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ABSTRACT

Wood is one of the most important renewable materials with excellent physical
and mechanical properties. However, its dimensional instability due the
hygroscopic behavior is one of the shortcomings of wood and wood products. To
enhance such disadvantage of wood many studies have been carried out using
different modification processes and among them heat treatment is the oldest,
the least expensive, and the most eco-friendly modification method. In this
chapter the effects of heat-treatment on the properties of solid wood and veneers
from different wood species are evaluated. It is expected that the heat treatment
can add potential value on wood material to be used more effectively in further
manufacturing steps.

Keywords: Colour changes; hardness; heat-treatment; roughness; solid wood;
spectroscopy; veneer.

1. INTRODUCTION

Wood is one of the most important renewable materials with excellent physical
and mechanical properties. However dimensional instability due its hygroscopic
behavior is one of the shortcomings of wood and wood products. To enhance
such disadvantage of wood many studies have been carried out using different
modification processes [1-3]. Wood modification refers to a process that are
meant to improve the properties of wood material producing a new material that
will not damage more the environment at its life cycle end when compared to
unmodified wood [3].

1.1 Considerations on Heat Treatment of Wood

Heat treatment is the oldest, the least expensive and most eco-friendly
modification methods that has been popularly used along decades [4,5]. The
interest in heat treatment processes has been renewed because the production
of durable timber declines under a high demand for sustainable building
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materials, the tropical forests suffer from deforestration and the governments
impose restrictions to reduce the use of toxic chemicals. There are in use
worldwide five different commercial heat treatments (Table 1): one in Finland
(Thermowood), one in Holland (Plato Wood), one in Germany (OHT-Oil Heat
Treatment), and two in France (Bois Perdure and Retification). Two new heat
treatment processes are also emerging in other countries, such as WTT in
Denmark and Huber Holz in Austria [6,7].

Table 1. Commercial heat treatment processes in Europe

No. Heat Short description
treatment
process
1 Thermowood Phase 1: by means of heat and steam, the kiln temperature is

raised rapidly to a level of around 100°C;
Phase 2: the temperature inside the kiln is increased to a
level between 185°C and 230°C and maintained at that level
for 2-3 hours;
Phase 3: the final stage where temperature decreases to 80—
90°C using water spray and remoisturizing and conditioning
takes place to bring the wood moisture content to a useable
content over 4% [2].
2 Plato Wood Comprises a two-stage hydrothermal process performed in a
stainless-steel reactor at relatively mild conditions with an
intermediate drying stage in a conventional kiln. The process
leaves high cellulose content in wood which is crucial to
optimize final mechanical properties [7,8].
3 OHT-Oil Heat The process involves heating of wood in vegetable oil
Treatment (sunflower, rape seed oil, or linseed oil). In a closed process
vessel, wood is immersed in hot oil and heated at
temperatures between 180 and 220°C to ensure good
durability at acceptable strength reduction [9].

Bois Perdure The retification process is mild pyrolysis of wood under a

Retification nitrogen atmosphere, industrialised in France (Retiwood) The
second French process is named Le Bois Perdure (the
Perdure process). This process is relatively close to the
retification process, and the properties of modified wood
processed with both methods are similar. The wood is heated
to 230°C in a steam atmosphere, the steam being generated
from the water from the green wood [8].

[S20 >N

A typical heat treatment is applied at temperature levels and exposure times
ranging from 120 to 250°C and from 15 min to 24 hours, respectively, depending
on the process, species, sample size, moisture content and the desired target
utilization. Physical and chemical properties of wood under heat treatment
change at temperature near 150°C and it continues with increasing temperature
[10,11].

1.2 Outline on Changes in Wood after Heat Treatment

Heat treatment is applied to wood to obtain enhanced properties, such as
improved dimensional stability [12-14], increased durability, resistance to fungi
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and natural weathering [15,16], smooth surfaces [17,18], and also a decorative
specific dark colour [19,20]. But besides the advantages it has, heat treated
wood presents reduced mechanical properties [21,22]. Heat treated wood is
used for a large variety of indoor and outdoor applications, namely: parquet, wall
and ceiling panels, saunas, kitchens, decorations and utensils, fences, joinery,
claddings, windows, doors, while for structural applications it is not
recommended. Table 2 summarizes the changes in wood after heat treatment.

Table 2. The changes in wood after heat treatment

No. Property Description

Heat treatment changes the chemical composition of wood,
leading to mass loss that are quite high at higher
temperatures.

2 Chemical and physical properties of wood start to change
during heat exposure at temperature of about 150°C [6].
The decomposition of the main chemical compounds in
wood occurs with high intensity at: 180°C for
hemicelluloses, 270°C for lignin and 340°C for cellulose
[23]. Organic polymers and extractives found in wood may
deteriorate when exposed to elevated temperatures [24].
Hemicelluloses are the most affected compounds. Cellulose
is more resistant to heat, which is attributable mainly to the
crystalline fraction. Cellulose crystallinity increases due to
degradation of amorphous cellulose. In lignin
polycondensation reactions with other cell wall components,
resulting in further crosslinking, contribute to an apparent
increase in lignin content. Extractives are degraded or leave
the wood at the same time that new extractable compounds
emerge from wood degradation [6].

3 The reasons for the decrease of the equilibrium moisture
are as follows: There is less water absorbed by the cell
walls as a result of chemical change with a decrease of
hydroxyl groups; there is enhanced inaccessibility of
cellulose hydroxyl groups to water molecules due to the
increase of cellulose crystallinity; and cross-linking occurs
in lignin [6].

The effects depend on the wood species and on the
process conditions used. Tangential and radial cracks,
deformation on libriform fibres and collapse of vessels have
been reported [6].

5 Dimensional stability increases due to cross-linking in lignin,
due to the destruction of several hydroxyl groups, and due
to decreased affinity with water in the case of treated wood.
The reason for the improvement cannot be due to the cross
linkages because treated wood shrinks in organic solvents
such as pyridine or DMSO, as has been reported [6].

Mass
loss

Chemical transformation

EMC

Anatomy

Dimensional
stability
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Property Description

Durability and weathering

Wood durability is improved, increasing the resistance to
rot, except in contact with soil, and slightly to weathering
and insects, but it has little effect on termite resistance.
Several reasons for the improvement of rot resistance have
been reported: the transformation of hemicelluloses, which
change from hydrophilic and easily digestible to
hydrophobic molecules, and the fungal enzymatic systems
do not recognize the substratum, the lower fiber saturation
point which, by itself, leads to a better resistance against
biological degradation, and there are changes in the
external conditions affecting the microenvironment that
affect the decay mechanism of heat treated wood. It is also
mentioned that there might be an estherification of cellulose
due to the acetic acid released by the degradation of
hemicelluloses [6].

Heat treated wood has better UV resistance than untreated
wood, phenolic compounds are resistant to light aging. The
heat treatment may not adequately protect the surface
appearance and color stability in long-term outdoor
conditions [25,26].

Mechanical properties

Mechanical properties are degraded. Brittleness of wood
increases with the deterioration of fracture properties due to
the loss of amorphous polysaccharides. The degradation of
hemicelluloses has been identified as the major factor for
the loss of mechanical strength, but also the crystallization
of amorphous cellulose might play an important role.
Polycondensation reactions of lignin, resulting in cross-
linking, have been mentioned as having a positive impact
mainly on longitudinal direction [6].

Colour

The wood colour changes due to heat are caused by
thermal degradation of hemicelluloses and lignin. There are
some differences between authors as regard to the
temperature causing hydrolysis and oxidation of wood
components. Such chemical changes may appear even at
low temperature of about 65°C, depending on pH, moisture
content, heating medium, exposure period and wood
species [27]. Previous studies performed on solid wood
have investigated the changes in wood colour that
appeared during heat treatment and imply alteration of
wood components [28-30]. The colour that wood gets after
heat treatment was suggested to be an indicator of the
degree of its modification and also a direct indication of
chemical changes [31,32].

Surface

quality

After heat treatment the surface roughness of the wood
decreases. It was reported that the surface quality of wood
species slightly improved with increasing both the
temperature and time span of heat exposure [18].
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No. Property Description

10 The brittleness increases after heat treatment; it has a
significant impact on its processing performace, local splits
may appear [33]. The finishing properties decrease
because the resin and other extracts come out and solidify
on the wood surface. The bonding strength of wood and
adhesive will be reduced [26,34]. The pH value of wood will
change affecting the finishing performance of treated wood.
An increase in acidity of wood surface can influence the
wood wettability and the adhesion of water-borne coatings
on treated wood [26].

Processing and finishing

This chapter presents the effects of heat-treatment on the properties of solid
wood and veneers from different wood species native in Romania, USA and
Japan.

2. EFFECTS OF HEAT-TREATMENT ON SOLID WOOD
PROPERTIES OF VARIOUS WOOQOD SPECIES

There is a constantly growing market for thermally modified timber, which
challenges the industry to introduce faster and reliable methods for the quality
control of their products. Although most of the properties of black alder wood, red
oak, Southern pine and yellow poplar have been studies there is little information
about the influence of heat treatment on some properties such as surface
roughness, hardness and wood micro-structure of these species. Therefore, the
objective of this chapter section is to evaluate these properties as function of
heat treatment applied to these four wood species. It is expected that the heat
treatment can add potential value on wood material to be used more effectively in
further manufacturing steps.

2.1 Preparation of the Wood Samples

Four wood species, namely black alder (Alnus glutionsa L.), red oak (Quercus
falcate Michx.), Southern pine (Pinus taeda L.) and yellow poplar (Liriodendron
tulipifera) were used in this study. Defect free black alder samples were cut from
commercially manufactured flat sawn timber supplied by a sawmill company in
Romania while the other three wood species were supplied by a local sawmill in
Oklahoma. Samples made of black alder had the dimensions of 70 mm by 70
mm by 16 mm while the others were of 55 mm by 38 mm by 19 mm. A total of 25
defect free samples were cut from each wood species. All specimens were
sanded with 220 grit size sandpaper by applying several light strokes before they
were heat treated. The moisture content of all samples prior to heat treatment
was 8%. Five groups each of five specimens were tested for the experiments.
One group of non-treated samples was kept as control samples while the others
were exposed to heat treatment of two temperatures, 120°C and 190°C for 3 and
6 hours in a laboratory oven.
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2.2 Changes in Surface Roughness of the Wood Samples

The increase in surface roughness of wood is important for many applications. It
is fact that surface roughness of wood can be affected by various factors such as
annual ring width, differences between juvenile and mature wood, density,
variation between early and late wood and specific cell structures. Surface
roughness was measured before and after the heat treatment. According to ISO
4287 [35] two well accepted roughness parameters, namely average roughness
(Ra) and mean peak to-valley-height (R;) calculated from digital information from
the surface of each sample were used to evaluate the surface quality of the
samples [18,36]. A portable profilometer device of Hommel T-500 type equipped
with a TK-300 skid diamond stylus with a 5-micron radius and 90° of tip angle
was employed for roughness measurements [18,37]. Six measurements were
taken at a constant speed of 1 mm/s over a 15 mm tracing length across the
grain of the samples from four species (Fig. 1). The typical roughness profiles of
the samples are illustrated in Fig. 2.

Among the four wood species tested in this work red oak presents the most
porous anatomical structure having the roughest surface with an average Ra
value of 9.4 pm. Exposing oak samples to a temperature of 190°C for 6 h
resulted in 7.46% improvement in their R, values when compared to that
obtained for 3 h span time exposure at the same temperature level. A difference
of 10% for R, values was also recorded for same species exposed to a
temperature of 120°C for 3 h span time when compared to non-treated samples.
Priadi and Hiziroglu found 4.4% improvement of R, values in the case of oak
exposed to a temperature of 130°C for 2 h while mahogany had 4.3% reduction
with extending exposure from 2 h to 8 h [38]. This observation is in good
agreement with our study results. However, all four types of species kept in the
oven at 190° for 6 h presented smoother surface quality. According to other
scientists, the average mean peak-to-valley height, R, is more convenient to
characterize the wood surface roughness [39]. When compared to non-treated
samples, the heat treatment applied at 190°C for 3 h in the case of red oak
samples produced 6.1% reduction of R, roughness values, while for black alder
samples the highest difference of about 2.6% was noticed after 3 h of heat
treatment at the temperature level of 120°C [18].

Fig. 1. Roughness profilometer Hommel T-500 [18]
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It was noticed that increased temperature from 120°C to 190°C for both exposure
times showed significant differences from the surface quality of non-treated
samples at 95% confidence level as shown in Figs. 3 and 4. It appears that
surface quality of all species studied slightly improved with increasing both the
temperature and time span of heat exposure [18].
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Fig. 3. Average roughness (Ra) values of species as function of heat
treatment [18]

2.3 Changes in Hardness of the Wood Samples

Besides important advantages of heat-treated wood, an adverse influence of the
treatment on mechanical properties of wood is still inevitable [40-43]. It was
reported that all mechanical properties including modulus of elasticity (MOE),
modulus of rupture (MOR), Janka hardness and compression strength parallel to
grain of the specimens decreased with increasing temperature and exposure
time [10]. Red bud maple presented 50% reduction in the hardness values when
they are exposed at 180°C for 6 hours [10]. A Comten Universal Testing Machine
was used to measure the hardness by embedding a steel sphere of 11.2 mm
diameter into the sample perpendicular to the grain orientation (Fig. 5). Four
measurements recorded in kg were taken from each sample of each wood
species to evaluate the Janka hardness. The hardness was measured before
and after the treatment.
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Fig. 4. Average mean peak-to-valley height (R;) values of species as
function of heat treatment [18]

Fig. 5. Comten 95 Universal Testing Machine [18]
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The most significant reduction values in hardness due to heat treatment has
been determined for red oak followed by black alder. When exposed to a
temperature of 120°C for 3 h span time, samples of red oak recorded 18.7%
lower average hardness value than before the heat treatment. But the average
hardness value of same species exposed to a temperature of 190°C for 6 h was
41.7% lower than that recorded before the heat treatment. The magnitude of
reduction in hardness of the specimens was more prominent with increasing
exposure time to 6 h. In the case of black alder samples, a slow decreasing of
hardness values was determined with increasing temperature and exposure time.
The highest difference recorded for black alder in terms of hardness value when
compared to non-treated samples was of about 4.3% at a temperature level of
120°C applied for 6 h span time. The temperature of 190°C reduced 7.9%
hardness values of such samples with the increasing exposure time from 3 h to 6
h. Low significant differences were found between Southern pine and yellow
poplar specimens before and after the heat treatment in terms of their hardness
values, which could be related to their low density. Although red oak had the
highest hardness values before the heat treatment, reduction of such samples
was also higher than other wood species considered in this study [18]. Fig. 6
illustrates hardness values of the samples. Hardness results values found in this
work were similar to those determined in a previous study [44]. Priadi and
Hiziroglu found that oak samples had 42.7% reduction in their hardness values
with exposure of 200°C for 8 h while in the case of pine no significant hardness
reduction was found [38].
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Fig. 6. Average hardness values of species as function of heat treatment
(18]
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2.4 Changes in Wood Micro-Structure of the Wood Samples

Micro-structural properties of heat-treated wood using scanning electron
microscopy (SEM) were also studied in past works [45]. Boonstra pointed out
that heat treatment influenced the anatomical structure of wood depending on the
wood species and treatment schedule used [46]. It was found the cross section
of heat-treated samples of Eastern red cedar presented rather smoother surfaces
than that of control samples [36]. Huang et al. [45] determined that slight thinning
of middle lamella of the cell wall took place on birch samples as result of heat
treatment at temperature levels of 195°C and 215°C. Structural changes due to
heat treatment were not distinct, but a certain level of plasticization of the cell
wall occurred [38]. In this study the anatomical structure of samples was
investigated by using SEM. The untreated and heat-treated samples with
dimension of 3 mm x 3 mm x 3 mm were scraped with a blade. The samples
were put under vacuum and coated with a thin film of gold using an ion sputtering
device, before micrographs of the surfaces were taken. Fig. 7a and b show
typical SEM micrographs taken from the cross sections of control samples and
those exposed to a temperature of 190°C for 6 h of black alder and red oak
samples. It appears that high temperature caused certain amount of damage on
the cell walls of red oak and black alder as shown with arrows [18]. In the case of
red oak control samples cell walls were complete and once they are exposed to
heat treatment some distorted parts of red oak can be observed. Some damages
of the cell walls were also noticed for heat treated black alder. The results are in
accordance with that found in literature for oak samples and they are also
supported by having hardness characteristics of heat-treated samples [18,38].

Fig. 7. Micrographs taken from cross-section of the samples by SEM
(a-control samples, b- heat treated samples at 190°C, 6 h) [18]
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Fig. 8. Discoloration of control and heat-treated samples [18]

2.5 Changes in Colour of the Wood Samples

It is fact that during the heat treatment wood becomes darker in color due to the
considerable changes in its chemical composition, such as the degradation of
hemicelluloses, lignin and certain extractive compounds. Wood discoloration is
undesirable during drying but under heat treatment the darker color values are
more evident. This simple and environmentally friendly modification method
applied to wood does not cause any emission of hazardous volatile organic
compounds [47]. Fig. 8 illustrates the progress of discoloration appeared as a
result of heat treatment for all specimens. The higher the temperature of heat
treatment, the darker the colour of specimens became.

The specialty literature provides relevant data regarding the discolorations of

wood due to heat treatment. Japanese cedar wood was exposed to saturated
vapor at temperatures up to 150°C, for 6 to 72 hours to determine the color
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change and durability against brown rot fungus [48]. Red alder veneers were
exposed at 30 to 90°C for 8 to 72 hours to establish the optimal schedule that
can influence its color [49]. Johansson [50] predicted the mechanical strength
using the color response of birch, spruce and pine wood species after heat
treatment using ThermoWood. Discoloration of wild Pear wood was evaluated by
Gunduz et al. [41] as a result of thermal treatment at temperature levels of 160,
180, 200°C for 3, 5 and 7 hours. Tuong and Li [19] also established the effect of
heat treatment under nitrogen at temperatures over 210°C to 230°C for 2 to 6
hours on acacia hybrid wood color and its dimensional stability. The heat
treatment applied to beech sapwood and hardwood at temperatures of 170, 190,
200°C for 4 hours has reduced the properties and equalized the color of the
specimens [51]. Heat treated beech wood at 180°C and 200°C for 2, 3 and 4
hours generally undergoes a slight color change when exposed to visible light
[30]. The heat treatment of black alder at temperatures around 120 up to 200°C
for 2 to 10 hours delayed the rate of color change caused by weathering [52].

3. EFFECTS OF HEAT TREATMENT ON WOOD VENEERS OF
VARIOUS WOOD SPECIES

Little information addressed the veneers modification of various wood species by
heat treatment. Due to their small thickness, veneers need a shorter time of heat
exposure at high temperature ranging between 180-200°C during their thermo-
densification process [53,54]. Such process when applied to solid wood is a fairly
long process [54]. It was found that the densification process applied to veneers
for a shorter time affected their surfaces, particularly colour changes [54]. It
appeared that the convection heat treatment caused stronger discoloration on
veneer surfaces regardless the wood species when compared to press heat
treatment [53]. The dark colour of veneers can easily mask some blemishes and
other discolorations on the surface. Various processes, such as staining and
varnishing, which involve mainly chemicals, may be skipped when using heat
treatment as an eco-friendly alternative to obtain dark colour veneers for furniture
manufacturing. Heat treated veneers may be successfully used as overlaying
material for composites used in furniture manufacturing [55].

The objective of this chapter section is to evaluate the colour changes that
occurred on veneers of black alder, beech and hinoki cypress when subjected to
heat treatment by using the CIELab colorimetry technique and NIR spectroscopy.
Colour measurement and vibrational spectroscopy are non-destructive, rapid and
low-cost evaluation methods used to measure organic materials [56-60]. Black
alder is a less valuable wood resource but a fast-growing species, while beech
represents one of the most common wood species in Romanian wood industry.

Hinoki cypress is a representative tree species native to Central Japan. It is
considered one of the most elegant types of wood in Japan used since ancient
times for palaces, temples and shrines [61] (MAFF 2017). The best example is
Horyuji temple in Nara, from the latter half of the seventh century, the oldest
wooden structure in the world. When applied to such veneer species, heat
treatment could therefore enhance their use for value added products in furniture
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manufacturing as an alternative to expensive tropical species and to obtain
different levels of accelerated aging for wooden samples [62].

3.1 Preparation of the Veneer Samples

Defect free veneer samples cut from commercially manufactured wood veneers
of black alder (Alnus glutinosa L. Gaertn.), beech (Fagus sylvatica L.) and Hinoki
cypress wood (Chamaecyparis obtusa Endl.) were used. Samples had the
dimensions of 70 mm by 70mm by 0.5mm. A total of twenty samples were cut for
each species. Prior to heat treatment all samples were conditioned for one week
at 20°C and 60%RH. The moisture content of samples was 7.5%. Five groups,
each of four specimens, were prepared. Out of them, one group was kept as
reference while the others were subjected to heat treatment in a regular oven at
190°C with different time spans for 5, 10, 20 and 40 minutes, respectively [63].

3.2 Changes in Colour of the Veneer Samples

When wood is heated, its colour changes to yellow, brown, red or grey. Whatever
the species, heat treated wood darkening depends on treatment schedule. Based
on visual observations, the surface colour of heat-treated samples changed from
lighter to darker with increasing the exposure time, but with different rates. In this
study, a Chroma Meter Konika Minolta CR-400 device was used for colour
measurements (Fig. 9). For each sample three color measurements were made
in randomly selected zones, according to 1SO 7724-2 standard [64]. CIELab
System was used for colour evaluation [65]. L*, a* and b* colour coordinates
were determined both for control group and heat-treated veneers. Hereinafter,
the colour differences (AL*, Aa* and Ab*) and then the total colour change AE*
were calculated, according to the following relations:

AL =L — L (1)
Ad =ae — ai* @
Ab =b"e —bi* 3)
AE" =\((ar +(aa" +(ab"F) (4)

where: L* is the degree of lightness; a* — degree of redness and greenness; b* —
degree of yellowness and blueness, and the subscripts E and i indicate the
values for the exposed samples and control references, respectively.
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Fig. 9. Chroma Meter Konika Minolta CR 400 [63]
Surface colour changes under different heating durations for black alder and
beech veneers are shown in Fig. 10. The surface colour changes of veneers due

to heat treatment were investigated using the CIELab colour space. A decrease
in lightness L* with a similar trend for both species under study was noticed.

- -....

Control 190/5 190/10 190/20 190/40

Black
alder

Fig. 10. Visual appearance of alder and beech veneers as function of heat
treatment (T°C/min) [63]

In particular, lightness L* values monotonously decreased the first 10 minutes of
heat exposure at 190°C. Afterwards the overall colour became darker as the
heating time increased up to 40 minutes. The change in lightness was more
pronounced for black alder than for beech veneers. Such darkening but at a
slight rate was also reported for birch, alder and pine veneer specimens during
their thermo-densification process for 4 minutes at temperature of 200°C and
pressure ranging from 4 to 12 MPa, while almost no changes appeared for beech
samples at the same parameters [54]. Oak veneers subjected to oven heat
treatment at 200°C for 10, 20 and 30 minutes also showed a significant surface
darkness when compared to press treatment [53]. Moreover, the feasibility of
predicting some wood properties using lightness values, such as swelling,
equilibrium moisture content, decay resistance and modulus of rupture (MOR),
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was previously reported [16,51,57]. The process of discoloration is due to the
changes which take place in extractives, lignin and hemicelluloses. The behavior
is always accompanied by a reduction in lightness. Previous studies reported that
decrease in lightness was caused by a decrease in hemicellulose contents,
especially pentosan [27-29]. Extractives of each wood species make a specific
colour which is expressed by two chromatic parameters, namely a* and b*. It is
fact that the red component of wood is highly associated with the extractive
content in wood [66,67]. Fig. 11 shows that the colour coordinates, a* and b*,
respected almost the same pattern trend with the decrease in lightness for both
species. The redness coordinate a* increased gradually for each time span
during the heat treatment for both species here investigated.
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Fig. 11. Relation between a* and b* colour coordinates and L* in heat
treated veneers, plotted irrespective of exposure conditions [63]

It appeared that black alder veneers became redder than beech samples as the
duration of heating process increased to 20 minutes. At the end of treatment both
veneer species recorded almost same values of the red-green chromaticity
(a*=10.67 for black alder and a*=10.45 for beech). Bekhta et al. determined that
beech veneers showed a tendency to become redder while alder veneers
became greener during the densification process at 200°C [54]. On the other
hand, it is well-known that wood species of Alnus changes from a light-pinkish
colour to a red/orange colour on exposure to air, which is caused by Maillard
reactions between sugars and amino acids/proteins in wood [63]. Therefore, it
was suggested that thermal modification of colour in red alder involves certain
reactions which produce orange/red chromophoric groups in wood [63]. The
yellow colour component of wood is influenced particularly by the photochemistry
of lignin. Also, lignin derivates, such as quinone and stilbenes generate the
yellowing process [67]. Different variations of b* values for the two wood species
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under study were noticed. In case of black alder veneers, the direction of colour
modification for b* coordinate respected a decreased linear trend during the first
10 minutes of heat exposure, while for beech veneers an increase of yellow
coordinate was noticed for the first 5 minutes of exposure. Next 5 minutes of heat
exposure did not affect the yellow coordinate for beech veneers. The situation
changed after that and for both species an increase of yellow coordinate was
recorded at 20 minutes time span of exposure. At this point, the description of the
colour evolution may be explained as an orange darkening considering the
progress of colour chromaticity expressed by a* and b* coordinates. The same
decreasing trend of yellow coordinate was observed during last time span of heat
exposure for both veneer species. A similar evolution of the yellow colour
component for thermo-densified veneers was mentioned by Bekhta et al. [54].
Such increase and decrease in colour coordinates a* and b*, for different heat
treatment conditions, have been also reported for various wood species such as
spruce, pine, oak, poplar, birch, sugi, keyaki, acacia [16,19,28,30,53]. The partial
colour differences AL*, Aa* and Ab* and the total colour differences AE*
depended on the heat treatment conditions. For both investigated wood veneers,
the lightness difference AL* trend decreased with increasing the heating time.
The largest absolute value of lightness difference AL* was observed at the
longest heat exposure time of 40 minutes for black alder veneers (AL*= -13.76
for black alder and AL*=-10.40 for beech). Important chromatic differences for
redness variation were noticed in the case of beech veneers (Aa*=2.84) when
compared to black alder veneers (Aa*=2.25) for 40 minutes time span of heat
exposure. A strong (Pearson) correlation of Aa* with the lignin content was
mentioned for heat treated beech while the smallest correlation between colour
differences and chemical changes was found with cellulose [29]. The chromatic
differences of yellowness recorded at 20 minutes time span of heat exposure
presented for beech veneers the highest value among the two wood species
(Ab*=2.92). The largest changes in total colour differences AE* were observed at
the end of the treatment, at 40 minutes time span of heat exposure for both
veneer species. It was reported that the changes in L* and AE* of hinoki had
similar degree to those of cellulose during heat treatment at 180°C. Carbonyl
groups in the cellulose chains and the formation of low molecular substances
(furan type) were estimated as being responsible for the colour changes [32].
Moreover, total changes of colour in thermally modified wood originates from
chemical changes more in lignin than in polyssacharides, due to the darkening of
lignin itself, which is associated with the generation of chromophoric groups [29].
The 3D scatterplot of the colour coordinates recorded for hinoki veneers before
and after heat treatment and the partial and total colour changes are presented in
Fig. 12 and Fig. 13, respectively [68]. The lightness (L*) systematically and
gradually decreased with increasing of exposure time while the redness (a*) and
yellowness (b*) presented little variations. These results are in accordance with
the specialty literature [69,70]. Similarities with other wood species under heat
treatment were found [28,29,30,53,63].
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Fig. 12. 3D Scatterplot of the colour coordinates of hinoki veneers before
and after heat treatment (a) and the veneers appearance (b) [68]
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Fig. 13. Partial and total colour changes of hinoki veneers after heat
treatment [68]

3.3 NIR Spectra Analysis of the Veneer Samples

Apart of CIELab colour measurement which was shown to give significant
correlations with milled wood, NIR spectroscopy offers multiple advantages of
allowing predictions for wood properties, like moisture content, density and
stiffness [56]. NIR spectrum of the heat-treated wood gave information on the
process extent and also on the wood relevant properties and uses. Therefore,
NIR technique is a powerful tool used to determine chemical composition and to
detect physical, mechanical and anatomical properties of wood materials [60].

Near infrared (NIR) spectroscopy has been widely used for measuring various
properties of wood [60]. Most of absorption band assignments for wood appeared
in NIR region is summarized in the review [59]. Esteves and Pereira have
demonstrated that NIR could predict several parameters including CIELab
parameters and dimensional stability of heat-treated pine (Pinus pinaster) and
eucalypt (Eucalyptus globulus) wood [56]. Gonzalez and Hale mentioned that
physical properties of small specimens of heat-treated wood can be predicted
with CIELab color space measurement [57]. According to Sandak et al., cellulose
and lignin content of archeological oak wood were successfully predicted by NIR
spectra with aid of partial least squares regression (PLSR) analysis [58]. It was
found that such methods may be integrated in the production line in wood
industry and also for heat treated wood with a view to assess the wood quality.

In this study, the diffuse reflectance NIR spectra were achieved from the surface
of veneers by using a Fourier Transform Near Infrared (FT-NIR) spectrometer
MatrixF-Bruker Optics (Fig. 14). The measured NIR spectra ranged between
10,000-4,OOOcm'l with 3.85cm™ interval. The spectral resolution was set to 8cm’
! FT-NIR measurements were performed three times on each sample in
randomly selected zones in a climatic chamber. Each spectrum was achieved as
an average of 32 scans. Bands were assigned as indicated by Schwanninger et
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al. [59]. The second derivative was computed by gap-segment derivative
(segment=7, gap=3 point) in order to eliminate the baseline drift and separate the
overlap of absorption peaks. PLSR was then applied to build the predictive
models for L*a*b* values. Each variable was mean centered and the maximum
number of latent variable (LV) was set to five. Four third of data sets were
randomly selected as calibration set and remaining data were used for test set
validation. The optimum number of LV was determined where the minimum
standard error of validation (SEV) was obtained. Data were processed by Matlab
R2014a.

Fig. 14. Matrix-F Bruker Optics Spectrometer [63]

Heat treated black alder and beech veneers after different time spans of heat
exposure at 190°C have been compared to control specimens. Changes of
absorption bands were analysed in relation with the increase of heat exposure.
Chemical changes due to heat treatment occurred for both wood species under
study. Fig. 15 presents the FT-NIR second derivative spectra of black alder
veneers for various time spans of heat exposure. Hemicelluloses (band 1725nm)
were mostly affected by heat treatment as the heat exposure increased. It
represents the first overtone of C-H stretching vibrations and is related to the
degradation of hemicelluloses [71]. The effect of thermal exposure on hardwoods
is associated to their higher acetyl and hemicellulose content [3]. Crystalline
cellulose (1552nm and 1589nm) was slightly affected when compared to
amorphous regions of cellulose (1428nm). A higher resistance of cellulose when
compared to hemicelluloses under heat exposure was noticed. Esteves and
Pereira reported that the glucose rate in hydrolysates increased under heating
due to hemicellulose degradation [6]. Some shifts and changes in the case of
lignin were noticed (band 1673nm). Deciduous lignin having guaiacyl and
syringyl units is less stable than coniferous one which contains mainly guaiacyl
units [58]. The lignin content increased with the increasing of heat exposure.
Such increase in apparent lignin content related to the effect of polycondensation
reactions with other components in the cell wall, which generated further cross-
linking [3]. For both wood species here investigated changes in absorbance were
observed for hemicellulose (1350nm, 1725nm, 2139nm), cellulose (1368nm,
1428nm, 1589nm, 1788nm, 2081nm) and lignin (1673nm, 1702nm, 2272nm).

93



Advanced Research in Biological Science Vol. 2
Effects of Heat Treatment Applied to Wood and Veneers of Various Wood Species

Regarding the correlation between spectra and heat exposure and CIELab
coordinates it was noticed the largest spectral variation at absorptions due to
water (1919nm) and hemicellulose (2139nm). PLSR analysis was used to predict
and express the colour coordinates by linear combination of absorbance at each
wavenumber. A summary of PLSR model is presented in Table 2. Prediction
models obtained for lightness L* and redness a* showed proper accuracy while
the yellowness could not be predicted. Better coefficients were achieved for black
alder veneers (Table 3). In case of yellowness prediction, samples were
separated into two groups, namely: control and heat treated. This indicates there
is great difference between untreated and heat-treated spectra while there is no
great difference among heat treatment exposures. Fig. 16 shows the first 3
loadings for lightness L* prediction model. As shown in Fig. 4, higher loading
coefficient appeared at the wavelength range longer than 1800 nm. This may be
due to the higher S/N ratio in longer wavelength region having stronger
absorption. For both wood species, black alder and beech, the highest absolute
value of LV1and LV2 loading coefficient was observed at 1928nm and 1916nm,
respectively. These regions are close to water absorption. This might be due to
the indirect relationship between moisture content and lightness L*. Based on
hygroscopic properties of wood, the equilibrium moisture content decreased with
the increase of thermal treatment exposure. There are many additional
wavelengths related to lignin which contributed to lightness L* prediction [63].
For both wood species, LV3 loading at 2272nm, which is assigned to lignin,
showed almost the same negative value. In addition, in case of black alder, LV2
loading at 1723nm, which is assigned to hemicellulose, showed relatively high
value in shorter wavelength region, while that for beech did not show any
significant value. Effects of cellulose changes due to heat treatment on lightness
L* may differ between wood species. The results may help to clarify the
relationship between colour appearance and changes of chemical components.
Heat treatment applied to veneers from common or under-utilized wood species
could therefore enlarge their use for high value product [63].
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Fig. 15. Second Derivative Spectra of Alder Veneers as Function of Heat
exposure — detail [63]

94



Fig. 16. Loadings for first 3 components of PLSR for L* prediction

Advanced Research in Biological Science Vol. 2

Effects of Heat Treatment Applied to Wood and Veneers of Various Wood Species

ozt (a) Black Alder 1916 nm
5 {
S o1 1723 nm A f
o
g “
D 005 A
g : "
S w-MWwW"\fW*“"
& o0
g
<
8 ok
= -02
025 41928 um 2272 nm
. L
o (b) Beech 1916 nm |
02 ]
E 015
v
Z
B onsl 1
v
3 o6
S ot
2 v
g ]
- | |
® 015 |
_oj 02 bl \
o V2 1928 nm f
‘ 2272 nm
1000 %0 o

Wavelength (nm)

(a) black alder (b) beech [63]

Table 3. Summary of PLSR model [63]

2500

models

Wood — iective LV R.? R/ SEC SEV  RPD

specles

Black U 5 094  0.79 130 202  2.34

ader & 5 090  0.68 030 043  1.92
b* 2 022 022 0.88  0.85  0.98
L 5 085  0.71 135 200 201

Beech  a* 5 082 075 042 051 215
b* 2 0.22 047 0.88 074  1.48

LV= Number of latent variables; R.’=Determinant coefficient for calibration;
R,’=Determinant coefficient for test set validation; SEC=Standard error for calibration;
SEV=Standard error for test set validation; RPD=ratio of performance (SD/SEV)

4. CONCLUSIONS

Heat treatment resulted in adverse effect on hardness characteristics of the solid
wood samples. Hardness values of the specimens also decreased with
increasing time and temperature treatments which can be related to deterioration
of the cell wall structure after the heat treatment. It appears that strength losses
can be limited through alternative modified heat treatment techniques. On the
other hand, surface quality of the wood samples from all species was enhanced
as a result of heat treatment. The progress of discoloration depended on each
wood species. The changes in colour were caused mostly by the reduction in
lightness which related to the degradation of hemicelluloses during heat
treatment in wood species. It was found that black alder discoloured much more
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than beech veneers under same treatment conditions. Moreover, prediction
models by NIR for lightness and redness colour coordinates showed prediction
accuracy. It seems that wood species having less commercial value can also be
utilized effectively, following heat treatment, in areas where they previously had
little potential. Therefore, such heat treatment would be considered to improve
surface quality of the sample for furniture applications where smooth surfaces
are ideal. The results in this study revealed that heat treatment can add potential
value on wood material to be used more effectively in restoration works and
furniture manufacturing [72,73].

ACKNOWLEDGEMENTS

The author would like to thank the Oklahoma State University, Shizuoka
University, Nagoya University and Transilvania University of Brasov for the
support offered to perform this research.

COMPETING INTERESTS
Author has declared that no competing interests exist.
REFERENCES

1. Militz H. Thermal treatment of wood: European processes and their
background. In: The 33rd Annual Meeting, Proceedings. IRG/WP 02-
40241, Cardiff, Wales; 2002,1-17.

2. Hill C, Hughes M, Gudsell D. Environmental Impact of Wood Modification.
Coatings 2021;11(3):366.

DOI: https://doi.org/10.3390/coatings11030366

3. Hill C. Wood Modification-Chemical, Thermal and Other Processes, Wiley
Series in Renewable Resources, John Wiley & Sons, Ldt.; 2006.

4. Mburu F, Dumarcay S, Bocquet JF, Petrissans M, Gerardin P. Effect of
chemical modifications caused by heat treatment on mechanical
properties of Grevillea robusta wood. Polym. Degrad. Stab. 2008;93:401-
405.

5. Ates S, Akyildiz MH, Ozdemir H, Giimiiskaya E. Technological and
chemical properties of chestnut (Castanea sativa Mill.) wood after heat
treatment. Rom. Biotechnol. Lett. 2010;15:4949-4958.

6. Esteves MB, Pereira HM. Wood modification by heat treatment. A review.
BioRes. 2009;4(1):370-404

7. Ormondroyd G, Spear M, Curling S. Modified wood: review of efficacy and
service life testing. Proceedings of the Institution of Civil Engineers-
Construction Materials, 2015;168(4):187—-203.

8. Sandberg D, Kutnar A, Mantanis G. Wood modification technologies-a
review. iForest, 2017; 10(6):895-908.
9. Jirous-Rajkovik V, Micklecic J. Heat-treated wood as a substrate for

coatings, weathering of heta-treated wood, and coating performance on
heat-treated wood. Adv. Mater. Sci. Eng. 2019; ID 8621486:9p.
DOI: https://doi.org/10.1155/2019/8621486

96


https://doi.org/10.1155/2019/8621486

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Advanced Research in Biological Science Vol. 2
Effects of Heat Treatment Applied to Wood and Veneers of Various Wood Species

Korkut DS, Guller B. The effects of heat treatment on physical properties
and surface roughness of red-bud maple (Acer trautvetteri Medw.) wood.
Bioresour. Technol. 2008;99:2846-2851.

Kocaefe D, Poncsak S, Tang J, Bouazara M. Effect of heat treatment on
the mechanical properties of North American jack pine: thermogravimetric
study. J. Mater. Sci. 2010;45:681-687.

Kocaefe D, Shi JL, Yang DQ, Bouazara M. Mechanical properties,
dimensional stability, and mold resistance of heat-treated jack pine and
aspen. For. Prod. J. 2008;58(6):88-93.

Zivkovic V, Prsa |, Turkulin H, Sinkovic T, Jirou—Rajkovic V. Dimensional
stability of heat- treated wood floorings. Drvna Industrija. 2008;59(2):69-
73.

Bak M, Nemeth R. Changes in swelling properties and moisture uptake
rate of oil-heat-treated poplar (Populus x Euramericana CV. Pannonia)
wood. BioRes. 2012;7(4):5128-5137.

Yildiz S, Yildiz UC, Tomak ED. The effects of natural weathering on the
properties of heat-treated alder wood. BioRes. 2011;6(3):2504-2521.

Guo F, Huang R, Lu J, Chen Z, Cao, Y. Evaluating the effect of heat
treating temperature and duration on selected wood properties using
comprehensive cluster analysis. J. Wood Sci. 2014;60:255-262.

Unsal O, Ayrilmis N. Variations in compression strength and surface
roughness of heat-treated Turkish river red gum (Eucalyptus
camaldulensis) wood. J. Wood Sci. 2005;51:405-409.

Salca EA, Hiziroglu S. Evaluation of hardness and surface quality of
different wood species as function of heat treatment. Mater. Des. 2014,
62:416-423.

Tuong VM, Li J. Effect of heat treatment on the change in colour and
dimensional stability of acacia hybrid wood. BioRes. 2010;5(2):1257-1267.
Nemeth R, Ott A, Takats P, Bak M. The effect of moisture content and
drying temperature on the color of two poplars and Robinia wood. BioRes.
2013; 8(2):2074-2083.

Kubojima Y, Okano T, Ohta M. Bending strength and toughness of heat-
treated wood. J. Wood Sci. 2000;46:8-15.

Korkut S, Hiziroglu S. Effect of heat treatment on mechanical properties of
hazelnut wood (Curylus colurna L). Mater. Des. 2009;30(5):1853-1858.
Bobleter O, Binder H. Dynamic hydrothermal degradation of wood.
Holzforschung. 1980;34:48-51.

Hu C, Jiang G, Xiao M, Zhou J, Yi X. Effects of heat treatment on water-
soluble extractives and color changes of merbau heartwood. J. Wood Sci.
2012;58:465-469.

Godinho D, Araujo SD, Quilho T, Diamantino T, Gomonho J. Thermally
modified wood exposed to different weathering conditions. A review.
Forests. 2021; 12(10):1400.

DOI: 10.3390/f12101400

Cao S, Cheng S, Cai J. Research progress and prospects of wood high-
temperature heat treatment technology. BioRes. 2022;17(2):3702-3717.
Sandoval-Torres S, Jomaa W, Marc F, Puiggali JR. Causes of color
changes in wood during drying. For. Stud. China. 2010;12(4):167-175.

97



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Advanced Research in Biological Science Vol. 2
Effects of Heat Treatment Applied to Wood and Veneers of Various Wood Species

Bekhta P, Niemz P. Effect of high temperature on the change in colour,
dimensional stability and mechanical properties of spruce wood.
Holzforschung. 2003;57:539-546.

Gonzalez-Pena MM, Hale MDC. Colour in thermally modified wood of
beech, Norway spruce and Scots pine. Part 1: colour evolution and colour
changes. Holzforschung. 2009a;63:385-393.

Matsuo M, Umemura K, Kawai S. Kinetic analysis of color changes in
keyaki (Zelkova serrata) and sugi (Cryptomeria japonica) wood during
heat treatment. J. Wood Sci. 2014;60:12-20.

Sundqvist B, Karlsson O, Westermark U. Determination of formic-acid and
acetic acid concentrations formed during hydrothermal treatment of birch
wood and its relation to colour, strength and hardness. Wood Sci.
Technol. 2006;40:549-561.

Matsuo M, Umemura K, Kawai S. Kinetic analysis of colour changes in
cellulose during heat treatment. J. Wood Sci. 2012;58(2):113-119.

Budakci M, ilge A, Girleyen T, Utar M. Determination of the Surface
Roughness of Heat-Treated Wood Materials Planed by the Cutters of a
Horizontal Milling Machine. BioRes. 2013;8(3).
DOI:10.15376/biores.8.3.3189-3199.

Kariz M, Senek M. Bonding of Heat-Treated Spruce with
PhenolFormaldehyde Adhesive. J. Adhes. Sci. Technol. 2010;24(8-10):
1703-1716.

DOI: 10.1163/016942410X507768

ISO 4287. Geometrical product specifications (GPS) surface texture:
profile method-terms, definitions, and surface texture parameters; 1997.
Kasemsiri P, Hiziroglu S, Rimdusit S. Characterization of heat treated
eastern redcedar (Juniperus virginiana L.). J. Mater. Process. Technol.
2012;212:1324-1330.

Hiziroglu S. Surface roughness analysis of wood composites: a stylus
method. Forest Prod. J. 1996;46:67-72.

Priadi T, Hiziroglu S. Characterization of heat-treated wood species.
Mater. Des. 2013;49:575-582.

Korkut DS, Korkut S, Bekar I, Budakgi M, Dilik T, Gakicier N. The Effects
of Heat Treatment on the Physical Properties and Surface Roughness of
Turkish Hazel (Corylus colurna L.) Wood. Int. J. Mol. Sci. 2008;9:1772-
1783.

Yildiz S, Gezer ED, Yildiz UC. Mechanical and chemical behavior of
spruce wood modified by heat. Build. Environ. 2006;41:1762-1766.
Gunduz G, Aydemir D, Karakas G. The effects of thermal treatment on the
mechanical properties of wild Pear (Pyrus elaeagnifolia Pall.) wood and
changes in physical properties. Mater. Des. 2009;30:4391-4395.

Awoyemi L, Jarvis ZMC, Hapca ZA. Effects of preboiling on the acidity and
strength properties of heat-treated wood. Wood Sci. Technol. 2009;43:97-
103.

Mikalauskeiene V, Juodeikiene I. Influence of thermal treatment on the
static bending strength of black alder. In: Proceedings of the 8" Meeting of
the Northern European network for Wood Science and Engineering, WSE,
Kaunas, Lithuania; 2012:143-150.

98


http://dx.doi.org/10.1163/016942410X507768

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Advanced Research in Biological Science Vol. 2
Effects of Heat Treatment Applied to Wood and Veneers of Various Wood Species

Tasdemir C, Hiziroglu S. Measurement of various properties of Southern
pine and aspen as function of heat treatment. Measurement 2013;49:91-
98.

Huang X, Kocaefe D, Kocaefe Y, Boluk Y, Krause C. Structural analysis of
heat-treated birch (Betule papyrifera) surface during artificial weathering.
Appl. Surf. Sci. 2013;264:117-127.

Boonstra MJ. A two-stage thermal modification of wood. PhD thesis.
Ghent University; 2008.

Akgul M, Korkut S. The effect of heat treatment on some mechanical
properties and colour in Scots pine and Uludag fir wood. Int. J. Phys. Sci.
2012;7:2854-2859.

Momohara I, Ohmura W, Kato H, Kubojima Y. Effect of High-Temperature
Treatment on Wood Durability against the Brown-rot Fungus, Fomitopsis
palustris, and the Termite, Coptotermes formosanus. In: Proceedings of
the 8th International IUFRO Wood Drying Conference, Brasov, Romania;
2003:284-287.

Thompson D, Kozak R, Evans PD. Thermal Modification of Color in Red
Alder Veneer. |. Effects of Temperature, Heating Time, and Wood Type.
Wood Fiber Sci. 2005;37:653-661.

Johansson D. Heat Treatment of Solid Wood. Effects on Absorption,
Strength and Colour. Dissertation. Luled University of Technology, LTU
Skellefted, Division of Wood Physics; 2008;53:1402-1544.

Todorovic N, Popovic Z, Milic G, Popadic R. Estimation of heat-treated
beech wood properties by colour change. BioRes. 2012;7:799-815.

Yildiz S, Yildiz UC, Tomak ED. The effects of natural weathering on the
properties of heat-treated alder wood. BioRes. 2011;6:2504-2521.

Denes L, Lang E. Photodegradation of heat-treated hardwood veneers.
J. Photochem. Photobiol. B, Biol. 2013;118:9-15.

Bekhta P, Proszyk S, Krystofiak T. Colour in short-term thermo-
mechanically densified veneer of various wood species. Eur. J. Wood
Wood Prod. 2014;72(6):785-797.

Murata K, Watanabe Y, Nakano T. Effect of Thermal Treatment of Veneer
on Formaldehyde Emission of Poplar Plywood. Materials. 2013;6:410-
420.

Esteves B, Pereira H. Quality assessment of heat treated wood by NIR
spectroscopy. Holz Roh Werkst. 2008;66(5):323-332.

Gonzalez-Pena MM, Hale MDC. Colour in thermally modified wood of
beech, Norway spruce and Scots pine. Part 2: property prediction from
colour changes. Holzforschung. 2009b;63:394-401.

Sandak A, Sandak J, Zborowska M, Pradzynski W. Near infrared
spectroscopy as a tool for archaeological wood characterization. J.
Archaeol. Sci. 2010;37:2093-2101.

Schwanninger M, Rodrigues JC, Fackler K. A review of band assignments
in near infrared spectra of wood and wood components. J. Near Infrared
Spectrosc. 2011;19:287-308.

Tsuchikawa S, Kobori H. A review of recent application of near infrared
spectroscopy to wood science and technology. J. Wood Sci. 2015;61:
213-220.

99



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Advanced Research in Biological Science Vol. 2
Effects of Heat Treatment Applied to Wood and Veneers of Various Wood Species

Japan wood brand. Japan Wood-Products Export Association, Forestry
Agency MAFF; 2017:28p.

Yokoyama M, Yano K, Fujiwara Y, Fujii Y, KAWAI S. Cutting resistance of
the accelerated aging treated hinoki wood. J. Mater. Sci. 2006;55(8): 772-
776.

Salca, EA, Kobori H, Inagaki T, et al. Effect of heat treatment on colour
changes of black alder and beech veneers. J. Wood Sci. 2016;62:297-
304.

ISO 7724-2. Paints and Varnishes. Colorimetry. Part 2: Colour
measurement. International Organization for Standardization, Geneva,
Switzerland; 1984:p6

McLaren K. The development of the CIE 1976 (L*a*b*) uniform colour-
space and colour-difference formula. J. Soc. Dye. Colour. 1976;92:338-
341.

Gierlinger N, Jacques D, Grabner M, Wimmer R, Schwanninger M,
Rozenberg P, Paques LE. Colour of larch heartwood and relationships to
extractives and brown-rot decay resistance. Trees. 2004;18(1):102-108.
Yazaki Y, Collins PJ, Mccombe B. Variations in hot water extractives
content and density of commercial wood veneers from blackbutt
(Eucalyptus pilularis). Holzforschung. 1994;48:107-111

Salca EA, Kobori H, Suzuki S, Saad S, Kojima Y. Colour changes of
hinoki cypress veneer under heat treatment. In: Proceedings of the
International Conference ,Wood Science and Engineering in the Third
Millennium”, Faculty of Wood Industry, Transilvania University of Brasov,
7-9 November 2019, ISSN 1843-2689, p. 625-628.

Matsuo M, Yokoyama M, Umemura K, Gril J, Yano K, Kawai S. Color
changes in wood during heating: Kinetic analysis by applying a time-
temperature superposition method. Applied Physics. A. 2010;99(1):1-6.
Matsuo M, Yokoyama M, Umemura K, Sugiyama J, Kawai S, et al. Aging
of wood - Analysis of color changing during natural aging and heat
treatment. Holzforschung. 2011;65 (3):361-368.

Schwanninger M, Hinterstoisser B, Gierlinger N, Wimmer R, Hanger J.
Application of Fourier Transform Near Infrared Spectroscopy (FT-NIR) to
thermally modified wood. Holz Roh Werkst. 2004;62:483-485.

Zheng S, Chen M, Wu J, Xu J. Effect of heat treatment on properties and
interfacial compatibility of poplar veneer/polyethylene film composite
plywood. Polymer Testing. 2023;122:108006.

Chotikhun A, Kittijaruwattana J, Lee SH, Salca EA, Arsyad WO, Hadi YS,
Neimsuwan T, Hiziroglu S. Characterization of plywood made from heat-
treated rubberwood veneers bonded with melamine urea formaldehyde
resin. J. Wood Sci. 2023:69(1):1-9.

100



Advanced Research in Biological Science Vol. 2
Effects of Heat Treatment Applied to Wood and Veneers of Various Wood Species

Biography of author(s)

Dr. Emilia-Adela Salca (Assoc. Prof.)
Transilvania University of Brasov, Eroilor 29, 500036 Brasov, Romania.

Research and Academic Experience: She is involved in research in wood science. She is teaching
subjects for Bachelor and Master students: wooden structures, traditional materials used worldwide for
furniture and decorations, restoration of other materials than wood.

Research Specialization: Her area of research include optimization of wood processing, wood
modification by heat treatment and densification, discolorations of wood, coatings.

Number of Published papers: She has published 6 books-course support, 28 ISI papers, 19 indexed
papers in databases. She has presented 62 papers at International Conferences with Scientific
Committee.

Special Award: She has received FULBRIGHT Senior Award 2013-2014 and postdoctoral research at
Oklahoma State University, USA.

© Copyright (2023): Author(s). The licensee is the publisher (B P International).

DISCLAIMER
This chapter is an extended version of the article published by the same author(s) in the following journal.
J Wood Sci, 62:297-304, 2016. DOI: 10.1007/s10086-016-1558-3

Peer-Review History: During review of this manuscript, double blind peer-review policy has been followed. All

manuscripts are thoroughly checked to prevent plagiarism. Minimum two peer-reviewers reviewed each manuscript. After
review and revision of the manuscript, the Book Editor approved only quality manuscripts for final publication.

101



