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Abstract. Changes in the viscoelasticity of green juvenile and mature wood during high-temperature
drying were measured in real time. For each measurement, a 180-mm-long specimen of Japanese cedar
(Cryptomeria japonica), its supporting system, a magnetic driver, and a deflection sensor were placed in
an electric oven and a free–free flexural vibration test was performed. The temperature was fixed at
120 C. The resonance frequency decreased and the loss tangent increased during heating of the juvenile
vs mature wood. These tendencies apparently occurred because the initial moisture content of the juvenile
wood was higher than mature wood and because the juvenile wood had the larger number of intercellular
layers.
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INTRODUCTION

An increasing number of conifer plantations in
Japan are being left without thinning (Chiba
1999). The reason may be that thinned timber
has inferior qualities and that suitable uses for
it have not been developed. Because the ratio
of juvenile wood is high for small-diameter
thinned timber, qualities such as tensile strength,
specific compressive strength, specific compressive Young’s modulus, and dynamic flexural
Young’s modulus are lower than mature wood
and variations in wood properties in the juvenile
portion are large (Panshin et al 1964; Ohta et al
1968a, 1968b; Ohta 1972). Properties of juvenile
wood can be related to the microfibril angle
(Ohta et al 1968a, 1968b; Ohta 1972; Iizuka et al
2007). The boundary between juvenile and mature wood has been assumed to be 10-15 yr from
the pith based on the average ring density, length
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of tracheids, and microfibril angle (Watanabe et al
1963, 1964; Fukazawa 1967; Ohta et al 1968a,
1968b; Ohta 1972; Shiokura and Watanabe 1972,
1973). Conversely, there have been studies that
show that the boundary between juvenile and
mature wood depends on tree height (Jozsa and
Middleton 1994; Jozsa et al 1998). Shiokura
(1982) applied a variation distribution of the average tracheid length with a logarithmical relationship to distinguish between juvenile and mature
wood.
To use more small-diameter timber, laminates
for glued laminated timber have been developed
from thinnings. Adequate compression, bending, and shear strength were obtained by using
laminates with higher strength properties in the
outer laminates and lower for inner layers, respectively (Ido et al 2007; Tansho et al 2007).
However, serious defects such as warp and
checking can occur in kiln-drying juvenile wood
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(Nara et al 1977). It is therefore important to
know the basic properties of the juvenile wood
for processing. However, there has been a serious lack of information about the changes in the
properties of juvenile wood during drying.
To understand the changes in properties that
occur during wood processing, especially drying,
a system for testing at high temperature has been
developed and real-time measurements have
been made under various temperature and RH
conditions (Kubojima et al 2001, 2002, 2003,
2004, 2005, 2009). In the present study, specimens were made containing pith from Japanese
cedar, and the relationship between the temporal
change in viscoelasticity and the distance from
the pith during heating was investigated.
MATERIALS AND METHODS

Specimens
Green Japanese cedar (Cryptomeria japonica
D. Don) was used. The specimens were 180 mm
long (longitudinal direction [L]), 20 mm wide
(radial direction [R]), and 10 mm thick (tangential direction [T]). Specimens were cut from
planks containing pith and directions 1 and 2
from the pith were designated (Fig 1). Longitudinally matched specimens were used to measure
temperature, weight, dimensions, and vibrational
properties.

of the specimens for the vibration test was
obtained by averaging the tracheid length of all
annual rings in each specimen.
Vibration Test
To obtain resonance frequency and loss tangent,
a free–free flexural vibration test was conducted.
In this test, each end of a specimen is regarded as
a free end, ie both bending moment and shear
force are zero at each end. The high-temperature
apparatus from a previous study was used
(Kubojima et al 2001; Fig 2). The test beam
was suspended by two wires 0.12 mm in diameter at the nodal position of the free–free vibration corresponding to its first resonance mode. It
was excited in the direction of thickness at one
end by a magnetic driver and the motion of the
beam was detected by a deflection sensor at the
other end. The signal was processed through a
fast-Fourier transform digital signal analyzer.
The resonance frequency f was obtained and loss
tangent tand was calculated from the width at
–6 dB from the peak of the resonance curve Df:
f
tan  ¼ pﬃﬃﬃ :
3f

Tracheid Length
After performing vibration tests, small chips cut
from the latewood of the specimens were macerated in a solution of acetic acid and hydrogen
peroxide at 70 C (Franklin 1945). The lengths
of 50 tracheids per annual ring were measured,
and their mean was calculated as the tracheid
length for each annual ring. The tracheid length

Figure 1. Schematic diagram of specimens used for measurements of temperature, weight, and viscoelasticity.
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Figure 2. Apparatus for the vibration test.
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The dimensions of specimens were regarded as
constant during the heating. It took 100 s to
create a resonance curve.
Measurement of Wood Properties During
Heating
A type-T thermocouple was inserted in the L
direction at a distance of 30 mm from the central
point of the RT plane. Specimens were removed
from the oven at 20-min intervals to measure
dimensions and weight.
In the vibration tests, a specimen, its supporting
system, a magnetic driver, and a deflection sensor were placed in the electric oven as shown in
Fig 2. After a vibration test at room temperature
(about 20 C), the temperature was raised to
120 C. The vibration tests were conducted at
the beginning of heating and were continued at
intervals of 5-10 min. After heating, the specimens were oven-dried at 105 C, and vibration
tests were repeated at room temperature.
Because there were small openings for cables of
the magnetic driver and the deflection sensor,
the measuring system was not sealed and the
RH in the oven was uncontrolled.
RESULTS AND DISCUSSION

Tracheid Length
Figure 3 shows the radial distribution of the
tracheid length. Because tracheid length was
constant, the mature wood was in the range of
88 mm  d (distance from pith) and 110 mm
for directions 1 and 2. Conversely, juvenile
wood was in the range of d  66 mm for directions 1 and 2 because tracheid length increased
with an increase in d.

Figure 3. Radial variation of tracheid length of the specimens for the vibration test. Juvenile wood: d  66 mm for
directions 1 and 2. Mature wood: 88 mm  d  110 mm for
directions 1 and 2. d, distance from pith.

constant near the set point temperature. For example, in the case of d ¼ 0, the boundaries between
Ranges I and II, II and III, and III and IV were
about 60, 160, and 210 min, respectively. When
the temperature of the specimen for d ¼ 0 started
to increase in each region, the temperature increase
ratios were 2.00, 0.18, and 0.37 C/min for ranges
I, II, and III, respectively.
However, the temporal change in temperature did
not show this trend, presumably because of the
nonuniformity of initial moisture content in the
specimen. Because the initial moisture content
was not as high as the maximum moisture content
shown in Fig 6, it caused the nonuniformity.
The boundary between regions III and IV increased with an increase in the initial moisture
content shown in Fig 6.

Temperature and Moisture Content

Viscoelasticity

The changes in the temperature in a specimen
with time (Fig 4) can be roughly divided into four
regions like in our previous results for some cases
(Kubojima et al 2002). The temperature rose in
Range I and increased more slowly in Range II. It
then rose faster in Range III. In Range IV, it was

Figure 5 shows the changes in viscoelasticity
with time during heating. The resonance frequency can be expressed by:
sﬃﬃﬃ
ik2
E
f ¼
;
2

2l
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Figure 4.
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Changes in temperature and moisture content with time.

where i ¼ radius of gyration of a cross-section,
k ¼ a constant, E ¼ Young’s modulus, l ¼
length, and r ¼ density. Because shrinkage of
the specimen during heating was small, changes
in i and l were also slight. Hence, the change in
the resonance frequency corresponded to that in
the specific Young’s modulus.
The changes in the resonance frequency and loss
tangent with time showed similar tendencies
with our previous results (Kubojima et al 2002,
2005). The temporal change in the resonance
frequency corresponded to that in the loss tangent; the resonance frequency and loss tangent
were minima and maxima at the earlier stage of
heating, respectively. They became stable when
the temperature in the specimen was near the set
point temperature.
Comparing the results of Figs 5 and 6, the
heated green specimens had a large variation

in viscoelasticity. The resonance frequency and
loss tangent were 963-1529 Hz and 6.7-12.9 
103, respectively, under room temperature
and oven-dried conditions, while the resonance
frequency and loss tangent during heating
were 584-1476 Hz and 5.6-49.0  103, respectively. The radial variation of the initial
moisture content is related to this variation.
According to Ohsaki et al (2007), resonance
frequency decreases and the loss tangent increases for specimens with higher initial moisture content.
However, changes in the resonance frequency
and loss tangent of juvenile wood were larger
than those of the mature wood when their
initial moisture contents were similar as shown
in Table 1. Thus, it appears that not only the
initial moisture content, but also characteristics of the juvenile wood may account for the
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Figure 5.
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Changes in viscoelasticity with time.

large variations in the temporal changes in
viscoelasticity.
Tracheid length in juvenile wood was shorter
than that in mature wood (Fig 3). As a result,
the number of tracheids, eg the number of
intercellular layers in the juvenile wood, was
larger than that in the mature wood.
Because most of the compound middle lamella
consists of amorphous material (Saiki et al
1958), it can cause a decrease in resonance frequency and an increase in loss tangent. Hence, it
is reasonable that juvenile wood had a lower
specific Young’s modulus and higher loss tangent under room temperature and oven-dried
conditions as shown in Fig 6. The larger microfibril angle of juvenile wood can be an additional cause.
The softening temperature of cellulose is not
strongly influenced by moisture content, whereas the softening temperatures of hemicellulose

and lignin are significantly lowered by water.
For example, the softening temperatures for
spruce periodate lignin are 195 C (dry), 159 C
(3.9% MC), 115 C (12.6% MC), and 90 C
(27.1% MC) (Goring 1963; Takamura 1968).
According to Furuta et al (2008), storage elastic
moduli of wood and bamboo from 20 to 100 C
decreases remarkably with decreases in lignin
content. These results mean that the degree
of thermal softening at about 60-80 C largely
depends on lignin content. Hence, the intercellular layer will cause a further decrease in
resonance frequency and a further increase in
loss tangent under high temperature and high
moisture content conditions of green wood
specimens.
Thus, it is possible that the resonance frequency
decreased and the loss tangent increased in juvenile rather than mature wood during heating
because of the greater number of intercellular
layers of the juvenile wood. Therefore, the
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Table 1. Change in viscoelasticity during heating of the
specimens with similar initial moisture content.
d
MCi
(mm) (%)

Direction 1

44 88
110 85
Direction 2 66 100
110 80

Resonance
frequency (Hz)

Loss tangent (103)

Maximum Minimum Maximum Minimum

1399
1478
1407
1476

1122
1232
1103
1231

29.8
14.0
29.0
14.6

6.0
5.5
6.0
6.4

d, distance from pith; MCi, initial moisture content.

larger variation in the viscoelasticity of juvenile
vs mature wood can be attributed to the properties of the juvenile wood as well as the radial
variation in initial moisture content.

CONCLUSIONS

Changes in viscoelasticity of green juvenile and
mature wood during high-temperature drying
were measured in real time with the following
results:
1. Changes in resonance frequency and loss tangent with time showed similar tendencies as
our previous results.
2. Heating green specimens led to extremely
large variations in viscoelasticity.
3. Resonance frequency decreased and loss tangent increased during heating of the juvenile
vs mature wood. It is assumed that this
occurred because the initial moisture content
of juvenile wood was higher than mature
wood and that juvenile wood had the larger
number of intercellular layers. As a result,
viscoelasticity was affected.
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