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Abstract

surface hardness for the surface compressed wood.

hardness

The sapwood and heartwood of plantation sugi wood (Cryptomeria japonica), and plantation hinoki (Chamaecyparis
obtusa) wood were flat-sawn into timbers, then kiln-dried to a MC level below 12%. These timbers were further
processed into specific sizes and wetted on the surfaces, preheated at 150 °C and radially compressed into sand-
wich compressed timbers. Density distribution, compressed layer(s) position and thickness, surface hardness were
investigated. It was demonstrated that sugi and hinoki timbers were both applicable for sandwich compression. By
controlling the preheating time, sugi heartwood timber, sugi sapwood timber and hinoki timber can be all sandwich
compressed, which resulted in surfaces compressed timbers, interior compressed timbers and center compressed
timbers. When sugi timbers were sandwich compressed, density only tremendously increased in the earlywood. The
increased density of the compressed sugi earlywood was independent of compressed layer(s) position, compress-
ing distance or annual growth width, while for hinoki timbers compression, density increased both in earlywood and
latewood. Surface hardness of the uncompressed sugi sapwood was almost twice of that of the uncompressed sugi
heartwood. Surface compression sharply increased the surface hardness of sugi heartwood and sugi sapwood. Inte-
rior compression and center compression also contributed to increased surface hardness for the compressed timbers,
but to smaller extents. Surface hardness change due to the surface compression was consistent with the surface
average density change of timbers. Compression layer(s) position exerted statistically significant effects on the surface
hardness, while surface hardness of the compressed wood was almost unrelated to the original density of the used
wood or average density of the sandwich compressed wood. However, bigger compressing distance led to bigger
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Introduction

Wood compression is an efficient way to enhance wood
hardness and improve wood strength, and thus diver-
sify wood applications. Traditional wood compression
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achieved via hygro-thermal softening has been widely
studied and extensive researches have been reported on
wood softening, wood plastic deformation, wood proper-
ties change after compression, wood compression fixa-
tion and the relevant mechanisms [1-10]. Compressed
wood applications for furniture, floor and construc-
tion material have been scaled up to industrial level [11,
12]. Traditional wood compression for high density and
improved hardness requires big compression rate, which
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sacrifices relatively big wood volumes and thus increases
the production cost. One alternative way for the tradi-
tional wood compression is wood surface compression,
coupled with chemical treatment with polymers such
as phenol formaldehyde resin, melamine formaldehyde
resin or polymeric methyl diphenyl diisocyanate (pMDI)
resin, etc., which improves wood surface properties and
dimension stability [3, 13-16]. However, toxic chemicals
are released from the compressed wood during the ser-
vices due to the use of polymers containing free formal-
dehyde in the compression [13-15].

Sandwich compression technology applying hygro-
thermal pre-treatment can effectively improve wood
properties [17] with a minimal sacrifice of wood volume.
Different from traditional wood compression, compres-
sion in the sandwich compressed wood can be controlled
to occur in some specific area/zone where it is required
inside wood, while other zone in the same wood timber
is uncompressed or even intact. Since the compressed
layer(s) and thickness are both adjustable, this technol-
ogy can minimize wood volume loss caused by the com-
pression. So far, sandwich compression has demonstrated
great successes for poplar wood [18-23], which is a typi-
cal plantation diffuse-porous hardwood. By adjusting the
preheating temperature and time, compressed layer(s)
position and thickness are both controllable.

Sugi (Cryptomeria japonica) and hinoki (Chamaecy-
paris obtuse) as the most commonly planted coniferous
species in Japan have been widely applied as building
materials in houses in Japan and have been extensively
used as ceiling board, wall paneling, and posts as well
[24]. Similar to other plantation wood species, the com-
paratively low density of sugi and hinoki wood to some
degree limits their applications. Properties of sugi heart-
wood and sapwood vary to a great extent. In this study,
plantation sugi heartwood, sugi sapwood and hinoki
wood are used as the raw material, to investigate the
effect of heartwood, sapwood, wood species, compress-
ing distance and preheating time on sandwich compres-
sion formation, density distribution and surface hardness.

Materials and methods

Materials

Plantation sugi (Cryptomeria japonica) and hinoki
(Chamaecyparis obtusa) wood harvested in Kyushu,
Japan were used as the raw materials in this study. Both
sugi and hinoki wood were flat-sawn into timbers and
kiln-dried to a moisture content (MC) level below 12%.
Sugi timbers were then processed and separated into
heartwood timbers and sapwood timbers. For sugi heart-
wood timbers, they were further processed into speci-
mens with a dimension of 250 mm (L) x 120 mm (T) x 30
mm (R), and specimens with a size of 250 mm (L) x 120
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mm (T) x 26 mm (R). While for sugi sapwood timbers,
they were processed into specimens with a size of 250
mm (L) x 120 mm (T) x 30 mm (R). Hinoki timbers were
processed into a dimension of 250 mm (L) x 120 mm
(T) x 25 mm (R).

Sandwich compression

Before sandwich compression, wood specimens were
soaked in water for 0.5-3.0 h, to increase wood surface
water loading rate by an average level of 0.05 g/cm?.
Before soaking in water, end sealing with wax is not
essentially necessary according to our research. The spec-
imens were then preheated at 150 °C and compressed
from the original thickness to the target thickness. After
the specimens were compressed to the target thickness
with the distance-bars, heating was ceased and the pres-
sure was adjusted to 1.0 MPa. After 2.0 h, the compressed
timbers were removed from the platens. For the preheat-
ing process, 15 s, 180 s or 1500 s of preheating time was
applied, to form three types of sandwich compressed
timbers, namely surfaces compressed wood, interior
compressed wood and center compressed wood. Sand-
wich compression under each condition was replicated
for 6 times. The schematic diagram for sample prepara-
tion and sandwich compression is as shown in Fig. 1. The
original and target thickness of the sandwich compressed
specimens are as listed in Table 1.

Tests of density distribution and surface hardness

For the density test, specimens with a length of 5.0 mm
(L) along the longitudinal direction of the compressed
timbers were cut in the compressed timber center. These
specimens were then conditioned at 20 °C, 65% RH with
the control sample to constant weight. Density was tested
along the thickness of these specimens by soft X-ray
(Softex K-4) combined with image processing. As for the
surface hardness tests, specimens with a length of 50 mm
along the longitudinal direction was cut from the com-
pressed lumber and the control specimens. After the
specimens were conditioned at 20 °C, 65% RH, Brinell
hardness was tested in according with JIS Z 2101-1994
[25] hardness test.

Definition of compressed layer(s): in the sandwich
compressed specimens, areas or zones with an average
density that was 10% higher than the associated aver-
age control wood density is defined as the compressed
layer(s) [17].

Results and discussion

Controllability of compressed layer(s) position

and thickness

Figure 2 shows the regular photos and soft X-ray images
of sandwich compressed sugi and hinoki timbers on the
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Fig. 1 Schematic diagram for sample preparation and sandwich compression

Table 1 Original and target thickness of timbers specimens transverse section. The comparatively dark area is the
Original Target Compressing compressed layer(s) in the regular photos; while in the
thickness thickness distance (mm)  soft X-ray images, the lighter area is the compressed
(mm) (mm) layer(s) in the sandwich compressed timbers. When the
Sugi heartwood % %0 6 compressing distance is 5 mm, 6 mm or 10 mm, various
30 50 10 sandwich compressed timbers with different distance
Sugi sapwood 30 4 6 between wood surface to the associated compressed
20 50 0 layer can be made by changing the preheating time. Big-
Hinoki wood . 50 s ger compressing distance results in bigger compressed

layer(s) thickness, while the position of the compressed

Fig. 2 Photos and soft X-ray images of the transverse section of sugi heartwood, sugi sapwood and hinoki wood. Sy, S¢, H in the labels represent
sugi heartwood, sugi sapwood and hinoki wood. Labels containing ‘1’ represent the control specimens. Labels containing '2/,'3/, and '4’, respectively,
represent the sandwich timbers with surfaces compressed (preheating time: 15 s), interior compressed (preheating time: 180 s) and center
compressed (preheating time: 1500 s) when the compression is 6 mm or 5 mm;‘5’,'6’,"7" in the labels represent the sandwich wood with surface
compressed, interior compressed and center compressed when the compressing distance is 10 mm; labels containing ‘A'represent photos; labels
containing ‘a’represent X-ray images; sections in the yellow rectangle are the area where the density was tested
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layer(s) is independent of wood species or compressing
distance. As a result of preheating time extension, com-
pressed layers move into timbers interior. When the pre-
heating time is 15 s, compressed layers are formed on
timbers surfaces; while compressed layers are formed
in timbers interior (1 mm interior to the surface) when
the preheating time is 180 s. When the preheating time
is further extended to 1500 s, only one compressed layer
is formed in wood center. This demonstrates that sugi
heartwood, sugi sapwood and hinoki wood are all appli-
cable for sandwich compression. During the process,
preheating time is a key variable for controlling the com-
pressed layer(s) position in wood. Our previous studies
have proved that by controlling the preheating time for
poplar wood compression, compressed layer(s) posi-
tion can be controlled to wood surfaces, wood interior
or wood center [21]. Compressed layers(s) thickness can
be also controlled via changing the compressing distance
and water soaking time [18]. As for sugi and hinoki wood,
especially for the sugi wood with distinct density varia-
tion between earlywood and latewood, the compressed
layer(s) can be also controlled to wood surface, wood
interior or wood center by controlling the variables as
reported for poplar wood sandwich compression.

Moisture/water and temperature are the most impor-
tant variables on which wood softening and yield stress
are dependent [21]. For woods with the same moisture
content, preheating contributes to a higher temperature
elevation rate on the surface than that in wood interior,
forming a big temperature gradient along wood thick-
ness (compressing direction). And higher preheating
temperature results in bigger temperature gradients
[26-28]. Also, preheating temperature affects moisture
diffusion co-efficiency and thus changes the moisture
distribution along wood thickness [29, 30]. Accordingly,
for wood preheated for different preheating time, differ-
ent temperature gradient and moisture content gradient
are both formed on the thickness direction, leading to
yield stress gradient on the direction of thickness. Since
some regions are of high moisture content and high
temperature in wood, the corresponding yield stress is
much smaller and these regions can be compressed much
easier [31]. Thus, preheating for various preheating time
contributes to three types of compressed layers, namely
surface compressed layer, interior compressed layer and
center compressed layer.

In addition, wood structure including ray, grain direc-
tion and density all affect wood sandwich compression.
These structures can affect wood sandwich compression
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during soaking in water, heat transfer, drying and com-
pression. In our research, we found that wood grain
direction especially Japanese hinoki heartwood grain
exerts great effects on the position of the compressed lay-
ers inside wood. When hinoki heartwood is center com-
pressed, the compressed layer position shift on the radial
and tangential directions. This kind of shift is relevant to
wood grain direction. We will investigate these more in
future.

Density distribution along the thickness of the sandwich
compressed wood

Specimens for density tests are sampled from the areas
as shown in the yellow rectangles in Fig. 2 and the den-
sity distribution in the compressed timbers are as illus-
trated by Figs. 3, 4 and 5. For the uncompressed sugi
wood, annual growth ring width in heartwood is big-
ger than that in sapwood, and density variation as big
as 0.500 g/cm? exists between earlywood and latewood
in both heartwood and sapwood. After sandwich com-
pression, latewood is almost uncompressed, while the
density of earlywood increases sharply from 0.200 g/
cm?® to~0.700 g/cm?. The increased density of the com-
pressed earlywood is independent of compressed layer(s)
position, compressing distance or annual growth width.
The average density of the uncompressed hinoki wood is
0.481 g/cm?®, and the density variation between the early-
wood and latewood is only 0.200 g/cm®. After sandwich
compression, both earlywood and latewood in hinoki are
compressed. The maximum density of the compressed
layer(s) reaches to 0.907 g/cm?, higher than the latewood
density.

It is also observed that for both sugi and hinoki tim-
bers, the compressed layer(s) density is remarkably
higher while the density distribution in uncompressed
areas in the sandwich compressed wood is almost the
same as that of the controls. This suggests that by con-
trolling water uptake on wood surfaces and preheating
time, the compression can be well controlled to some
specific wood areas or zone while retaining the rest areas
of wood uncompressed and intact in terms of density.

Table 2 shows the characteristic density values of sugi
heartwood, sugi sapwood and hinoki wood. The maxi-
mum density of compressed layer(s) in compressed
sugi heartwood and compressed hinoki wood are both
over 0.800 g/cm® For surfaces compressed timbers,
the average density of the compressed layers ranges in
0.661-0.816 g/cm?®, which reach to the density of the tra-
ditionally whole compressed sugi heartwood with 50%
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Fig. 3 Density distribution along the thickness of sandwich compressed sugi heartwood timber (left: compressed from 26 to 20 mm; right:
compressed from 30 to 20 mm)

compressing rate [32]. Even though density of sugi sap-
wood is bigger than that of sugi heartwood, the maxi-
mum and average density of the compressed layer(s) in
sugi sapwood is smaller than that of the sugi heartwood,
when the compressing distance is 6 mm. While when the
compressing distance is 10 mm, the maximum and aver-
age density of the compressed layer(s) in sugi sapwood
is reversely bigger than that of the sugi heartwood. The
formed compressed layer(s) thickness in sugi sapwood
is bigger than that formed in the sugi heartwood, which
means the compressed area in sugi sapwood is big-
ger than that in sugi heartwood, regardless of the com-
pressing distance. This can be due to the stronger water

absorption of sugi sapwood than heartwood and the
water permeates faster in sapwood than in heartwood,
resulting in a bigger softened area during the preheating
process [33]. For hinoki wood, compressing distance does
affect the average density of the compressed layer(s). The
maximum and average density of compressed layer(s) in
hinoki wood are both higher than that in sugi wood. This
can be related to the annual growth rings structure and
permeability properties of these two wood species.

Hardness of the sandwich compressed timbers
Table 3 includes the surface hardness of sugi heart-
wood, sugi sapwood, and hinoki wood, and their changes
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Fig. 4 Density distribution along the thickness of sandwich compressed sugi sapwood timber (left: compressed from 30 to 24 mm; right:
compressed from 30 to 20 mm)

resulting from the sandwich compression. Hardness
of the uncompressed sugi sapwood is almost twice of
that of the sugi heartwood, the surface hardness of the
uncompressed sugi heartwood is 4.3¢ N/mm? while
for the uncompressed sugi sapwood, it is 8.24 N/mm?,
After compression, surface hardness of the surface com-
pressed sugi heartwood and sugi sapwood increase by
64.55-240.75%, to over 27.92 N/mm? For the interior
compressed timbers, the surface hardness is all over 8.50
N/mm?, while for the center compressed timbers, the
surface hardness mostly ranges in 6.40-8.61 N/mm?>
Surface hardness change due to the surface compression
is consistent with the surface average density change.

Compression layer(s) position exerts remarkable effects
on the surface hardness, and the surface hardness of the
compressed wood is almost unrelated to the original den-
sity of the used wood or average density of the sandwich
compressed wood. However, bigger compressing distance
leads to bigger surface hardness for the surface com-
pressed timbers.

Surface hardness of hinoki wood is 11.75 N/mm?
much bigger than that of sugi heartwood or sapwood.
When the surface is compressed by 5 mm, the surface
hardness increases by 100.27%, to 23.04 N/mm? While
for the interior and center compression, the surface hard-
ness does not increase remarkably. This suggests that
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hinoki wood surface compression leads to better results,
and interior and center compression contribute to much
less compression on the surface than surface compres-
sion itself.

Surface hardness of surface compressed wood, interior
compressed wood and center compressed wood was F
tested. The results indicate that, for sugi sapwood with
the compressing distance of 6 mm, the surface hardness
variation among the surface compressed wood, interior
compressed wood and center compressed wood is statis-
tically significant (<0.05). While for the sandwich com-
pressed wood produced under any other circumstances,
the surface hardness of the surface compressed wood,
interior compressed wood and center compressed is sta-
tistically highly significantly different (<0.01).
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Surface hardness of compressed wood is generally
significantly related with wood density [17, 34]. Since
sandwich compression can selectively densify wood sur-
face or interior where required while the other areas/
zones in wood are almost intact [17-23], much less wood
compressing percent is required to improve the surface
hardness than traditional wood compression. In wood
sandwich compression, density of wood interior beside
the surface can be significantly increased based on the
requirement, which can accordingly increase the surface
hardness of the compressed wood. This can save wood
volume as well as reduce the compressed wood manu-
facture cost. In this study, when sugi and hinoki tim-
bers are surface compressed with a compression rate of
20%, density of wood interior area that is 3 mm below
wood surfaces reaches to over 0.641 g/cm® and the sur-
face hardness correspondingly increases to over 9.6 N/
mm?. This improvement is independent of the original
hardness of sugi wood or hinoki wood. All these demon-
strated that compression of sugi wood and hinoki wood
can be controlled to position the compressed layer(s),
thus control the surface hardness of the compressed
wood. By sandwich compression, applications of sugi
wood and hinoki wood can be extended to wood prod-
ucts such as wood floor and furniture.

Conclusions

This study demonstrates that both sugi wood and hinoki
wood are applicable for sandwich compression. By control-
ling the preheating time, both sugi wood and hinoki wood
can be compressed into surface compressed wood, interior
compressed and center compressed wood. Compressed
area inside wood depends on wood species. Sandwich
compression of sugi wood only takes place in earlywood,
and the increased density of the compressed sugi ear-
lywood is independent of compressed layer(s) position,
compression or annual growth width. For hinoki wood
sandwich compression, compression occurs in both early-
wood and latewood. Hardness of the uncompressed sugi
sapwood is almost twice of that of the sugi heartwood.
Surface hardness of sugi heartwood and sugi sapwood
both sharply increase after surface compression. Interior
compression and center compression increase the surface
hardness as well, but to smaller extents. Surface hardness
change due to the surface compression is consistent with
surface average density change. Compressed layer(s) posi-
tion exerts statistically significant effects on the surface
hardness, whereas the surface hardness of the compressed
wood is almost unrelated to the original density of the
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Table 3 Compressed layer(s) position, compression percent, surface hardness

Wood Position of compressed Compression (mm)

Compression rate Surface hardness (N/ Surface hardness

layer(s) (%) mm?) increasing
percentage (%)
Sugi heartwood Control 0 - 434(0.71) -
Surface 6 23.1 1049 (0.61) 141.53
Interior 8.60 (1.18) 98.84
Center 6.40 (0.99) 47.65
Surface 10 333 5(1.34) 181.37
Interior 8.85(1.27) 104.60
Center 7.02(1.26) 62.08
Sugi sapwood Control 0 824 (1.19) -
Surface 6 200 13.51(1.61) 64.55
Interior 9.60 (1.03) 16.64
Center 8.83(0.84) 7.25
Surface 10 333 2792 (2.67) 240.75
Interior 13.19(1.97) 60.60
Center 8.61(0.81) 455
Hinoki Control 0 75 (1.85) -
Surface 5 200 23.04(2.70) 100.27
Interior 14.39 (2.29) 2352
Center 12.17 (1.06) 391
Value in () is standard deviation of six replicates under each condition
Author details

used wood or average density of the sandwich compressed
wood. However, compressed wood with high compression
percent display high surface hardness.

Abbreviation
SCT: Sandwich compressed timber.
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