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Abstract
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Effect of temperature on thermal softening of black sweet-bamboo culms

(Dendrocalamus asper Backer) in linseed oil
Songklanakarin J. Sci. Technol., 2004, 26(6) : 855-866

The aim of this research is to study the effect of temperature on thermal softening behavior of black
sweet-bamboo culms in linseed oil. Pressing test rig with a length scale and a pointer indicating specimen
height was constructed. This apparatus was used to apply a compressive force to bamboo specimen immersed
in hot linseed oil in a boiler. Half circular cross-section specimens with thickness of 3 mm and length of 150
mm were dipped into water at room temperature to attain water saturated condition prior to immersing into
linseed oil at various temperatures under the load of 20 N. Specimen height, used to calculate the degree of
flatness, was measured as a function of time. The values of the final degree of flatness and the rate of degree
of flatness were used for the analysis of thermal softening behavior of bamboo in linseed oil. It was found
that thermal softening behavior of bamboo culms in linseed oil was divided into two temperature regimes
with the glass transition temperature at 115°C. At low temperature regime, deformation occurred slowly
and showed only a single stage of deformation, corresponding to deformation in the glassy state. At high
temperature regime, specimens deformed slowly in the first stage followed by a rapid deformation in the

'M.Sc. Student in Physics, *Ph.D.(Materials Science and Metallurgy), Physics Division, Institute of Science
and Wood Science and Engineering Research Unit, 3Ph.D.(Forestry&Forest Products), Asst. Prof., Institute
of Engineering and Resource and Wood Science and Engineering Research Unit, Walailak University, Tha
Sala District, Nakhon Si Thammarat 80160, Thailand.

Corresponding e-mail: mnirundo@wu.ac.th

Received, 2 February 2004  Accepted 23 March 2004



Songklanakarin J. Sci. Technol.
Vol. 26 No. 6 Nov.-Dec. 2004

856

second stage, corresponding to deformations in the glassy and rubbery states, respectively. Effect of tem-
perature on the rate of softening was well described by means of the Arrhenius equation with the activation
energy ranging from 18 kJ/mole to 32 kJ/mole.
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While a demand for good quality timber
has been increasing, government regulations and
environmental restrictions to preserve the world’s
existing forests have mounted pressures on logging
in many developing countries, especially in
Thailand, where commercial logging in the forests
has been prohibited since 1989 (Royal Forest
Department of Thailand, 2000). These factors are
major driving forces in searching for alternative
wood materials to supplement domestic uses of
timbers in the near future. Bamboo has potential
to be a timber substitute material. Bamboo grows
very fast to its mature size in less than one year
with an average maturity of 3-8 years (Dransfield

and Widjaja, 1995, Suzuki and Itoh, 2001). It is
also easy to plant and cultivate at low cost. The
bamboo culm which is cylindrical and hollow is
divided at intervals by nodes. The culm is com-
prised of exodermis (bark which is heavily over-
laid with a waxy covering called cutin to prevent
loss of water from the culms), parenchyma cells,
vascular bundles and endodermis (inner surface
layer). The vascular bundle is made up of vessels
(transporting water), sieve tubes (transporting
nutrition) and thick-walled fibers (Grosser and
Liese, 1971). The strength of bamboo, especially
in the longitudinal direction, mainly arises from
the thick-walled fibers which have comparable
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mechanical strength with steel (Amada et al.,
1996). The value of fracture toughness of bamboo
is also higher than that of Al-alloy (Amada and
Untao, 2001). Biological structure of bamboo on
microscopic scale (e.g. microstructure of fibers)
and macroscopic scale (e.g. distribution of vascular
bundles from the inner surface to the outer surface
of the culm) was considered to be a good and
smart model of the advanced composite materials
(Amada et al., 1996). Recently, microstructure of
bamboo fibers was used as guidance from nature
to improve performance of engineering composite
materials in the field of biomimetics (Li et al.,
1995a).

For the past few years, research on efficient
utilization of bamboo of low-cost resources into
high value-added products has increased tre-
mendously. These projects include development of
structural materials (e.g. structural boards, trusses
and concrete reinforcement) and development
of reinforcement of composite materials (e.g.
plybamboo, bamboo-epoxy composites, bamboo-
fiber reinforced polymer, and reformed bamboo/
aluminium composites) (Ghavami, 1995; Li et al.,
1994; Li et al., 1995b; Ismail et al., 2002 and
Chen et al., 1998). However, the manufacturing
techniques of these products can be very com-
plicated and time consuming because of the tubular
shape with transverse diaphragms of bamboo
culms. To maximize the utilization of bamboo and
to overcome constraint due to the shape, the pro-
cess of softening the bamboo culms is quite
essential. Various techniques of softening bamboo
culms have been reported by many researchers e.g.
in China Guisheng (1987) dipped pieces of bamboo
strips (Phyllostachys pubesens) into boiling water
for several hours followed by paraffin at the
temperature of 130°C for ten minutes. Li and co-
workers (1994) heated bamboo strips (Bambusa
pervaribilis) in a container to adjust the moisture
content to a certain value and then compressed
them into plates. For bamboo species grown in
Thailand, Kyokong and coworkers (2000) have
successfully softened black sweet-bamboo culms
(Dendrocalamus asper Backer) by immersion of
bamboo strips in boiling water for 18 hours

followed by dipping into boiling linseed oil for 45
seconds. Linseed oil is natural oil that has been
long used as wood surface coating. Recently,
impregnation of linseed oil into wood to prolong
the service life has been achieved (Olsson, 1999).
The main objective of this research was to study
the effect of temperature of linseed oil on thermal
softening of black sweet-bamboo culms. Particular
attention was given to determining the glass
transition temperature, Tg of bamboo in linseed
oil. This information can be used in the design of
bamboo softening process in the manufacture of
bamboo structural composite products.

Background

Wood is a polymeric material consisting of
crystalline and amorphous constituents (Haygreen
and Bowyer, 1989). Amorphous wood constituents,
such as hemicellulose and lignin, exhibit a visco-
elastic behaviour influenced by temperature and
moisture content (Glasser et al., 1998). At low
temperature, amorphous wood constituents are in
the “glassy state” exhibiting high strength and
modulus. As temperature increases, values of
strength and modulus drop very sharply within
small temperature range called the glass transition
temperature, Tg. Amorphous wood constituents
attain another softer state called a “rubbery state”.
Glass transition temperature in wood, ranging
from 60°C to 235°C, depends on moisture content,
wood chemical composition and method of testing
(Lenth, 1999). Lower moisture content trends to
increase the glass transition temperature. Upon
further increasing temperature, amorphous wood
constituents become viscous fluid. However, this
state is not reached in wood because of total
thermal degradation of amorphous wood cons-
tituents at high temperature (Wolcott et al., 1990).

Materials and Methods

Half circular cross-section bamboo speci-
mens with thickness of 3 mm and length of 150
mm were prepared from approximately 3-4 years
old black sweet-bamboo culms (Dendrocalamus
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asper Backer), taken from Thasala district, Nakhon
Si Thammarat province (Figure la). After remov-
ing the outer and the inner surfaces, specimens
were touch sanded with SiC papers to ensure that
the surface finish was in good condition (Figure
1b). Twenty-four specimens were prepared and
allocated randomly among the six temperature
treatments of linseed oil (80°C, 100°C, 115°C,
130°C, 150°C and 180°C). Prior to testing, all

specimens were dipped into water at room tem-
perature of 29°C to adjust the moisture content
to water saturated condition. Average moisture
content of specimens at water saturated condition
was 46£8%. To study thermal softening of bamboo
culm in linseed oil, a novel and simple technique
was developed. The apparatus shown in Figure 2
was constructed and arranged. A pressing test
rig with a length scale and a pointer indicating

(b)

Figure 1. Photographs showing (a) black sweet bamboo culms and (b) half circular cross-
section bamboo specimens used in this study.
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Figure 2. (a) Schematic diagram showing pressing test rig and photographs showing (b) pressing test
rig immersed in linseed oil, heated to specified temperature in a boiler and (c) digital video
camera used to record specimen height and time during testing.

specimen height was used to apply a compressive  the temperature of the linseed oil. The cooking vat
force to bamboo specimen (Figure 2a). The pressing ~ was capable of heating linseed oil up to 190°C with
test rig was immersed into hot linseed oil, heated an accuracy of £2°C (increased up to +5°C during
to the required temperatures in a cooking vat testing). A force of 20 N was applied to the
(Figure 2b). A thermocouple was used to measure  bamboo specimen immediately after immersing
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the specimen into linseed oil (Figure 2b). This
force generated a compressive stress at the outer
surface and a tensile stress at the inner surface.
These stresses caused the specimen to deform into
a flatter shape (Figure 3). From our preliminary
work, it was found that the applied force of 20 N
was sufficient to deform a half circular bamboo
specimen with the thickness of 3 mm into a plate
at linseed oil temperature of 180°C without any
cracks developing within the specimen. A digital
video camera was used to record specimen height
during testing (Figure 2c). Specimen height at any
given time, d, was then later extracted from the
video files. The degree of flatness, @, was calcu-
lated from specimen height using the equation @ =

(r,-d)/(r,-h) where r, is the initial height and £ is
the specimen thickness (Figure 3). It should be
noted that at the initial condition where d =r, ® =
0, and after testing if the specimen is completely
deformed into a plate where d = i then ®@ = 1. The
final value of degree of flatness, @, and the rate of
degree of flatness, K, were used for the analysis of
thermal softening behavior of bamboo in linseed

oil.
Results and Discussion
Figure 4 shows typical bamboo specimens

after testing at three different temperatures of
linseed oil. Specimen deformed very little with

Load

l

h A

d=r,

Load

d=(r-d)/(r,-h) /’_\ d
Y

Load

Figure 3. Schematic representation of the experimental method and the definition of the

degree of flatness, ®.
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(a)

T=80°C
O, = 6%

(b) T=115°C
D = 42%

(c) T =130°C
@p = 100%

Figure 4. Photographs showing half circular cross-section specimens after pressing with
constant load of 20N at various temperatures of linseed oil (a) 80°C, (b) 115°C and
(c) 130°C.

®_=6% at linseed oil temperature of 80°C (Figure  temperature of 130°C (Figure 4c). Although the
4a), while it completely deformed into a plate internal stress within the specimen was not constant
with ®_= 100% (without cracking) at linseed oil ~ during testing owing to specimen shape change,
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Figure 5. Deformation profiles, plots of degree of flatness against time, of bamboo specimens at
various temperatures of linseed oil (a) 80°C, (b) 100°C, (c) 115°C, (d) 130°C, (e) 150°C and (f)
180°C. State I and state II are referred to deformation in the glassy and rubbery state,

respectively. Vertical dot lines indicate time required for the transition from state I to state
I1.
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the final value of degree of flatness still reflected
a marked change in degree of softening of bamboo
specimens at two different temperature regimes.

Figure 5 shows the deformation profiles,
which are plots of degree of flatness against time,
of bamboo specimens at six temperature treatments
of linseed oil. At high temperature regime i.e.
130°C, 150°C and 180°C, deformation profiles are
clearly divided into two stages (Figures 5d, Se and
5f). Bamboo specimens deformed very slowly in
the first stage and then quickly deformed up to
almost ®_ = 100% in the second stage. The
transition from the first stage to the second stage
occurred at 150, 100 and 75 seconds for tempera-
tures of linseed oil at 130°C, 150°C and 180°C,
respectively. At low temperature regime i.e. 80°C
and 100°C, deformations occurred only in a single
stage which is similar to deformation in the first
stage at high temperature regime (Figures 5a and
5b). At this low temperature regime, the final value
of degree of flatness and the rate of deformation
were much less than those at high temperature
regime. The behavior was more complex at a
temperature of linseed oil of 115°C (Figure 5c¢).
Some specimens deformed in a similar way to
deformation at a high temperature regime while
other specimens deformed like ones at a low
temperature regime.

After dipping a specimen into hot linseed
oil, the temperature of the specimen gradually
increased from room temperature to reach the
temperature of linseed oil. At low temperature of
linseed oil i.e. 80°C and 100°C, amorphous wood
constituents are in the glassy state so deformation
profiles show only a single stage of deformation
(state I in Figures 5a and 5b). At this condition,
specimens had high strength and modulus so they
were difficult to deform. At high temperature of
linseed oil ie. 130°C, 150°C and 180°C, the
specimen temperature was initially lower than the
glass transition temperature. Because amorphous
wood constituents were in the glassy state, de-
formation in the first stage was slow (state I in
Figures 5d, Se and 5f). When specimen tempera-
ture reached the glass transition temperature, wood
materials became very much softer and much easier

to deform. Within this second stage, corresponding
to the rubbery state, specimens quickly deformed
at a much higher rate to attain the higher value of
degree of flatness (state II in Figures 5d, 5e and
5f). Time required for the transition from the first
to the second stages was also found to decrease
with increasing temperature. This is because higher
temperature of linseed oil raised the specimen
temperature to reach the glass transition tempera-
ture more quickly than lower temperature of linseed
oil. A large variation in deformation behavior at
115°C reflects a small temperature range of the
glass transition temperature and also the effect of
initial moisture content on the glass transition
temperature. After dipping specimens into hot
linseed oil and as specimen temperature increased,
moisture within the specimens continuously
diffused out of the wood materials. Moisture content
of specimens gradually decreased with time. This
increased the glass transition temperature to a
higher temperature (Glasser et al., 1998). As a
result, a large variation of deformation behavior
especially at the temperature close to the glass
transition temperature (Figure 5c) could be
observed.

Final degree of flatness plotted against
temperature of linseed oil is shown in Figure 6a.
Specimen behavior is clearly separated into two
temperature regimes with the softening tempera-
ture at 115°C. Softening temperature of bamboo in
linseed oil obtained in this work is within a range
of glass transition temperature reported elsewhere
for various species of wood, ranging from 60°C
to 235°C (Lenth, 1999). At the low temperature
regime, all values of final degree of flatness, @,
are less than 50%. The values of ®_ increase
slightly as temperature increases. At high tempera-
ture regime, all values of final degree of flatness,
@, are close to 100%. Effect of temperature on the
rate of degree of flatness, K, was described well
using the Arrhenius equation which takes the form

-0
K= Koe(ﬁ)’ where K| is the frequency factor, Q is

the activation energy of the process, T is absolute
temperature and R is the universal gas constant.
This equation has been successfully applied to
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Figure 6. Plots of (a) final degree of flatness, @, against temperature of linseed oil and (b)
reciprocal absolute temperature of linseed oil against log rate of degree of flatness
of deformations in state I and state II.

describe softening behavior of potato cell wall
structure (Alvarez and Canet, 2001). Rate of degree
of flatness plotted against the reciprocal of absolute
temperature is shown in Figure 6b. Values of K
and Q derived from curve fitting are also shown in
Figure 6b. Rate of degree of flatness in state I at
low temperature and high temperature regimes
almost falls onto the same curve which implies
that deformation in state I at low temperature and
high temperature regimes undergo the same tem-
perature dependent process. Small increment of
rate of degree of flatness of state I deformation at

high temperature regime might be a result of
the presence of temperature gradient within the
specimen during the process of heating bamboo
the specimen in linseed oil. The outer shell of the
specimen might reach the glass transition tem-
perature, and therefore be in the rubbery state, while
the inner core of the specimen (lower temperature)
is still in the glassy state. This makes an overall
observed deformation in state I at the high tem-
perature regime slightly higher than that at the low
temperature regime, where only deformation in
the glassy state occurs. At high temperature regime,
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rate of degree of flatness of state II is about one
order of magnitude higher than that of state I. This
indicates that bamboo specimen in the rubbery
state is about 10 times easier to deform than that
in the glassy state. Values of Q obtained, ranging
from 18 kJ/mole to 32 kJ/mole for bamboo
specimens at water saturated condition (moisture
content 46£8%), are in similar trend with data
reported elsewhere. Lenth (1999) reported the
activation energy for thermal softening of southern
pine at moisture content 0%, 5%, 12% and 20% to
be 109 kJ/mole, 88 kJ/mole, 84 kJ/mole and 63
kJ/mole, respectively. Further investigation should
be made on the effect of moisture content on the
glass transition temperature and deformation
behavior of bamboo culms, the movement of
moisture out of bamboo specimens after dipping
specimens into linseed oil and the thermal heat
transfer between linseed oil and bamboo specimens.

Conclusions

The following conclusions can be drawn
from this work:

1. The simple technique developed in this
work was successfully employed to study the
thermal softening of bamboo culms in linseed oil.

2. The proposed parameter, the degree of
flatness, was proved to be capable of describing
the deformation behavior of bamboo culms in
linseed oil under loading condition.

3. Thermal softening behavior of bamboo
culms in linseed oil was divided into two tempera-
ture regimes with the glass transition temperature
at 115°C.

4. At the low temperature regime, deform-
ation occurred slowly and showed only a single
stage of deformation corresponding to deformation
in the glassy state.

5. At the high temperature regime, speci-
mens deformed slowly in the first stage and then
rapidly deformed in the second stage when
specimen temperature reached the glass transition
temperature, corresponding to deformations in the
glassy and rubbery states, respectively.

6. Effect of temperature on the rate of
softening was well described by means of the
Arrhenius equation with the activation energy
ranging from 18 kJ/mole to 32 kJ/mole.

Acknowledgements

The authors gratefully acknowledge financial
support by the Thailand Research Fund (TRF)
Grant RDG5/0029/2544 as well as the Walailak
University Research Unit Fund.

References

Alvarez, M.D. and Canet W. 2001 Kinetics of Thermal
Softening of Potato Tissue Heated by Different
Methods, Eur Food Res Technol 212: 454-464.

Amada, S., Munekata, T, Nagase, Y., Ichikawa, Y.,
Kirigai, A and Zhifei, Y. 1996. The Mechanical
Structures of Bamboos in Viewpoint of Func-
tionally Gradient and Composite Materials,
J of Composite Materials, 30(7): 800-819.

Amada, S. and Untao, U. 2001. Fracture Properties of
Bamboo, Composites Part B, 32: 451-459.

Chen, X., Guo, Q. and Mi, Y. 1998. Bamboo Fiber-
Reinforced Polypropylene Composites: A Study
of the Mechanical Properties, J of Appl Poly Sci,
69: 1891-1899.

Dransfield, S. and Widjaja, E.A. 1995. Plant Resources
of South-East Asia 7: Bamboos, Backhuys
Publishers, Netherlands.

Ghavami, K. 1995. Ultimate Load Behaviour of
Bamboo-Reinforced Lightweight Concrete
Beams, Cement & Concrete Composites 17: 281-
288.

Glasser, W.G., Rials, T.G., Kelley, S.S. and Dave, V.
1998. Studies of the Molecular Interaction
Between Cellulose and Lignin as a Model for
the Hierarchical Structure of Wood, Cellulose
Derivatives Modification, Characterization, and
Nanostructures, Editor Heinze, T.J. and Glasser,
W.G, American Chemical Society, Washington:
265-282.

Grosser, D. and Liese, W. 1971. On the Anatomy of
Asian Bamboos, with Special Reference to their
Vascular Bundles, Wood Sci and Tech, Vol. 5:
290-312.



Songklanakarin J. Sci. Technol.
Vol. 26 No. 6 Nov.-Dec. 2004

Effect of Temperature on thermal softening in linseed oil
866

Cherdchim, B., et al.

Guisheng, C. 1987. Bamboo Production and Utilization,
pp. 16-24, Nanjing Forestry University, China.

Haygreen, J.G. and Bowyer, J.L. 1989. Forest Products
and Wood Science, lowa State University Press,
USA.

Ismail, H., Edyham, M.R. and Wirjosentono, B. 2002.
Bamboo Fiber Filled Natural Rubber Com-
posites: The Effects of Filler Loading and
Bonding Agent, Polymer Testing 21: 139-144.

Kyokong, B., Parkkeeree, T. and Nuntakusol, A. 2000.
Development of a process for Flattening Sweet-
bambo Culms (Dendrocalamus asper Backer)
without Cracking, Walailak University J, 1(1):
69-84.

Lenth, C.A. 1999. Wood Material Behavior in Severe
Environments, PhD thesis Virginia Polytechnic
Institute and State University, USA.

Li, S.H., Fu, S.Y., Zhou, B.L., Zeng, Q.Y. and Bao,
X.R. 1994. Reformed bamboo and reformed
bamboo/aluminium composite, J of Materials
Sci, 29: 5990-5996.

Li, S.H., Zeng, Q.Y., Xiao, Y.L., Fu, S.Y. and Zhou, B.L.
1995a. Biomimicry of Bamboo Bast Fiber with
Engineering Composite Materials, Materials
Sci and Engi: C3, 125-130.

Li, S.H., Zhou, B.L., Tang, T., and Zeng, Q.Y. 1995b.
Reformed Bamboo and Reformed Bamboo/
aluminium Composite Part IT Impact Properties
J of Materials Sci Letter, 15: 129-131.

Olsson, T. 1999. Physical and morphological aspects of
linseed oil impregnated pine, Licentiate Thesis,
Department of Wood Materials Technology,
University of Lulae, Sweden.

Royal Forest Department of Thailand 2000. Forestry
Statistic of Thailand, Royal Forest Department
of Thailand.

Suzuki, S. and Itoh, T. 2001. The Changes in Cell Wall
Architecture during Lignification of Bamboo,
Phyllostachys aurea Carr. Trees, 15: 137-14.

Wolcott, M.P., Kamke, F.A. and Dillard, D.A. 1990.
Fundamentals of flake board manufacture:
Viscoelastic behavior of the wood component,
Wood and Fiber Sci, 26(4): 345-361.



