figure 7.
The casehardened slices, which bowed outward, increased in rise regularly, about
proportional to the logarithm of time after slicing. The lower the temperature and
moisture content after slicing, the longer it took to reach full rise.
At 80° F. , with relative humidities of up to 80 percent, the double rise generally
approached a final value asymptotically in about 6 hours. The 30 percent relative
humidity result was an exception. Later changes were within the experimental error.
At 34° F. and 80 percent relative humidity, a similar 6-hour period was observed. At
-7° F. the increase lasted longer and a higher maximum was reached. At 80° F. and
higher relative humidities the increase in rise to a maximum value occurred in a
shorter time. After reaching the maximums, however, the rise decreased, with the
amount of decrease being greater for the 97 percent relative humidity than for the
90 percent relative humidity. Slices stored in water at 34° and 80° F. reached lower
maximum rise values in somewhat less time than the slices stored in high humidity,
and at both temperatures decreased considerably in rise. The effects at 34° F. were
slower than at 80° F.
When the conditions of drying are such as to result in a high degree of rise immediately
after slicing, the increase in curvature during a standard storage period is greater.
In another phase of the investigation, specimens were dried to equilibrium at various
temperatures with very low relative humidities. They were conditioned to constant
weight in 80° F. and 30 percent relative humidity, casehardening test strips were cut
from them, and the strips were sliced into four slices in the same atmosphere. The
double rise of the outer slices immediately after slicing and after 2 weeks' storage in
80° F. and 30 percent relative humidity is shown in figure 8.
Increase in rise could be caused by expansion of the convex surface or by contraction of
the concave surface or both. To get some idea what really happened during such
changes, length changes at the outside surfaces of outside slices in the drying tests
with different drying temperatures were measured by means of a traveling microscope.
Small, distinctly bordered drops of white enamel on the strip end served as measuring
marks. The distance between the drops was measured, the strip was sliced and the
rise measured, and then the drop distance was remeasured when the slice was
straightened out again. After 2 weeks of storage at 80° F. and 30 percent relative
humidity, rise and distance were again measured. The observed changes in length by
slicing varied considerably between -0.023 and +0. 289 percent, the average value being
about 0.1 percent. There was no correlation with the observed rise; furthermore, the
expansion was less than expected from rise measurements and the requirement of force
equilibrium, so the length-measuring method did not seem to be very reliable. The
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increases in length measured in the 2 weeks after slicing varied less, averaging +0.07
percent; they increased with increasing drying temperatures. There was no strict
correlation between these measured length changes and the rise increases. The values
indicated that the rise changes were caused not only by outside expansions, but also by
central contractions.

Explanation of Delayed Deformation
Delayed recoveries or elastic aftereffects are very common to materials. For example,
when feather cushions are compressed, a delayed recovery is easily visible for several
minutes after the compressing force is released. One may imagine that it takes some
time for the compressed particles to move apart into their normal distances. Some of
them have to wait until their neighbors help them move back through kinetic heat movement; therefore higher temperatures favor recovery. But the observed rise changes
of the slices were larger and lasted longer than would be expected from the behavior of
other materials. The delayed recovery of wood across the grain is undoubtedly abnormally high (B).
A small part of the rise increase occurs because of the effect of stresses on EMC,
which was proved to exist for several materials (12). To quantitatively evaluate this
effect, strips that had been casehardened by drying at 160° F. were conditioned to
6 percent moisture content in 80° F. and 30 percent relative humidity, put under forcedair circulation at 80° F. and 65 percent relative humidity for 5 days, and then into a
desiccator with 65 percent relative humidity above sulfuric acid for an additional
2 weeks. The conditioned strips were sliced in the 65 percent relative humidity room
and put into conditioned weighing bottles, with outside and inside slices separate. Both
bottles were weighed, brought back into the desiccator for 3 weeks with their tops open,
and then reweighed. In one experiment the outside slices increased their weight during
conditioning by 0.039 percent, relative to the weight of the inside slices; in a second
test an increase of 0.042 percent was measured. For a full explanation of the curvature increase by this effect, the difference in moisture content change should have been
several percent.
The observed decreases in curvature at higher relative humidities after the first increase (fig. _7) are explained as a releasing of the primary plastic strains by reverse,
secondary plastic strains. High moisture contents or temperatures are capable of releasing sets by a flowing back of wood substance without any outside force (h). This
property distinguishes wood from materials like metals, which retain their plastic
strains until new forces produce new plastic strains. The wood particles apparently
move back into their old neighborhood just by their kinetic heat movement. The sec
ondary plastic strains in casehardened samples are a similar flowing backof substance,
yet in this case set stresses help by pulling or pushing the particles back into their
natural position. Therefore, stress relief should occur in casehardened samples at
smaller moisture content values than rise decrease in slices. At 80° F., for example,
decreasing rise of slices in figure 7 was not observed at 80 percent relative humidity,
which corresponds to 16 percent EMC; on the other hand, set stresses in casehardened
samples diminished at 1 percent moisture content, as reported later.
Delayed recovery increases the rise of the slices while set release by secondary plas
tic strains decreases it. With the slices of figure 7, which were stored at 90 percent
and higher relative humidities, delayed recovery and secondary plastic strainprobably
took place at the same time. Immediately after slicing, delayed recovery prevailed
and the rise increased. Later, after the slices had picked up some moisture, the
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secondary plastic strains overcame the delayed recovery, and the rise decreased.
Maximum rise of these slices occurred when delayed recovery and secondary plastic
strains just neutralized each other.

Strains and Shrinkage During Drying

Experiments
One sample, hanging vertically, was dried at 80° F. and 30 percent relative humidity
with only natural air movement in the room. The upper and lower end grain edges
were first sealed with rubber bands, then with cellophane tape to reduce end grain drying. From time to time, shrinkage in width and thickness was measured at premarked
stress test strips. A waste strip and a stress test strip were cut off, the newly formed
edge on the remaining sample was resealed, the stress test strip was sliced, and the
rise of the slices measured quickly. Then a moisture evaluation strip was cut off and
the remaining sample resealed. This moisture evaluation strip was later sliced and
the slices put in conditioned test tubes, after which the slices were weighed and their
ovendry weight evaluated. The stress test slices were dried, equally on both surfaces,
at 80° F. and 30 percent relative humidity. After 3 days their rises were remeasured.

Results
The results are shown in figure 9. The rise measured immediately after slicing indi c ate s the total differential moisture and set stresses. The slice rises changed later
for two reasons: (1) Because the moisture content differences between the opposite
surfaces of the slices were equalized and (2) because of the delayed recovery described
above. The final rises were a result of the set differences between the opposite surfaces of the slices only; they indicate the set gradients and the sets.
The instantaneous negative curving of the outside slices in the first hour of drying
indicates a steep moisture gradient close to the surface of the sample. The average
moisture content of the outside slices was still above 80 percent when the moisture
content close to the outside surface, according to the stresses, must have been below
the fiber-saturation point. The curving of the slices gives more accurate information
about the moisture distribution in a strip than direct moisture content measurements,
since they give details about distribution of moisture inside a specific slice.
The differential moisture stresses at the sample s surface caused primary plastic
strains in the first hour of drying; that is why the slices showed a positive rise after
3 days' storage. These plastic strains increased with drying time and partly compensated for the increasing differential moisture stresses. Thus the stress gradient at the
sample' s surfaces, indicated by the instantaneous rise, was constant for several hours
until the primary plastic strains obtained their maximum and the moisture gradient
leveled off. Then the set stresses gradually ' compensated for the differential moisture
stresses. Starting with stress reversal, the stresses caused secondary plastic strains,
which diminished the primary sets and the 3-day rises. Still, some residual stresses
were observed after 3 months.
From 3 hours of drying on, the inside slices showed a stress gradient that increased
slowly until the moisture gradient leveled off. The corresponding stresses caused no
Report No. 2164

-8-

primary plastic strains until the stress gradient got considerably larger after 7 hours.
Otherwise the inside slices showed the same characteristics as the outside slices.
Shrinkage in width started when the average moisture content, even of the outside
slices, was still around 90 percent. It follows that the tensile stresses at the sample'
surface compressed all the central layers to some degree. These compressive
stresses may have caused some small primary compressive sets, but they were later
apparently more than compensated for by secondary tensile sets, caused by the set
stresses; otherwise width shrinkage at the end of drying should have been larger (1.3).
Figure 9 shows some delayed shrinkage after 15 hours' drying time, although there was
practically no further drying. Perhaps this is an experimental error. After 9 hours,
shrinkage of the sample was measured at the upper part, while the moisture evaluation
strips were taken from the lower edge.

Residual Stresses and Shrinkage
as a Function of Drying Temperature

Experiments
Samples were measured and dried at different constant temperatures between -7° and
360° F. until their weights were about constant. From the dried samples, the first
stress test strips were cut 1 inch above their lower edge, sliced, and the rises meas
ured immediately after slicing. The rest of the samples were conditioned for 2 weeks
at 80° F. and 30 percent relative humidity. Second stress test strips were then cutand
sliced from the sample' s lower edges. All slices were stored at 80° F. and 30 percent
relative humidity and remeasured 2 weeks after slicing.
For drying samples at temperatures of 80° F. and higher, an experimental dryer ()
was used. The specimens hung free in the dryer, and the air steam swept downward
past them at a speed of 800 feet per minute. The air was sucked into the dryer from
the veneer mill at a temperature of 76° to 81° F. and a relative humidity of 12 to 26
percent, corresponding to 0.0023 to 0.0055 pound of moisture per pound of dry air.
The first stress test strip was cut and sliced in the veneer mill.
The drying at 34° F. and at -7° F. took place in rooms conditioned at 80 percent relative humidity; the 34° F. room was equipped with a blower, but the actual air movement was not much faster than the natural air movement in the -7° F. room. The first
slicing and curvature measurement was made in these same rooms.
At 80° F. , four samples were dried at different relative humidities and air speeds:
( 1) In the experimental dryer with an air speed of 800 feet per minute and 23 percent
relative humidity; (2) at 30 percent relative humidity; (3) hung in 97 percent relative
humidity room until its weight was constant, * then moved in 1-day steps through 90, 80,
and 65 percent relative humidity rooms to the 30 percent room; and (4) dried for a
shorter time than in (3) at 97 percent, but longer at 90, 80, and 65 percent. All the
conditioning rooms had virtually only natural air movement.
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Stress Results
Under these drying conditions, maximum residual stresses resulted with temperatures
of 120° to 160° F. (fig. 10). Lower temperatures were less favorable for primary
sets. Thus, samples casehardened less at 80° F. and only slightly at 34° and -7° F.
Even at -7° F., however, some casehardening occurred, though drying lasted several
months. Knight () says that "Drying stresses are absolutely unavoidable" and sets
apparently are too.
High drying temperatures up to 360° F. undoubtedly caused large primary sets in the
first stage of drying because the material was very plastic. In the second stage, after
stress reversal, the wood had considerable plasticity even though already relatively
dry. Therefore, the set stresses produced secondary sets that more or less canceled
the primary sets and diminished the set stresses. There were also secondary sets at
drying temperatures below 160 0 F. (fig. 9), but the favorable effect of temperature on
the primary sets in the first stage of drying was only partly offset by the secondary
sets. Above 160° F. the secondary sets became decisive with increasing drying
temperatures and diminished the set stresses considerably; with 360° F. the residual
stresses were finally as small as with -7° and 34° F.
Figure 10 shows the delayed recovery of the slices, as described above, and some
stress relief while the casehardened samples were at 80° F. and 30 percent relative
humidity. The inside slices behaved qualitatively like the outside slices, yet their
curvatures were considerably smaller.
When a first strip was cut from the lowest edge of the sample s the strip curved toward
the sample and pinched the saw. The ends of the samples apparently casehardened in
width. They dried faster than the central areas and tended to shrink in width. Against
the restraint of the central areas, they went into tensile set. This effect was the more
pronounced the closer it was to the end of the sample; the difference in set then made
the strip bow and pinch the saw. Sets of this type cause end waviness of wider veneers
() and, to some degree, close end checks developed earlier (4j.
The drying tests at 80° F. and different humidities showed greater stresses with the
more severe drying conditions. But even the small steps of the third sample test resulted in drying stresses and sets; the rises changed qualitatively in the course of drying, as shown in figure 9 for another sample dried under constant conditions.
Similar tests with yellow birch samples showed corresponding results. Maximum
residual stresses across the grain developed with about 150° F. drying temperature.
In the same tests, stresses in grain direction were measured by the same technique.
Results looked qualitatively similar but the rises had much smaller values; yet, the
stresses may have been as large as across the grain because the modulus of elasticity
along the grain is about 10 times as great.
Fleischer' s tests () with sweet gum also showed that the stresses were larger at
a drying temperature of 150° F. than at 250° and 350° F. On the other hand, with
yellow-poplar, 150° F. produced less stress than higher temperatures. Therefore,
the results of this investigation should not be generalized for all species.
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Shrinkage Results
Thickness ( radial) shrinkage of the red gum samples from the green condition to
equilibrium moisture content in 30 percent relative humidity increased with increased
drying temperatures above 80° F. (fig. 11A). In preliminary tests with yellow birch,
the values started to increase above 150° F. At the samples' corners, thickness
shrinkage was about independent of drying temperature, perhaps because increased
shrinkage was compensated for by a tensile set in thickness at the edges. This is true
with both the gum and the birch.
Width (tangential) shrinkage decreased as drying temperatures rose. This was true at
the samples' centers as well as at their lower edges.
Volumetric shrinkage in the centers of the samples increased slightly with increased
drying temperatures; high shrinkage in thickness was only partly compensated for by
smaller shrinkage in width.
There are four possible factors contributing to the abnormal tangential and radial
shrinkage and the higher volumetric shrinkage values at higher drying temperatures:
( 1) High temperatures cause an irreversible tangential expansion and a smaller radial
contraction in wet wood (1).
( 2) Wood cells that are completely filled with water and have only very small openings
may collapse when they start drying. The menisci in the small openings cause great
tensile stresses in the cell water. Cell walls, weakened by heat, may not withstand
these stresses.
( 3) The equilibrium moisture content of the wood was decreased with higher drying
temperatures. High temperatures decrease hygroscopicity and the equilibrium moisture content of wood by chemical changes.
(4) The tensile sets in width direction at the surfaces of the samples, during the first
stage of drying, restrained shrinkage of the central layers in the second stage of drying. This restraint might be very effective because the dry surface layers were
relatively rigid, while the wet central layers were soft and plastic. Some tensile sets
in the central layers might result and the whole sample shrink less in width. Expansions in one direction are usually combined with a contraction in the other direction,
which means an excessive shrinkage in thickness here.
To evaluate these factors, the equilibrium moisture content in. 30 percent relative humidity was determined for one group of strips. The results are shown in figure 11B.
Although the -7° and 34° F. values were approached by desorption and the other values
by adsorption, they fit a single relationship at this low moisture, content fairly closely.
Other strips, 1 inch across in grain direction and as long as the samples were wide
(3 inches), were taken from the centers of the dry samples by crosscuts. They were
slowly brought up to the saturation point by putting them in 1-day steps in conditioning
rooms with 65, 80, and 97 percent relative humidity at 80° F. , and finally into water
at the same temperature. After the dimensions had become constant from 9 days'
storage in water, the strips were measured, immersed in 200° F. water for 6 hours,
and then cooled and remeasured. Up to the second day of storage in water the strips
were bundled inside a broad, weak rubber ring. The long grain surfaces of one strip
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were attached to the next strip' s surface to allow moisture pickup only through the end
surfaces. The measurements were compared with the green dimension to obtain the
values shown in figure 11C.
Hot-water treatment caused the irreversible dimension changes (factor 1)--as far as
they had not occurred during drying already--and removed collapse (factor 2) when it
was present. In the width direction, the expected irreversible expansion from hotwater treatment showed up at temperatures below 240° F. , while at higher drying
temperatures the expansion of about 0.5 percent had already taken place during drying
(fig. 11C). The corresponding radial contraction (0. 2 percent) was about one-half of
the value that would be expected from a former investigation (1).
As all tangential dimension changes caused by hot-water treatment are explainable with
the irreversible expansion (factor 1), no collapse was probably involved. But in the
radial direction, hot-water treatment resulted in an expansion of up to 3 percent. This
expansion must be a consequence of collapse, because the irreversible dimension
change of factor 1 was a contraction of only 0. 2 percent and, in the case of high temperatures, had already taken place during drying.
Factor 3, the reduced equilibrium moisture content of higher drying temperatures,
should account for about 0. 5 percent of the tangential and the radial shrinkage at 360° F.
The shrinkage differences not yet explained contribute to the sets of factor 4. At 360° F.,
tangential or width shrinkage was 3 percent less than at -7° and 34° F. The -0.5 percent from the irreversible expansion (factor 1) offsets the +0.5 percent for the equilibrium moisture content effect (factor 3), so this full 3 percent probably represents the
set effect of factor 4.
Radial or thickness shrinkage at 360° F. drying temperature was 5 percent higher than
at low temperatures; thus, with -0. 2 percent for the irreversible effect of factor 1,
-3.0 percent for collapse (factor 2), and -0.5 percent for the equilibrium moisture
content factor 3, it leaves 1. 3 percent for set factor 4. As the increased radial shrinkage by factor 4 is a secondary effect of the tangential set of factor 4, the relation of the
obtained in stress strain experieffects should about equal Poisson' s ratio,
3'
R
ments (13); the actual relation is
1. 3 percent

3 percent

O. 43

or very close.
For further confirmation, a central experiment was made with two quarter sawn samples.
One of them was dried at 80° F. , the other at 360° F. The results, as shown by
isolated data points in figure 11A, are in line with the explanation given above; the difference in shrinkage between the two drying temperatures was smaller than with flatsawn samples, as was to be expected from the smaller radial shrinkage in the important width, direction.
The agreement of all these measurements with the explanation given above should not
lead to the conclusion that the explanation is perfect. For example, a weak point is the
assumption that cold water releases all sets of factor 4 but no collapse, while 200° F.
water removes all collapse. Further tests, especially with a series of quartersawn
samples, should be carried out.
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Stress Relief Investigation
Experiments
Flatsawn samples in the usual size were dried in the experimental dryer at an air
speed of 800 feet per minute and a temperature of 160° F. until individual weights were
about constant. Immediately after drying, rubber sheets 1/32 inch thick were glued on
both flat surfaces with rubber cement. Then, after discarding 1-inch-long ends from
the lower edges, the rubber-coated samples were cut across their grain (fig. 12) into
about 1/8 - inch - wide strips. These were stored for several days at 80° F. and a relative humidity of either 30 or 0 percent. By covering the surfaces with rubber sheets,
moisture exchange between the wood surface and the atmosphere was excluded so no
moisture gradients in the thickness direction or additional stresses could arise after
drying. Later, in the stress relief treatment, the rubber sheets had some insulating
effect, and heat penetrated into the strips mostly in the grain direction. Big temperature gradients in the thickness direction were avoided.
Different strips for stress relief at 160° F. and higher were next exposed for 16 to
24 hours to relative humidities of 0, 30, 65, 80, 90, and 97 percent at 80° F. for
moisture conditioning to 0, 6, 12, 16, 19, and 21 percent moisture content, respectively. At relative humidities of 65 percent and higher, considerable stress relief
would occur in several days of moisture conditioning (fig. 13); on the other hand, the
equilibrium moisture content was not approached for several days. A moisture conditioning time of 16 to 24 hours was considered to be a reasonable compromise, as the
moisture content was then nearly the desired value and the stress relief was not too
great.
After moisture conditioning, these rubber-covered strips were weighed in a nonconditioned laboratory and sealed into glass tubes (fig. 12). Then the strip-containing tubes
were inserted into glass beakers filled with oil (fig. 12). The oil temperature was
maintained by keeping the beakers in temperature-controlled drying ovens. After
specified treatment times, the tubes were taken out, cooled at ordinary summer room
temperatures (80° to 90° F.), and opened. The strips were then weighed, brought into
the rooms where they had been moisture conditioned before treatment, the rubber bands
pulled away, the cement wiped off the surfaces, and the strips sliced. Handling and
slicing the 0 percent moisture content strips was done in the 30 percent relative humidity room. The curvature of the outside slices was measured immediately after slicing,
and remeasured after at least several days' . storage at 80° F. and 30 percent relative
humidity.
For the treatment temperatures of 34° and 80° F. , the strips were not sealed in glass
tubes but were put directly under the treatment conditions. These include4 water soaking as well as exposure to different humidities. No moisture conditioning preceded the
treatment. In the more humid exposures, the strips picked up moisture and their
stress relief was rapid as soon as high moisture content was obtained. Originally it
had been intended to condition all strips at 34° F. , yet even at this temperature some
stress relief occurred, and the equilibrium moisture content was approached considerably more slowly than at 80° F.
For moisture content evaluation, most of the slices were weighed after the first curva.ture measurement and ovendried, as well as reweighed after the curvature remeasurement.
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The observed weight changes of the strips by the end of treatment were usually well
below 1 percent of wood weight. The dry strips to be treated at 0 and 30 percent relative humidity picked up some moisture during the weighing and sealing of the tubes; on
the other hand, the strips at 65 and especially at 80 percent relative humidity lost
some weight. At the 320° F. treatment temperature, the strip weight decreased more
than 1 percent when the treatment time was longer than 10 hours; with 370° F. this
happened even after 1/2-hour treatment. Rubber and wood substances were apparently
sublimated and partly condensed on the glass surface. When the tubes were opened,
air inside the tubes seemed to be compressed.

Results
The results, as indicated by the double rise of the outside slices, are shownin figures
14 to 19. These experiments showed clearly that it is possible to relieve the stresses
within a few minutes at every moisture content. For veneer drying, this means the
treatment time necessary for stress relief is only a fraction of the total drying time.
The results indicate that the usual long stress relieving times (9...) for lumber drying
probably can be cut down from several hours and days to less than 1 hour, provided
that only stress relief and not moisture equalization is desired from the treatment.
Churchill' s tests () at 150° to 190° F. with lumber in the moisture content range of
5 to 9 percent resulted in stress relief times not much longer than the times observed
in these tests.
As the treatments at 34°, 80', 160°, 240°, 320°, and 370° F. represented only about
five time intervals at six wood moisture content values, interpolations and extrapolations were necessary for drawing figures 14 to 18. Furthermore, the tests with low
treatment temperatures showed considerable variation. Therefore, the relationships
shown in figures 14 to 18 are only approximate, representing the author' s interpretation of the data. It is believed, however, that they represent fairly well the principal
effects of temperature, wood moisture content, and time on residual stresses.
There was often a linear relationship between curvature and logarithm of treating time
( fig. 19). The values in figures 14 to 19 for the shortest treating times, 0.1, 0.01,
and 0.001 hour, were actually not measured at the named time but at controls without
any treatment. Especially for lower temperatures and moisture content, the actual
values for the times named should be very comparable.
When moisture content-temperature conditions are compared with equal stress-relief
effects, a linear relationship between temperature and moisture content results (fig. 20).
These conditions are different at medium temperatures from data obtained in flattening
veneers (6).
Complete stress relief resulted only with very plastic conditions. At 34° and 80° F. ,
the residual stresses were completely relieved with water treatment and with 97 percent relative humidity. At 160° F., the strips conditioned at 80 percent relative humidity regularly showed complete stress relief when the treating time was longer than
60 hours. With longer treatments at 240° F. , some strips conditioned at 65 percent
relative humidity lost all their stresses; others kept small fractions of their original
stresses. Temperatures of 320° and 370° F. caused complete relief very regularly,
even with strips conditioned at 0 percent relative humidity, and finally resulted in
small reverse curvatures.
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These reverse curvatures may have arisen because rubber cement had penetrated the
strip surfaces, while otherwise the glue stuck only at the surface. When a complete
stress relief is desired at less plastic conditions, some moisture pickup--as is recommended in lumber conditioning (9.)--is necessary. The moisture picked up at the surface increases the residual stresses and favors the stress-relieving secondary sets.
In the drying experiments of figure 10, even with 360 0 F. , considerably larger residual
stresses resulted than was to be expected from figure 19. One reason is that the strips
of figure 19 had picked up some moisture before they were sealed into the glass tubes,
while the samples of figure 10 were completely ovendry at their surface.
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Figure 1. --Theoretical stress across the grain of the face
veneer in 3-ply plywood. (The residual stresses in the
crossbanding veneer are ignored.)

Figure 5. --Diagram of a curved slice and symbols used to
denote distances® (el.a indicates the uniform thickness
of the slice.)

Figure 6. --Evaluation of stresses in a casehardened sample
1/8-inch thick and 2.83 inches wide.

Figure 7. --Changes in rise of casehardened slices under different
storage conditions of temperature and humidity.

Figure 8. --Changes in rise of casehardened slices during storage
at 80 0 F. and 30 percent relative humidity for 2 weeks after
slicing. (The slices were cut from samples which had been
dried at the named temperatures.)

Figure 10. --Rise of slices as a function of drying temperature.

Figure 11. --A: Shrinkage, from green condition, of samples
at midlength as function of drying temperature. (Strips
conditioned to equilibrium at 80° F. and 30 percent relative
humidity following drying.) B: Equilibrium moisture content at 80° F. and 30 percent relative humidity. C: Total
change in dimensions from green condition, resulting from
water treatment: (a) Prolonged soaking at 80° F. , (b) prolonged soaking at 80° F. plus 6 hours at 200 0 F.

Figure 12. --Preparation of strips and method of treatment
for stress-relief investigation,.

Figure 18. --Residual double rise of outside slices after treatment at 320 F.

Figure 20. --Conditions that give relief of nine-tenths of the
original stresses within 0. 5 and 0. 1 hour.
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