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Abstract For the purpose of elucidating the effect of
rheological property of wood on lateral tensile fracture,
failure strain, elastic modulus, and creep at various tem-
perature conditions were measured. And, relationship
between the degree of softening or fluidity and lateral
tensile failure strain was examined. To discuss the fracture
mechanism from the results of the failure strains, broken
specimens were observed and each appearance ratio of
fractures in different tissue was calculated. The results
obtained are as follows: (1) Failure strains were reduced in
the temperature from 80 to 95 °C, because the weakest
parts as a starting point of fracture changed in all of the
specimens and the weakest parts for fractures were
increased with temperature rise. (2) The effects of soften-
ing of wood are important for increasing failure strains up
to the temperature range in which the fracture mechanism
changes. (3) Creep deformation, that is, fluidity was
included in the wood deformation process, and the fluidity
had different characteristics dependent on the anatomical
characteristics. It also became clear that the creep defor-
mation measured in the load range of this study did not
affect the increase in failure strain significantly.
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Introduction

The effects of tensile direction to annual rings, moisture
and temperature conditions, tree species and histories of
drying or heating on lateral tensile deformation character-
istics of the wood were examined for the purpose of elu-
cidating the mechanism of the lateral tensile deformation of
wood previously [1-3]. The results of their examination
indicated that the failure strain of wood increased under the
influence of its softening through moisture and heat effects.
Then, it was thought that rheological properties were
contributable to fracture.

On the other hand, some previous studies of failure
strain of wood have been reported, such as the rela-
tionship between structural factors such as the lignin
content or the crystallinity of wood and failure strains
[4-7], the relationship between the strain distribution in
the specimen and the fracture surface [8], and the rela-
tionship between failure strains and factors such as the
moisture content and temperature [9-11]. There is a
mathematical modeling study related to the time
dependent of creep behavior of wood [12], however, the
study of evaluating rheological properties of wood both
qualitatively and quantitatively and refer to the rela-
tionship between fracture and rheological properties
have not been found. If the relationship between rheo-
logical properties of wood and its fracture could be
clarified, it will be possible to determine a softened state
required for the processing and indicate the optimum
moisture and temperature conditions. Therefore, it is
significant to elucidate the relationship between fractures
and rheological properties of wood, which has not been
discussed yet, in terms of both studies on wood prop-
erties and the development of control technologies for
wood.
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In this study, therefore, failure strain, elastic modulus,
and creep at various temperature conditions were mea-
sured. And, relationship between the degree of softening or
fluidity and lateral tensile failure strain was examined. To
discuss the fracture mechanism from the results of the
failure strains, fracture surface was observed and appear-
ance ratio of fractures was calculated.

Materials and methods
Materials

The specimens were determined to be of Hinoki
(Chamaecyparis obtusa Endl.). The block-shaped speci-
mens with the annual ring inclinations of 0° (tangential
direction), 45° (angle between tangential and radial direc-
tion), and 90° (radial direction) against the tensile direction
were collected from the sapwood part. Thin cross-sectional
specimens with the thickness of about 0.1 mm (longitudi-
nal direction) and with the dimensions of 3.4 mm in
width x 20 mm in length were used for the tensile
breaking test. This shape of specimen was selected because
the most reliable results were obtained within the load
range of the test device in pretest and the origin of the
fracture could be clearly observed at cellular level. Fur-
thermore, the thin specimens were prepared with extreme
care not to generate scratches or knife marks which could
be the origin of fracture. For the creep test, specimens in
the same shape as that for the tensile breaking test were
used.

Cross-sectional specimens with the thickness of about
1.6 mm (longitudinal direction) and with the dimension
of about 3.6 mm in width and 20 mm in length were
used for measuring the elastic modulus. This shape was
decided because providing repeated load may cause
fatigue fracture in the measurement of elastic modulus.
Therefore, specimens were made in the maximum shape
that could be nipped by chuck, and were cut from the
block-shaped specimen using a circular saw. Similarly to
the tensile breaking test, specimens were prepared with
the annual ring inclinations of 0° (tangential direction),
45° (angle between tangential and radial direction), and
90° (radial direction) against the tensile direction in the
measurement of elastic modulus. Furuta et al. [13-15]
reported that the values of elastic moduli vary sensi-
tively under the influence of drying and heat history
given to the specimens before the measurement. To
unify the histories of specimens, they were cooled down
to 1 °C at 1 °C/min after boiled and measured in water-
swollen state.

Tensile breaking test

A thermo-mechanical analyzer (manufactured by Seiko
Instruments Co., Ltd.; TMA/SS6100) was used in the
measurement. All of the measurements were carried out in
water kept at the constant temperature, and the tempera-
tures were 5, 20, 40, 60, 80, and 95 °C. The distance
between chucks was set to 10 mm, and the specimens were
measured with the load of 1 N/min until they were frac-
tured. The measurement results were adopted only for the
specimens fractured roughly at their central portion, and
the specimens had exceptional deformation behaviors were
excluded. The number of specimens in the results was
adopted 5-8 pieces per condition.

Creep test

Creep test was carried out with the same device and in the
same temperature conditions. The specimens were attached
with the same state as those in the tensile breaking test. The
creep load was determined to be 25 % of the strength
obtained in the tensile breaking test in each temperature
condition. At 30 s after the load was reached at creep load,
the creep amount was calculated as the creep compliance
(J(30)). The average value of 3-5 specimens per condition
was used as the results, except extremely large or small
results caused by the slip of the specimens at the chuck site
or the distortion of their mounting.

Measurement of elastic modulus

Elastic modulus was measured by applying load half as
large as the creep load in each temperature repeatedly. The
following load rates were adopted; 1 N/min which was the
same loading rate in the tensile breaking test and 9.8 x 10°
N/min which was the maximum loading rate controlled by
the device. In this study, the elastic modulus obtained by
measuring load rate of 1 N/min is defined as the elastic
modulus (E) and the elastic modulus obtained by measur-
ing load rate of 9.8 x 10° N/min is defined as the instan-
taneous elastic modulus (IE). For the purpose of unifying
the histories of the specimens, as described in “Materials”,
the specimens were held at about 100 °C for about 5 min,
then cooled down to 1 °C at 1 °C/min, heated up again to
about 100 °C at the temperature rising ratio of 2 °C/min,
and furthermore cooled down to 1 °C at 1 °C/min and
raised again to around 100 °C at the temperature rising
ratio of 2 °C/min prior to the measurements. The mea-
surements were performed during the heating process. The
IE was measured in the first heating process and E was
measured in the second heating process, respectively.
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Observation of fracture surface

Fracture surfaces of the specimens that were fractured
under the tensile breaking test were observed with an
electron microscope [TM3030Plus (Bruker AXS Co. Ltd)].
The appearance ratios of fracture surfaces were observed in
five specimens showing typical fracture surfaces. The
appearance ratios were obtained from the percentage of the
projected length of the fracture along the annual ring
boundary and the ray tissue in the tensile direction. The
definition of the projected length of the fracture is illus-
trated in Fig. 1, using the photograph of the fracture sur-
face of the specimen with the annual ring inclination of
90°. The fractures were observed along the ray tissues
arranged parallel to the tensile direction in the specimens
with the inclination of 90°. These fracture surfaces could
be observed prominently only for the specimens with the
inclination of 90°. With regard to the specimens with the
inclination of 90°, therefore, breaking length which was
judged to be along the ray tissues and was fractured lin-
early over four cells were also measured. Then, the per-
centage of the breaking length of ray tissue in horizontal
direction was measured when the breaking length mea-
sured at 20 °C was defined as 100 %.

Results and discussion

Effects of the temperature on the fracture

The relationship between the failure strain and the tem-
perature is shown in Fig. 2. Significant differences in

failure strains between the specimens with the annual ring
inclination of 0° and 90° were not found, and failure strains
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Fig. 1 An example of photograph used for calculating appearance
ratios of fractures along each tissue. From these photographs,
projected lengths of fracture surfaces along each tissue and ray
tissues in horizontal direction were measured and calculated
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were tended to increase from about 3—6 % with increase in
temperature. On the other hand, in the specimens with the
annual ring inclination of 45°, failure strains were larger
than those with the inclination of 0° and 90°. And, failure
strain increased with increase in temperature, but the fail-
ure strains at 95 °C were reduced to the same extent as the
result at 5 °C. Comparing the relative failure strains in
Fig. 2, in the specimens with the annual ring inclination of
0°, relative failure strains increased largely with increase in
temperature. In addition, decrease in failure strain at 95 °C
was observed in all the specimens regardless of their
annual ring inclination, and the decrease was the largest for
the specimens with the annual ring inclination of 45°.

As a reason for the decreasing of failure strain, the
fracture mechanism was considered to be different between
80 and 95 °C. In water-swollen wood, fracture in the
intercellular layers is easy to occur at high temperature [ 16,
17]. Thus, fracture surface was observed to discuss the
fracture mechanism.

The appearance ratios of various fractures and pho-
tographs of broken specimen with the annual ring incli-
nation of 0° are shown in Fig. 3. The photographs show
that the fractures tended to occur in the intercellular layers
along the ray tissues even at any temperature. The
appearance ratio of fractures along the ray tissues was also
as high as about 60-70 % at 20 and 80 °C. Such a fracture
tendency appeared at 95 °C pronouncedly, where the
appearance ratio of fractures along the ray tissues was
90 %. From these results, fractures in the intercellular
layers along the ray tissue tended to occur in the specimens
with the annual ring inclination of 0° in the temperature
range up to 80 °C. On the other hand, intercellular layers
along the ray tissues became weak in the higher tempera-
ture range, therefore, the factures along the ray tissues
increased and failure strains decreased as shown in Fig. 2.

The appearance ratios of various fractures and pho-
tographs of broken specimen with the annual ring incli-
nation of 45° are shown in Fig. 4. The photographs show
that fractures tended to occur in the intercellular layers
along the ray tissues for the specimens with the inclination
of 45°. Focusing on the appearance ratios of fractures, the
ratio along the ray tissues was almost equal at 20 and
80 °C. For the specimens at the 95 °C, however, the
appearance ratio of fractures along the ray tissues
decreased and the fractures along the annual rings were
observed, and the tendency was not found up to 80 °C.
From these results, the fractures tend to occur in the
intercellular layers along the ray tissues in the temperature
range of up to 80 °C. Whereas the intercellular layers
between early wood and late wood were also considered to
become weak part which was easy to be fractured in
addition to the intercellular layers along the ray tissues in
the temperature range above 80 °C. In other words, the
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Fig. 2 Failure strains and relative failure strains measured at each
temperature. Relative failure strain is relative to the failure strain
measured at 5 °C in each annual ring inclination. Symbols mean the
average value and error bars mean 95 % confidence interval

range between 80 and 95 °C is the temperature range
where the weak parts as the starting point of fracture are
changed, and where the fractures tend to occur because
weak parts are increased in the specimens. Therefore,
failure strains decreased largely, as shown in Fig. 2.

Appearance ratio of fractures (%)

20C 80C 95C

The appearance ratios of various fractures and pho-
tographs of broken specimen with the annual ring incli-
nation of 90° are shown in Fig. 5. The photographs show
that fractures tended to occur in the intercellular layers
along the annual rings for the specimens with the inclina-
tion of 90°. Focusing on the appearance ratios of fractures,
the fractures along the annual rings were less frequent in
their ratio as low as about 20 % at 20 °C, whereas the
ratios were more or less 50 % at 80 °C or higher. Thus, the
fractures along the annual rings should tend to occur with
increase of temperature. Focusing on the percentage of
breaking length of the ray tissues in horizontal direction, it
decreased at 80 °C as compared with 20 °C, and few
fractures were found along the ray tissues at 95 °C. From
the results above, in the specimens with the inclination of
90°, fractures tended to occur in the intercellular layers
along the ray tissues at 20 °C, whereas the intercellular
layers between early wood and late wood also became
weak with increase in the temperature. Therefore, annual
ring boundaries became the weakest in the specimens at
95 °C, and failure strains were reduced at 95 °C as shown
in Fig. 2.
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Fig. 3 Appearance ratio of fractures along each tissue and photographs of broken specimen with the annual ring inclination of 0°
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Fig. 4 Appearance ratio of fractures along each tissue and photographs of broken specimen with the annual ring inclination of 45°
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Fig. 5 Appearance ratio of fractures along each tissue and photographs of broken specimen with the annual ring inclination of 90°

It was suggested from these results that the weakest
parts as starting points of fractures changed for all of the
specimens in the temperature range between 80 and 95 °C.
Therefore, the weak parts for fractures were increased as
the temperature rose, as the result failure strains decreased.

Changes in the rheological properties of wood
with increase in temperature

Then the thermal softening of wood was assessed from the
elastic modulus measured in various temperatures to dis-
cuss the effect of softening on increase of failure strain. To
obtain the information about decrease in E at the tensile
breaking in this study, E was measured at the same loading
rate of the tensile breaking test. On the other hand, the IE
was also measured to have the information about the pure
elastic modulus that does not include the creep deformation
in the loading process as far as possible. The results
obtained are shown in Fig. 6. E and IE had larger values in
the order of the annual ring inclination of 90°, 0°, 45°, and
the values tended to decrease with increase in temperature.
IE had larger value than E at any temperature, and the
difference between their values was larger in the higher
temperature especially for the specimens with the annual
ring inclination of 90° and 0°. The reason why E is smaller
than IE at the higher temperatures is considered to be as
follows:

The load speed for measuring £ was much slower than
that in IE, therefore, larger creep amount of wood is
included for E than that for IE. Because the creep amount
during the deformation is greater at the high temperature
side where the wood is softened [18], the difference
between E and IE values was shown prominently at higher
temperatures.

Elastic compliance which means the ease of elastic
deformation was determined from the values for the elastic
modulus. Elastic compliance was the largest in the speci-
mens with the annual ring inclination of 45° and followed
by those with the annual ring inclination of 0° and 90° as

@ Springer

shown in Fig. 6. In all of the specimens, the IE compliance
and the E compliance increased with increase in tempera-
ture, and in which the E compliance obviously indicated
the larger value than the IE compliance at higher
temperatures.

From the results above, it was predicted that the tensile
failure strains measured in this study were affected by
creep deformation. Therefore, creep of each specimen was
measured at each temperature and calculated the creep
compliance (J(30)) as an index of fluidity to clarify the
effect of fluidity contained at the time of deformation.
Figure 7 shows the relationship between J(30) and the
temperature. As common to all of the specimens, the ten-
dency was observed that J(30) increased with increase
from about 40 °C where the wood started to be softened
[18]. The largest J(30) was shown in the specimens with
the annual ring inclination of 45° at any temperature. J(30)
of the annual ring inclination of 0° and 90° was comparable
up to around 60 °C, whereas J(30) of the annual ring
inclination of 0° was larger than those of 90° at higher
temperatures. The reason why J(30) has different charac-
teristics among annual ring inclinations can be assumed as
follows:

In the specimens with the angle of 0°, late wood layers
are arranged in parallel against the tensile direction, and
creep amount should depend on the amount of fluidity
caused in wood substance. Therefore, J(30) increased as
the temperature increased because the fluidity of late wood
layers aligned in the tensile direction increased the above
around 40 °C which was the temperature range where
Hinoki started to be softened [15].

On the other hand, in the specimens with the annual ring
inclination of 90°, late wood layer and early wood layer are
arranged alternately against the tensile direction. J(30) is
determined from the sum of the creep amount of late wood
with thick cell wall and early wood with thin cell wall.
Therefore, in the specimens with the annual ring inclina-
tion of 90°, J(30) was smaller than that of 0° which late
wood layers arranged in a row against the tensile direction.
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In the specimens with the annual ring inclination of 90°,
ray tissues are also arranged in parallel to the tensile
direction, therefore, the increase in J(30) was also dis-
turbed by those tissues.

In the specimens with the inclination of 45° with the
largest J(30), the shape of cell is deformed roughly from a
square shape to a diamond shape against the tensile load [1,
19]. Furthermore, ray tissue which disturbs the deformation
of cells is oriented to the direction with the inclination of
45° to the tensile direction. Thus, these tissues should
effect on J(30) complicatedly with increase of tensile
deformation. However, too large deformation did not
occur, because the stress applied in this experiment was
25 % of the strength and the tensile failure strain was
approximately 3 %. Therefore, the larger J(30) in the
specimens with the inclination of 45° are due to not those
tissues, but the deformation of cells, and the cell defor-
mation should be accelerated with increase in temperature.

From these results, the effects of creep deformation, that
is, fluidity are included in the tensile deformation process
of wood, and the fluidity has different characteristics
dependent upon the tissue structure and the load direction.

The relationship between the rheological properties
of wood and failure strains

To examine the effects of changes in rheological properties
of wood on failure strains, the relationship between relative
values of the E compliance and those of failure strains is
shown in Fig. 8. The elastic modulus measured at the same
loading rate was used as the index of the degree of soft-
ening with increase in temperature. Except of the temper-
ature range in which failure strains decreased, linear
relationship was found between the relative value of the
E compliance and that of failure strains. The relationship
between the relative failure strains and the relative
E compliance was also clearly shown in the specimens with
the inclination of 0° which the increase ratio of failure
strain was particularly large. The reasons of these results
were considered as follows:

Deformation mode of the specimen with the inclination
of 0° is hardly affected by the ray tissues which disturb the
deformation. Therefore, increase in failure strains was
affected primarily by the softening, thus relationship was
observed clearly between the relative failure strain and the
relative E compliance. From the results described above,
effects of softening of wood is important for increasing
failure strains up to the temperature range in which the
fracture mechanism changes. Moreover, effect of softening
on failure strains was most clearly found in annual ring
inclination of 0° which the ray tissues and deformation of
cells did not affect the deformation of the specimens.

On the other hand, the effects of creep deformation of
specimens with each annual ring inclination on failure
strain were examined, because the creep deformation
caused in the loading process is also included in the amount
of deformation until the wood fracture. The relationship
between the relative values of J(30) and relative failure
strains is shown in Fig. 9. In the specimen with the annual

Relative failure strain

1 2 3 4 5 6
Relative elastic compliance

Fig. 8 Relative failure strain and relative elastic compliance are
those measured at 5 °C in each annual ring inclination
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Fig. 9 Relative failure strain and relative creep compliance are those
measured at 5 °C in each annual ring inclination

ring inclination of 0° and 45°, roughly linear relationship
was found between the increase ratios of J(30) and failure
strains up to the temperature range where failure strains
decreased. However, that relationship was not clearer than
that of the elastic compliance, and the relationship was not
found in the specimen with the inclination of 90°. In other
words, the creep deformation occurred before fracture did
not significantly affect the increase in failure strain.

Conclusions

For the purpose of elucidating the effect of rheological
property of wood on lateral tensile fracture, failure strain,
elastic modulus, and creep at various temperature condi-
tions were measured. And, relationship between the degree
of softening or fluidity and lateral tensile failure strain was
examined. To discuss the fracture mechanism from the
results of the failure strains, fracture surfaces were
observed and appearance ratio of breaking was calculated.
The results obtained are as follows:

1. The range between 80 and 95 °C is the temperature
range where the weak parts as the starting point of
fracture are changed, and where the fractures tend to
occur because weak parts are increased in the
specimens.

2. The effects of softening of wood are important for
increasing failure strains up to the temperature range in
which the fracture mechanism changes. Moreover,
effect of softening on failure strains was most clearly
found in annual ring inclination of 0° which the ray
tissues and deformation of cells did not affect the
deformation of the specimens.

3. Creep deformation, that is, fluidity was included in the
wood deformation process, and the fluidity had differ-
ent characteristics dependent on the anatomical

@ Springer

characteristics. It also became clear that the creep
deformation measured in the load range of this study
did not affect the increase in failure strain significantly.
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