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ABSTRACT

Ideal thermomechanical treatment conditions that reduce roughness and increase hydrophobicity of the 
wood surface require further investigation. In this study, a thermo-mechanical densification process was  
applied to Gmelina arborea (gamhar) wood. Three temperatures were used (140 °C, 160 °C and 180 °C) and 
two compaction rates (20 % and 40 %), applied for 30 minutes in a hot hydraulic press with final pressure of 2,5 
MPa. Chemical changes, wettability and surface roughness of control and densified samples were investiga- 
ted, as well as morphological changes. Densification partially degraded the hemicelluloses. Consequently, the  
wettability of the tangential surface of the densified wood decreased, with a more hydrophobic surface. Simi-
larly, densification reduced surface roughness, especially when filtering was used for natural wood structures, 
with morphological changes on the surface of the densified samples. Densification with the highest tempera-
ture (180 °C) and 20 % compaction created the most hydrophobic surface (>90 °). In contrast, densification 
with the lowest temperature (140 °C) and compaction of 40 % provided the best results of the roughness pa-
rameters, with significant reductions, making it an applicable technique to minimize the roughness of wood in 
general and improve surface quality.
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INTRODUCTION

The application of heat and pressure together on the wood is called thermo mechanical densification. This 
promotes changes in material properties, and is an alternative for applications in lignocellulosic products by 
causing modifications of aesthetic and structural factors. The method consists of compacting the wood through 
pressing under heat, condensing the porous cells of the wood. This intensifies the internal friction between 
them, obtaining a denser cellular structure, which improves the characteristics of the wood (He et al. 2020, 
Carvalho et al. 2021, Tenorio et al. 2023).

Chemical and physical changes in the main constituents of wood surfaces reveal differences in its  
chemical structure, in particular changes in the OH groups of densified wood (Gonultas and Candan 2018, Li 
et al. 2022, Alqrinawi et al. 2024). The behavior of water on the wood surface is affected by chemical factors 
and surface irregularities, generating different shapes of water droplets, depending on the time of contact with 
the wood. The variation indicates the level of free energy at the surface of the material, which implies changes 
in wettability. This can be verified by measuring the contact angle between the surface and a liquid (Yuan and 
Lee 2013, Raabe et al. 2017).

Related to wettability is the intensity of peaks and valleys of the material plane. This parameter indicates 
how smooth or irregular the surface is, called roughness. For industrial applications, the precise characteriza-
tion of the surface roughness is of significant importance, due to its considerable functional influence on the 
manufactured products (Whitehouse 2011). 

Thermomechanical densification tends to leave the wood less porous and smoother (less surface rough-
ness), thus modifying the activity of water on the surface. Wettability interferes with the contact relationships 
of wood with adhesives and coatings (Bekhta and Krystofiak 2016), therefore affecting the degree of adhesion 
and bonding of these materials. 

Investigations of wettability and surface roughness have been performedinvolving different densification 
processes (Bekhta and Krystofiak 2016, Bekhta et al. 2018, Chu et al. 2019, Zao et al. 2020, Gao and Huang 
2022, Gullo et al. 2023), with different results.Temperature, time and pressure act in the process, along with 
the compaction rate, which should be especially considered since it dictates the behavior as a function of the 
chemical and anatomical structure of wood of different species. Densification is considered an effective to  
wayimprove the mechanical properties of wood (Luan et al. 2022, Cabral et al. 2022), butto achieve good re-
sults, information is required about the optimal combinations of treatment parameters to improve the properties 
of specific woods (Schwarzkopf 2020, Cabral et al. 2022).

When the raw material comes from fast-growing species with low commercial interest, such as gamhar 
(Gmelina arborea Roxb.), there is a real possibility of enhancing the value of the product obtained in the 
process by achieving the desired functionality, thus increasing demand for the species to make high quality 
products.

We investigated the optimal conditions for thermomechanical densification of gamhar (Gmelina arborea 
Roxb.) woodas a function of temperature and compaction rate. The chemical, morphological, wettability and 
surface roughness parameters were determined of wood samples submitted to thermomechanical densification 
at 140 °C, 160 °C and 180 °C with 20 % and 40 % compaction rates.

MATERIALS AND METHODS

Samples of gamhar (Gmelina arborea Roxb.) wood, 25 years old, from stands planted in southern Brazil 
(25°34’17.8”S - 53°07’20.9”W), with dimensions of 25 mm x 100 mm x 2500 mm (thickness x width x length) 
and moisture content of ≅13 % were used for thermomechanical densification. The samples were compacted in 
the perpendicular direction in a hot hydraulic press. The processing conditions were defined after pre-testing, 
in which internal wood temperatures of at least 100 °C were reached, with application of a pressure equivalent 
to 40% of the perpendicular compressive strength, to note the changes in properties.

Three temperatures (140 °C, 160 °C and 180 °C) and two compaction rates (20 % and 40 %) were applied 
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to the treated samples for comparison with the control samples (Table 1). A 40 % compaction rate at 180 °C 
resulted in imperfections and defibration of the samples, thus not justifying further investigation of these pa-
rameters. 

Table 1: Thermo mechanical densification treatments of gamhar (Gmelina arborea Roxb.) wood.

At the desired temperature, 10 samples per treatment were inserted into the press and a pressure ramp of 
0,5 MPa per minute was applied until it reached 2,5 MPa ± 0,3 MPa. After 30 minutes, the heating was discon-
tinued and a pressure reduction ramp was applied at the same rate as the initial ramp until it reached 0,5 MPa. 
This condition was maintained for 240 minutes for internal temperature reduction (to 75 ºC), tension relief and 
steam pressure, setting up post-treatment. Density, swelling, thickness and equilibrium moisture content of the 
samples were analyzed after 72 hours of immersion in water.

Changes in chemical constituents

Samples with thickness of 2 mm were examined by Fourier-transform infrared spectroscopy (FTIR) with 
attenuated total reflectance (ATR) to verify changes in the macromolecular chemical constituents of the wood 
surface. The spectra were obtained with an Alpha Bruker spectrometer and Alpha-P module (Karlsruh, Ger-
many), with diamond crystal, in the spectral range of 400 cm-1 to 4000 cm-1, resolution of 4 cm-1 and 32 scans.

Wettability analysis

Three drops of deionized water with a volume of 5 µL were deposited on the abaxial and adaxial surfaces 
of the material. The apparent contact angle (CA) was measured at predetermined times (5 seconds, 15 seconds 
and 30 seconds).

Surface roughness determination

The surface roughness of the material was analyzed with a non-contact mode 3D optical profilometer 
(white light interferometer, Talysurf CCI, Taylor Hobson). The parameters Sa (mean roughness), Sq (mean 
quadratic roughness) and Sz (maximum surface height) were determined at three points on the abaxial surface 
and three points on the adaxial surface of the samples, corresponding to a reading field of 0,75 mm², according 
to ISO 25178 (2013). 

The parameters Spk (reduced peak height), Sk (depth of core roughness) and Svk (reduced valley depth) 
were determined according to the EUR 15178N (1993). The sampling length (cutoff) was set at 0,025 mm and 
a Gaussian regression filter was applied for data analysis.

Surface morphology

The morphology of the radial, tangential and transversal sections of the control and densified samples were 
analyzed by scanning electron microscopy (SEM). The samples were dried, cut and metallized (sputter coated) 
with a thin layer of gold. Under low vacuum with electron beam intensity of 15kV, high resolution images at 
different magnifications were acquired in a JEOL JSM 6360-LV microscope.

Statistical analysis

The data were tabulated in electronic spreadsheets and analyzed for variance homogeneity (Bartlett and 
Hartley tests) and data normality (Kolmogorov-Smirnov test). The parameters of apparent contact angle and 
roughness were analyzed by analysis of variance (p ≤ 0,05), and significant differences were verified with the 
Tukey test (p ≤ 0,05) to compare means.
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RESULTS AND DISCUSSION

The natural density of the material was 450 kg/m3. The highest density values were obtained for samples 
subjected to 40% compaction (T2 and T4), reaching 680 kg/m3 and 670 kg/m3, respectively. For T3 and T5, the 
apparent densitieswere 540 kg/m3 and 560 kg/m3. The increase in density occurs as a result of the compaction 
(Unsal et al. 2011, Arruda and Del Menezzi 2013, Cabral et al. 2022). Compaction directly influences dimen-
sional stability, with a tendency for swelling in samples with higher compression rates (Unsal et al. 2011, Cai 
et al. 2012).

In this study, the maximum thickness swelling after 72 hours of immersion in water was 8,76 % (T2), less 
than 10 %, due to the relief of internal tension and residual stress of the cells, resulting from post-treatment. 
The densification obtained by the process was partially lost when the material came into contact with water, so 
it was not possible to completely eliminate the effect of initial shape memory. Therefore, viscoelastic tensions 
were partially alleviated by the solidification of the lignin-hemicellulose matrix (Scharf et al. 2023) before 
release of the compression load (Scharf et al. 2023). Densification reduced the equilibrium moisture content 
(T0=13 % / T1=10,93 / T2=10,34 / T3=9,27 / T4=9,46 / T5=7,62). The lower equilibrium moisture content 
of densified wood is due to the smaller amounts of water adsorbed by the cell wall after treatment, in turn  
attributed to the increase in the wood’s crystallinity index due to the reduction in the amorphous portion of the 
hemicelluloses (Navi and Sandberg 2012, Sandberg et al. 2023).

Changes in chemical constituents

The chemical changes observed after the application of thermomechanical densification were identified by 
peak intensities, especially in the range between 1800 cm-1 and 800 cm-1, known as the wood identity region 
(Figure 1).

Figure 1: FTIR-ATR spectra for the control and densified gamhar (Gmelina arborea Roxb.) wood samples.

In the region of 1733 cm-1 it is possible to notice the lower intensity of peaks as a function of the increase 
in densification temperature. This change is attributed to the elongation of carbonyl groups (C=O) in hemi-
celluloses, lignin and extractives (Fu et al. 2019, Alqrinawi et al. 2024). Decreasing intensity peaks suggest 
the cleavage of ester groups associated with the decomposition of hemicellulose polysaccharides (Inari et al. 
2006), with the lowest magnitude occurring in treatment T5 (180 °C↓20 %).
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Widening of the densification peaks along with a small displacement to a longer wavelength can be seen 
near 1590 cm-1 and 1510 cm-1, associated with the aromatic skeletal vibration of lignin (Guo et al. 2015, Bao et 
al. 2018), which can be caused by the division of the aliphatic lateral chain in the lignin reactions (Windeisen 
and Wegener 2008, Bao et al. 2018).  

In the region 1230 cm-1, corresponding to the C=O absorption band (Diouf et al. 2011), T5 (180 °C↓20 %), 
T4 (160 °C↓40 %) and T3 (160 °C↓20 %), treatments with higher temperatures, differed from the others, with 
a reduction in peak intensity. This can be attributed to the degradation of hemicelluloses, gradually intensified 
from the control to T5 (180 °C↓20 %). Peak intensities in the regions 1420 cm-1 and 895 cm-1 were observed 
for the densified samples. These changes are due to the flexion vibration, attributed to cellulose (Diouf et al. 
2011), which indicates a relative increase of cellulose after densification.

The analysis indicated a certain degree of degradation of the chemical functional groups, in particular the 
hemicelluloses. This change reflects the more hydrophobic behavior of the tangential surface of the densified 
wood in relation to the control.

Wettability associated with densification

The densification changed the tangential face of the wood, from hydrophilic to hydrophobic, with contact 
angles greater than 90°, especially after 5 seconds of exposure. On the radial face, the behavior did not follow 
the same trend, which is explained by the non-contact of this face with the heated press. The time sequence 
changes the shape of the drop and consequently the apparent contact angle (Figure 2).

Figure 2: Behavior of the contact angle in control and densified gamhar (Gmelina arborea Roxb.) wood 
samples. 

a) = Tangential face; b) = Radial face.

The control sample had the smallest apparent contact angle, so it was more wettable on the tangential face. 
This indicates that densification caused stronger interaction of physical and chemical factors that modified 
the surface. Such phenomena, such as partial closure of the pores and reduction of the hydroxyl groups of the 
tangential surface, caused a surface sealing effect, making it more hydrophobic (Figure 3).
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Figure 3: Apparent contact angle on tangential surface in control and densified gamhar (Gmelina arborea 
Roxb.) wood samples. 

T1 = 140 °C↓20 %; T2 = 140 °C↓40 %; T3 = 160 °C↓20 %; T4 = 160 °C↓40 %; T5 = 180 °C↓20 %.  
The bars on the columns indicate the standard deviation.

The degradation of hemicelluloses and relative increase of cellulose, previously observed in the  
spectroscopic analysis, corroborates the greater contact angle of the densified samples, especially T2 (140 
°C↓40 %), T3 (160 °C↓20 %) and T5 (180 °C↓20 %). 

The application of heat causes the migration of the extractives to the wood surface, reorganization of the 
lignocellulosic polymeric components and plasticization of the lignin, altering the hydrophilic properties of 
the wood (Hakkou et al. 2005, Metsä-Kortelainen and Viitanen 2012, Santos et al. 2012). These factors favor 
the reduction of wettability.

In the radial section of the samples, which were not in direct contact with the heated plates of the press, 
different behavior from that observed in the tangential section can be observed (Figure 4), and there is no 
logical sequence.

Figure 4: Apparent contact angle of radial surface in control and densified gamhar (Gmelina arborea Roxb.) 
wood samples. 

T1 = 140 °C↓20 %; T2 = 140 °C↓40 %; T3 = 160 °C↓20 %; T4 = 160 °C↓40 %; T5 = 180 °C↓20 %.  
The bars on the columns indicate the standard deviation.
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The behavior observed in the radial and tangential sections was the same as the control. For the other 
treatments, the apparent contact angle in the radial direction was smaller than on the tangential surface. From 
a practical point of view, this behavior allows the application of densified parts in the production of laterally 
bonded articles, since it does not impair the bonding of the radial section.

Effect of densification on wood roughness

The densification altered the surface roughness, observed by the representative topography of the samples 
(Figure 5).

Figure 5: 3D surface roughness of control and densified gamhar (Gmelina arborea Roxb.) wood samples.

The change in the topography of the material was more intense with T2 (140 °C↓40 %), which caused a 
significant reduction of all parameters in relation to the control. The decrease was 60 % for the mean roughness 
(Sa), 50,18 % for the mean quadratic roughness (Sq), and 30,98 % for the total roughness (Sz), with statistical 
similarity to T5 (Table 2).
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Table 2: 3D surface roughness parameters of the control and densified of gamhar (Gmelina arborea Roxb.) 
wood samples.

 

Sa = mean roughness; Sq = mean square roughness; Sz = maximum surface height, difference between the highest peak and the deepest 
valley. Significant at 95 % confidence level; Mean values followed by the same letter have no statistical difference at 5 % probability of 

error. Values in parentheses correspond to the standard deviation.

The average roughness obtained in Corymbia and Eucalyptus machined wood floors was between 2,34 μm 
and 2,69 μm, with combinations of forward speed and cutting speed (Silva et al. 2016). In as study of sanding 
and application of surface sealer on balata blanc (Micropholis venulosa (Mart. & Eichler)), mean roughness 
values between 3,44 μm and 9,96 μm were reported (Raabe et al. 2017). The similarities of those values 
with the ones found by us indicate that thermomechanical densification minimizes roughness, comparable to  
methods already consolidated industrially. Material losses due to sanding and planning processes are avoided 
with the application of densification, with lower quantity of byproducts generated.

For the mean roughness (Sa), the densification showed significantly lower values than the control. The 
mean quadratic roughness (Sq), T1 (140 °C↓20 %) and T3 (160 °C↓20 %) did not differ from the control. For 
the maximum surface height (Sz) and total roughness, T1 and T3 presented values above the control, i.e., they 
presented greater differences between the highest peak and the deepest valley in relation to the control sample.

This fact was not expected, because with the densification, roughness parameters below the control were 
desired. This may have occurred due to the difference in the size and distribution of the sample pores, thus 
altering the surface texture of the wood. 

This occurrence is explained by the data in Table 3, where the control has roughness parameters (SpK, Sk 
and SvK) statistically higher than or equal to the densified samples. These parameters are based on the Abbott 
curve, a filtering technique used to discern the natural irregularities of the material, such as the anatomical 
parameters of the intrinsic roughness of the treatments applied (Gurau et al. 2005, Sandak and Negri 2005).

Table 3: 3D surface roughness parameters of the control and densified gamhar (Gmelina arborea Roxb.) 
wood samples.

 

Spk (reduced peak height), Sk (depth of core roughness) and Svk (reduced valley depth), Significant at 95 % confidence level; Mean 
values followed by the same letter have no statistical difference at 5 % probability of error. Values in parentheses correspond to the 

standard deviation.
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Since characteristics of wood such as the shape of anatomical structures (Cademartori et al. 2017) are 
modified, especially elimination of the vessels responsible for surface valleys, densification reduces the rough-
ness parameters. The reduction of T2 (140 °C↓40 %) and T5 (180 °C↓20 %), with mean values below those of 
the control and samples with other densifications, is noteworthy. These had a smoother surface, with greater 
aesthetic appeal for industrial applications.

An example is the use of wood without finishes or for the application of paints, varnishes and other  
coatings, where smoother surfaces of roofing and siding mean lower consumption (Sandak and Negri 2005, 
Bekhta et al. 2014). From the industrial and economic points of view, our results indicate it is preferable to  
apply a treatment with the lowest temperature (140 °C) and highest compaction (40 %), since there is less 
energy expenditure to obtain a reduction of the roughness parameters.

By applying a filter to eliminate the anatomical influence of wood, we observed that the thermomechanical 
densification reduced all indicators of surface roughness, which is desirable in many applications by favoring 
lower wettability.

Scanning electron microscopy

In transversal morphology, a change in the shape of the vessels was observed, changing from an oval 
shape in the control to a flattened shape with the application of densification, reducing the volume of the pores 
(Figure 6). This behavior was also observed in other studies of densified wood (Dömény et al. 2018, Wu et al. 
2020).

Figure 6: Scanning electron microscopic images of the transversal face of gamhar (Gmelina arborea Roxb.). 
(a) (T1 = 140 °C↓20 %); b) (T2 = 140 °C↓40 %); c) (T3 = 160 °C↓20 %); d) (T4 = 160 °C↓40 %);  

e) (T5 = 180 °C↓20 %); f) (Control).

On the tangential face, there were distinctions between the rays, vessels and fibers of the treated samples 
and control sample. The densified samples had smoother surfaces due to the crushing of these elements (Figure 
7), reducing the wettability of this face. 
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Figure 7: Scanning electron microscopic images of the tangential face of gamhar (Gmelina arborea Roxb.). 
(a) (T1 = 140 °C↓20 %); (b) (T2 = 140 °C↓40 %); (c) (T3 = 160 °C↓20 %); (d) (T4 = 160 °C↓40 %);  

(e) (T5 = 180 °C↓20 %); (f) (Control).

For T5 (180 °C↓20 %), the crushing aspect is not as visible, but tissue defibration can be noted in the detail 
(Figure 7e). This fact was observed in the treatment with the highest temperature, associated with the degra-
dation of the hemicelluloses that envelope the fibrils, leading to their dismemberment. Regarding ray cells, in 
the control there was no alteration of the cell walls, unlike observed in densified samples, where there were 
ruptures of the cell walls associated with superficial flattening (Figure 7a).

Like on the tangential face, there was alteration of fibers on the radial face (Figure 8). In the control sam-
ples, the fibers had a well-defined shape, with distribution parallel to each other along the wood.

 

Figure 8: Scanning electron microscopic images of the radial face of gamhar (Gmelina arborea Roxb.). 
(a) (T1 = 140 °C↓20 %); (b) (T2 = 140 °C↓40 %); (c) (T3 = 160 °C↓20 %); (d) (T4 = 160 °C↓40 %);  

(e) (T5 = 180 °C↓20 %); (f) (Control).

In densified wood, the structure has an irregular shape, similar to that caused by fibrillar crushing, making 
structural distinction difficult, with cracks (Figure 8e). This change is due to the heat applied, which limits the 
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application of this process with a temperature of 180 °C or above.

CONCLUSIONS

This study investigated the surface effects on the chemistry, wettability and roughness of Gmelina arborea 
wood specimens submitted to thermomechanical densification. In general, the densification degraded the hemi-
celluloses present on the wood surface structure, reduced the wettability of the tangential face and the surface 
roughness.

The densification with the lowest temperature (140 °C) and compaction of 40 %, produced the lowest sur-
face roughness rates. The densification with the highest temperature (180 °C) and compaction of 20 % caused 
a greater contact angle of the tangential face, with values above 100 °. This caused the naturally hydrophilic 
surface of Gmelina arborea wood to present a hydrophobic character, enabling applications in situations that 
require water repellence.

Changes in the morphology of the densified samples coincided with improved surface quality of the wood. 
The densification process can thus be an alternative to increase the value of wood from species with low  
commercial interest, by reducing wettability and surface roughness in comparison with natural wood.
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