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Effect of Mechanical Restraint on Drying Defects
Reduction in Heat-treated Okan Wood
Wahyu Hidayat,a,b Yue Qi,a,c Jae Hyuk Jang,a,d Fauzi Febrianto,e and Nam Hun Kim a,*
Mechanical restraint through the use of clamps was applied as an
attempt to prevent drying defects during the heat treatment of highdensity wood. Boards of okan (Cylicodiscus gabunensis (Taub.) Harms)
with the initial moisture content of 8.99% and 9.68% for sapwood and
heartwood, respectively, were prepared. The boards were heat-treated
under an oxygen atmosphere at the peak temperatures of 160 °C,
180 °C, 200 °C, and 220 °C with a residence time of 2 h. The occurrence
of drying defects as checks (i.e., surface and end checks) and warps (i.e.,
bow, cup, and twist) were evaluated. Heat treatment stimulated the
occurrence of drying defects in okan wood. The results revealed that the
surface checks, end checks, and twists increased linearly with increased
temperature. The occurrence of warps, such as bow and cup, after heat
treatment was relatively low. Heartwood showed a higher degree of
drying defects compared to the sapwood. Application of mechanical
restraint by clamping efficiently decreased the occurrence of drying
defects of okan wood, particularly surface checks, end checks, and
twists.
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INTRODUCTION
The heat treatment of wood has been considered an environmentally-friendly
modification-technology because no toxic chemicals are used in the process (Esteves and
Pereira 2009). Heat treatment of wood is principally similar to wood drying, i.e., both
technologies apply heat to remove moisture from wood. Conventional kiln drying of
wood is generally performed at approximately 100 °C without any structural changes
occurring in the wood (Pang et al. 1994; Johanson et al. 1997; Poncsak et al. 2006).
However, the heat treatment is generally performed under an inert atmosphere at
temperatures ranging from 160 °C to 260 °C, causing both the removal of water and
structural modification (Hill 2006; Esteves and Pereira 2009). Heat treatment changes
wood chemical composition by degrading cell wall compounds and extractives, resulting
in a darker wood color, reduced equilibrium moisture content, reduced thermal
conductivity, improved durability against decay, improved dimensional stability, and a
reduced strength that is mainly affected by treatment temperature and duration (Bekhta
Hidayat et al. (2017). “Heat treatment & defects,”
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and Niemz 2003; Boonstra et al. 2007; Kocaefe et al. 2008; Cao et al. 2012; Dubey et al.
2012; Hidayat et al. 2016; 2017).
The exposure to heat during wood-drying or heat-treatment processes will cause
moisture movement, shrinkage, and the development of stress, which will lead to the
occurrence of drying defects if the drying process parameters are not carefully controlled
(Hoadley 2000; Liu and Wang 2016). Kollmann and Sachs (1967) studied the change in
wood anatomy after heat treatment at 220 °C and observed some drying defects due to
development of high internal pressures caused by high temperature treatment. In addition,
Awoyemi and Jones (2011) observed the destruction of tracheid walls, ray tissues, and pit
deaspiration of red cedar due to heat treatment. However, wood species react differently
during the wood-drying and heat-treatment process; for example high-density wood is
more prone to checking than low-density wood (Morén 1989; Hoadley 2000).
Okan wood (Cylicodiscus gabunensis [Taub.] Harms) is a high-density wood that
grows mainly in the rain forests of West Africa, from Sierra Leone to the Cameroons and
Gabon (Chudnoff 1984; Kadiri et al. 2005). The wood was reported to have a high rate of
shrinkage during drying (Louppe et al. 2008) and has a marked tendency to split and
check (Ayensu and Bentum 1974). The use of heat-treated okan wood for decking and
flooring in South Korea is increasing due to its naturally-modified dark color and exotic
visual appearance (Hidayat et al., 2016).
The authors’ previous work reported an improvement in the dimensional stability
of okan wood via heat-treatment at various temperatures and duration (Hidayat et al.
2015; Hidayat et al. 2016). This paper furthers the study of the previous results and
reports on the heat-treatment of okan wood stacked with metal clamps as an attempt to
prevent the occurrence of drying defects during heat-treatment at various temperatures.
The information of drying defects that occur during the heat-treatment is of great
importance for improving efficiency and quality control in the commercial production of
new wood products.

EXPERIMENTAL
Materials
Boards from sapwood and heartwood of okan (Cylicodiscus gabunensis (Taub.)
Harms) were prepared for heat-treatment experiments. The boards were provided by TN
WOOD in Chungju, South Korea. The dimensions of the specimens used were 300 mm 
90 mm  20 mm (length  width  thickness). All boards were sorted according to their
end-grain angles on cross-section, i.e., flat-sawn or tangential board, slab board, quartersawn or radial board, and mixed board (Fig. 1).
Boards free of defects and with a small variation in density were selected. The
boards were kept in a conditioning room under the relative humidity of 65% ± 3% and a
temperature of 25 °C ± 2 °C for 2 weeks before heat-treatment. The initial moisture
contents (MC) of sapwood and heartwood specimens were 8.99% ± 0.03% and 9.68% ±
0.14%, respectively.
The air-dry densities of the sapwood and heartwood specimens ranged from 0.77
3
g/cm to 0.89 g/cm3 and 1.16 g/cm3 to 1.23 g/cm3, respectively. Six sapwood and six
heartwood boards were stacked in a vertical clamps device. For comparison, another set
of samples were stacked without the clamps. More detailed explanation on the sample-
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stacking during heat-treatment can be found in previous papers (Hidayat et al. 2016).

Flat-sawn/tangential board

Slab board

Quarter-sawn/radial board

Mixed board

Fig. 1. Illustration of the different selected wood samples submitted to heat treatment process

Methods
Heat treatment
Heat treatment was performed in the presence of air using an electric oven with a
programmable controller (L-Series, JEIO TECH Ltd., Seoul, Korea). The heat treatment
began at the initial temperature of 25 °C ± 5 °C and then was raised to the target
temperatures of 160 °C, 180 °C, 200 °C, and 220 °C, at a heating rate of 2 °C/min. The
target temperatures were maintained for 2 h. In the final stage of heat treatment, the oven
chamber was allowed to cool naturally until it reached 30 °C. Then, the boards were
taken out and kept in a conditioned room under the relative humidity of 65% ± 3% and a
temperature of 25 °C ± 2 °C for 2 weeks until further testing.
Board evaluation
The drying defects evaluated in the samples were drying checks and warps. The
drying checks included surface and end checks, while the warps included bow, cup, and
twist. Six samples of sapwood and heartwood boards were stacked with and without
clamps and were observed for the evaluation of drying defects at various temperatures.
Surface checks are failures that occur on the surfaces of the board, while end
checks occur on the end-grain surfaces of the board (Fig. 2). The surface and end checks
on each sample board with a minimum width of 0.1 mm were marked using a white
highlighter, because as stated by Hanhijarvi et al. (2003) the width limit for the visibility
of cracks by the naked eye is 0.1 mm.
The images of the surfaces and end-grain surfaces of the boards were captured
using an 18-megapixel digital single-lens reflex camera (Canon EOS 100 D, Tokyo,
Japan). The same acquisition conditions were set including a fixed distance between the
camera and sample, fixed zoom, and fixed manual setting (i.e., shutter speed 1/200,
aperture f/11, focal length 55 mm, and ISO speed of 400). The images were processed
using an open source image analysis software (ImageJ Version 1.50, Bethesda, Maryland,
USA) to measure the length of each, surface and end checks. The average lengths of
surface and end checks (C) were calculated using Eq. 1,
C

=

ƩL1 + ƩL2 + ƩL3 + ƩL4+ ƩL5+Ʃ L6
6

(1)

where ƩL is the total length of surface or end check on each board sample (mm).
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(a)

(b)

(a)

(b)

Fig. 2. Drying defects on the boards: (a) surface checks and (b) end checks

Bow and cup are the terms used for the deviation from the flatness of a board
characterized by a roughly cylindrical or spherical curvature. The board with a bow
defect is a board that rocks from end to end when laid on one face, while cup is a board
that rocks from edge to edge when laid on one face. The board with twist defect is a
board sample that rests on opposite diagonal corners when laid on one face. The defects
bow, cup, and twist were evaluated by measuring the highest point of deflection (Fig. 3)
in the samples.
(a)
Highest deflection point

(b)
Highest deflection point

(c)
Highest deflection point

Fig. 3. Measurement of warps: (a) bow, (b) cup, and (c) twist

The cell morphology in the cross-section of wood before and after heat treatment
were observed using a scanning electron microscope (SEM) (JEOL, JSM-5510, Tokyo,
Japan, 5 kV to 20 kV). The control sample and heat-treated boards were cut into small
pieces with the dimensions of 10 mm (R) × 10 mm (T) × 5 mm (L) using a small chisel.
A sliding microtome (Leica RM 2155, Wetzlar, Germany) was then used to obtain a
smooth surface in the cross-section. The samples were coated with approximately 10 nm
of gold using an ion sputtering coater (Cressington Sputter Coater 108, Watford,
England) prior to SEM observation.
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RESULTS AND DISCUSSION
Surface Checks
One of the negative outcomes of the heat treatment of wood is the occurrence of
cracks or checks such as surface checks, end checks and splits, collapse, and honeycombs
(Simpson 1991; Oltean et al. 2007). The results from this study have shown that the heat
treatment of okan led to the occurrence of surface checks. The frequency of surface
checks in heartwood was remarkably higher than in sapwood, particularly in the samples
without the clamps (Fig. 4). This could have been attributed to the higher density of
heartwood. Mugabi et al. (2010) also reported that the heartwood of Eucalyptus grandis
is more susceptible to surface checking than the sapwood. A previous study by Morén
(1989) noted that the high-density wood is more prone to checking than low-density
wood. Hoadley (2000) stated that dense woods generally shrink and swell more, and
usually pose greater problems in drying. However, low-density woods seem favorable to
drying, apparently because of their ability to deform internally to relieve the shrinkage
stress. Shrinkage stress during drying can be relieved by several methods such as: (1) by
increasing the surface moisture content (MC) of the wood via steam conditioning (Keey
et al. 2000); (2) by decreasing the internal MC of the wood; and (3) by increasing the MC
of external wood and by decreasing the MC of internal wood simultaneously using
microwave conditioning (Grinchik et al. 2015; He and Wang 2015).
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Fig. 4. Average number of surface checks after heat treatment at different temperatures

Figure 5 shows that the length of surface checks increased linearly with increased
treatment temperature both in sapwood and heartwood. These results were in agreement
with okan wood behavior during the drying process, showing a marked tendency to split
and check because of its typical interlocked grains (Ayensu and Bentum 1974). Similar to
the wood drying method, water and moisture were also evaporated from wood during the
heat treatment process, causing wood shrinkage.
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Shrinkage is one of the most important physical properties of wood because it
may develop various stresses and its magnitude directly affects the dimensional stability
of wood, and it also contributes to the occurrence of surface and internal checks (Liu and
Wang 2016).
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Fig. 5. Average length of surface checks after heat treatment at different temperatures

The results from this study showed a positive effect of clamping during heat
treatment. The application of clamps effectively reduced the number and length of
surface checks during heat treatment, particularly in heartwood (Figs. 4 and 5). However,
in sapwood, the effect of clamping on the reduction of surface checks was not clearly
seen. The visual appearances of surface checks that occurred on sapwood and heartwood
of okan after heat treatment at various temperatures are shown in Figs. 6 and 7.
End Checks
End checks showed similar results to surface checks, and displayed an increase in
number and length of checks with increased temperature (Figs. 8 and 9). In addition, both
sapwood and heartwood samples heat-treated using clamps revealed a lower degree of
end checks compared to the samples heat-treated without the clamps. The occurrence of
end checks in heartwood was remarkably higher than that in sapwood. Increased
temperature resulted in wider end checks and in higher treatment temperatures such as
200 °C and 220 °C, the end checks developed into end splits that particularly occurred in
heartwood (Figs. 10 and 11).
The results also showed that severe end checks frequently had a wavy appearance
on the surface (i.e., in heartwood samples heat-treated with and without the clamps at 220
°C), which is often associated with severe collapse, a deformation caused by the
flattening or crushing of wood cells (Simpson 1991; Oltean et al. 2007).
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Without the clamps

Fig. 6. Surface checks in sapwood of okan after heat treatment at different temperatures

With the clamps

Without the clamps

Fig. 7. Surface checks in heartwood of okan after heat treatment at different temperatures
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Fig. 8. Average number of end checks after heat treatment at different temperatures
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Fig. 9. Average length of end checks after heat treatment at different temperatures
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Fig. 10. End checks in sapwood of okan after heat treatment at different temperatures (arrows
show tangential direction)

With the clamps

Without the clamps

Fig. 11. End checks in heartwood of okan after heat treatment at different temperatures (arrows
show tangential direction)

In sapwood, the end checks occurred frequently across the ray. In contrast, ring
failure occurred due to the heat treatment. In heartwood the end checks occurred across
and along with the rays, while the heat treatment also caused ray separation in heartwood.
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Micrographs taken from the cross-sections of okan wood showed that microcracks occurred in sapwood and heartwood with similar results to the macro-cracks
observation, which showed ring failure in sapwood and ray separation in heartwood with
more severe damage (Fig. 12).

Sapwood

Heartwood

Fig. 12. SEM images showing end checks in sapwood and heartwood of okan after heat
treatment.

Warps
Warping, such as bow, cup, and twist, is another problem that occurs in the okan
wood during its drying (Ayensu and Bentum 1974) process. A similar trend also arose
after the heat treatment of okan. These results showed that the degree of bow and cup
resulting from the heat treatment of okan wood was relatively low, which showed the
highest deflection points of lower than 2 mm in all temperatures. Overall, the results
showed that the bows and cups increased with increased temperature (Figs. 13 and 14).
The sapwood tended to have lower deflections of bows and cups after heat treatment at
160 °C and 180 °C, but higher deflections occurred after heat treatment at higher
temperatures of 200 °C and 220 °C. In addition, tangential and slab boards tended to have
a higher degree of cup and twist than the other type of boards.
However, the occurrence of bows and twists was not always constantly increased
by increased temperature. For example, Fig. 13 shows that in heartwood heat-treated with
the clamps, the bows that occurred at 180 °C were higher than that at 200 °C and 220 °C.
Similar results were reported by Thiam et al. (2002), who found that western hemlock
and fir timber showed a decrease of warps, particularly bows and crooks, by applying a
higher drying temperature compared to a lower drying temperature.
In general, the occurrence of bows and cups in samples with the clamps was
lower than that without the clamps, particularly for the heat treatment at higher
temperature such as 200 °C and 220 °C.
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Fig. 13. Average highest deflection of bows after heat treatment at different temperatures
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Fig. 14. Average highest deflection of cups after heat treatment at different temperatures

The degree of twists during heat treatment of okan wood was remarkably higher
compared to the occurrence of bows and cups, which showed the highest deflection
points of 3.87 mm and 6.54 mm in sapwood and heartwood, respectively (Fig. 15). The
results also showed the increase of twists occurrence with increased temperature. The
application of clamps effectively reduced the occurrence of twists, particularly in
sapwood. In heartwood, during heat treatment at lower temperatures of 180 °C and 200
°C, the application of clamps slightly reduced twists. A remarkable reduction of twists by
clamping can be seen during the heat treatment at a higher temperature of 220 °C.
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Fig. 15. Average highest deflection of twists after heat treatment at different temperatures

CONCLUSIONS
1.

A heat treatment stimulated the occurrence of drying checks and warps in okan wood.

2.

The occurrence of surface checks, end checks, and twists increased with increased
treatment temperature with a higher degree that occurred in heartwood compared to
sapwood.

3.

End checks in sapwood happened frequently across the ray, while in heartwood it
occurred mainly along the ray with more severe damage.

4.

The bows and cups occurrence during heat treatment was low and not considerably
affected by the increase of temperature.

5.

Application of mechanical restraint by clamping efficiently decreased the occurrence
of drying defects during the heat treatment of okan wood, particularly surface checks,
end checks, and twists.
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