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Mechanical Properties of Surface-Compressed Wood
Resulting from the Compression Ratio and Density
Distribution

Zhigiang Gao,*>* and Rongfeng Huang °

Surface-compressed wood, with controllable mechanical properties
according to the production process, could be utilized in timber products
as a substitute for energy-intensive adhesives, concrete, and metals. The
surface compression of wood was carried out in an open hot-pressing
system at 180 °C with a compressed thickness of 2 to 18 mm. The surface-
compressed wood was treated by atmospheric heat treatment or 0.30 MPa
pressurized superheated-steam heat treatment at 180 °C for 2 h. This
study investigated the mechanical properties of surface-compressed
wood, namely, its bending, compression, and hardness properties. The
results showed that the maximum density and average density of the
compressed layer surpassed 1.10 g/cm® and 0.80 g/cm® when the
compression ratio was 33%. Moreover, the surface-compressed wood
with a sandwich density structure had properties that were comparable to,
or even surpassed, raw wood, traditional compressed wood, and some
engineered timber products. The specific strength (179 to 203 x 103 m?/s?)
of surface-compressed wood was slightly higher than other wood-based
materials (65 to 197 x 103 m?/s?). And the contribution of sandwich
structure to MOR and MOE increase was positively correlated with wood
surface density. The results obtained from this study could help engineers
utilize more fast-growing wood and develop new products and wood
connectors. This work may contribute toward the substantial use of
surface-compressed wood in the building and construction industries with
great benefits to the environment.
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INTRODUCTION

The concepts of a green revolution, carbon neutrality, and carbon emissions peak
have increased public awareness of the efficient utilization of timber, and the protection of
forest lands, particularly virgin forests. As a result, a shift in the available resource base
has occurred, from old-growth mature forests to intensively managed, short rotation, forest
plantations (Kutnar et al. 2008). Many species of trees, such as poplars and Chinese fir in
China, are now grown on plantations, where conditions are manipulated to encourage rapid
tree growth. Unfortunately, the demand for certain types of wood products cannot be
adequately met with this type of wood material, due to their low density (0.3 to 0.5 g/cm?)
and mechanical properties, which prevent them from being used as structural products
(Inoue et al. 1990; Kutnar et al. 2008). However, the poor mechanical properties of low-
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density wood can be modified and improved through various combinations of compressive,
thermal, and chemical treatments. Wood densification treatment is an eco-friendly wood
modification technology based on the combined treatment of wood using elevated
temperatures, moisture, and the application of mechanical force (Navi and Pizzi 2015). In
addition, this technology can significantly improve the physical and mechanical properties
of low-density wood (Laine et al. 2016; Zhan et al. 2017; Li et al. 2018).

Various wood densification methods have been developed (Seborg 1945; Inoue et
al. 1990; Skyba et al. 2008; Navi and Pizzi 2015). The sandwich compression method
densifies wood by applying hydrothermal pretreatment to effectively improve the
properties of wood with a minimal sacrifice in wood volume, which enables the production
of high-density products without destroying the microcellular structure of the wood (Huang
et al. 2012; Gao et al. 2016). Unlike traditional wood compression, compression of
sandwich compressed wood can be controlled within a specific area/zone where it is
required inside the wood, while another zone in the same wood timber can be left
uncompressed or intact. The densities of compressed layer and uncompressed layer are 0.6
to 1.0 g/cm® and 0.44 g/cm?®, respectively; the modulus of rupture (MOR) is increased by
20 to 80% (Huang ef al. 2012; Gao et al. 2016). Because the compressed layer(s) and
thickness are both adjustable, this technology can minimize wood volume loss caused by
compression. Sandwich compressed wood materials suitable for furniture and flooring
applications have also been scaled up to the industrial level, and the product can be used
as a construction material.

As a type of sandwich compressed wood, surface-compressed wood with a low-
density (undensified) core and high-density (densified) faces is analogous to sandwich
composite materials. Surface compression has some distinct advantages over bulk
compression: the compression process is fast and energy efficient, and the wood volume
lost is significantly less (Laine ef al. 2016; Zhan and Avramidis 2017). Moreover, the
thickness and density of the high-density faces can be adjusted according to the practical
requirements. Sandwich structures have a high stiffness and strength-to-weight ratio as
well as low production costs, and they are quickly becoming the main structural
components in many areas of construction (Birman and Kardomatea 2018; Garg et al.
2021). They consist of two thin faces with high stiffness and high strength, and a low
density and low stiffness core. The faces are typically made of carbon fibers, a glass fiber
composite, or metal, while the core is typically made of non-metallic honeycomb, end-
grain balsa wood, or closed-cell polymer foams such as polyvinyl chloride or polyurethane
(Gdoutos et al. 2001). Wood-based sandwich panels can also be found. Plywood-faced
sandwich panels with low-density fiberboard can be used as wood-based structural
insulated walls and floors have also been developed (Kawasaki ef al. 2006). In general, the
layered materials in a sandwich-structured composite are joined by adhesives, cladding, or
anodic bonding. The development of sandwich compressed wood has enabled the
development of a novel sandwich material with a low-density core layer and high-density
surfaces (Gao et al. 2016). The high-density surface can also resist in-plane and bending
loads, whereas the low-density core can stabilize the facings and carry shear loads.

This work examined the relevant mechanical properties of surface-compressed
wood, namely its bending, compressive, and hardness properties, and demonstrated that it
can be used in the production of structural composites. Furthermore, raw poplar timber,
other compressed wood, and some engineered timber products were compared.
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EXPERIMENTAL

Materials

Twenty-five-year-old Chinese white poplar (Populus tomentosa) trees, between 25
to 35 cm in diameter at breast height and an air-dried density of 0.44 g/cm?®, were harvested
from a plantation forest in Guan County, Shandong Province in China.. After the timber
was dried to 12% moisture content (MC), 400 mm (longitudinal) x 120 mm (tangential)
specimens with six different thicknesses of 20, 22, 25, 30, 33, and 38 mm (radial direction)
were prepared.

Methods
Surface compression

The surface compression parameters used in this study were chosen based on a
previous study (Gao et al. 2016; 2019). After the cross- and radial sections of the specimens
were sealed with paraffin, the specimens were immersed in water between 0.5 and 5.5 h.
The average MC of the specimens was 17% after water immersion.
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Fig. 1. Diagram showing the thermal compression process

Compression of the specimens was conducted by a hot-press machine (JICA). As
shown in Fig. 1, the specimens were placed on the bottom plate of the hot-press machine,
and then the top plate quickly made contact with the specimen surface. The temperatures
of the top and bottom plates of the hot-press were controlled at 180 °C. Afterward, surface
compression in the radial direction was carried out with a pressure of 6.00 MPa. Due to
different compressed thicknesses, the total closure time was between 20 to 200 s to achieve
a target thickness of 20 mm, while compressed specimens were under pressure for 30 min.
Finally, the specimens were removed until the temperature was reduced to 60 °C, with
compression ratios of 9%, 20%, 33%, 40%, and 47%. Then the surface-compressed wood
was heated with superheated steam for compression fixation, while the compressed wood
was treated in a sealed treating vessel with superheated steam at 180 °C for 2 h under a
pressure of 0.3 MPa.
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Determination of density profiles

Sample sections 50 mm (longitudinal) x 50 mm (tangential) x 20 mm (radial) in
size were cut from the centers of the specimens with and without heat treatment. The
specimens were then conditioned in a controlled environment of 65% RH and 20 °C for 4
weeks. Their densities were measured using a cross-sectional X-ray densitometer (D-
31785, EWS, Hameln, Germany) with a step size of 20 um, where the sections were
scanned from the top to bottom surfaces.

Calculation formulas

The value of the compression set (CR) was calculated by as follows,

CR =22 % 100% (1)

1

where 71 and 72 are the dimensions in the compressed direction under ambient conditions
before and after densification, respectively.

The average density of the compressed wood increased and the theoretically
calculated values of the mechanical properties of the compressed wood were obtained

according to the correlation between density and mechanical properties, as shown in Egs.
2 and 3 (Liu et al. 2004),

_ 160xp+15

E= 9.8 2)
_ 1510xp—10
- 9.8 3)

where E denotes the modulus of elasticity (MOE) (GPa), ¢ is the modulus of rupture
(MOR) (MPa), and p represents the average density of hardwood (g/cm?).

Morphological structure

All the compressed woods and control specimen were scanned by scanning electric
micro-scope (SEM) to investigate the morphological structure change. Specimens were cut
from transverse section of compressed layer. The cutting surfaces were sputter-coated gold
and scanned in an S4800 SEM (Hitachi, Tokyo, Japan). And the SEM photograph
magnification of the surface-compressed wood was 100x.

Testing Standards of the Mechanical Properties

Specimens for mechanical testing were cut from the compressed and control wood
samples. And the experiments were performed for both grain directions (R and T) of the
compressed material and the control group. The mechanical property test conditions and
orientation definitions of the wood grain are shown in Table 1 and Fig. 2. The MOE, MOR,
partial compressive strength, total surface compressive strength perpendicular to the grain,
compressive strength parallel to the grain, hardness, and surface hardness were measured
with a universal mechanical testing machine (Instron 5580, Waltham, MA, USA)
according to the standards GB/T 1936.1 (2009), GB/T 1935 (2009), GB/T 1936.2 (2009),
GB/T 1939 (2009), GB/T 1941 (2009), and JIS Z2101 (1994), respectively. All specimens
were conditioned in a controlled environment with 65% RH at 20 °C for 4 weeks before
testing. Samples 20 mm (L) x 20 mm (T) x 20 mm (R) in size were measured from the
mechanical specimens after EMC and density testing.
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Table 1. Test Conditions and Desired Mechanical Properties

Mechanical properties Test type Loading direction | CR (%)
Total surface strength Compression R T
perpendicular to the
Partial strength grain R, T 0
MOR 3 p bending R, T 290
MOE 4 p bending R, T 33
Compression parallel to 40
Strength . L 47
the grain
Hardness, surface Hardness R
hardness
P
a. .

- : .
\! MOR RadrTal Tang;m:al
Pl 3 i

P
. Tangential p d. p, Tangential e. l
5
TI = e R
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Partial compressive Total surface Hardness &
strength compressive strength Surface hardness

Fig. 2. Schematic diagram of the mechanical property test

RESULTS AND DISCUSSION

Density Distribution Characteristics

As shown in Table 2, surface compression treatment reduced the EMC of the
lumber by an average of 1.5%; however, differences between groups with different
compression ratios were observed. These results were attributed to the density increase of
the surface-compressed wood and reduced hygroscopicity of the surface layers through
high-temperature processing (Liu et al. 2004). In addition, the lumber density increased
proportionally with increases in compression ratio, which was consistent with previous
studies (Sandberg et al. 2013). Of note, the density and thickness of the top and bottom
surface-compressed layers gradually increased as the compression ratio increased;
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however, the density of the central layer was almost unchanged until the compression ratio
approached 47%, as shown in Fig. 3. Also, the maximum density and average density of
the compressed layer surpassed 1.10 g/cm® and 0.80 g/cm? when the compression ratio was
33%, indicating that the densification phenomenon mainly appeared in the surface layer of
the lumber. The surface-compression process used high temperatures and formed steam
pressure to obtain conditions above the glass transition temperature in the surface layers of
the wood, resulting in high-density surface layers without damage to the cellular structure
of the wood.

Table 2. EMC and Density Distribution Characteristics of the Surface Compressed

Wood

Compreision EMC (%) Max den33ity Densitg a Densit%/ b Densit33/ ¢
ratio (%) (g/cmq) (g/cm?) (g/cm?) (g/cmq)
Control 12.20 (0.34) 0.52 (0.02) 0.44 (0.03) - -

9% 10.98 (0.43) 0.66 (0.05) 0.63 (0.02) 0.51 (0.03) | 0.57 (0.04)
20% 10.74 (0.52) 0.93 (0.09) 0.78 (0.04) 0.75(0.05) | 0.75 (0.04)
33% 10.61 (0.12) 1.12 (0.01) 0.83 (0.02) 0.97 (0.04) | 0.83 (0.07)
40% 10.63 (0.28) 1.13 (0.05) 0.86 (0.03) 0.97(0.05) | 0.99 (0.06)
47% 10.55 (0.02) 1.16 (0.02) 0.87 (0.02) 0.98 (0.02) | 1.00 (0.06)

Note: a represents the average density of the compressed layer, b represents the average surface
density of 0.32 mm, and c represents the average surface density of 2.82 mm. And the numbers in
parentheses represent the standard deviation.
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Fig. 3. Density distribution (a) and photograph (b) of the surface-compressed wood
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Cellular Deformation

Figure 4 shows cross-sectional SEM images of the control and compressed wood
samples. Populus tomentosa is a diffuse-porous wood; thus, the vessels were arranged in
single or diametrically multiple tube holes. The numerous pits in the vessels were
conducive to hydrothermal diffusion, and the porosity was about 70% (Yan 2010; Liu et
al. 2004), providing a good structural foundation for compression processing. With an
increase in the compression ratio, the surface cells gradually began to undergo buckling
deformation, the cell cavities showed decreased flexibility, and the void ratio decreased.
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The vessel cells and the surrounding parenchyma cells deformed first, followed by the
wood fiber cells. When the compression ratio increased to 40%, the surface vessel cells
changed from oval to narrow and flat in shape, and the wood fiber cells started to undergo
buckling deformation. However, most of the voids were still visible. At a compression ratio
of 47%, the cells adjacent to the surface were very dense and had very low porosity.

Fig. 4. SEM photograph of the surface-compressed wood for each compression ratio condition.
(a. control; b. CR=9%; c. CR=20%; d. CR=33%; e. CR=40%; f. CR=47%. The arrow direction
indicates the compression direction.)

Bending Properties of Surface-Compressed Wood

The elastic modulus and bending strength of wood indicate its ability to resist
bending deformation and to bear transverse loads within the proportional limit, respectively
(Liu et al. 2004). Figure 5 a and b shows the change curves of the tangential and radial
MOE and MOR of the surface-compressed wood with an increase in the compression ratio.
The tangential and radial MOE increased gradually as the compression ratio increased, and
the values increased to 20.7 and 23.9 MPa, respectively, when the compression ratio was
47%. In addition, the change trend of the MOR was consistent with MOE. To further clarify
the proportional relationship between the changes in mechanical properties relative to the
density after compression treatment, the mechanical and density values of the compression
group were standardized based on the reference. As shown in Fig. 5c and d, the line for
slope 1 was the ideal line that corresponded precisely with the density increase and
characteristic value increase rates. The normalized distribution of the bending properties
was almost identical to the ideal straight line. However, the difference between the bending
properties in the tangential and radial directions was significant, and it initially increased
and then decreased with an increase in the compression ratio. When the compression ratio
increased to 40%, the differences in MOE and MOR increased to the maximum values,
and were 4.11 GPa and 23.4 MPa, respectively. The differences in tangential and radial
bending properties were mainly due to the structure density distributions and cell
arrangements of the surface-compressed wood. As shown in Fig. 6, the radial density
distribution of the surface-compressed wood followed a sandwich structure model with a
high surface density and low central density. Of note, the stress distribution of the surface-
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compressed wood also gradually decreased along the surface to the center during bending
property measurements. This was exactly consistent with the density distribution of the
surface-compressed wood (Gao et al. 2016). However, the density distribution of the
surface-compressed wood was even in the tangential direction, and the surface density
under maximum stress was significantly lower than in the radial direction. Therefore, the
surface-compressed wood showed better bending resistance under radial loading.
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In addition, compared with the traditional integral compressed wood, the surface-
compressed wood showed better mechanical properties due to the high specific strength
and high specific rigidity resulting from the density advantages of the sandwich structure.
When the compression extent was 33%, the MOE and MOR of the surface-compressed
wood increased by 52.6% and 36.4%, respectively, compared with the control. Notably,
the integral compression method also effectively improved the mechanical properties of
the wood (Navi et al. 2015). Kitamori et al. (2010) found that the MOE and MOR of
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integral compressed wood increased by nearly 35% and about 30%, respectively, when the
compression was 33%. However, the MOE and MOR of the surface-compressed wood
were significantly improved by 69.1% and 64.9% at the same compression ratio. As
mentioned above, the surface-compressed wood formed a gradient distribution structure
with a high surface density and low central density, while the surface layers of the materials
had maximum tensile or compressive stresses in the bending performance test. Moreover,
the closer the position to the neutral layer, the smaller the stress (Anshari ef al. 2012; Wang
et al. 2018).
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Fig. 7. The contribution of density and structure toward increases in MOE (a) and MOR (b)

Figure 7 shows the contributions of density and structural characteristics toward the
bending performance improvements of the surface-compressed wood, given the
advantages of the radial density structures of the surface-compressed wood. As described
in the materials and methods section, the theoretical values of the wood MOE and MOR
were calculated after the density increased, and the actual values were obtained through
mechanical property measurements. The theoretical and actual increases of MOE and
MOR were obtained by comparing the calculated and actual values with the values of the
control wood. The theoretical increase was the contribution of density, and the difference
between the actual increase and theoretical increase was the structural contribution caused
by the sandwich structural characteristics. With an increase in the compression ratio, the
density of the compressed wood increased and the contribution of density toward MOE
and MOR also gradually increased. The contribution of the sandwich structure first
increased and then decreased, which was closely related to the maximum density of the
surface layer subjected to the maximum stress in the radial direction of the compressed
wood. As shown in Table 2, the density of the surface layer gradually increased from an
initial density of 0.44 g/cm? to over 1.10 g/cm?, and the maximum density of the surface
layer increased slowly; thus, the contribution of the sandwich structure decreased. This was
the sandwich density structure of the surface-compressed wood was such that sandwich
compression technology could improve the bending resistance of the wood while
minimizing its volume.

Compressive Properties of Surface Compressed Wood

Figure 8 shows a bar diagram of the transverse compressive strength of the
compressed wood as a function of compression ratio. With an increase in the compression
ratio, the transverse grain compressive strength of the wood gradually increased, and the
partial-surface transverse compressive strength was always higher in the radial direction
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than in the tangential direction. This was initially supported by the radial wood rays (Liu
et al. 2004; Li 2014). Then longitudinal arrangement of the high-density fiber bundles on
the surface layers in the radial direction carried larger loads during the partial-surface
compressive strength test (Bao et al. 2016; Gao et al. 2016). The variation trend for the
full-surface compressive strength differed from partial-surface compressive strength. For
the control wood, the radial full-surface compressive strength was higher than the
tangential direction, which was also due to the effects of the wood rays (Cao ef al. 2016).
When the compression ratio increased to 33%, the full-surface compressive strength in the
tangential direction was greater than in the radial direction, and the low-density layer in the
center was initially subjected to the loads during the radial full-surface loading process
(van der Put 2008; Marat-Mendes et al. 2020). Thus, the high-density compression layer
only played a supporting role in the chordal full-surface test, and the full-surface
compressive strength in the tangential direction was higher than in the radial direction.
According to the actual usage environment and requirements of the material, the force
direction of the material could be reasonably arranged.
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Fig. 8. Partial-surface and full-surface compressive strength (a, b) perpendicular to the grain of
the compressed wood and relationship of the compressed wood in compression vs. density (c, d)
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In addition, the partial-surface compressive strength of the surface-compressed
wood was higher than the full-surface compressive strength, which was mainly related to
the stress distribution during the compression process. Under the action of intermediate
partial load, the wood was transformed from the elastic to the plastic stage. In the plastic
deformation stage, a stress redistribution effect occurred in the compressed wood following
the slip-line theory (van der Put 2008; Leijten ef al. 2010, 2016; Cao, et al. 2016). As
shown in Fig. 9, when the strain was small, the stress diffused along an oblique line with a
slope ratio of 1:1 (45°). When the strain was large, the stress diffused along an oblique line
with a slope ratio of 1:1.5 (34) (van der Put 2008; Leijten et al. 2010, 2016). Therefore,
during the partial-surface compression test process, the two ends that were not directly
under pressure carried a portion of the stress component and the partial-surface
compressive strength was higher than the full-surface compressive strength. In addition,
horizontal splitting of the specimens under the partial-surface compression strength testing
was consistent with the internal stress diffusion path (Cao ef al. 2016), while the specimens
under full-surface compression strength testing were mainly separated, with slip between
the wood fibers along the grain direction (Zhong et al. 2015; 2016).

o | b. 35
[ @ Parallel to the grain L @ CS-L
& 60 |- 9 > x|
E I L y = 042280907
g N[ 25 | R?=0945 _,
g I = Fi
£ or 20 |
m &
30 | - -
.g I 1_5 = 'a
@ 20 I
Q L o,
s 1.0
E’ 10 I
o i 0-5 L L L 1 L 1
O 0

Compression ratio (%)

Fig. 10. Compressive strength parallel to the grain of the surface-compressed wood (a) and
relationship of the compressed wood in compression vs. density (b)
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Figure 10 shows the axial compression strength of the surface-compressed wood.
With an increase in the compression ratio, the axial compression strength gradually
increased, and the maximum value was 60.4 MPa, which was 124% higher than the control.
The increase in compressive strength along the grain was mainly due to the substantial
amount of wood bearing force per unit area, where the fibrous tissue arranged along the
grain increased. The proportional relationship between the change in axial compression
strength relative to density is shown in Fig. 10b, indicating that the line for slope 1 was the
ideal line that precisely corresponded to the density increase and characteristic value
increase rates. The high-density surface layer and the low-density central layer formed a
parallel structure in the longitudinal direction, and the fiber tissue of the high-density
surface layer could take on greater compression loads, as the surface layer density was
higher and the fiber organization was denser.

Hardness and Surface-Hardness of Surface-Compressed Wood

Hardness is a solid property that indicates rigidity and resistance to surface
pressure; thus, surface hardness indicates the ability of a solid surface to resist deformation
or damage. A material with good hardness or surface hardness can effectively prevent
surface damage and prolong its service life. In this work, the difference between hardness
and surface hardness was mainly in the depth of the steel ball that was pressed into the
wood during the testing process. Therefore, the density distribution of the compressed
wood, especially the average densities at 2.82 and 0.32 mm below the surface, were a key
influence on the wood and surface hardness. As shown in Fig. 11a, b, and ¢, the average
densities at 2.82 and 0.32 mm below the surface both increased to 1.0 g/cm? initially and
then remained almost unchanged, and the change points for the compression ratio were
40% and 33% respectively. The surface hardness was in step with the average density of
0.32 mm below the surface. It increased from 6.92 to 19.06 MPa as the thickness and
density increased, when the compression ratio increased to 47%. However, the hardness
was not only affected by the average density at 2.82 mm below the surface, but also by the
thickness of the compressed layer. The average density at 2.82 mm below the surface
increased to about 1.0 g/cm? initially and then showed few changes; however, the hardness
gradually increased with increasing compression ratio, which was attributed to the
thickness of the compressed layer.

The proportional relationship between the change in hardness and surface hardness
relative to the density is shown in Fig. 11d, where the line for slope 1 was the ideal line
that precisely corresponded to the density of the compressed layer increase and the
characteristic value increase rates. When the compression was 20%, the hardness and
surface hardness increased by 54.56% and 62.97%, compared to the control, similar to the
research results obtained by Cai et al. (2013). The hardness and surface hardness of the
compressed wood still increased by 122.03% and 129.61% compared to the control wood.
Morsing (2000) found that when the compression amounts of the whole compressed wood
were 20% and 33%, the hardness of the wood only increased by about 40% and 85%
compared to the control wood (Kutnar et al. 2009). The density of the surface core layer
increased uniformly during the overall compression process of the wood (Morsing 2000),
while compression of the wood surface created a layered material with a high-density
surface layer and a low-density core layer. Therefore, the high-density surface layer could
resist greater ball pressure during hardness testing.
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Fig. 11. Relationship between hardness, thickness, and density of the surface-compressed layer
(a, b), and the relationship between surface hardness and density (c, d).

Comparison to Wood-Based Products

The results of this study indicated that surface-compressed wood had comparable
mechanical properties to other structural materials, such as timber and raw wood. In
addition, the surface-compressed wood showed anisotropic behavior, similar to that of
sandwich fiber-reinforced composites. Further comparison of the bending properties of the
traditional compressed wood and different wood-based commercial structures with the
surface-compressed wood is shown in Fig. 12.

In this study, the surface density of the surface compressed wood significantly
increased, resulting in a significant increase in MOE and MOR, and the advantage of the
surface-compressed wood was its excellent specific stiffness and specific strength. The
graph illustrated that the specific stiffness (27 to 30 x 106 m?*/s?) of the surface-compressed
wood was on the higher end of the natural composite (14 to 27 x 106 m?/s?) envelope. In
addition, the specific strength (179 to 203 x 103 m?/s?) was slightly higher than other wood-
based productions (65 to 197 x 103 m?/s?), and the selection and control of density and the
compressed layer thickness could satisfy the actual needs of different wood products and
structural materials. The failure mode of surface-compressed wood must also be considered
in comparison to other materials.
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Fig. 12. Bending modulus vs. the bending strength for some traditional compressed wood (VTC
denoted compressed woods by viscoelastic thermal compression (Kutnar et al. 2008), HTM
denoted compressed woods using the thermo-hydro-mechanical method (Bao et al. 2017)) and
construction materials (where LVL denoted laminated veneer lumber (Wei et al. 2019), LSL
denoted laminated strand lumber (Denizli-Tankut et al. 2004)).

CONCLUSIONS

1. Surface-compressed wood was manufactured via surface soaking, preheating, and
radial compressing at 180 °C. And this technology significantly improved physical and
mechanical properties of fast-growing poplar wood, such as strength, stiffness,
compression, and hardness.

2. Due to its sandwich density structure, the mechanical properties of the surface-
compressed wood were different in the radial and tangential directions. The radial
direction had slightly higher strength for all properties, except for full-surface
transverse compressive strength. This increased capacity was attributed to the density
gradient in the radial direction. The improved mechanical properties would also allow
for the surface-compressed wood to be used in structural composites.

3. The surface-compressed wood formed a gradient distribution structure with a high
surface density and low central density, while the surface layers of the materials had
maximum tensile or compressive stresses in the bending performance test. Therefore,
surface-compressed wood has greater modulus of rupture (MOR) and modulus of
elasticity (MOE) than other wood products of the same density. The contribution of
sandwich structure to MOR and MOE increase was positively correlated with wood
surface density.

4. In addition, the results confirmed the assumption that low-density wood species could
be successfully used for wood structural production if they were densified using a
surface-compressed process.
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