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Stress relaxation data obtained from samples of Scots pine veneer at different initial stress and
humidity levels are presented. When plotted as stress (c) against log time (t) the relaxation
curves appear to be the result of a superposition of a largely linear portion and a tail which
can be described by a single time exponential. The linear part of the o against log t curve is
reproduced using a modified version of a cooperative flow model. Agreement between theor-
etical and experimental data is excellent over the entire time range covered by the measure-
ments. This includes the validity of the relation F~0.1Ac between the slope of the linear part
of the o against In t and the stress decrease produced by the corresponding mechanism.

This relation is valid independent of the sample orientation, humidity and. other variables;
earlier, it has been shown to possess general validity for both polymers and metals. On the
whole, relative humidity (up to about 95%) influenced the relaxation process relatively little,
an exception to this being samples cut in the 45° direction where an appreciable increase in
the relaxation strength with relative humidity was observed. The relaxation curves scaled in an
approximately linear fashion with the initial stress.

1. Introduction

This paper is a continuation of a previous study of
stress relaxation kinetics in wood (Scots pine veneer)
[1]. The data presented therein, obtained at a relative
humidity (r.h.) of about 50%, showed clearly that
wood fits well into the general empirical pattern of
stress relaxation kinetics observed in a large number
of solids, and expressed by the relationship [2, 3]

F = (0.1 + 0.01)Ac 1)

Here F denotes the maximum (inflexion) slope of the
stress (o) against In time () curves, and Ao is the total
stress decrease during the relaxation process, a quant-
ity also referred to as the initial effective stress o¥,
which equals the difference between the applied initial
stress o, and the equilibrium stress o, attained after
sufficiently long measuring times. Equation 1 has
been found to apply both to metals, polymers, and a
number of other solids with widely different structures
and compositions. Reaching a complete equilibrium
in a stress relaxation process normally requires times
significantly in excess of available measurement re-
sources. This could be the reason why Equation 1 has
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not been given the attention it apparently deserves in
view of its general validity.

In the preceding paper [1] the validity of Equa-
tion 1 was established for the longitudinal, transverse
and 45° directions at about 50% r.h. using a simple
graphical evaluation of the shape of the o against log¢
curves. An important step was the separation of the
two stages constituting the relaxation process in
wood. As evident from the data presented earlier [1],
and from the references given therein, a typical o
against logt curve appears to be the result of a
superposition of the usual, largely linear o against
log t portion of the curves and of an additional stage
where the stress decreases at a higher rate along the
logt axis. While the first process has an equivalent
extension of about four decades of time when approx-
imated by a straight line, the second stage is signi-
ficantly narrower, reminiscent of an exp(-— kf)
time-dependence (Maxwell relaxation). The empirical
finding of a structure independent F/Ac ratio,
Equation 1, relates to the first stage of the relaxation
process which may also be called the main dispersion
region. The significance of Ac for a compound process
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found in experiments with wood will be explained
below.

In the present paper the shape of the relaxation
curves is analysed using a modified version of a co-
operative flow model for the main (first) region super-
imposed on an exp ( — kt) process to fit the tail of the
curves. When the theoretical slope F is adjusted to
Equation 1, good agreement between theory and ex-
perimental data is obtained. On the other hand, the
parameters of the exponential tail had to be found
empirically. The applicability of Equation 1 was veri-
fied for samples cut in the longitudinal (L), transversal
(T), and 45° direction within a humidity range
covering approximately 20-95% r.h. (somewhat dif-
ferent ranges for different directions). A fair degree of
agreement with experimental data was achieved when
fitting the tail of the relaxation curves using a single
time exponential.

References to literature dealing with the stress relax-
ation process in wood were cited in [1]. We conclu-
ded there that the main part of the published work did
not fulfill the requirements of physically well defined
measurements, especially with regard to the constancy
of the humidity of the surrounding atmosphere. Quali-
tatively, however, when plotted as o against logt the
relaxation curves, in most cases, exhibited features
similar to those found in the present work, and also in
[1]. This relates, in the first place, to the general shape
of such curves, showing a main dispersion region
extending over about four decades of time, followed
by a more rapid decline corresponding approximately
to a simple Maxwellian process [4]. Similar results
have been reported in [5] but not cited in [1]. This is
also the case with [6], dealing mainly with creep, but
supplemented with some data on relaxation for sam-
ples of Tasmanian mountain ash. The authors ob-
served that the extent of relaxation increased with
relative humidity. The curves were plotted on a linear
time scale which obscured the true character of the
kinetics of the process. A theoretical analysis of the

results in terms of the theory of stress-dependent .

thermal activation is dealt with in a subsequent paper
[7]. Stress against time plots were also used in [8],
relating to the behaviour of red oak in tension and
compression. In general, the extent of relaxational
flow appeared to be smaller in the latter loading mode.
Relaxation curves measured on coniferous tissues
{microspecimens), presented in [9], show that the
course of the stress decay depends strongly on sample
location and the loading mode (tension against com-
pression). Some experimental contributions to the
relaxation process in cork have been published re-
cently [10]. However, the results obtained do not
allow a quantitative evaluation. :

2. Experimental procedure

The experiments were carried out largely in the same
way as described previously [1]. The samples were
obtained from a radially cut splint veneer of Scots pine
(Pinus silvestris). The effective length of the rect-
angular samples was 6 cm; their width 3, 6, or 12 mm,
and thickness 0.75-0.80 mm. The distance between
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the growth rings was 1.4 + 0.1 mm, the proportion of
latewood 24 + 3%, the density 0.49 gem ™3 at 50%
r.h., and the humidity content 8.1% at the same r.h.
level.

Similar to the findings of [1], the modulus values
calculated from the initial slope of the stress—strain
curves preceding the relaxation showed a compara-
tively large scatter. With relatively small samples this
was to be expected. At the 50% r.h. level the modulus
values were identical to those reported in [1], that is to
say 9.4 + 1.4,0.57 + 0.15, and 0.20 + 0.05 GPa in the
L, 45°, and T-directions. Increasing the r.h. to 95%
reduced the L-modulus to approximately 7 GPa. In
the other two directions the variation of r.h. within the
ranges evident from, for instance, Fig. 6, did not pro-
duce any statistically significant modulus variation.
The scatter in these data was rather high.

The measuring equipment, consisting of two iden-
tical relaxometers, has been described in [1]. The
relaxometers had a considerably higher stiffness than
normal tensile testing equipment usually employed for
measurements of this type. The strain rates used were
83x107% and 7.1 x 10~ # s~ 1; they did not affect the
results in any measurable way. The straining times
corresponding to the initial deformation of the sam-
ples are given in Table I which specifies the data for
the relaxation curves reproduced in Figs 2-4. The
results were not influenced by the width of the
samples. v

Varying levels of r.h. were produced by circulating
air through a number of flasks containing glycerol/
water mixtures of the appropriate concentration
in a closed circuit through the cabinet in which the
relaxometers were contained.

The constancy of the humidity level in the cabinet
during the period of measurement was constantly
checked using an Assmann psychrometer and an elec-
tronic hygrometer (Rotronic, type I 128). Other details
of the measuring procedure can be found in [1].

3. Theoretical background

When modelling the stress relaxation process in wood,
one has to take account of the fact that the shape of
the relaxation curves, when plotted as ¢ against log¢,
appears to be the result of a superposition of two
mechanisms, a sigmoid curve generally, and a tail
reminiscent of an exponential stress decay, that is to
say o ocexp( — kt), or logo oct. Fig. 1 shows in a
schematic fashion a superposition of the two mech-
anisms, their contributions to the total stress decrease
being denoted o, and o4, respectively. After a suffi-
ciently long time an equilibrium state, characterized
by the stress level o, is reached. Apparently

Gi9 + O3 + G, = O, 2

with o, denoting the initial stress applied to the
sample.

The various theoretical approaches used in describ-
ing the relaxations process in solids, discussed in [17,
included the theory of stress-dependent thermal ac-
tivation (SDTA). This reproduces the observed linear-
ity of the curves well when plotted in ¢ against logt



TABLE I Experimental conditions and parameters entering Equation 8 for a typical selection of stress relaxation experiments. The
corresponding curves are reproduced in Figs 2-4. (o, ) initial stress, (5,4} contribution of the linear o against logr mechanism, (c,,}
contribution of the exponential tail, (c,,) equilibrium stress, (t, o) time constants limiting the extension of the linear ¢ (logt) part, (t,) time
constant of the exponential tail, (¢,) straining time, (g,) initial deformation. The ratio t/a chosen in accordance with Equation 1, i.e. Int/a
= 10. The values of 6,4, 0,0, O, T, and 1, obtained by fitting Equation 8 to experimental data

No. Orientation r.h G, G10/0, G50/C, G/ T, T o T, ty g,
(MPa) (%) (%) (%) (10°s) 10°s) () (%)
1 L 0 0.90 5.4 32.1 62.5 3.85 0.17 165 1.02 0.043
2 L 84.7 2.27 119 8.9 79.2 1.35 0.061 50 0.54 0.038
3 L 935 2.46 10.8 12.5 76.6 18 0.82 175 0.76 0.032
4 L 94.5 6.03 18.0 21.5 60.5 14 0.64 35 1.06 0.073
5 L 94.2 12.3 19.7 14.2 66.1 54 245 100 1.85 0.128
6 L 74.7 15.3 9.8 7.1 83.2 10 045 72 247 0.171
7 L 65.3 16.8 10.0 5.9 84.1 80 3.63 600 5.25 0.35
8 L 58.9 35.6 1.7 6.7 81.6 45 2.04 700 4.1 0.28
9 L 40.0 66.7 14.1 28.8 57.1 5 0.23 420 5.64 0.78
10 T 63.9 1.44 26.7 12.7 60.6 275 1.25 100 10.3 0.71
11 T 71.8 1.66 17.1 8.6 74.3 4.5 0.20 53.5 1.15 0.86
12 T 92.4 1.85 50.6 16.5 329 50 023 10 1.8 1.5
13 T 245 1.89 227 20.5 56.8 62 0.28 58 0.99 0.83
14 T 378 2.10 235 14.1 62.3 5.0 0.23 42 0.96 0.80
15 T 17.0 2.10 21.4 18.6 60.0 6.4 0.29 44 0.96 0.80
16 T 33.2 297 28.6 17.2 54.2 7.5 0.34 55 1.82 1.52
17 T 72.0 3.38 24.6 10.1 65.3 4.25 0.19 45 1.30 1.08
18 45° 59.4 0.94 159 0.4 83.7 35 1.59 10 2.4 0.15
19 45° 554 1.50 16.5 7.1 76.4 3.75 0.17 45 0.58 0.43
20 45° 94.0 2.09 577 16.6 25.7 57.5 2.61 75 13.0 0.54
21 45° 94.7 2.09 58.3 194 223 64 291 150 9.7 0.40
22 45° 935 227 59.1 174 235 50 2.27 105 14.2 0.59
23 45° 743 3.12 214 144 64.2 7.0 0.32 210 0.53 0.44
24 45° 784 330 327 16.4 50.9 17.5 0.79 150 0.52 0.43
10 T S E— o S relaxation process and the dependence when the stress
initially applied to the sample is changed, it cannot
A+B reproduce the linear scaling of the relaxation curves
08 T with regard to the initial stress, which was one of the
i S main findings of our earlier work and also a general
) feature of the relaxation process in solids. The second
N main approach to describing phenomena of this kind
R BT T T uses a spectrum of relaxation times. This is a purely
¢ o q,, formal method not giving any information in addition
° e A ! to that following directly from the shape of the o
0s{ n‘,‘,%m&m | against logt plot, since the spectrum is obtained by
B differentiating such plots with respect to logs [12].
An approach which has recently shown con-
08 siderable promise in understanding relaxation pro-
7 cesses in common solids is based on a cooperative
%20 model with a particularly simple interaction mech-
| [ L | | e anism reminiscent of that encountered in Bose-Ein-
1071 10 102“ )’03 104 105 106 stein statistics [13, 14]. An important advantage of
H

Figure 1 Schematic representation of the two mechanisms A and B
producing the compound curve (A + B in the figure) used to fit
experimental data. The cooperative mechanism A corresponds to a
largely linear o against log t curve, mechanism B is the exponential
tail, ¢f. Equation 8. The curves A and B are shifted arbitrarily
downwards in order to avoid overlap. The /g, scale is shown to
the right. The parameters used in this superposition are as follows:
C10/0, = 24.5%, ©,,/0,=140%, ©,/0,=61.4%, ©=>5000s,
a=10227s, 1, = 180000s, F/o,, = 0.1 (applies to mechanism A).

diagrams [11]. This is a consequence of the expo-
nential dependence of the stress rate do/d¢ on the
stress. However, since this theory does not distinguish
between the stress dependence of do/dt during a

this model is its ability to describe the linear scaling of
the process with respect to the initial stress o, at the
same time as it yields an exponential relation between
& and o (t) as requiréd by the linearity of the o against
logt plots.

The theoretical model to be described here is based
on a superposition of the following two processes:

Mechanism I: o oclogt, and
Mechanism II: ¢ o exp{ — k¢),

contributing to the total stress decrease with o, and
G,, Fespectively.

The first stage of the relaxation process is modelled
using a modified version of the cooperative model

5263



[13, 14] based on the assumption that the elementary
events constituting the macroscopic process occur in
clusters of varying size. The underlying mechanism is
assumed to be the transition of the flow units from the
stressed to the relaxed state. The phonons liberated
during such transitions may then induce transitions of
yet unrelaxed flow units, thus producing multiple
(clustered) transitions in keeping with their bosonic
character. This leads to a particular form of the dis-
tribution of relaxation times, reproducing well the
observed behaviour. In general, the physical nature of
the flow units is not known. They may be entities such
as dislocations in metals, chain segments in polymers
etc.

Here we replace the clustering mechanism with a
nonlinear differential equation reminiscent of the
Malthus-Verhulst scenario, and applied to the time
derivative of the quantity (stress, number of flow units)
under discussion.

Let us assume that the movement of the flow units is
hindered by interactions with their surroundings. Re-
strictions on the mobility of structural elements in
solids are well known, and the key role of the free
volume in theories of solid state flow, physical ageing
etc. is well established [15]. The following differential
equation appears to describe such a situation in a
natural way,
c(li_rtz = an + bA? (3)
or,

dn

dt

where /i = dn/dt, the rate of change in the number of
unrelaxed units #, a quantity assumed to be propor-
tional to the unrelaxed stress. After integration we
obtain for #

o= #,/L(1 + bA/a)exp(— at) — bi,/a] (5)

and for n(f) the final expression

= an(l + bi/a) )

B o= n, —éln [1 + (ba,/a) — (bA,/a)expbt] (6)

where n, is the number of unrelaxed units at t = 0. The
constant a (negative) has the usual meaning of a rate
constant of first order chemical kinetics, and b (posi-
tive) is a measure of the mutual induction effect (co-
operation). Equations 3 to 6 relate to a situation
where the cooperative effect is due to flow units
undergoing transitions to the unstressed state and
not, as in the SDTA theory, by the ensemble of all
unrelaxed units.

An important parameter characterizing the shape of
the o against logt curve is the slope

do
F= [d(ln r)lm ™

appearing in Equation 1.

In the computer evaluation of the experimental
material we did not determine directly the inflexion
slope of the main dispersion region as was the case in
[1]. Instead, in order to characterize the extension of
the relevant portion of the curves, we used the ratio of
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the corresponding time intercepts, since this ratio
appears in a natural way in the final formula used to fit
the experimental data, ¢f. Equation 8 below and Fig. 1.
The basis of this procedure is as follows.

When approximating the curve by a straight o
against logt line one obtains two time constants, o
and 7, intercepting the time axis at 6 = o, and ¢ =
o, — 0., respectively, as indicated schematically in
Fig. 1. Here o, — 0, is the equilibrium stress of the
main relaxation region as described by Equations 3 to
6. Since F = &t along the linear o against logt extra-
polation, ¢f. Equation 7, we obtain F ~ &, for the
value of the intercept o of the straight line approxima-
tion with 6 = o,. The second intercept 1 of this line
with ¢ = 6, — 6, can be shown to be approximately
equal to the inverse value of the rate constant |a|
appearing in Equations 3 to 6. The etror incurred in
equating T and |{1/a| is negligible for o against logt
curves obeying Equation 6 and extending over about
four decades of time, as required by Equation 1.
Omitting the calculational details, we now recast
Equation 6 in the following form, at the same time
including an exponential term describing the rapidly
declining stress in the tail portion of the logt curves

o) o610 Oy
o,In{t/a)

T t
xln[l + - - Aexp(— —)]
o o T

t
+%exp(—~>+gﬂ (®)

o 1:2 G,

G, G,

Here the numbers of the relaxing units have been
replaced by the corresponding stresses, and the equa-
tion normalized with respect to o,. The second term
on the right hand side describes the largely linear
portion of o against logt, the third term the expo-
nential tail. We further note that in Equation 8 the
ratio bn/a of Equation 6 has been replaced by t/qa,
defining the extension of the main o against logt
region when approximated by a straight line.

When fitting Equation 8 to experimental data the
ratio 7/a has been taken to fit Equation | requiring
that F = 0.1 (6, — 6,9 — 6,) = 0.15,,. This corres-
pondstolnt/a = 10 or /o = exp (10). With regard to
the first mechanism, all the theoretical curves repro-
duced in Figs 2—4 strictly comply with Equation 1.
Appropriate values of T had to be chosen. This does
not detract from the general validity of Equation 1
since 7 only affects the position of the curves along the
log ¢ axis. With regard to the second mechanism, both
T, and ©,, had to be selected so as to fit the experi-
mental data. The fitting procedure was carried out
using 4 computer.

4. Results

In this section we present a number of examples of the
relaxation kinetics as observed with the pine veneer
samples vsed. The results, reproduced as /o, against
log ¢ diagrams, are compared with theoretical relaxa-
tion curves calculated from Equation 8. As already



mentioned, the theoretical approach consists of super-
imposing a largely linear o against log¢ mechanism
and an exponential tail. The experimental data relate
to varying conditions of initial stress and relative
humidity applied to samples cut in L, T, and 45°
directions.

The experimental plots for o against logt in
Figs 2-4 are approximately linear over a significant
portion of the logarithmic time. Their final portion is
characterized by a steeper stress decline. In this respect
the results shown in Figs 2-4 are similar to those
reported in [1] relating to an r.h. value of about 50%.
The two mechanisms appearing in Equation 8 are
assumed to act independently of each other. In some
cases, it was not necessary to take account of the
second mechanism in order to obtain a fair agreement
with the experimental results.

The curves reproduced in Figs 2-4 show a high
degree of agreement with the corresponding theoret-
ical data. When fitting Equation 8 to the experimental
material the slope F was chosen to comply with
Equation 1, that is

F/oi,, = 0.1 O

for all the theoretical plots reproduced in Figs 2—4.
This amounts to specifying the ratio of the two limit-
ing time constants o and 1 to be t/a = exp(10), cf.
Fig. 1. The only arbitrary steps in the fitting procedure
were a proper selection of T (or o) and of 5,. The first
of these quantities specifies the position of the o(logt)
curve along the log time axis and the second the total
stress decrease associated with the main process.
There appears to be no possibility of predicting these
values on physical grounds. The exponential tail of the
curves had to be fitted empirically both with regard to
its position (t,) and the corresponding stress decrease
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Figure 2 Experimental (open symbols) and theoretical (dots) relaxa-
tion curves for samples cut in the longitudinal direction. Theoretical
curves based on Equation 8 with the condition F/c,, = 0.1, Equa-
tion 1. Other parameters chosen to produce best fits. Some of the
curves have been shifted vertically for clarity. The numbers relate to
experimental conditions given in Table L.
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Figure 3 As for Fig.2 but with samples cut in the transverse
direction.

Considering the fact that a prescribed value of
F/o,,, that is 0.1, has been used in all the theoretical
curves, the agreement with the measured values is
truly amazing. This applies to all three orientations of
the samples, and also to the varying conditions of
initial stress and relative humidity. Although minor
deviations are found in some cases, they are well
accommodated within the scatter of + 10%. In cer-
tain cases the superposition of the two relaxation
processes may in certain cases distort the o against
logt linearity of the first mechanism as found, for
instance, with some samples cut in the 45° direction.
However, this does not appear to influence the overall
agreement between calculated and experimental data.

As discussed in detail in [ 1] the curves for ¢ against
logt scale approximately linearly with the initial ap-
plied stress .. This applies both to the slope F and to
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Figure 4 As for Fig. 2 but with samples cut in the 45° direction.
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the stress decrease o, relating to the first relaxation
mechanism, since these quantities are related through
Equation 1. We demonstrate this linearity by plotting
G, against the total initial stress o, in Fig. 5. Since F
was chosen as 0.1 of o,,, plotting F instead of o,
against o, would only amount to a change of scale.

Apart from o, against o,, Fig. 5 also contains
plots of 0,4, the stress decrease relating to the second
(exponential) mechanism, and o, the calculated equi-
librium stress, against the initial stress o,. All these
quantities appear to scale linearly with o, irrespective
of the orientation of the samples (L, T, and 45°). In
some instances an appreciable scatter is noted, an
effect likely to be related to the heterogeneity of the
samples in relation to their size, and to varying r.h.
This explains why the scatter of the data in Fig. 5 is
higher than that found in [1] where the humidity was
constant. The occurrence of data relating to various
humidity levels is a factor complicating a direct assess-
ment of the results shown in Fig. 5. Apart from this,
the linear scaling of 64, 6,0, and o, with regard to
the total initial stress o, is still evident. Some of the
points in the diagrams of Fig. 5 relating to the highest
humidity levels have been marked correspondingly in
order to illustrate the role of r.h. As could be expected
the slope of the diagrams showing o,,(c,) and
O,0(0,) Increased with the humidity.

As a supplement to Fig. 5 we show the dependence
of 69, 050, and o, on r.h. in Fig. 6. The experimental
points relate to various levels of 6. Since we attempt
only to illustrate the role of humidity in influencing
the various contributions to the relaxation process, we
do not specify the o, values. The &,,, 0,4, and o,
data have been normalized with regard to o,.

Disregarding the role of o,, which is not evident
from the diagrams of Fig. 6, we find that the ¢,,/0,
values in the L and T directions are affected relatively
little by the humidity. In the 45° direction, however, a
significant increase in ©,,/c, with the humidity is

.
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Figure 5 The variation of the stress components 6,,, 6,9, and 6,
with the initial stress for samples tested at different humidities.
Left—longitudinal; middie—45°; and right—transverse direction.
Filled points—r.h. in excess of 95%.
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Figure 6 Influence of relative humidity on the stress components
G0, 020, and o normalized with regard to o,. Varying o, level.
Left—longitudinal; middle—45°; and right—transverse direction.

found. The fact that we have not specified o, in Fig. 6
does not affect such a conciusion. This is confirmed by
inspecting the shape of the ¢ against logt curves for
the 45° samples in Fig. 4. We find there that the total
stress decrease observed with such samples at high
humidities is significantly above the levels measured in
the other two directions, indicating a shear-related
flow mechanism.

With regard to the humidity dependence of the
normalized ratio c,,/0,, Fig. 6, the pattern of the
experimental points does not show any particular
features, the value of 6,,/0, changing comparatively
little.

The calculated equilibrium stress o, varies with the
humidity in a simple manner only for the 45° samples.
This is to be expected, since o, in itself is not an
independent quantity, Equation 2. We note that at the
highest r.h. levels the equilibrium stress can be as low
as about 20% of o,. In this respect the 45° samples
stand out as rather special. In order to facilitate a
quantitative assessment of the experimental material
we present in Table I the values of the parameters
entering Equation 8 along with the experimental
conditions used when recording the curves repro-
duced in Figs 2-4. Although the data in this table
represent only a minor part of the experiments carried
out in this study, we consider them to be sufficient in
this context. To represent all the data relating, for
instance, to Figs 5 and 6, would by far exceed available
space.

5. Discussion

The validity of Equation 1, as demonstrated by the
data shown in Figs 24, stands out as an interesting
finding, especially since we have here a case of a
material exhibiting a superposition of two different
relaxation mechanisms. Using Equation 8 to fit the
experimental results eliminated possible ambiguity in
the graphical evaluation used to demonstrate the



validity of Equation 1 in our preceding paper [1].
As explained above, only the values of 1, that is to say
the expected lower intercept of o against logt with
0, — 04, and of o4 had to be selected. Once this
position is fixed, the slope of the ¢ against logt curves
is determined by Equation 1. Equation 1 remains
valid when the humidity of the surrounding atmo-
sphere is changed within relatively wide limits in all
threée sample directions investigated.

The occurrence of the second mechanism, confined
to a relatively narrow range of the logt axis, appears
to be a characteristic feature of the relaxation process
in wood [1, 4, 5]. Here, we have achieved a fair degree
of agreement with experimental data when consider-
ing it as a simple time exponential superimposed on
the mechanism defined by Equation 1. It is conceiv-
able that other expressions such as a stretched expo-
nential or a power law, would have given even better
results. However, for the present purpose the fit is
more than satisfactory, even though the rapid ap-
proach to equilibrium of a simple exponential may
appear somewhat idealized.

As a supplement to the computer-aided application
of Equation 8 to the experimental material we also
used the simple graphical procedure as described
earlier [1]. In this way the value of F/o, was found
to be 0.10 + 0.012. Similar results were obtained when
using the graphically determined values of F and the
G, values emerging from the computerised fitting
procedure. These results should provide additional
support for the conclusions pertaining to Equation 1.
One should also appreciate the fact that the evalu-
ation of the results encompassed a separation of the
relaxation process into two components, a procedure
which one would expect to affect the final results in an
adverse manner.

Another feature of the data is the linearity with
regard to the total applied stress c,. Apart from the
scatter appearing in certain of the diagrams shown,
such linear scaling is evident for all the three parts of
which o, is composed, Equation 2. This rules out a
direct application of theories of the SDTA type since
they assume an exponential 6{(o) relation in which a
linearity with respect to ¢, cannot be accommodated.
This has been discussed in detail in [1], together with
the main implications of the linear scaling concept.

Normally, stress relaxation in polymers and metals
does not produce the narrow tail region found in
wood. The initial stress o, thus only has two compon-
ents (o, and o). When the main dispersion region
(o) scales linearly with o, also ¢, does so. When
we deal with three components it is not trivial to find
that all of them are linear functions of 6,. However, as
our data show, this appears to be the case. An example
of the linearity under discussion is Fig. 7, where o,,
has been plotted against ¢4, again without consider-
ing the role of relative humidity and the scatter caused
thereby (samples cut in transverse direction). The
correlation between corresponding data in the L and
45° directions was significantly weaker.

Although the approach to equilibrium is incomplete
in most of the o against logt curves shown in
Figs 2-4, it can be seen that a simple time exponential

06
<]
o
0.4 0® [e]
© ° °
a
= o ° 9
2 o
o <]
[}
0.2 R
P
o
[
° <]
o
o
1 1 1 1
0.2 0 08 10

4 0.6
040 {MPa)

Figure 7 The relationship between o,, and ©,, as found with the
transversally cut samples. Points to the far right relate to ex-
periments at r.h. levels exceeding 90%.

reproduces the second relaxation mechanism com-
paratively well. When constructing the equivalent of
Equation 1 for this second stage we arrive at the trivial

relation
do 10
== 10
[d In t]max e (10)

valid for any Maxwellian relaxation. Although the
physical reason for the exponential tail is not known,
it is plausible to associate it with diffusion of the
moisture present in the samples. Experiments with
completely dry samples have yet to be carried out.

When analysing the position of the two dispersion
mechanisms along the time axis, as determined by the
two time constants T and 1,, the data obtained showed
appreciable scatter. This was true of the dependence of
these constants on both o, and r.h. In general, the
correlations were rather weak, not allowing any de-
finite conclusions to be drawn. This implies, in turn,
that o, and r.h. did not have any pronounced effect on
the two time parameters. Since these matters are not of
any particular importance in the present context, the
corresponding diagrams are not shown here.

When discussing the validity of Equation 1, it may
be appropriate to mention the so called stretched
exponential, or the KWW formula (Kohlrausch-
Williams-Watts) often used to describe relaxation,
ageing and other processes extending over several
decades of time. Such an exponential is a modification
of the Maxwell formula [15]

c = o,exp(— ktf) (11)
where the exponent B < 1 is a measure of the exten-
sion along logt. The normalized slope F of such a
process is

(12)

F B
G, e
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giving for § a value of 0.27 when Equation!t is
obeyed. In fact, values in the vicinity of 1/3 have been
observed for polymers at temperatures sufficiently
below the glass transition region [15]. This provides
independent support to the notion that the flow mech-
anism underlying Equation 1, although yet unknown,
is of a rather general physical significance. It certainly
does not encourage attempts to interpret solid state
flow in terms of independent events determined by
molecular parameters such as in the SDTA concept
[11]. Were that a plausible mechanism, it would be
difficuit to explain the similarities characterizing the
relaxation process in such dissimilar groups of mater-
ials as wood, polymers and metals.

In conclusion, the exponential tail characteristic of
the relaxation curves measured on wood samples is a
highly unusual phenomenon not encountered with
other materials including, for instance, wool fibres of
varying humidity content [ 16]. It is not without inter-
est in the present context to mention that Equation 1
has recently been shown to apply also in that case.
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