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ABSTRACT

In this study, a modification combining densification and heat treatment of poplar wood
(Populus tomentosa Carr.) was carried out, and the machining properties of the unmodified
poplar wood (control) and the heat treated densified wood (HTD) were tested and evaluated.
In addition, the water-based UV paint was covered on the control and HTD respectively, and
the surface coating properties of them were evaluated. The results showed that:
(1) The machining properties of poplar wood were improved after the heat treatment-
densification modification. The score of comprehensive machining properties of the HTD was 45
(excellent grade), while the score of the control was 36 (good grade). (2) The abrasion resistance,
hydrophobicity and adhesion were improved after heat treatment-densification modification.
Therefore, the modification combining densification and heat treatment played a significant role
in enhancing the value of wood.

KEYWORDS: Poplar wood, densification, heat treatment, machining properties, surface
coating properties.

INTRODUCTION

Poplar (Populus tomentosa Carr.) wood is one of the most widely distributed fast-growing
species in China with several benefits including light color, straight texture and ease of processing.
Nevertheless, poplar wood has a few natural defects, such as loose structure, low density, low
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strength and poor dimensional stability (Candan et al. 2013), and it is easy to have shrinkage
deformation and veneer fluffing after processing, which restricts its application in furniture or
engineering materials. Therefore, poplar wood must be modified when it is utilized in some high
value-added applications. Physical modification - densification, heat treatment (Lykidis et al.
2020, Liu et al. 2018, Sandberg et al. 2013, Wang et al. 2014), chemical modification -
acetylation and furfurylation (Taghiyari et al. 2017, Yang et al. 2019), and so on are some of
the most common modified procedures.

The combination of densification and heat treatment for wood has been demonstrated to be
a cost-effective and ecologically beneficial solution. After densification, the physical and
mechanical properties of fast-growing soft wood are improved, and the material is homogeneous
and easy to process (Tu et al. 2021, Sikora et al. 2021, Kariz et al. 2017). Morever,
the compression recovery of densified wood can be effectively fixed by the following heat
treatment. In addition, the dimensional stability, biological durability and acoustic performance
may all be significantly enhanced (Cirule et al. 2021, Hill et al. 2021, Gu et al. 2019). At present,
the research on densification and heat treatment mainly focuses on physical and mechanical
properties. There are, however, few reports on the wood’s machining and surface coating
properties.

Machining properties and surface coating properties constitute the foundation for further
processing and utilization of wood. Evaluation of machining properties and surface coating
properties is of great significance for expanding the range of wood applications (Malkogoglu
2007, Tsvetkova et al. 2019). A multitude of tests and evaluations on the machining properties of
wood are reported (Malkogoglu et al. 2006, Sofuoglu and Kurtoglu 2014, Zhou et al. 2021, Zhu
et al. 2019), but the research is primarily focused on comparing the machining properties of
different wood species, with relatively few studies on the machining properties of modified wood
(Sun et al. 2020). Surface coating for wood can not only preserve the wood, but also improve the
durability and stain resistance, while also serving as a vital decorative and aesthetic feature(Niu et
al. 2021, Pavli¢ et al. 2021). Current researches include pure wood coating properties and
modified wood coating properties: pure wood coating properties researches mainly focus on the
effects of different tree species and different coatings on coating properties (Huang et al. 2020);
modified wood coating properties researches mainly focus on heat treatment on wood coating
properties (Pelosi et al. 2021, Deng et al. 2010, Li et al 2017). What appears to be undeniable is
that little study has been done on the machining and surface coating properties of heat treated
densified wood (HTD).

In this study, the modification combining densification and heat treatment of poplar wood
was conducted, and machining and surface coating properties of heat treated densified wood
were examined and assessed in comparison to unmodified poplar wood (control). The purpose
of this study is to provide theoretical guidance for the effective use of poplar wood, as well as to
expand the usage of heat treatment-densification combination modification. The team has
conducted in-depth research on the physical and mechanical properties of HTD in the early stage
and the current research is based on the prior study (Wang et al. 2021, Zhou et al. 2019, Tu et al.
2014).
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MATERIAL AND METHODS

Wood material

Poplar wood sawn timber were collected from Zhoukou, Henan, with an average air-dry
density of 450 + 30 kg'm™. The size of the board is 400 mm (longitudinal) x 150 mm (radial) x 25
mm (tangential), without any visible defects. A total of 2 sets of test pieces were prepared, one
was prepared for HTD, and the other was used as control. Each set of test pieces had 20 repeated
plate samples. Their moisture contents were adjusted to 3-5% at 70°C in the drying oven
(ZHYICO-0231, Guangdong Zhengyi Experimental Equipment Co., LTD, China).

Densification process

A hot-pressing machine (BY302X2/2150, Suzhou Xinxieli, China) was used to prepare
tangentially densified poplar wood. According to the densification process given by Dengyun Tu
(2014), the densified poplar wood was prepared, and the densification process parameters and
schematic diagram were shown in Fig. 1a and Tab. 1.
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Fig. 1: Schematic diagram of densification (a) and heat treatment (b).

Tab. 1: Densification process.

Technological parameter Parameter values
Tangential initial thickness 25
(mm)
Tangential target thickness (mm) 20
Temperature of platens (°C) 180
Pressure (MPa) 1.0-2.7
Closing speed (mm'min™) 3
Preheating time (s) 400
Holding time (s) 480
Cooling time (s) 900

Heat treatment process
A heat treatment tank (ZKY-JS2400, Guangzhou Energy Institute, China) was used for heat
treatment of densified poplar wood. The heat treatment process included heating stage, high

1034



WOOD RESEARCH

temperature heat treatment stage, cooling and humidity adjustment stage. According to the study
by Xianju Wang (2021), under the heat treatment temperature conditions of 190°C for 3 h, the
wood samples exhibited a higher storage modulus and the lowest loss factor in the colloidal
phase, and the wood products had a longer service life. Therefore, the heat treatment conditions
for 3 h at 190°C were used to prepare the HTD in this experiment. The specific heat treatment

process was referred to Fig. 2 and the schematic diagram was shown in Fig. 1b.
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Fig. 2: Heat treatment procedure.

Vertical density profile measurements

The vertical density profile curves of the control and HTD samples were measured with
an X-ray profile densitometer (DPX-300LT, IMAL, Italy), with the scanning step of 0.05 mm.
The size of samples was 50 mm % 50 mm (L x T) and each sample was measured 3 times.

Micromorphology and energy dispersive spectrometer (EDS)

The scanning electron microscope (EVO 18, Carl Zeiss, Germany) was used to observe
the microscopic morphology of the control and HTD. The type and content of component
elements near the interface between paint film and wood were analyzed by energy dispersive
spectrometer. Each sample was measured 3 times.

Machining properties measurement and evaluation method

Referring to the ASTM D1666-17 and LY/T 2054-2012, 6 main machining properties
including planing, sanding, boring, mortising, shaping and turning have been tested and evaluated.
The planning was prepared on a Single-sided planer (S630, SCM Company, Italy), with the
speed of 5000 rmin” and the wedge angle of 30°, and the planing process was smooth texture
processing. The sanding was carried out with a roller belt sander (225R-SR, Dongguan Jincheng
Woodworking Machinery Co., Ltd., China), which the sanding thickness was 0.5 mm. An
electric drilling machine (Z9026A, Zhongshan Machinery Factory, China) with a rotation speed
of 500 rmin” was used for the boring test. The mortising equipment was a vertical single-axis
tenon and groove machine (MS362, Shanghai Leban Woodworking Machinery Co., Ltd., China),
and the speed was 3600 rmin”. A vertical single-axis milling machine (MX5117B, Guangdong
Ma Shi Woodworking Machinery Factory, China) was adopted to shaping, and the shaping depth
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was 17 mm. The turning equipment was a lathe (MCL3022, Foshan Shengmu Woodworking
Machinery Factory, China), and the lathe speed was 3200 rmin’. Results of all machining
properties were expressed as the percentage of Grade 1 and 2.

According to the main types and degrees of processing defects produced during processing,
the processed test pieces were evaluated according to a five-grade classification method
(LY/T 2054-2012): Grade 1 - excellent, 5 points; Grade 2 - good, 4 points; Grade 3 - medium,
3 points; Grade 4 - poor, 2 points; Grade 5 - very poor, 1 point. Determine the percentage of
the number of test pieces of different processing performance levels, and use the weighted
integral method to obtain the quality level values of different processing performances. Finally,
referring to LY/T 2054-2012, a weighted integral method was used to evaluate the individual
processing performance, the corresponding scores were calculated, thetotal scores were
obtained by adding them, and the wood machining properties was comprehensively evaluated
according to the scores.

Surface coating process and properties measurement

The control and HTD were coated the water-based UV paint on the surface. The surface
coating properties, including the surface glossiness, surface roughness, the abrasion resistance,
adhesion and hardness, were characterized by the gloss meter (KGZ-C-4, Chengdu Besta
Instrument Co., Ltd., China), the roughness tester (Waveline W5, Waveline, Germany), the paint
film abrasion meter (JM-IV, Shanghai Pushen Chemical Machinery Co., Ltd., China), the
hundred-grid knife (SZZW-BGD-001, Zhixin Technology Co., Ltd., China), paint film hardness
measuring instrument (HK-QHQ, Dongguan Huaguo Precision Technology Co., Ltd., China), in
accordance to GB/T 4893.6-2013, ISO 4287:1997, GB/T 4893.8-2013, GB/T 4893.4-2013 and
GB/T 6739-2006.

Water contact angle (WCA) measurement

Using a droplet shape analyzer (DSA100, Klusch, Germany), the water contact angle test
was performed on the surface of the control and HTD before and after coating. The size of
samples was 50 mm x 50 mm (L x T) , each group included 6 samples, and each of which was
tested three times.

RESULTS AND DISCUSSION

Vertical density profile curves and micromorphology

Vertical density profile curves and SEM micrographs of the control and HTD were showed
in Fig. 3. As could be seen from Fig. 3a, the density of control was uniform, with an average
density of 450 kg'm™. After modification, the density of HTD was increased to 510 kgm™ and
was evenly distributed, which was 13.3% higher than that ofthe control (Fig. 3b). From the SEM
micrographs of HTD, the cell was deformed, the cell wall collapsed, the cell lumen volume
reduced, and also no significant cleavage of the cell walls could be observed, which were
the explanation for the increased density of poplar wood.
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Fig. 3: Vertical density profile curves and SEM of the control (a) and HTD (b)

Machining properties

The percentages of different machining properties grades of the control and HTD were
shown in Fig. 4. As could be seen from Fig. 4, the HTD showed superior attributes than
the control, and the HTD’s compliance rate was better than that the control’s all in all
The planing, sanding, boring, mortising, and shaping performance were enhanced, and
the proportion of Grade 1 were increased by 54.2%, 10%, 20%, and 21.7%, respectively.
Meanwhile the Grade 1 proportion of boring performance risen to 100%. The Grade 2 ratio of
the turning performance increased as well after modification. Equally, Grade 2 samples had only
minor flaws after sanding, which could be removed by secondary sanding. Through
the calculation of the weighted integral method, the quality grades of the planing performance of
the control and HTD were 4.17 and 4.88 respectively, the quality grades of sanding performance
were 4.65 and 4.75 respectively, the quality grades of boring performance were 4.80 and 5.00
respectively, the mortising performance quality grade values were 3.83 and 4.43 respectively, the
shaping performance grade values were 4.20 and 4.67 respectively, and the turning performance
grade values were 2.90 and 3.45 respectively. According to the relevant standards, the planing,
sanding, mortising and shaping properties of the two samples were all excellent and the four
machining properties were better following modification. The mortising performance of the
control was good but the HTD was excellent; the turning performance of the control was
medium, while the HTD had good turning performance.

The six processing defects in the machining process were depicted in Fig. 5. Overall,
the HTD had fewer defects than the control. This might be because the density of poplar wood
improved after modification (Fig. 3) and the compressive strength along the grain of poplar
wood increased with heat treatment (Li et al. 2010).
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Fig. 4: Proportion of machining performance grade of the control and HTD: (a) planing
performance; (b) sanding performance, (c) boring performance; (d) mortising performance;,
(e) shaping performance; (f) turning performance.

During the planing process, the most common surface defects of poplar wood were
indentation and burr. Uneven density distribution of poplar wood and different tool pressures on
the surface of poplar wood might be the cause of these defects. Burrs, groove marks and surface
roughness were the most typical processing flaws during boring and mortising. Because
the lower edge of the processing hole of the samples had more defects than the upper edge,
it was recommended that the backing plate be applied to decrease defects such as burrs during
processing. In addition, the control’s inner wall was rougher than the HTD’s. This might be
because during the heat treatment of poplar wood, the cellulose microfibrils were aggregated due
to the degradation of hemicellulose components, and some mechanical properties were improved
(Gu et al. 2019). Despite the fact that the control’s density and hardness were low, the surface
fiber was more likely to be torn by the bit during boring and mortising. And the degree of
mortising defects was more serious than that of boring, which might be caused by the rotating
speed of the tenoning machine being higher than the electric drilling machine. The defects in the
shaping process were mainly burrs and groove marks, the burrs were mainly located at the edge
of the milling plane, and groove marks was mainly created by poplar fiber rupture during blade
processing. Due to the rotation of the tool used to cut the poplar fiber, the defects in the turning
process were mainly burr and groove marks. The poplar fiber’s orientation was perpendicular to
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the saw’s rotation, so it was easier to tear during processing than planing.

Planing Sanding

Boring

Mortising Shaping Turning

Fig. 5: Machining performance defect photos of the control and HTD.

Comprehensive analysis of machining properties of the control and HTD were displayed in
Tab. 2. Based on weighted integrals, the comprehensive score of the control and HTD were 36
and 45, resp. After modification, the machining properties and the comprehensive score of
machining properties was significantly improved, and the comprehensive score was excellent.

Tab. 2: Comprehensive scoring results of various machining properties of 2 kinds of poplar
specimens.

Sample Individual points (Weighted) Total
Planing Sanding Boring Mortising | Shaping | Turning | score
Control 8 10 5 3 8 2 36
HTD 10 10 5 4 10 6 45

Surface glossiness and roughness of paint film

The capacity of wood to reflect light is measured by its surface glossiness. The surface
glossiness of GZL (incident light parallel to the grain direction)and GZT (incident light
perpendicular to the grain direction) was determined by the gloss meter. Due to the cell structure
of the wood surface, the glossiness of the two wood surfaces in the parallel grain direction was
better than the glossiness in the vertical grain direction after the water-based UV coating finished
(Fig. 6a). Most of the light was refracted by the cell wall and other tissues when the incident
direction of the light was parallel to the wood surface, and the reflected light dispersed less, the
reflected light ability was larger, and the gloss was greater. When the direction of light incidence
was perpendicular to the surface of the wood, however, portion of the light entering the cell
cavity was blocked by the inner cell wall, the reflected light might be scattered more widely, and
the glossiness was diminished accordingly (He et al. 2016, Zhu et al. 2021). Furthermore, the
surface glossiness of the HTD was found to be lower than that of the control, implying that heat
treatment could promote the decomposition of structural chemical components of the wood. The
likelihood of incident light being absorbed on the wood surface raised, resulting in a reduction in
glossiness.

Roughness is also an essential consideration in wood finishing (Bekhta et al. 2022). Surface
roughness test was performed on the control and HTD (Fig. 6b). Ra (arithmetic average
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roughness) and Rz (average roughness depth) were found to diminish to a considerable level
following modification, with Ra decreasing by 9.93% and Rz decreasing by 13.61%. This might
be because poplar wood have a more uniform surface after densification. The degradation of
materials produced by heat treatment had an influence on roughness as well.
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Fig. 6: Surface glossiness (a) and roughness(b) of the control and HTD after water-based UV
paint coating.

Abrasion resistance, adhesion and hardness of paint film

The abrasion resistance, adhesion and hardness of the paint film could be used to evaluate
the ability of the paint film surface to resist wear. As shown in the Tab. 3, the pant film hardness
grades of the control and HTD were both 4H, which were classified as good. In terms of paint
film adhesion, the paint film adhesion of the control was Grade 2 while the HTD was Grade 1.
This might be due to the unevenness and grooves formed on the poplar surface after sanding,
which could result a better connection with the coating. In addition, when compared to
the control, the weight loss of the paint film of the HTD was reduced by about 20% after
500 rpm grinding by grinding wheel, and the paint film’s abrasion resistance was improved.
According to the analysis of the special element Si element in the water-based UV paint, the mass
percentage of the Si element at the interface between the water-based UV paint and the HTD
was 7.32% (Fig. 7b), while the mass percentage of the Si element at the interface with the control
was 1.58% (Fig. 7a). This meant that part of the surface material of poplar wood was
decomposed following heat treatment, the penetration depth of the water-based UV paint
increased, and the water-based UV paint formed a stronger interface with the wood surface
covalent bond.

Tab. 3: Surface abrasion resistance, adhesion and hardness of the two samples after coating
with water-based UV paint.

500 rpm paint film weight loss (g) Adhesion (Grade) Hardness
Control 0.1998 2 4H
HTD 0.1596 1 4H
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Fig. 7: The EDS spectra for the control (a) and HTD (b).

Water contact angle (WCA)

Pre- and post-coating water contact angles (WCA) between the control and HTD surfaces
were measured (Fig. 8). The HTD's hydrophobicity was greatly improved when compared to
the control. Without coating, the control’s WCA gradually fell from 63° at 1s to 23.4° at 40 s.
After 40 s, the WCA could not be determined, however the HTD’s could be recorded after 120 s,
which is 41.2°. The WCA between the control and HTD rose after coating, and the WCA varied
minimally over time owing to the action of the paint film. Wood was a naturally hydrophilic
substance, its surface was very easy to absorb water. Densification resulted in surface cell
densification and pore reduction. At the same time, heat treatment reduced the concentration of

hydrophilic groups (such as hydroxyl) on wood surfaces. Densification and heat treatment acted
together to improve the hydrophobicity of wood surfaces.
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Fig. 8: Control and HTD's contact angles, (a) graphs of water droplets at different times of
contact, (b) contact angle curves, (c) contact angle maxima, Where A and B are uncoated
control and HTD respectively, and C and D are coated control and HTD.
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CONCLUSIONS

In this work, the machining properties and surface coating properties of the HTD were
studied, and the following conclusions were obtained: (/) The HTD was superior to the control
in the fields of planing, sanding, boring, and shaping. The performance of planing, sanding,
boring, and shaping were all full marks. The HTD received a 45 comprehensive score, and
the comprehensive evaluation grade was excellent. While the comprehensive score of the control
was 36 points, with good grade. (2) Compared with the control, the surface glossiness and
roughness of the HTD was decreased after water-based UV paint coating, but the abrasion
resistance, hydrophobicity and adhesion of the paint film were improved. (3) Heat
treatment-densification combination modification could improve poplar’s machining and surface
coating properties, which is critical for improving the effective exploitation of poplar wood.
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