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DENSIFICATION OF WOOD VENEERS COMBINED WITH OIL-
HEAT TREATMENT. PART I: DIMENSIONAL STABILITY
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and Nicolas Mariotti®

Although wood densification by compression improves wood mechanical
strength, dimensional stability is often a problem due to compression
recovery. Alternatively, oil-heat treatment (OHT) improves wood
dimensional stability and enhances resistance to biological attack. This
study examined combined wood densification and OHT. Large wood
veneer 700 x 700 mm specimens prepared with aspen (Populus
tremuloides) were densified using heat, steam, and pressure at 160°C,
180°C, and 200°C, respectively. OHT at 180°C, 200°C, and 220°C for 1,
2, and 3h was then applied to the densified veneers. Results show that
OHT efficiently improved dimensional stability and reduced compression
set recovery. OHT temperature and duration markedly influenced the
reduction of compression set recovery: the higher the OHT temperature
and duration, the lower the recovery. Less than 5% recovery was
obtained under various OHT conditions, and almost 0% recovery under
some OHT conditions. Radial and tangential swellings of densified
veneers were reduced dramatically. Compared to OHT duration, OHT
temperature had a pronounced higher impact on radial and tangential
swelling. Irreversible swelling (IS) in the compression direction of
densified veneers decreased after OHT, particularly with high
temperature and long duration, and anti-swelling efficiency (ASE) in the
compression direction improved significantly.
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INTRODUCTION

Many wood densification treatments have been attempted to increase wood
density and hence improve wood mechanical properties (Boonstra and Blomberg 2007;
Fang et al. 2010; Fukuta et al. 2008; Gabrielli and Kamke 2008; Higashihara et al. 2000;
Inoue et al. 1993a, b, 2008; Ito et al. 1998; Kamke 2006; Kollmann 1936; Kollmann et al.
1975; Navi and Heger 2004; Seborg et al. 1945). However, wood that is densified under
mechanically applied heat and compression is dimensionally unstable. Compression set
recovery over time following moisture adsorption is often a problem (Inoue et al. 1993a;
Navi and Girardet 2000). Various treatments have been attempted to improve the
dimensional stability of compressed wood (Gabrielli and Kamke 2010; Inoue et al.
1993a, b, 2008; Navi and Heger 2004). For instance, thermal treatment is known to
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improve wood dimensional stability and enhance resistance to biological attack by
reducing wood hygroscopicity (Burmeste 1973). In recent years, thermal wood
modification has been successfully commercialized in Europe (Wang and Cooper 2005).
Several different processes are used to heat treat wood, including steam, nitrogen, or oil
as an oxygen-free heat transfer medium (Wang and Cooper 2005). However, thermal
treatments usually reduce the wood’s mechanical properties (Korkut and Hiziroglu 2009;
Poncsak et al. 2006; Rapp et al. 2006). Consequently, the aim of this study was to
investigate the potential of applying a post-heat treatment to densified wood to overcome
the drawbacks of densification and heat treatment. Qil is an effective heat transfer media
and a potential carrier for other substances to further enhance treatment benefits (Sailer et
al. 2000; Wang and Cooper 2005). Oil-heat treatment (OHT) has also been reported to
improve wood’s biological resistance (Lyon et al. 2007; Sailer et al. 2000). In the present
study, OHT was applied to densified wood veneers described in a previous work (Fang et
al. 2010). The objective was to determine the effects of OHT temperature and duration on
the dimensional stability of densified veneers.

EXPERIMENTAL

Materials

Rotary-peeled aspen (Populus tremuloides) wood veneers were obtained from
Temlam Inc., a laminated veneer lumber plant in Amos, in the northwest of the province
of Quebec, Canada. The nominal thickness of the aspen veneers was 3.2 mm. Veneers
were conditioned at 20°C and 60% relative humidity (RH) before densification. Veneers
of 700 mm x 700 mm were densified using pressure, heat, and steam, as described in a
previous work (Fang et al. 2010, submitted). The theoretical compression set was 50%.
Veneers densified at 160°C, 180°C, and 200°C were used for OHT. Densified veneers
were conditioned at 20°C and 60% RH before OHT. Twelve specimens were prepared for
each treatment. Forty control specimens were prepared for non-densified measurements.
Mean values of the repetitions were used for analysis.

Oil-heat Treatment

Samples of 50 x 50 mm (tangential x longitudinal) were cut from densified
veneers with a laser cutter and treated in a hot oil vessel at 180°C, 200°C, and 220°C for
1, 2, and 3h. Canola oil (specific gravity 0.91, viscosity 78.2 x 10° m? s™, smoke point
220 to 230 °C) was used, and was pre-heated before testing. Once the samples were
immersed in hot oil, the target temperature was maintained. All samples were thin and
small to allow the target internal temperature to be reached rapidly and uniformly. After
OHT, specimens were removed from the hot oil vessel and kept in a climate room at
20°C and 60% RH. Qil remaining on the specimen surface was removed with a paper
cloth.

Thickness Change due to OHT
Veneer thickness was measured before (Tg) and after (Tn) OHT at air-dry
condition in the climate room. Thickness change (TC) was calculated as follows:
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TC =

TaA-T
(ATB) « 100 (%) )

Recovery Test

A cyclic recovery test was conducted to determine compression set recovery in
the compression direction, i.e., the wood radial direction. After OHT, oven-dried
specimens were saturated with water until their weight became stable and oven-dried
again. This procedure was repeated five times. After the fifth soaking cycle, specimens
were soaked in boiling water for 30 minutes and then oven-dried. The thickness at each
saturated and oven-dry condition was recorded. Compression set recovery (Rc) was
calculated as follows:

TR-TC

C To-Tc

where Tg is the veneer thickness at oven-dry condition during the cyclic recovery test, Tc

is the thickness at oven-dry condition after compression followed by OHT, and To is the

thickness before compression. Tests were conducted on veneers densified with and
without OHT.

x 100 (%) @)

Swelling

Veneer dimensions in oven-dry and water-saturated condition were measured in
the radial, tangential, and longitudinal directions. Swelling was calculated from the
expansion in the wet condition as a percentage of the initial oven-dry dimension.
Swelling was calculated in the radial, tangential, and longitudinal directions. Control
(non-densified) specimens and densified specimens with and without OHT were
measured.

Irreversible Swelling

Irreversible swelling (IS) due to the compression set recovery following moisture
adsorption (Gabrielli and Kamke 2010; Hsu et al. 1988; Rowell et al. 1986) was
calculated in the radial direction only, as veneers were compressed in this direction and
high IS was expected. Test specimens were first oven-dried and then saturated in water
followed by oven-drying again. Specimen thickness was measured in each state and
reported as Topo, Tw, and Topy, respectively. IS was calculated as follows:

Top1-T
IS = 9P _"0DO0 . 100 (%) 3)
Tw —Topo

Anti-Swelling Efficiency

The most frequently used term for quantifying dimensional stability is anti-
swelling efficiency (ASE) (Morsing 2000; Stamm et al. 1946), which is defined as
follows,

S-S
1

ASE = x 100 (%) @)
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where Sy is the swelling of control (non-densified) specimens and S; is the swelling of
treated specimens. Swelling (S) is calculated as,

S

Tw T
- WT O . 100 (%) ®)

where To is the thickness in oven-dry condition and Ty is the thickness in water-saturated
condition. In this study, ASE was calculated in the radial direction only.

RESULTS AND DISCUSSION

Density and Compression Set

After densification using pressure, heat, and steam, the density of aspen veneer
increased significantly. Average oven-dry density and standard deviation for non-
densified aspen veneer was 388 + 25 kg/m®. After densification, average oven-dry density
and standard deviation was 830 + 64 kg/m®. A slight density increase trend with
increasing temperature was found in densified veneers. This could be explained by the
variation in compression set, as a similar trend was found for compression set, as
presented in detail in a previous work (Fang et al. 2010, submitted).

Thickness Change Due to OHT

Figure 1 shows the thickness change (TC) in densified veneer caused by OHT.
Negative values indicate a reduction in veneer thickness. A strong negative correlation
between TC and densification temperature was found, except for specimens that were oil-
heat treated for 1 hour. A similar result was reported by Welzbacher et al. (2008) in
densified Norway spruce boards. However, they considered “vessel spring-back” instead
of TC. They found some spring-back due to OHT, which might have been caused by the
extension and evaporation of cell-wall bonded water and the relaxation of internal
compression tension. The negative values measured in the present study could be caused
by two mechanisms: 1) thermal degradation of cell wall components, such as
hemicelluloses, as it is well known that heat treatment can cause weight loss (Bhuiyan et
al. 2000; Johansson 2008; Korkut and Hiziroglu 2009; Obataya et al. 2006); or 2) the
thicknesses used for calculation were measured in an air-dry condition. It was found in
this study that in the same air-dry condition the equilibrium moisture content was reduced
after OHT due to reduced wood hygroscopicity. Therefore, the wood veneers shrank after
OHT due to moisture content loss.

Except for specimens that were oil-heat treated for 1 hour, OHT temperature also
markedly impacted TC (Fig. 1). With the same densification temperature, the higher the
applied OHT temperature, the lower the TC. This indicates that higher OHT temperature
caused increased thermal degradation of cell wall components and greater reduction in
wood hygroscopicity.

Fang et al. (2011). “Densification of Wood Veneers,” BioResources 6(1), 373-385. 376



PEER-REVIEWED ARTICLE b | oresources.com

OHT Duration (h)
2

1 3
O_

)i B\\
1 \\Q \
1 1 1 1 1 1 1 1 L
160 180 200 160 180 200 160 180 200
Densification temperature (°C) Densification temperature (°C) Densification temperature (°C)

Thickness change due to OHT (%)

Fig. 1 Thickness change in densified veneers due to oil-heat treatment at different OHT
temperatures: 180°C (diamonds), 200°C (squares), and 220°C (circles)

Compression Set Recovery

Figure 2 shows the variation in veneer thickness during the cyclic recovery test.
Thickness increased greatly (from DO to W1) in control densified veneers (without OHT)
after initial water soaking, particularly at low temperatures. This was caused by reversible
and irreversible swelling, indicated by the difference between W1 and D1 and between
DO and D1, respectively. After OHT, these differences were reduced. Furthermore, these
differences decreased with increasing OHT temperature and duration, indicating
improved veneer dimensional stability.

Compression recovery over time following moisture adsorption, also known as
the “shape memory effect” (Navi and Heger 2004), is often a problem with densified
wood. Therefore, compression set recovery was calculated (Eg. 2, Fig. 3) from the
thickness variation in oven-dry condition (D in Fig. 2) during the cyclic recovery test and
the initial thickness in oven-dry condition before densification. High compression set
recovery was found in control densified veneers (without OHT), particularly for
densification at low temperatures. Compression set recovery was strongly reduced in
OHT densified veneers. Both OHT temperature and duration markedly influenced
compression set recovery: higher OHT temperature and longer duration resulted in lower
recovery. Compression set recovery was reduced to less than 5% under various OHT
conditions (Fig. 3). Welzbacher et al. (2008) reported that compression set recovery in
thermo-mechanically densified Norway spruce was reduced to less than 5% using an oil-
heat treatment at 220°C for 2h or 4h, and Tang et al. (2004) obtained less than 5%
recovery in compressed Chinese fir using heat treatment at above 200°C for more than
5h. In the present study, almost 0% recovery was achieved under some OHT conditions:
OHT at 180°C for 3h on specimens densified at 200°C; OHT at 200°C for 3h, and OHT
at 220°C. Incidentally, some compression set recovery values were less than 0%. A
similar result was found by Ito et al. (1998). They speculated that part of the
hemicelluloses became water-soluble and were extracted from the specimen, causing the
wood to shrink.
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Fig. 2. Thickness variation due to water absorption and oven-drying for veneers densified at 160°C (diamonds), 180°C (circles), and 200°C (squares),
respectively, with OHT at 180°C, 200°C, and 220°C for 1h, 2h, and 3h, respectively, and for controls (without OHT). D, W, and B stand for oven-drying,
wetting, and boiling, respectively
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Fig. 3. Compression set recovery for veneers densified at 160°C (diamonds), 180°C (circles), and
200°C (squares), respectively, with OHT at 180°C, 200°C, and 220°C for 1h, 2h, and 3h,
respectively, and for controls (without OHT). D stands for oven-dry

In order to prevent compression set recovery of densified wood after water
soaking, Norimoto et al. (1993) considered three mechanisms: 1) formation of cross-
linkages between molecules of the matrix constituents to prevent the relative
displacement of microfibrils; 2) relaxation of the stresses stored in the microfibrils and
matrix; and 3) treatment to isolate the hydrophilic cell wall constituents, especially the
hemicelluloses, from moisture to prevent their re-softening. In OHT, the second and third
mechanisms might dominate. The heat treatment process is generally accompanied by
breakdown of the lignin—polysaccharide complex by organic acids released from
hemicelluloses (Korkut and Hiziroglu 2009; Zaman et al. 2000). Therefore, the stress
stored in the microfibrils and matrix was relaxed to some extent. The argument for the
degradation of hydrophilic cell wall constituents (especially the hemicelluloses) by OHT
is supported by the reduced wood hygroscopicity and wood swelling (Fig. 4, 5, and 6).
These results indicate that OHT was efficient in reducing the compression set recovery of
densified veneers.
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Swelling, Irreversible Swelling, and Anti-Swelling Efficiency

Figure 4 shows the swelling from oven-dry to moisture-saturated condition in the
compression direction (radial, R) in control (non-densified), control densified (without
OHT), and densified veneers with OHT at different temperatures and durations. Very
high swelling, from 30% to 75%, was found in densified veneers without OHT. After
OHT, swelling decreased dramatically. Furthermore, OHT temperature had a marked
impact on swelling: the higher the OHT temperature, the lower the swelling. Unlike OHT
temperature, OHT duration had no clear impact on swelling. The swelling of densified
veneer was composed of reversible and irreversible swelling, where reversible swelling
was due to wood hydroscopicity and irreversible swelling was due to compression set
recovery. However, although approximately 0% compression set recovery was obtained
after OHT, the radial swelling of OHT veneers remained higher than that of the non-
densified controls (Fig. 4). This can be largely explained by swelling in the compression
(radial) direction, calculated as follows:

(Teww +Dirw )—(Tewp +Dirp )

Tewo +Diro

Swelling = x 100% (6)
where Teww and Tewp are the thickness of the cell wall in moisture-saturated and oven-
dry condition, respectively; and D grw and D rp are the diameter of the lumen in the radial
direction in moisture-saturated and oven-dry condition, respectively. It has been reported
that lumen size varies only slightly in normal wood cells during drying, compared to
macroscopic shrinkage (Fang et al. 2007; Kelsey 1963; Keylwerth 1951). Stable lumen
size would also be assumed during moisture absorption. This can be expressed as:

trw = Diro )

Therefore, radial swelling can be simplified as:

Teww ~Tewn % 100% 8)

Swelling =~
Tewp +Diro

The lumen diameter in the radial direction of densified wood was much less than
that of non-densified wood. Therefore, despite 0% compression set recovery, the swelling
of OHT densified wood in the compression direction was greater than that of non-densi-
fied wood. Unlike R swelling, tangential (T) swelling decreased after densification (Fig.
5): the higher the densification temperature, the less the T swelling. Furthermore, OHT
temperature had a significant impact on T swelling. T swelling values near 4% were
obtained on densified veneers after OHT at 220°C. The reduced T swelling might be
caused by the degradation of hydrophilic cell wall constituents, especially the
hemicelluloses, during densification and OHT. Similar results were found for
longitudinal (L) swelling (Fig. 6). The L swelling of densified veneer was almost 0%.
However, because the L swelling of wood is very low, the impact of OHT temperature on
L swelling was not clear. The effect of OHT duration on both T and L swelling was not

significant.
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Fig. 4. Radial (R) swelling of densified veneers with and without OHT and non-densified veneers.
Circles: without OHT; diamonds: OHT for 1h; squares: OHT for 2h; and triangles: OHT for 3h

Irreversible swelling (1S) often occurs in densified wood in the compression
direction after the first water sorption cycle due to compression recovery (Gabrielli and
Kamke 2010). Irreversible swelling in the compression direction of densified veneers
with and without OHT is presented in Fig. 7. Very high IS was found in densified veneers
without OHT, especially for veneers densified at low temperature. IS decreased after
OHT, especially with high-temperature and long-duration OHT. High OHT temperature
resulted in a marked reduction in IS. Increased OHT duration also caused low IS,
particularly for veneers that were oil-heat treated for 3h. A comparable reduction in IS by
impregnation of phenol formaldehyde was reported by Gabrielli et al. (2010) in
viscoelastic thermal compression processed poplar.

Densification temperature (°C)
Control 160 180 200

Control 180 200 220  Control 180 200 220  Contol 180 200 220  Control 180 200 220
OHT temperature (°C) OHT temperature (°C) OHT temperature (°C) OHT temperature (°C)

T Swelling (%)
F

Fig. 5. Tangential (T) swelling of densified veneers with and without OHT and non-densified
veneers. Circles: without OHT; diamonds: OHT for 1h; squares: OHT for 2h; and triangles: OHT
for 3h
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Fig. 6. Longitudinal (L) swelling of densified veneers with and without OHT and non-densified
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Fig. 7. Irreversible swelling (IS) of densified veneers with and without OHT. Circles: without OHT;
diamonds: OHT for 1h; squares: OHT for 2h; and triangles: OHT for 3h
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Fig. 8. Anti-swelling efficiency (ASE) of densified veneers with and without OHT. Circles: without
OHT; diamonds: OHT for 1h; squares: OHT for 2h; and triangles: OHT for 3h
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Figure 8 presents the ASE values calculated based on thickness swelling in the
compression direction of non-densified veneers. All values are negative, because the R
swelling values for densified veneers were all higher than those for non-densified
veneers. ASE improved significantly after OHT. OHT temperature showed a pronounced
positive effect on ASE. The effect of OHT duration on ASE did not show a clear trend.

CONCLUSIONS

Oil-hot treatment (OHT) was shown to be efficient for improving the dimensional
stability of thermo-hygro-mechanically densified veneers. After OHT, a marked reduc-
tion in compression set recovery was found in densified veneers. Both OHT temperature
and duration had a marked influence on the reduction of compression set recovery. The
higher the OHT temperature and duration, the lower the recovery. Recovery was reduced
to less than 5% under various OHT conditions. Recovery values of about 0% were
achieved under some OHT conditions: OHT at 180°C for 3h for specimens densified at
200°C; OHT at 200°C for 3h; and OHT at 220°C. Both R and T swelling in densified
veneers were reduced dramatically. Compared to OHT duration, OHT temperature had a
more pronounced impact on R and T swelling. Irreversible shrinkage in the compression
direction in densified veneers decreased after OHT, particularly with high-temperature
and long-duration OHT. Anti-swelling efficiency in the compression direction improved
significantly after OHT, and oil-heat treatment temperature showed a pronounced
positive effect on ASE.

Due to their dimensional stability and high density, densified wood veneers
treated by the oil-heat treatment process show good potential for appearance products.
They could be used as the face ply of laminated composites. Further work is required to
assess their mechanical and gluing properties.

ACKNOWLEDGMENTS

The authors wish to thank the Fonds Québécois de Recherche sur la Nature et les
Technologies (FQRNT), FPInnovations, and Réseau Ligniculture Québec for funding this
project. We also thank Temlam Inc. for providing aspen veneers.

REFERENCES CITED

Bhuiyan, M. T. R., Hirai, N., and Sobue, N. (2000). "Changes of crystallinity in wood
cellulose by heat treatment under dried and moist conditions," J. Wood. Sci. 46(6),
431-436.

Boonstra, M. J., and Blomberg, J. (2007). "Semi-isostatic densification of heat-treated
radiata pine,” Wood Sci. Technol. 41(7), 607-617.

Burmeste, A. (1973). "Effect of heat-pressure-treatments of semi-dry wood on its
dmensional stability,” Holz. Roh. Werkst. 31(6), 237-243.

Fang et al. (2011). “Densification of Wood Veneers,” BioResources 6(1), 373-385. 383



PEER-REVIEWED ARTICLE b | oresources.com

Fang, C.-H., Mariotti, N., Cloutier, A., Koubaa, A., and Blanchet, P. (2010).
"Densification of wood veneers by compression combined with heat and steam,”
Holz. Roh. Werkst., Submitted.

Fang, C.- H., Clair, B., Gril, J., and Almeras, T. (2007). "Transverse shrinkage in G-
fibers as a function of cell wall layering and growth strain,” Wood Sci. Tech. 41(8),
659-671.

Fukuta, S., Asada, F., and Sasaki, Y. (2008). "Manufacture of compressed wood fixed by
phenolic resin impregnation through drilled holes,” J. Wood. Sci. 54(2), 100-106.

Gabrielli, C., and Kamke, F. A. (2008). "Treatment of chemically modified wood with
VTC process to improve dimensional stability,” Forest. Prod. J. 58(12), 82-86.

Gabrielli, C. P., and Kamke, F. A. (2010). "Phenol-formaldehyde impregnation of
densified wood for improved dimensional stability,” Wood Sci. Tech. 44(1), 95-104.

Higashihara, T., Morooka, T., and Norimoto, M. (2000). "Permanent fixation of
transversely compressed wood by steaming and its mechanism,"” Mokuzai Gakkaishi
46(4), 291-297.

Hsu, W. E., Schwald, W., Schwald, J., and Shields, J. A. (1988). "Chemical and physical
changes required for producing dimensionally stable wood-based composites. 1.
steam pretreatment,” Wood Sci. Technol. 22(3), 281-289.

Inoue, M., Norimoto, M., Tanahashi, M., and Rowell, R. M. (1993a). ""Steam or heat
fixation of compressed wood,” Wood Fiber. Sci. 25(3), 224-235.

Inoue, M., Ogata, S., Kawali, S., Rowell, R. M., and Norimoto, M. (1993b). "Fixation of
compressed wood using melamine-formaldehyde resin,” Wood Fiber. Sci. 25(4), 404-
410.

Inoue, M., Sekino, N., Morooka, T., Rowell, R. M., and Norimoto, M. (2008). "Fixation
of compressive deformation in wood by pre-steaming,” J. Trop. Forest. Sci. 20(4),
273-281.

Ito, Y., Tanahashi, M., Shigematsu, M., Shinoda, Y., and Ohta, C. (1998). "Compressive-
molding of wood by high-pressure steam-treatment: Part 1. Development of
compressively molded squares from thinnings," Holzforschung 52(2), 211-216.

Johansson, D. (2008). "Heat treatment of solid wood : Effects on absorption, strength and
colour," Ph.D thesis, Luled University of Technology.

Kamke, F. A. (2006). "Densified radiate pine for structural composites,” Maderas.
Ciencia y tecnologia 8(2), 83-92.

Kelsey, K. E. (1963). A Critical Review of the Relationship between the Shrinkage and
Structure of Wood, Commonwealth Scientific and Industrial Research Organization
Australia, Melbourne (Australia).

Keylwerth, R. (1951). Die anisotrope Elastizitat des Holzes und der Lagenholzer
[Anisotropy of Elasticity of Wood and Load-Bearing Wood Materials]. VDJ -
Forschungsheft 430, Dusseldorf [in German].

Kollmann, F. P. (1936). Technologie des Holzes, Springer Verlag, Berlin.

Kollmann, F. P., Kuenzi, E. W., and Stamm, A. J. (1975). Principles of Wood Science
and Technology, Vol. 2: Wood Based Materials, Springer-Verlag,
Berlin/Heidelberg/New York.

Korkut, S., and Hiziroglu, S. (2009). "Effect of heat treatment on mechanical properties

of hazelnut wood (Corylus columa L.)," Mater. Design. 30(5), 1853-1858.

Fang et al. (2011). “Densification of Wood Veneers,” BioResources 6(1), 373-385. 384



PEER-REVIEWED ARTICLE b | oresources.com

Lyon, F., Thevenon, M. F., Hwang, W. J., Imamura, Y., Gril, J., and Pizzi, A. (2007).
"Effect of an oil heat treatment on the leachability and biological resistance of boric
acid impregnated wood," Ann. For. Sci. 64(6), 673-678.

Morsing, N. (2000). "Densification of wood - The influence of hygrothermal treatment on
compression of beech perpendicular to the grain,” Ph.D, Technical university of
Denmark, Kgs. Lyngby.

Navi, P., and Girardet, F. (2000). "Effects of thermo-hydro-mechanical treatment on the
structure and properties of wood," Holzforschung 54(3), 287-293.

Navi, P., and Heger, F. (2004). "Combined densification and thermo-hydro-mechanical
processing of wood,” Materials Research Society Bulletin 29(5), 332-336.

Norimoto, M., Ota, C., Akitsu, H., and Yamada, T. (1993). "Permanent fixation of
bending deformation in wood by heat treatment,” Wood research: bulletin of the
Wood Research Institute Kyoto University 79, 23-33.

Obataya, E., Shibutani, S., Hanata, K., and Doi, S. (2006). "Effects of high temperature
kiln drying on the practical performances of Japanese cedar wood (Cryptomeria
japonica) I: changes in hygroscopicity due to heating,” J. Wood. Sci. 52(1), 33-38.

Poncsak, S., Kocaefe, D., Bouazara, M., and Pichette, A. (2006). "Effect of high
temperature treatment on the mechanical properties of birch (Betula papyrifera),”
Wood Sci. Technol. 40(8), 647-663.

Rapp, A. O., Brischke, C., and Welzbacher, C. R. (2006). "Interrelationship between the
severity of heat treatments and sieve fractions after impact ball milling: A mechanical
test for quality control of thermally modified wood," Holzforschung 60(1), 64-70.

Rowell, R. M., Tillman, A. M., and Zhengtian, L. (1986). "Dimensional stabilization of
flakeboard by chemical modification,” Wood Sci. Technol. 20(1), 83-95.

Sailer, M., Rapp, A. O., Leithoff, H., and Peek, R. D. (2000). "Upgrading of wood by
application of an oil-heat treatment,” Holz. Roh. Werkst. 58(1-2), 15-22.

Seborg, R. M., Millett, M. A., and Stamm, A. J. (1945). "Heat-stabilized compressed
wood (Staypak)," Mech. Eng. 67(1), 25-31.

Stamm, A. J., Burr, H. K., and Kline, A. A. (1946). "Staybwood ... Heat-stabilized
wood." Industrial and Engineering Chemistry 38(6), 630-634.

Tang, X. S., Nakao, T., and Zhao, G. J. (2004). "Physical properties of compressed wood
fixed via different heating pathways to obtain a constant recovery,” Mokuzai
Gakkaishi 50(5), 333-340.

Wang, J. Y., and Cooper, P. A. (2005). "Effect of oil type, temperature and time on
moisture properties of hot oil-treated wood," Holz. Roh. Werkst. 63(6), 417-422.

Welzbacher, C. R., Wehsener, J., Rapp, A. O., and Haller, P. (2008). "Thermo-
mechanical densification combined with thermal modification of Norway spruce
(Picea abies Karst) in industrial scale - Dimensional stability and durability aspects,”
Holz. Roh. Werkst. 66(1), 39-49.

Zaman, A., Alen, R., and Kotilainen, R. (2000). "Thermal behavior of scots pine (Pinus
sylvestris) and silver birch (Betula pendula) at 200-230 degrees C," Wood Fiber. Sci.,
32(2), 138-143.

Article submitted: October 21, 2010; Peer review completed: November 15, 2010;
Revised version received and accepted: December 9, 2010; Published: Dec. 11, 2010.

Fang et al. (2011). “Densification of Wood Veneers,” BioResources 6(1), 373-385. 385



