Stress relaxation of wood treated with the
formaldehyde in bending and in torsion

during adsorption of water vapor.*

HIROYUKI URAKAMI

Summary Measurements of stress relaxation in bending and in torsion during adsorption
of water vapor were carried out on Hinoki wood (Chamaecyparis obtusa EwpL.) treated
with formaldehyde to varying extent.

The results obtained are as follows:

(1) It was found that the stress relaxation behaviors of the treated wood in bending and
torsion during adsorption were the same as those of the untreated one, although the values
were different (Figs.3 and 4).

(2) The linear relation between the total amount of stress relaxation induced by moisture
in torsion and the total swelling from dryness to saturation of moisture was recognized
(Fig.6).

(3) The tendency between the fractional change of relaxation rigidity N(t) and that of
moisture content R(t), calculated by Egs. (1) and (2) shown in the previous paper,'”
was very similar, but the values of N(t) were always greater than those of R(t).
However, the difference between them reduced as the antiswelling efficiency increased
(Fig.7).

(4) The stress relaxation curves observed were compared with the theoretical ones
calculated by making use of Eq.(11) obtained on the basis of the assumption that the
breaking rate of hydrogen bonds between adjacent chain molecules in the amorphous
regions controlled the rate of stress relaxation (Figs.8 and 9). From these results, it was
evident that the stress relaxation during adsorption of water vapor was affected by the

internal stresses due to the moisture gradients.

NN N

Introduction

It is well known that the creep and the stress relaxation in wood become
considerably greater when the moisture content decreases and increases while the
specimen is under a constant load or deformation than when it remains constant.
To elucidate this behavior, many researches have been carried out by various investi-
gators from different points of view. For example, it has been shown by Christensen,?
Armstrong and Christensen,? Armstrong and Kingston,® and Suzuki® that there is a
large increase in deflection of small beams of wood under constant bending load
when exposed to moist conditions. Using the technique similar to those of Armstrong
& Christensen,? Hearmon & Paton® investigated on the creep behavior of wood
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with changing moisture content at controlled temperatures, and it was found that the
additional deflection was shown to be dependent on applied load, moisture content,
and temperature. Okusa and Hayashi® observed the shrinkage and the swelling of
wood under the compressive stress, and it was found that the wood under the stress
shrinks more and swells less than when stress free. The stress relaxation under the
non-equilibrium state of moisture was measured by Takemura and Fukuyama et al,?
Takemura,® Sadoh and Urakami,® and Urakami and Fukuyama.l®

It has been assumed that abnormally large deformation and relaxation as mentioned
above results from either the enhanced plasticity or the effect of the internal stresses due
to the moisture gradients, or both. The effect of the internal stress due to the moisture
gradients on the creep was denied by Christensen,® who found that the anomalous
increase in deflection under stress during adsorption or desorption of water vapor
appears even in creep tests carried out by working with very small beams (1~2mm
thick) in the absence of air without the moisture gradients. Takemura,® Hearmon
and Paton,” and Okusa and Hayashi® have revealed the possibility of the occurrence
of permanent deformation due to stresses lower than that of the proportional limit
shown in stress-strain diagramms.

As already reported,!” we found that the stress relaxation in bending and in
torsion during adsorption of water vapor were greater than those under the equilibrium
state of moisture, but the behaviors in bending and in torsion were different; relaxation
rigidity G(t) during adsorption decreased simply with time, but relaxation modulus
E(t) in the same process decreased rapidly in the early stage of adsorption, and then
increased slightly. Especially it was found that in the case of torsion, the tendency
between the fractional change of stress relaxation N (t) and that of moisture content
R(t) with time was similar, but the values of N (t) were always greater than those
of R(t). Furthermore, we reported that the stress relaxation of wood treated with
polyethylene glycol during adsorption of water vapor in bending was expressed as the
curve that decreased simply with varying moisture content,! although no dimensional
change occurs.?

Higgins'® observed the distribution of moisture content within the laminated paper
sheets (the total thickness: 0.01 inch) during drying, and recognized that there exist
the moisture gradients within such thinner paper sheet. Similar results were observed
by Fujita et al'® as indicated in the previous paper.!®

From these facts, it seems that the influence of the internal stresses developed
during moisture content changes on the rheological properties is not necessarily
negligible.

The purpose of this study is to observe phenomenally the behaviors of the stress
relaxation of wood treated with formaldehyde to varying extent under the equilibrium
state of moisture (moisture content: ca. 2.3 percent) and the non-equilibrium state of
moisture (moisture content change corresponding to relative humidity from dryness to
saturation of moisture) in both bending and torsion, to find the relationship between
the change of moisture content and relaxation of stress in the process of adsorption,

and to ascertain the effect of the internal stesses due to the moisture gradients on
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the relaxation behaviors.
In order to vary the degrees of the internal stresses developing accompanying
moisture content change, the formaldehyde treatment was used in this experiment.

Experimental

Material used in this experiment was Hinoki wood (Chamaecyparis obtusa ENDL.).
All of the specimens used were prepared from an air-dried block of heartwood and
closely matched, being continuous and including almost the same number of growth
ring. The average density and the annual ring width in air-dry state were 0. 43g/cm?®
and 4.5 mm, respectively. The nominal dimensions of specimens in torsion were 6.0
(L) x1.0(R) x0.1(T) cm (excluding the portions grasped by the clamps), and in the
case of bending, it was 11.0(R) x1.0(L) xO0. 1(T) cm with a span of 8.0 cm.

In order to set the treating time with formaldehyde vapor, specimens of 3.0(R) x
3.0(T) x0.5() cm in size were used for the swelling measurement. Although the
degrees of the formaldehyde treatments in nature should be expressed as the ratio
of the reacted OH-groups relative to the total one, conveniently in this experiment
the swelling measurement for wood treated with formaldehyde to varying extent was
adopted as the index of the degree of treatment. The procedure of the formaldehyde
treatment was the same as that by Goto et all®¥

Specimens were treated under the following processes:

(1) pretreatment with dry hydrogen chloride for 15 min.,

(2) formaldehyde reaction at 95°C for 1, 3, 5, and 7 hours.

(3) the treated specimen were washed in running water for two weeks.

(4) after (3), the specimen were dried at 60°C for 24 hours, and then at 100°C.

(5) the treated specimens were conditioned for two weeks in a desiccator containing
calcium chloride.

Also control specimens were treated similarly except for the reaction with
formaldehyde and the exposure to hydrogen chloride, and specimens exposed to dry

hydrogen chloride alone for 15 min were used for comparison.

The values of swelling and antiswelling efficiency Table 1. The radial swelling
(abbreviated A.E.) were calculated on the basis of (8) and the antiswelling effi-
the dimensional difference between the dry state and :zzgd (j:v.ilfix) ?(f)ri:iglz;yvg?d
the moisture saturated state. The values of A.E. under hydrogen chloride.
were obtained by the following equation, s | AE

A.E.(%):loo(ﬂo—ﬁt)/ﬁo """"" (1) (%) | (%)
where @, and B. are the total swelling of the control 1 | 1.46 | 36.2
and the treated specimens, respectively. E,E ‘;E;,_\ s | 141|388

The dimensional stability (the radial swelling S w8 |~ | |—
and A.E) of the wood treated under each condition %% ‘:%5 _f_ 41_'33, :1}3,
is shown in Table 1. From these results, the treating 28 t’ 7 1 1.34)4L5

hydrogen chloride 1.66 | 27.5

times of 1, 3, and 7 hours, which the appreciable ,
] ) ' _treated wood |
difference is recognized between the values of the untreated wood | 2.20 | —

| i

total swelling from dryness to saturation of moisture,
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were adopted.

The apparatus used for the measurements of the stress relaxation in bending and
in torsion were essentially similar to those described in the previous paper.l® In the
case of bending, the specimen was supported at the both ends, and a concentrated
load was given at the center of span. The measurements of the stress relaxation in
bending and torsion were made at a constant temperature of 30°C, and the moisture
content of the specimens corresponds to the change of the relative humidities from
the lack of water vapor to saturation. The air in the test cabinet was humidified by
passing it through the glass bottle containing the humidified agents (silicagel or dis-
tilled water).

After the specimen had been enclosed in the cabinet for 2 hours, the constant
deformation was given. The given amount of deformation was 0. 13 rad/cm in torsion,
and 0.06 cm in bending, which correspond to about 50 percent of the proportional
limit in air dry.

The measurements of the stress relaxation were made under the equilibrium state
of moisture content and in the process of water adsorption. The measurements of
the stress relaxation during adsorption were carried out as follows; the specimen was
deformed manually by a predetermined amount, and the stress thus produced was
allowed to decay under the dry state for a period of time, up to 300 min in bending,
and 360 min in torsion. After the rate of stress decay in dry state had decreased
sufficiently, the vapor saturated with moisture was introduced, and the subsequent
stress relaxation was observed for another 300 min in bending and 360 min in torsion.

Furthermore, in order to ascertain the actual moisture content changes during
adsorption of water vapor, the unloaded specimens of matched material were used for
checking the moisture content. The adsorption of moisture by specimens was
measured by using the torsion balance whose sensitivity is 0.5 mg.

The experimental results shown are the average of five measurements.

Resulis and discussion

Table 1 shows the radial swelling and A.E. of specimens treated under the various
conditions as mentioned ahove. Essentially these results are in accordance with those
obtained by Goto et al.'¥ From the results in this table, it was found that the longer
the treating time, the less the swelling becomes. Assumedly this means that the
formaldehyde treatment in the presence of hydrogen chloride as catalyst is effective
for the dimensional stability of wood to a high degree through the cross linking
reaction, namely the increase of the number of cross linkage between cellulose
molecules. ‘

It is of interest in Table 1 that the swelling of the samples exposed to hydrogen
chloride alone decreases slightly as compared with that of the control (untreated
samples). For the reasons of the decrease in swelling of the hydrogen chloride treated
samples, it is thought that the crystallization of the amorphous regions occurs due to
the slower hydrolysis of cellulose chaiis, and as the results the reduction in swelling

is given.
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Fig.l shows the stress relaxation in bending for the samples treated with
formaldehyde to varying extent, the hydrogen chloride treated one, and the controls
under the equilibrium state of moisture (moisture content: ca. 2.3 percent). It is
seen from this figure that the instantaneous elastic modulus in bending E(0) tends
to increase with increasing the treating time, except for the hydrogen chloride treated
samples. Fig.2 illustrates the stress relaxation curves in torsion under the same
condition in Fig.l, and also in this case the fact mentioned above is almost true. It
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Fig. 1 Stress relaxation curves in bending for Hinoki wood treated with formaldehyde to
varying extent at a constant moisture content of about 2.3 percent. The numbers
added to the curves indicates the treating time (hour) with formaldehyde vapor, and
the symbols of H and C, the treatment by hydrogen chloride alone and the control

(untreated), respectively.

is evident from the results in Table 1, Figs. 1 and 2 that the formaldehyde treatments
have been carried out desirably, and generally the rate and the amount of stress relaxation
(expressed as the difference between the instantaneous elastic modulus and the final
one) decrease with increasing the degree of treatment. This may be produced as the
results of cross linking.

Fig.3 shows the stress relaxation curves in bending during adsorption of water
vapor after the rate of relaxation became relatively slow and almost zero. The
relaxation modulus E(t) after the introduction of wet air were corrected for the
progressive swelling of the cross-sectional area of the specimen caused as diffusion
of moisture proceeds. It was found clearly in this figure that the relaxation of stress
becomes suddenly fast as soon as the specimen is exposed to wet air and then the

relaxation modulus E(t) increases as in the previous paper.!®’
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Fig. 2 Stress relaxation curves in torsion for Hinoki wood treated with formaldehyde to
varying extent at a constant moisture content of about 2.3 percent. The numbers

and the symbols in the figure are the same as shown in Fig. 1.
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Fig. 3 Stress relaxation curves in bending for Hinoki wood treated with formaldehyde during
adsorption of water vapor. The numbers and the symbols in the figure are ths same

as shown in Fig. 1.
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In general, the molecular mechanism for stress relaxation has been classified by
Tobolsky and Stein!® into the following five types; (1) chemical reaction; (a) scission,
(b) interchange, (2) viscous flow or diffusion, (3) crystallization, (4) release of
distortion of molecules and crystals, and (5) orientation of crystals. In the continuous
stress relaxation measurement, the stress in sample maintained at a fixed deformation
is to decrease simply with time for each of relaxation processes mentioned above.
Therefore, it is concluded that the characteristic behavior of stress relaxation in
bending during adsorption is caused by other factors, which are the internal stresses
resulting from the moisture gradients and the difference of the swelling and the rate
of adsorption in the stressed faces (compressive face and tensile face) in the beam.
However, it is difficult that the transitions and the magnitudes of the internal stresses
on the stress relaxation during adsorption are estimated directly.

Fig. 4 gives the stress relaxation curves in torsion during adsorption, after the
stress was allowed to relax under a dry state as in bending, and in this plot zero
time was taken at the time of introduction of wet air. In this figure the stress decay
becomes suddenly fast as soon as the specimen is exposed to wet air, and approaches
a new equilibrium as time goes on.

The ranges and the courses of moisture content changes are shown in Figb.
Although there are differences between the changes of moisture content in bending
and those in torsion, this is not essential, but the problems of the apparatus for air
conditioning.

Now if the total amount of stress relaxation (the difference between the initial
relaxation rigidity G(0) and the final one G(o0)) is plotted against the swelling in
the radial direction from dryness to saturation of moisture, the relationship between

Relaxation rigidity (kg [cm?)

—® —— —e7
© -9 93
—0— > - F[-‘-iﬂ
LOoL—L— 1 T T T —C, |
0 100 200 300 400

Time (min.)

Fig. 4 stress relaxation curves in torsion for Hinoki wood treated with formaldehyde during
adsorption of water vapor. The numbers and the symbols in the figure are the same
as shown in Fig. 1.
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Fig. 5 Moisture content changes of the formaldehyde.treated wood for the stress relaxation

tests in bending and in torsion.

same as shown in Fig. 1.
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Fig. 6 The relationship between the total
amount of stress relaxation induced
by moisture adsorption and the to-
tal swelling from the dryness to
the saturation of moisture. The
symbols of G(0) and G(co) in this
figure indicate the initial and the
final relaxation rigidity, respectiv-

ely.

The numbers and the symbols in the figure are the

both is approximately linear as shown
in Fig.6, and the amounts of relaxation
G(0) — G() increase with increasing
the swelling. This, of course, is related
to the amounts of moisture adsorbed.
Consequently, it was decided to com-
pared with the rates of stress relaxation
on a fractional basis, ie., taking the
final moisture induced relaxation for a
given moisture content change as unity
and expressing intermediate relaxations
as a fraction of this, because of the
variations in the magnitude of the
moisture induced relaxation under var-
The results
As is seen in
this figure, although the curves of the

ious treatment conditions.
are shown in Fig.7.

moisture change and the stress relax-
ation on a fractional basis are very

similar, the values of both do not coincide, and the former is always less than the
latter for each of the treatment conditions. From this result, the relaxation of stress

accompanying adsorption appears to be faster than the corresponding moisture content
change. Thus, the discrepancy of N(t) and R(t) by Egs.(1) and (2) given in the
previous paper,'® would seem to be due to the remarkable decrease of the cohesion
between cellulose molecular chains and internal stresses arising from the moisture

gradients,
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Fig. 7 Comparisons of the fractional change of moisture content (the dotted line) and relax-

ation rigidity (the solid line), obtained by equations (1) and (2) in the previous
paper.’ The number and the symbols in this figure are the same as in Fig. 1.

Now when the water molecules break the hydrogen bond, which links the adjacent
hydroxyl groups in the amorphous regions, the reaction is assumed to go by the
following scheme :

kq
water molecules+ hydroxyl groups linked with hydrogen bonding;——’l;— broken bonds
2
(free hydroxyl groups) +hydroxyl groups

satisfied by water molecules---+---: 2
where k; and k, are the rates of the forward and reverse reactions, respectively. In
the case where controls the rate of stress relaxation, it is possible to make assumption
that the reverse reaction occurs in such a manner that the hydrogen bonds are formed
in stress-free positions only and therefore do not affect the stress decay. This reaction
follows the first order one, and it can be expressed mathematically by

—d(By—Bp) /dt=k(By—B), - A3) |
where B, is the total number of the hydrogen bonds linking between adjacent chain
molecules remaining unbroken at time t, B: is the number of these bonds not available
for scission, and k is the rate of the forward reaction considering the initial vapor
pressure to be constant. When the total number of hydrogen bonds at t=0 is B,,
integrating Eq.(3) under this condition,

B:.= (Bo—Br)exp(—kt) +Bg.eeeeeeee @

In order to relate the rate of the bond scission to the rate of stress relaxation,
the additional assumption must be made that the relaxation modulus E(t) and the
relaxation rigidity G(t) at the time t are proportional to the number of the bonds
remaining unbroken:

for example, in the case of relaxation modulus E(t),
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E(t) oc Byoeeeree (5)
Similarly at t=0

E(0) oc By, vveeee ®)
and at t=o0

E(o0) oc Beoernenn 7

Then, combining Eqgs.(4), (5), (6), and (7), and dividing by E(0), Eq.(4) becomes
E®_1;_ E(o) _ _E(e0)
E0) tl E©) }exp( kt) + EQ) -
Eq.(8) can be furthermore rewritten as follows:

EO-E@® _ :
E(O) —EV(@T_I“eXp(—kt)' ........ (9)

The following expression for moisture content changes is obtained, in which the
rate of reaction k is ejual to that of the stress relaxation.

M® -M©O_, —Kt) e

M (o0) =M (0) =1-—exp(—kt) 10)
where M (0), M (), and M(t) are the moisture content at the time t=0, equilibrium,
and t after the introduction of wet air, respectively.

Substituting Eq.(10) into Eq.(9), there results

B® =E© O MO B 0 ~E(e0) | 1)
From this equation, the stress relaxation curves during adsorption without the effect
of the internal stresses due to the moisture gradients etc., may be evaluated with the
change of moisture content.

The stress relaxation curves obtained by Eq.(11) (represented by the solid line)

and the observed curves (represented by the dotted line) are shown in Fig.8
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Fig. 8 The relationship between the observed stress relaxation curves in torsion (the dotted
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are the same as shown in Fig. 1,
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Fig. 9 The relationship between the observed stress relaxation curves in bending (the dotted
line) and those obtained by equation (12) (the solid line). The number and the
symbol are the same as shown in Fig. 1.

for torsion, and in Fig.9 for bending. From these figures, it is found that the differ-
ence between both curves (the solid and the dotted lines) becomes less with decreasing
the swelling by water adsorption, and especially in torsion the curve obtained by Eaq.
(11) almost coincides with the observed one under the treating time of 7 hours, as
compared with the control. Similar tendency is recognized in bending. Thus, even
in the case of torsion, in which the distribution of the shearing stress within specimen
is not uniform, but is symmetrical to the axis of torsion, the measured stress relxation
curves become lower than the theoretical ones on the basis of the assumption men-
tioned above, as if the effects of the internal stresses due to the moisture gradients
on the stress relaxation do not exist at the initial and final stages of adsorption.
Accordingly, the effects are unable to deny, and the difference between both curves
should be taken as the index of the effects of the internal stresses arising from the
moisture gradients on the stress relaxation. It is assumed that the characteristic
behaviors of the stress relaxation in bending are based on the following reasons; (1)
the difference of swelling between the surface layer and interior layer of beam,
(2) that of the relaxation behavior under compressive and tensile stresses, and (3)
the effects of the resultant of the internal stresses due to the moisture gradients and
bending stresses corresponding to the external force. To solve these problems quan-
titatively, the following must be known: (1) the distribution of moisture content, (2)
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the distribution of modulus of elasticity in bending perpendicular to the grain (radial
direction) through the depth of beam, (3) the stress relaxation under compressive and
tensile stresses, (4) the amounts of mo:sture adsorbed under stresses, and (5) the
coefficient of moisture swelling. It is difficult to measure for some of them. There-
fore, at present it is impossible to explain these phenomena quantitatively. However,
since the total amounts of relaxation in torsion are related linsarly to the those
total swelling, and the observed values of the stress relaxation are always lower than
ommmﬁtw]hxu)hldmm(ﬁbmmmgamimmmmzmdtMcMﬁmmmbaW%n
both curves decreases with decreasing the swelling from dryness to saturation of
moisture, it is concluded that the remarkable relaxation of stress during adsorption
and the characteristic behavior of relaxation in bending are caused mainly by the
internal stresses due to the moisture gradients.
The exact explanationd for this problem will be left over for deliberation later.,
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