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The interaction of moisture and wood is of great technical significance.
Under certain conditions the interaction,is chemical, that is, hydrolytic.
Under other conditions it is physical, leading to distortion and change
in volume. Control of such physical interactions is becoming increasingly important in the search for ways to make wood products more
efficient and serviceable. This paper reviews some of these physical
types of interactions.
A significant physical characteristic of wood is its high porosity; in fact,
for air-dry woods of normal density, about 75 percent of the gross
volume consists of cell cavities or "air pockets. " The remaining 25
percent of the volume is that of the wood substance, which gives wood its
weight. In the green condition., the wood substance is saturated with
moisture. In a way, this substance or solid matter can be regarded as
a solution of moisture in wood substance; and, in keeping with the
roperties of solutions, the solubility of the moisture in wood substance
P
is dependent on temperature. In conventional terms, the fiber saturation
point is said to be dependent on temperature.
The cell cavities of green wood are partly or completely filled with water,
which is usually referred to as "free" water, in contrast to the "bound"
water present in wood substance. These are unfortunate terms, since.
the water in the cell cavities cannot be free. If it were, it would literally
spill out of the wood, and the problem of wood drying would indeed be a
simple one.
On the contrary, there is an interaction between such water and wood
that causes serious problems in wood seasoning. The intensity of this
physical interaction is understood in terms of the properties of liquids
having curved phase boundaries, for example, the water-air boundary
within a wettable capillary. Because of the universal tendency of
'Maintained at Madison, Wis , in cooperation with the University of
Wisconsin.
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liquids to decrease their surface areas, the water has a tendency to
straighten or flatten its meniscus to the minimum surface area. The
tendency is proportional to the surface tension, CT. The proportionality
constant is the curvature of the meniscus. If the meniscus is part of a
sphere, of radius r, this constant is 2/r and the tendency to flatten is
given by

P=

tr

(1)

The dimensions of P are those of a pressure. If the liquid wets the walls
of the capillary, the tendency to flatten the meniscus puts the liquid under
increasing tension until the tension force equals but is opposed to the
flattening force and equilibrium is established. The liquid is then in
tension by a magnitude given by equation 1. There is a corresponding
reaction on the cell walls. This reactionincreases as the radius of the
water-air meniscus decreases. Since water in tension has a reduced
vapor pressure, the vapor pressure of liquid water which makes contact
with the atmosphere by means of a curved boundary of radius r has a
definite reduced vapor pressure.
Thus, at room temperature, water having a meniscus whose radius of
curvature is 1 x 10 -5 centimeters is in tension by about 225 pounds per
square inch and has a relative vapor pressure of 0.99. When the radius
is 2 x 10- 6 centimeters, the tension is over 1,000pounds per square inch
and the relative vapor pressure is 0.95 (1). At elevated temperatures
these internal tensions may lead to collapse. Such small radii of curvature may occur within pit structures. Therefore, the magnitude of the
interaction is some inverse function of the permeability.
Since the local permeability—that is, that of a small region-- is not
predictable from the overall or average permeability, seasoning of wood
is far from being a scientifically controlledprocess. The tension in such
local regions may exceed some proportional limit .of the cell wall.
Qualitatively, it is probably true that any treatment which increases the
permeability of the wood while green, reduces the degree of physical
interaction between "free" water and wood. Such interactions have been
discussed by Hawley (5). Wood anatomy- - that is, cell structure and
communicating capillaries (pit membranes)--has a significant role in
this type of interaction (5).
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A second type of interaction occurs between moisture and wood substance.
Here the vapor pressure reduction is due to the reduction in total free
energy when wood polymer is mixed with moisture (4). The reduction is
due to a specific interaction involving a heat term and to a mixing reaction
involving an entropy term.
Wood anatomy plays a much less significant role here; instead, it is the
wood substance which is now important. Unlike wood anatomy, wood
substance is fairly uniform. For this reason, adsorption isotherms that
characterize the second type of interaction are, as a first approximation,
uniform from species to species. The removal of such moisture is
always accompanied by dimension changes and, as usually carried out,
leads to strain gradients and even possible development of defects.
The above kinds of interactions are of great concern to the wood seasoner.
He minimizes them by empirically determining and using drying
schedules that at all times prevent the stresses accompanying the interactions from exceeding certain magnitudes.
The ultimate user of wood, the consumer, is also concerned with the
interaction between moisture and wood substance, since the moisture
content and dimensions of wood change with changes in atmospheric
relative humidity. Can equilibrium moisture content be related to
relative humidity? Figure 1 reveals an area of uncertainty in the
relationship between the moisture content and relative humidity. As
a very rough approximation, however, there is some relationship.
The curves in figure 1 describe a physical interaction which is often
characterized by the differential free energy of adsorption at a particular
moisture content. The user may not be able to visualize the meaning of
this energy and he frequently asks--"How much force is involved in the
interaction of moisture with wood substance'?" This cannot be answered
very simply from the free energy values. It is best answered or understood in terms of an experimentally measured swelling pressure (15).
Figure 2 shows a cylinder of birch wood snugly fitted longitudinally into
the opening of a steel ring. The wood was first conditioned at 30 percent relative humidity. An electric resistance strain gage is mounted
on the surface of the ring. To each face (longitudinal end) is attached a
cup which in turn is connected to a water reservoir, creating an atmosphere of 100 percent relative humidity (fig. 3). The wood tends to swell,
but is restrained by the ring. By measuring the strain in the ring with
the strain gage, the internal pressure between 30 and 100 percent relative humidity can be measured.
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Figure 4 shows the rate of development of this pressure for birch of two
gravities, (each in duplicate). In general, the pressure increases
rapidly and is followed by a sudden decrease. As 'the specimen takes on
moisture, the cell walls become less rigid; and, when the internal pressure reaches some proportional limit of the wood, plastic flow occurs
and there is a reduction in the force the wood is able to sustain. One
specimen )of lower specific gravity developed an internal pressure of
900 pounds per square inch before internal plastic flow occurred. At the
higher specific gravity (0. 83), internal plastic flow set in at 1, 400 pounds
per square inch. Figure 5 shows the internal pressure developed by a
specimen having a specific gravity of 1.34. By using birch densified to
different degrees, it was possible to establish a rough relationship between specific gravity and the maximum internal pressure developed in
wood of each specific gravity class (fig. 6).
Just as the true electromotive force of a battery is determined by
measuring the lowest counter-applied voltage which allows no current
to flow, so is the true swelling pressure determined by measuring the
very small strain in a steel ring which develops when the ring approximately prevents any significant swelling of the wood. This requires
that the void volume of the wood be reduced to a very small value, for
otherwise internal swelling or buckling would occur. The true swelling
pressure is therefore observed with wood substance, which has a specific
gravity of about 1. 5, when swelling is restrained by thick-walled steel
rings.
The highest specific gravity used in the above work was 1.44. Between
30 and 100 percent relative humidity, the maximum internal pressure
was 11,000 pounds per square inch (over 700 kilograms per square
centimeter). Wood substance therefore has a strong affinity for moisture.
Very large forces are necessary to prevent such physical interaction,
and if external swelling is restrained, internal swelling occurs.
What is the relationship between moisture adsorption and external swelling? If measurements are made with large specimens, gradients of
swelling occur which are accompanied by distortions and internal buckling (2,18). It is difficult to establish theoretical relationships, for the
subsequent changes in dimension are not necessarily unique, since they
depend on swelling stresses, wall rigidity, and the like (9).
Theoretical studies can be made with very thin cross sections in which
swelling stresses can be minimized. With a given lot of a given species,
volumetric swelling or shrinking is generally proportional to the specific
gravity. For different lots and for different species, the relationship is
an extremely crude one (fig. 7)(12). The data are widely scattered.
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A relationship between density and volumetric swelling would be expected
if (1) the size of the cell cavities did not change with moisture content,
and (2) if the density was a true measure of the weight of wood substance
per unit volume of wood. For normal woods, the first assumption is
approximately correct (12). The second assumption is more questionable, since the presence and distribution of extractives may affect the
density. That is, density may not be a precise measure of the weight
of wood substance per unit volume. Extractives may influence both
density and equilibrium moisture content. Table 1 (8) clearly shows the
effect of extractives on equilibrium moisture content.
This influence of extractives gives a clue for permanently stabilizing
the dimensions of wood against changes in relative humidity. It can be
shown that only the portion of the extractives that is present in the cell
walls is effective in reducing dimension changes (16). Thus, to improve
wood's natural dimensional stability, chemicals must be deposited within the cell walls. This gives a permanent reduction in swelling and
shrinking. Such stabilization has been obtained with resins (13), acetyl
groups (17), and even such water-soluble materials as polyethylene
glycol (14)•
To obtain worthwhile reductions in swelling, uniform treatment is necessary. By these bulking procedures, regardless of the chemical used,
amounts equivalent to about 25 percent of the ovendry weight of the wood
must be used to reduce the swelling tendency by 60 to 70 percent.
Diffusion times for these chemicals are very long; therefore, it is
generally necessary to treat and laminate thin veneers. This makes the
process very costly. In fact, the cost of the chemical becomes a Minor
part of the total treating cost. Relatively small volumes of wood are
commercially treated in this manner (7,11). For general use on wood
products, it appears that other methods of achieving dimensional
stability will have to be found.
Conceivably, the problem could be solved simply by wrapping .a moistureimpermeable membrane around the wood. Such membranes, of course,
do not exist, and the historical methods of applying coatings to wood are
effective only to a degree that is dependent on the moisture vapor
resistance of the coatings.
Relative humidity changes are cyclic. Because moisture diffuses so
slowly through wood, the equilibrium moisture content very likely is
never attained. Thus, a more important question than that of the
equilibrium moisture content is the rate of sorption, or perhaps the
time required for the immediate surface to come to equilibrium. Recent
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work by Long (6) has strongly suggested that the rate of penetration of
moisture into the immediate surface may not be determined by the usual
Fickian laws of diffusion, but rather by some relaxation process of the
swelling segments within the interior or at the surface of the solid.
Under certain conditions (10) appreciable time may be required for even
the very immediate surface to attain the normal equilibrium moisture
content value. Christensen and Kelsey (3) who studied the sorption
characteristics of thin specimens of wood, found that their data had to be
interpreted in terms of the newer ideas of Long. The notion of a relaxation process introduced by Long may involve hydrogen bond breaking.
Recent work by Yokota under somewhat different conditions strongly
suggests the occurrence of such a phenomenon (19).
The significance of this newer view . of the factors influencing the rate of
sorption of moisture by thin sections of wood is that the rate is determined
to a large degree by the manner in which the water vapor is brought in
contact with the surface. This may even influence the equilibrium
moisture content. One example of this is shown in figure 8, derived from
the data of Christensen and Kelsey (3). The equilibrium moisture
content of a thin section of wood (less than a millimeter in a transverse
direction) is shown as a function of the number of intervening steps before the final relative humidity was attained. Note the decreasing
equilibrium moisture content with decreasing rate of approach to a given
relative humidity. These newer views suggest that wood finishes,
besides slowing down the rate of movement of moisture to the surface of
the wood, may also influence the inherent interactions of moisture with
wood substance, especially that portion located near the surface.
These physical interactions between moisture and wood are of great
technical significance. Because of decreasing supplies of wood for structural purposes and rising costs of operation, it is becoming extremely
important to learn more about these interactions and how to control
them. The probable success of -controls is inhanced with the newer
techniques of investigation, the increase in the number of potentially
useful coating materials, and the newer ideas concerning the factors
influencing the diffusion of vapors in polymeric materials.
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Table .--Avera e e uilibrium moisture content in' ercent at
a nominal relative humilq.L2f21212eis212L2f.
11 domestic and tropical woods.

......

•

Species
010aW . .... 0.0011

n 11.0e0s n 010:

Tectona grandis

.•
: 23.84 ± .28 : 25.43 - .• 21 : 26.12 - .• 30
.• 26 24.29 • .• 19
22.83
19.52 - .17
.+15.73 ± .20 : 20.62 ± .• 11 : 22.28 .16
24.87 ± .18 : 23.39 + .• 29 • 25.48 ± .57
18.53 - .13 : 20.58 - .• 11 : 21.74 - .15
.• 07 21.92 .06
17.73 + .18 : 18.95

Resin impregnated
southern pine

:

Pinus sp.

: 21.16 t .22 : 23.35 ± .27 : 24.58

Taxus brevifolia

: 20.69 - 15 : 25.04 ± .19 : 25.56 - .16

Swietenia macrophylla

: 19.41

Picea sitchensis
Robinia pseudoacacia
Sequoia sempervirens
Chlorophora tinctoria
Carapa guianensis
Hymenolobium excelsum

1
-No
treatment.
2
-leached in cold water.
3
Leached in hot water.
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22.56 4: .13

22.69 - 08

22.40 ± .09

.•

•

15.88 1: .16 : 18.79 ± 19 : 22.81 t .05
.16

.•

.12 : 21.91 - .22 : 24.91

.14

Figure Z. --Specimen holder for measuring swelling pressure
of wood between two fixed relative humidities.

Figure 3. --Assembled equipment for measuring swelling
pressure.

Figure 7. --Relationship between volumetric shrinking and specific gravity.

Figure 8. --Relationship between the equilibrium moisture content
of a thin section of wood as a fixed relative humidity (88 percent)
and the number of intervening steps involved before attaining
this relative humidity.

