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Abstract 

    For wood products such as flooring and worktop, only one surface is normally exposed in 
their use, and the mechanical properties like hardness and wearing resistance of that surface is 
then important. Since mechanical properties are strongly related to the density, surface 
densification, i.e. transverse compression of the wood cells beneath the surface of a piece of 
wood with the aim to increase the density of that region, may be a method for improving 
hardness and wearing resistance when low-density species are used for such products. The set-
recovery, i.e. the moisture-induced swelling of the densified wood cells back to their original 
shape, is the main obstacle in the use of densified wood products. Although there are several 
methods reported in literature, such as post heat-treatment, that can almost eliminate the set-
recovery, but such methods are either time consuming or difficult to implement into an 
industrial continuous process which may do densification competitive to techniques or 
materials that can achieve at least the same hardness.  

    In the present study, furfuryl alcohol was used as pre-treatment to fix the set-recovery of 
surface-densified Scots pine sapwood. The main effect and interactive influence of four process 
parameter (impregnation time, press temperature, press time and compression ratio) on set-
recovery and Brinell hardness after two wet-dry cycles were studied by a two-level full factorial 
design of experiments. The characterizing variables of the density profile after the surface 
densification and set-recovery test were carried out as a supplementary tool to learn the 
mechanism of this two-step modification process. According to the result, the surface densified 
wood with furfuryl alcohol pre-treatment can retain their dimension and keep hardness at a 
very high level after two wet-dry cycles. The set-recovery and hardens after two wet-dry cycles 
were about 20 % and 30 N/mm2, respectively. The Pearson correlation analysis shows that the 
correlation coefficients between set-recovery with impregnation time, press temperature, press 
temperature, compression ratio were -0.35, -0.52, -0.37, and 0.16, respectively. That means 
that for the specimens with furfuryl alcohol pre-treatment, the higher press temperature can 
reduce the set-recovery significantly. The longer press time and impregnation time can also 
reduce the set-recovery in some extent, but the influence was  low. As expected, the hardness 
improvement was retained with low set-recovery. The lowest set-recovery value was 14% with 
the corresponding hardness of 41 N/mm2 was achieved by specimens processed with 120 
minutes of impregnation, 10% compression ratio, 210℃ pressing temperature, and 15 minutes 
of pressing time. With 20 minutes of impregnation time, 10% compression ratio, 210℃ 
pressing temperature, and 5 minutes of pressing time, the sample still owns twofold hardness 
after the set-recovery test. 
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Background 

    Wood is a biomaterial which is widely used in the building industry due to its reproducibility, 
good workability, suitable mechanical properties, and attractive aesthetic appearance. Among 
those properties, mechanical properties such as strength, stiffness, hardness, and wearing 
resistance are important for the quality and use of wood. It is well known that there is a positive 
relationship between wood density and its mechanical properties. That means that densification, 
i.e. transverse compression of the wood cells with the aim to increase the density, of the wood 
structure is a method to increase the performance of low-density species like Scots pine and 
Norway spruce (Kutnar and Šernek, 2007). 

    There are two characteristics of wood that make it suitable for densification without 
structural fracturing: Firstly, wood is porous, i.e. it is made up of tightly aligned hollow cells; 
secondly, its viscoelastic property which means that wood exhibits linear elastic or viscous 
flow under load at different environmental conditions. Wood is, however, stiff, brittle and 
exhibits glassy properties when the temperature and moisture content (MC) is low. When the 
temperature is above the glass transition temperature (Tg), wood exhibits rubbery properties 
with high deformability and low stiffness due to the softening of wood components. 

    The mechanism of the wood plasticization can be explained with the knowledge of the 

different wood components and the ultrastructure. As illustrated in Figure 1, parallel aligned 

cellulose chains which are surrounded and fixed by the hydrogen bond with the matrix of lignin 

and hemicellulose build up the microfibrils in cell-wall.  

 

Figure 1. Schematic illustration of the wood cell-wall: a) cross-sectional view of the cell-wall, and b) the side-
view of the same cell-wall section (Navi and Heger, 2004) 

    When the temperature reach above Tg, the thermal action weaken the inter- and intra-

molecular interactions like hydrogen and Van der Waals forces in cellulose and hemicelluloses, 

and also in the amorphous regions of cellulose. That allows the movement in both molecular 

and macromolecular chain possible due to the rotation around “–C–C–“ and “–C–O–“ bonds. 
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When water molecules participate in this process, they will not only break the existing 

hydrogen bonds between the amorphous cellulose and hemicellulose by combining with the 

available OH-groups, but also provide more space for the polymer molecules movement by 

segregating hemicellulose and lignin (Navi et al., 2002). According to the accessible 

hydrophilic groups and therefore affinity to water molecules, Tg of disordered cellulose and 

hemicellulose can be decreased even to room-temperature level by increasing the MC. In 

contrast, the crystalline cellulose is aligned tightly with hydrogen bonds which means the OH-

groups are unavailable to combine with water (Fengel and Wegener, 1989). Because lignin is 

also hydrophobic, the Tg of lignin is still above 80℃ when wood achieves the fibre saturation 

point (Figure 2). The higher content of lignin results in a higher Tg especially at a higher MC 

(Ahlgren et al., 1972). Considering the bonding role of lignin in middle lamella to retain the 

structural integrity, lignin is the critical factor in wood softening (Salmén, 1984). When wood 

heated above Tg and shaped is cooled to a temperature lower than Tg, lignin transfer from the 

rubbery to the glassy state and the van der Waals bonds of lignin re-form to fix the new shape. 

The re-bonding between cellulose and hemicellulose also contribute to the confinement of 

deformed cellulose microfibrils (Navi and Heger, 2004).  

 

Figure 2. The influence of moisture content on Tg of cellulose, hemicelluloses and lignin (Salmén, 1990) 

    In the past, most of the densification processes were aimed to densify the whole thickness 

of the wood. However, this type of bulk densification is not only time and energy consuming 

during the process, but also result in a reduction of wood volume by about 50% which leads to  

the lower total bending capacity and higher cost per unit volume. In some cases, only one 

surface of the product is exposed during use such as in wooden flooring and worktops. 

Different from bulk densification, the surface-densification process usually starts with 
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relatively dry wood at a MC about 12%. The target densification is controlled by the water and 

heat to only soft the aimed densification zone close to the surface, and thereby not losing so 

much volume of wood but still getting improves hardness and wear resistance. The final 

product after surface densification do not only owns a surface with high wearing resistance and 

hardness, but also a soft core with good dampening characteristics. Such a product can be seen 

as a multi-layer EWP (engineered wood product).  

    Considered that recyclability will be a more crucial factor in future when assessing the 

environmental performance of a product, the surface densified wood is easier to recycle 

because it is only made up by wood without any additives such as e.g. adhesive added 

(Commission, 2016). Furthermore, since only the surface layer of wood is compressed, the 

following treatment to prevent the deformation from moisture-induced set-recovery may also 

be relatively faster and cheaper. In conclusion, the surface densification has the opportunities 

to be fast, low energy consuming, retained overall thickness and enough to provide wanted 

hardness and strength during in use (Rautkari et al., 2010).  

There are several methods to perform surface densification of wood:  

(1) To cut 2 mm wide and 5 mm deep grooves on the board surface with 150 mm intervals, 

and then soften the wood surface by water soaking and microwave irradiation heating 

before compression in the radial direction (Inoue et al., 1990).  

(2) To wet the surface with 20% urea solution for 30 minutes to achieve a 1 mm thick 

soften layer (Wang and Cooper, 2005).  

(3) To pre-treat the wood surface in boiling water for 5 minutes, followed by densification 

and active cooling to room temperature before the densification load is released 

(Lamason and Gong, 2007).  

(4) Heat-roller pressing combined with various pre-treatment and post-treatment to achieve 

the continuous production (Sadatnezhad et al., 2017).  

(5) Densification of the surface by hot compressing without any pre-treatment (Rautkari et 

al., 2011a).  

(6) To pre-heat the wood surface to reach a temperature of about 100℃ by linear-vibrate a 

polished steel-plate against the wood surface. When the surface is softened, 

compression force was applied (Rautkari et al., 2009).  

    The mechanical properties of the final densified product are tightly related to the density 

profile which is determined during the softening/compression regime. Instead of the localized 
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deformation (peak area), the highest density (peak density) and its location (peak distance from 

the densified wood surface) determine the Brinell hardness and wearing resistance of the 

surface (Gong et al,, 2010; Laine et al., 2013). For the parameters of densification process, the 

high compression ratio increases the mean density and peak density significantly. The 

combination of the a low softening temperature and a short closing time result in a density peak 

close to the surface. A high temperature and a long closing time will not only dry the wood 

surface and force the moisture deeper into the wood material, but also cause a heat transfer into 

the wood. Therefore, the softening region moves towards the core (Rautkari et al., 2011b).  

    Due to the movement of the extractives to surface and thermal degradation during the 

increased temperature, the densified surface is hydrophobic (Jennings et al., 2006). The 

densified wood cells will, however, recover to its original shape after exposed to a more moist 

climate (i.e. set-recovery). That phenomenon is caused by the elastic deformation of cellulose 

macromolecules and internal stresses generated during densification and released when the 

densified wood is re-moistened (Morsing, 2000). During densification, the crystalline 

celluloses are only elastically deformed and fixed by the hydrogen bonds formed between 

cellulose and hemicellulose and the lignin transition from rubbery state to glassy state (Navi 

and Heger, 2004). When water molecules get into the wood again, they will combine with the 

hydrogen bonds and recovery the deformation (Navi et al., 2011). Although the densified wood 

normally recovers approximately 80% instead of full recovery in practice, the densification-

induced property improvement is lost. That is the reason why several studies have been focused 

on how to eliminate the set-recovery of densified wood. Generally, there are three basic 

mechanisms to avoid set-recovery ( Norimoto et al., 1993; Morsing, 2000): 

(1) Make the cell wall hydrophobic to prevent the wood from being re-softened;  

(2) Create covalent crosslinks between the wood components during densification;  

(3) Release the stresses stored inside of microfibrils during densification. 

    By applying those mechanisms in practice, there are several corresponding approaches to 

reduce the set-recovery, such as steaming wood before or during densification, post-thermal 

modification, and chemical impregnation or chemical modification. (Pfriemet al., 2012; Laine 

et al., 2013, 2016). Among those treatments, the post-thermal modification is the most typical 

method and has been widely studied because thermal modification not only releases the inner 

stresses and make lignin cross-linking, but also reduce the hygroscopicity of wood cell (Inoue 

et al., 2008). As a result, the post-thermal modification is able to almost eliminate the set-
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recovery completely (Hill, 2006). The post-thermal modification process also reduces some of 

the mechanical properties like MOE and hardness at the same time due to thermal degradation 

of cellulose (Gong et al., 2010). Post-thermal modification needs, however, to be applied in a 

closed system, resulting in a time and energy consuming process with difficulties to transfer 

into an industrial process. That means the advantage of densification for cheap low-density 

species is lost.  

    Impregnation with polymerizing resins (e.g. phenolic resin) has been used for a long time to 

plasticize and fix wood during densification. One example of such a product is called ‘Compreg’ 

and it has considerable enhanced properties such as strength, hardness, wearing resistance and 

dimension stability (Stamm and Seborg, 1941; Gabrielli et al., 2010). Concerning wettability, 

curing conditions and viscosity, furfuryl alcohol owns similar properties like phenolic resin. 

The molecule size of furfuryl alcohol is small and polar enough to get into the wood cell wall 

and curing inside to make it permanent polymer composite (Thygesen et al., 2010). That is the 

reason why furfuryl-alcohol modification improve the anti-swelling efficiency comparable 

better than other modification methods (Kocaefe et al., 2015). Furfuryl alcohol is a renewable 

and natural material which can be obtained from biomass waste, and can also protect the wood 

from biodegradation in a high level without harmful emission or leaching during the 

application period (Lande et al., 2004, 2008; Pilgård et al., 2010; Lande et al., 2004). Based 

on the above properties, it has been proved that the polymerization of furfuryl alcohol owns 

advantages in plasticizing and fixing the deformation of densified wood (Westin et al., 2009; 

Pfriemet et al., 2012; Buchelt, et al., 2014). 

    When applying furfuryl alcohol as a pre-treatment in the wood-surface densification, it can 

bring two more advantages:  

(1) Furfuryl alcohol is supposed to increase the hardness of densified wood surface further 
compared with the surface densification only. This can be explained by the relative 
higher level of plasticization than wood plasticized by e.g. heat and moisture (Herold 
et al., 2014), as it is already known that heating during surface densification will dry 
the contact surface quickly and then decrease the plasticization degree of this area. In 
the furfuryl alcohol pre-treated wood, moisture is not the main factor contributing to 
the plasticization, and therefore the density peak, in this case, will get close to the 
outermost treated surface.   

(2) Because only the surface layer needs to be modified which means the impregnation 

equipment like autoclave is not necessary.    
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Objective 

    The objective of this thesis was to study to which degree a furfur alcohol pre-treatment can 

plasticize and reduce the set-recovery of surface densified Scots pine sapwood. The study was 

focused on how the densification-process parameters make interactive influence on properties 

such as spring-back, Brinell hardness, and set-recovery of the densified wood under wet-dry 

moistening cycles.  
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Materials and Methods 

Material 

    Industrially kiln-dried Scots pine (Pinus sylvestris L.) sapwood sideboards obtained from 

Martinsons sawmill were selected for the study. From each board, defect free specimens with 

dimensions of 40 mm (L) x 80 mm (T) x 20 mm (R) were cut. The sample selection criteria 

was even annual-ring orientation parallel to the tangential surface, an even annual-ring width, 

no visible defects like knots, cracks, or resin pockets. The dry-density for all specimens were 

470±10 kg/m3. From each sideboard, one specimen was randomly selected to one of the 22 test 

groups; each test group containing five replicates, and in total 110 specimens were used for the 

study (see Table 2). 

Design of Experiments (DOEs) 

    Four densification-process factors were investigated: soaking time in the furfuryl-alcohol 

solution, press temperature, press time used in hot-press equipment, and target compression 

ratio (TCR). The initial dry thickness T0 and target thickness Tr contribute to the TCR 

according to Equation 1. The relationship between factors and response was predicted to be 

linear, and therefor the JMP-14 statistics software (SAS Institute, USA) was used to create a 

two-level full factorial design to analyse the main effect and interactive influence among the 

four factors. In order to check the linear relationship and experiment error, 2 centre points and 

5 replicates for each group were used. Detailed information of the experimental design is 

shown in Tables 1 and 2. The high- and low-level settings of factors were decided based on the 

previous study (Herold and Pfriem, 2013) and a pre-test. Test groups 19 to 22 in Table 2 are 

the references without any pre-treatment. 

Target	Compression	ratio	(TCR) 	=
𝑇4 − 𝑇6
𝑇4

																														[1]			 

Table 1. Factors and levels used in the design of experiments  

Factors Levels 

Soaking time (minutes) 20 / 60 / 100 

Press temperature (℃) 150/ 180 / 210 

Press time (minutes) 5 / 10 / 15  

Target compression ratio (%) 10 / 25  
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Table 2. Treatment combination for a 24 Design of Experiments (DOEs). The “Pattern variable” shows the 
high-low level combinations of all the factors. ‘-’and ‘1’mean low level, ‘+ ’and ‘2’ mean high level, 
‘0’ means medium level. TCR – Target Compression Ratio 

Group 
No. of 

Pattern 
Press Temp. 

(℃) 
Press Time 
(minutes) 

Soaking Time 
(minutes) 

TCR（%） 
Replicates 

1 5 −−−1 150 5 20 10 
2 5 −−+1 150 5 100 10 
3 5 −−−2 150 5 20 25 
4 5 −−+2 150 5 100 25 
5 5 −+−1 150 15 20 10 
6 5 −++1 150 15 100 10 
7 5 −+−2 150 15 20 25 
8 5 −++2 150 15 100 25 
9 5 0001 180 10 60 10 
10 5 0002 180 10 60 25 
11 5 +−−1 210 5 20 10 
12 5 +−+1 210 5 100 10 
13 5 +−−2 210 5 20 25 
14 5 +−+2 210 5 100 25 
15 5 ++−1 210 15 20 10 
16 5 +++1 210 15 100 10 
17 5 ++−2 210 15 20 25 
18 5 +++2 210 15 100 25 
19 5 Reference 1 150 15 / 10 
20 5 Reference 2 150 15 / 25 
21 5 Reference 3 210 15 / 10 
22 5 Reference 4 210 15 / 25 

 

Preparation of furfuryl-alcohol solution 

    According to the earlier research, higher concentration of furfuryl alcohol leads to the higher 

weight-percentage gain (WPG) during impregnation, which finally results in the more clearly 

reduction of set-recovery (Pfriem et al., 2012). It has also been proved that the relative higher 

catalyst content can increase the degree of polymerization especially when the curing time is 

short or curing temperature is low. Therefore, furfuryl alcohol (technical grade 98%, supplied 

by Alfa Aesar) mixed with 5% (w/w) maleic anhydride as catalyst (based on the furfuryl 

alcohol solution) was used as impregnation solution in this study.  
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Furfuryl alcohol pre-treatment 

    The initial moisture content (MC) of all specimens was 12%. Specimens in groups 1 to 18 

were oven-dried at a temperature of 103℃ to 0% MC before furfuryl-alcohol pre-treatment 

while the specimens in the reference groups 19 to 22 were directly surface densified without 

drying and furfuryl alcohol pre-treatment. The end and side surfaces of the specimens were 

sealed with an impermeable sealant (Sikasil-Gasket) before soaking in prepared furfuryl-

alcohol solution to prevent the longitudinal absorption influence. The bark-side tangential 

surface of the specimens were soaked in the furfuryl-alcohol solution for different time 

according to Table 2 (Figure 3).  

 

Figure 3. One surface soaking in a furfuryl-alcohol solution. The sealant can be on the edges of the specimens 

    After soaking, the specimens were stored in a plastic bag for 1 hour to enhance the 
penetration of furfuryl alcohol and full swelling of the cell wall. The weight of specimens 
before and after furfuryl alcohol pre-treatment was measured to get the weight gain (WG) of 
furfuryl alcohol (Figure 4). 

 

Figure 4. Cross-section view after pre-treatment (area in the dash box show the area with furfuryl alcohol pre-
treatment) 
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Surface densification   

    A laboratory hot-press machine (FJELLMAN PRESS, Mariestad) with an active cooling 

function was used to densify the bark-side of the specimens in radial direction (Figure 5). At 

initial stage of the densification procedure, the surface of specimens was softened and 

compressed by the heated metal plate at a temperature of 150, 180 or 210℃ at 5.5 MPa pressure. 

The target thickness was 14.9 or 17.9mm and controlled by metal stops in the machine. 

According to Equation 1, this resulted in the target compression ratio (TCR) of 25% and 10% 

respectively. The setting closing speed was 5mm/s. Depending on the different compressing 

parameters and pre-treatment, the closing time to achieve target thickness varied. No matter 

the time to reach the target thickness, the total time in press before cooling was fixed as shown 

in Table 2. After the total press time was reached, the cooling system was turned on with the 

load maintained until the temperature decrease below 60℃, which was about 5 minutes.  The 

press was opened and the thickness was measured immediately by a digital calliper. The 

specimens were then wrapped in an aluminium foil and post-curing in a laboratory oven at a 

temperature of 103℃ for 24 hours. This step guaranteed a complete polymerization. Thickness 

was measured after this process once more to test whether further spring-back occurred. The 

actual compression ratio (ACR) was calculated by Equation 2. 

Actual	compression	Ratio	(ACR) 	=
𝑇4 − 𝑇>
𝑇4

																														[2]			 

where Tr is the target thickness after densification, Tc is the actual thickness after densification 

and curing, and T0 is the initial dry thickness, see also Equation 1. 

 

Figure 5. Schematic diagram of the densification equipment 
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Thermal transfer measurements 

    Thermal transfer was monitored by using a FLUKE 54 Ⅱ thermometer in different depth of 

the specimens. The measurements were taken on specimens compressed at 150 and 210℃ for 

15 minutes, with a one-minute interval. Three measurement positions were used: one on the 

compressed surface of sample contacted with hot metal plate and other two with 2 and 5 mm 

beneath the densified surface.  

Vertical density profile 

    The vertical density profile (VDP) (i.e. in the thickness direction of the specimens) was 

measured before, after densification, and also after set-recovery test by a Siemens medical 

computer-tomography (CT) scanner at Luleå University of Technology. Cross-section CT 

images were achieved at the middle in longitudinal direction of the specimens. 512 x 512 pixels 

with dimension 0.1 x 0.1 mm made up the original grey-scale CT images (Figure 6). Every 

pixel owns a CT number which is related to the density of the wood sample (Lindgren, 1991). 

The density calibration was achieved with assist of known density of water and air (Kalender, 

2011). The density profile was measured from densified surface to the bottom un-densified 

layer as the direction of arrow shown in Figure 6. Each point in the diagram of density shows 

the mean value of the density through the width of the sample, i.e. about 400 measurements.  
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               Before densification After densification 

CT 

image   

Vertical 

density 

profile 

 

Figure 6. Examples of computer tomography images (cross-section view) before and after densification (upper). 
The lighter areas correspond to the high density. The density profile before and after densification (lower) 

Vertical density profile characterizing variables 

    Based on a previous density profile analysis on particleboard (Wong et al., 1998), the 

variables shown in Figure 7 were used to characterize the density profile and further studied in 

the further statistical analysis. As shown in Figure 7, the peak density (PD) represents the 

highest density value through the thickness and the mean density (MD) is the average density 

value of the profile. Peak distance (Pdi) means the distance from the peak density position to 

the densified surface. In previously study (Wong et al., 1998), Peak base (Pb) is the distance 

of deformation which measured from densified surface to MD while Peak area (PA) is total 

compressed area with density value above MD. Since the MD always changed with the 

different processing parameters, the Pb and PA are also two relative value which can not be 

used to compare between different groups. Therefore, in this study a new definition of Pb is 

different from e.g. Laine et al. (2013) used, where Pb is defined as the thickness of densified 
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zone, where the density is higher an absolute constant value - 700 kg/m3 and Peak area (PA) is 

shadow area in Figure 7 defined base on Peak base (Pb). 

   

Figure 7. Definition of variables Pdi, PA, Pb and PD based on the vertical density profile 

Set-recovery 

    Before the set-recovery test, all the specimens were kept in a convection oven at a constant 

temperature of 103°C in order to measure the initial oven-dry thickness. After drying, the 

specimens were immersed in water for 24 hours at room temperature followed by oven-drying 

at a temperature of 60°C for 24 hours. This wet-dry cycle repeated twice. After each cycle, the 

sample thickness was measured with a digital calliper with a precision of ±0.03 mm. The 

compression zone was expected to “spring-back” during the curing process, especially for the 

groups with high CR, which means the some of the internal stresses was released before set-

recovery. Therefore, the set-recovery (SR) is defined as: 

						SR =
𝑇4A − 𝑇B
𝑇4 − 𝑇B

																																																			[4] 

where T0  is the initial oven-dry thickness of specimens before densification, Td is the actual 

thickness after densification and T0’ is the oven-dry thickness of the densified specimens after 

the wet-dry cycle (Figure 8). 
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Figure 8. Illustration of the nomenclature of thickness used it Equation [4] 

  The set-recovery between 0 and 100% means no set-recovery to full set-recovery. After the 

first wet-dry cycle, cupping behaviour occurred on the densified surface. Thus, the average 

value of the maximum and minimum thickness over the surface was used as T0’. Since the 

initial oven-dry thickness was not known for the reference specimens densified at 12% MC, 

the average thickness of all the specimens densified at an MC of 0% was used as the oven-dry 

thickness of the reference specimens.  

Brinell hardness  

    Brinell hardness (HB) measurement is destructive which make the specimens un-reusable, 

therefore the HB tests were only made on specimens after the set-recovery test. Before the HB 

measurements, all specimens were oven-dried at a temperature of 103℃ to 0% MC. Based on 

standard EN1534, and also with some modifications from CEN 2010, the HB was measured 

by a Zwick Roell ZwickiLine 2.5 TS universal testing machine. In the test, a steel ball with a 

diameter (D) of 10 mm was applied a nominal force (F) of 1 kN in the radial direction on 

specimens (at the densified surface). Since the increasing rate of force was 4 kN per minute, 

the nominal force was achieved after 25 seconds. The force has been held for 25 seconds before 

being released.  

    The HB was based maximum the depth (h) of the indentation instead of the diameter of the 

same. The reason of this modification in calculation equation was that compared with steel or 

other metals, wood does not leave an indentation with a clear circular border due to the 

anisotropy. That makes it was difficult to measure the diameter of the indentation in wood with 

high precision. However, the depth of the indentation can be measured with the hardness testing 

equipment with high accuracy and precision. HB is defined in this method as: 

HB =
𝐹

𝜋 ∗ 𝐷 ∗ ℎ																																																															[5] 
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Since there was 5 replicates used in this study and 4 measurement were took on each sample, 

there were 20 hardness measurements for each group. 

Statistical analysis  

    The statistical analysis software JMP-14 (SAS Institute Inc., Cary, NC, USA) was used to 

make Pearson correlation test, which measure the linear relationship of the process parameters, 

vertical density profile characterizing variables, set-recovery and Brinell hardness. If there is 

an exact linear relationship between two variables, the correlation coefficient is 1 or -1, 

depending on the relationship is positive or negative. If there is no linear relationship, the 

correlation coefficient tends towards zero (Pearson Product-Moment Correlation).  
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Results and Discussion 

Thermal-transfer efficiency 

For the experiment, the target press-plate temperature was 150℃ and 210℃, but the 

actual temperature of the press-plate during compression was 145℃ and 205℃, respectively. 

The temperature within the specimens under densification decreased rapidly, i.e. the 

temperature at a distance of 2 mm beneath the heated surface reached to above 100℃ within a 

minute and the temperature after 5 minutes of hot-pressing stabilized at about 140 and 190℃ 

respectively for the two target press temperatures, Figure 9. The temperature at 5 mm beneath 

the densified surface was considerable lower than the surface temperature and the temperature 

at 2 mm, and did not stabilize before the press was opened. After entering the cooling regime 

that started after 16 minutes, the specimens compressed at 150℃ needed 3 minutes to decrease 

temperature below 60℃, while the specimens compressed at 210℃ needed slightly a longer 

time. The medium level press temperature 180℃ was not tested in the experiment, thermal-

transfer efficiency of 180℃ is supposed to be in the range of 150℃ and 210℃ thermal-transfer 

efficiency. 
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Figure 9. Temperature as a function of time at the compressed surface, at 2 mm (solid lines) and 5 mm (dotted 
lines) beneath that surface when pressed at a temperature of 150℃ (upper), or 210℃ (lower). Compression ratios 
were 10% and 25%. The hot-compression start at 0 minutes, and the press opened at 16 minutes. 

Thickness after densification and curing 

    The initial thickness of all specimens was a slightly less than 20 mm due to the dry process 
and planning accuracy. According to the design of experiments, the target thickness for 
specimens was 17.9 and 14.9 mm which corresponding to a TCR of 10 and 25%, respectively. 
The actual thickness and ACR after densification and curing are also presented in Table 3.  

Table 3. The thickness and Compression Ratio (CR) after densification and curing of specimens. Values in red 
colour means that the specimen did not achieve the target thickness during compression. TCR – target CR, ACR 
– actual CR 

Group 
No. 

Press 
Temp 
(℃) 

Press 
Time 

(minutes) 

Soaking 
Time 

(minutes) 

Weight 
Gain 
(g) 

Thickness after 
densification (D) and curing (C) 

(mm) 

Compression 
Ratios 

(%) 

Target After 
D 

After 
C 

Spring-
back TCR ACR 

1 150 5 20 2.3 17.9 17.90  
(0.07) 

18.02 
(0.06) 0.12 10 9 

(0.2) 

2 150 5 100 3.8 17.9 17.87  
(0.05) 

18.02 
(0.11) 0.15 10 9 

(0.6) 

3 150 5 20 2.3 14.9 16.53  
(0.83) 

16.81 
(0.48) 0.28 25 15 

(2.7) 

4 150 5 100 3.7 14.9 15.52  
(0.67) 

15.90 
(0.49) 0.38 25 20 

(3.2) 

5 150 15 20 2.4 17.9 17.86  
(0.03) 

17.95 
(0.07) 0.09 10 9 

(0.5) 

6 150 15 100 4.1 17.9 17.83  
(0.05) 

17.86 
(0.11) 0.03 10 10 

(0.4) 

7 150 15 20 2.3 14.9 15.77  
(0.48) 

15.99 
(0.28) 0.22 25 19 

(2.7) 

8 150 15 100 3.7 14.9 15.06  
(0.25) 

15.29 
(0.13) 0.24 25 23 

(2.2) 

9 180 10 60 3.4 17.9 17.78  
(0.08) 

17.83 
(0.06) 0.05 10 10 

(0.4) 

10 180 10 60 3.5 14.9 14.99 
(0.29) 

15.11 
(0.09) 0.12 25 25 

(1.5) 

11 210 5 20 2.3 17.9 17.79 
(0.10) 

17.86 
(0.05) 0.06 10 10 

(0.3) 

12 210 5 100 3.8 17.9 17.77 
(0.07) 

17.82 
(0.13) 0.04 10 10 

(0.7) 

13 210 5 20 2.3 14.9 14.92 
(0.09) 

15.02 
(0.09) 0.10 25 25 

(0.8) 

14 210 5 100 3.9 14.9 14.79 
(0.03) 

14.94 
(0.03) 0.15 25 25 

(0.7) 

15 210 15 20 2.1 17.9 17.81 
(0.07) 

17.88 
(0.13) 0.07 10 10 

(0.5) 

16 210 15 100 4.3 17.9 17.77 
(0.08) 

17.83 
(0.08) 0.07 10 10 

(0.5) 

17 210 15 20 2.1 14.9 14.81 
(0.06) 

14.93 
(0.08) 0.12 25 25 

(0.6) 

18 210 15 100 3.7 14.9 14.73 
(0.05) 

14.82 
(0.13) 0.09 25 26 

(0.5) 
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19 150 15 /  17.9 17.63 
(0.16) / / 12 12 

(0.9) 

20 150 15 /  14.9 14.81 
(0.32) / / 26 26 

(2.1) 

21 210 15 /  17.9 17.60 
(0.08) / / 12 12 

(0.4) 

22 210 15 /  14.9 14.63  
(0.11) / / 27 27 

(0.6) 
 

*Standard deviations are shown in parentheses 

    After the press opening, all the groups with 10% TCR reach that  compression level while 
some of groups with 25% TCR at a press temperature of 150℃ (like group 3, 4 and 7) did not 
achieve the TCR. If the press temperature should be increased above 200℃, the TCR of 25% 
can be achieved,  as the Tg, which means the approximate point of softening of wood, decreases 
with the MC increase (Salmén, 1990). Since the MC of the entire specimen before the 
densification process was close to 0%, a higher temperature to soften the wood was needed 
compared to more moist specimens. The influence of MC on Tg was also obvious when the 
reference groups with about 12% MC before densification were studied. Those specimens 
could achieved the TCR even when compressed at a temperature as low as 150℃. However, it 
need to be noticed that the ACR of the reference groups was a slightly higher than the TCR 
value. This results highlights the negative influence of water as plasticizer, which leads to the 
unwanted shrinkage during pressing.  

    A longer soaking time in furfuryl alcohol (100 min. instead of 20 min.) was beneficial to 
make the specimens achieve a high CR. The reason is the plasticizing effect of furfuryl alcohol 
on wood is similar as the thermo-hydro action, which alter the interactive forces among wood 
components (Shams and Yano, 2004; Herold and Pfriem, 2013). A longer soaking time 
increased the weight percent gain (WG) of furfuryl alcohol which is close related with Young’s 
modulus and yield-stresses reduction (Herold, et al., 2014). As shown in Table 4, the WG after 
soaking in furfuryl alcohol solution for 20 minutes is about 2.3 g, but with soaking for 60 
minutes the WG increased to 3.5 g. The WG difference between soaking for 60 and 120 
minutes, respectively, is however not so large and the standard deviation of WG increased 
when soaking time increased above 20 minutes. 

Table 4. Weight gain (WG) during furfuryl-alcohol pre-treatment 
Impregnation time (minutes) WG (g) 

20 2.3 (0.55) 

60 3.5 (1.06) 

120 3.9 (1.08) 

    From the previously research, a higher CR will cause higher internal stresses of the densified 
wood, and result in the larger spring-back (Gong et al., 2006). The stresses occurring during 
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densification at high-level CR resulted in an increased spring-back after the curing process, 
especially for the groups pressed at low temperature combined with a short press time (Table 
3). The specimens in group No. 4 as an example, were soaked in furfuryl alcohol for 100 
minutes and did not reached the TCR. In this case, neither of the press temperature or press 
time was enough to cure the furfuryl alcohol and fix the deformation during densification 
process. During the following curing process after unloading, the thickness recovered. For 
other groups that had a more complete curing before press opening, the spring-back was very 
low.  

An overview of the vertical density profile after densification and curing  

    The vertical density profile (VDP) represent the density distribution in the radial 

(densification) direction of a specimen, and is very important because its relation to the surface 

hardness. From previous studies, the surface compression sometimes causes a density increase 

on the opposite side of specimens because of the heat transfer, and this unwanted deformation 

may lead to a smaller density peak at the densified surface than targeted (Rautkari et al., 2013). 

In the present study, the MC of the specimens was close to 0% before densification and  the 

plasticized zone which finally defines the zone to be densified was fully controlled by the 

furfuryl-alcohol pre-treatment (see also Pfriem et al., 2012). As a result, a non-uniform density 

profile with a density peak located close beneath the compressed surface after the densification 

and curing process was achieved (Figure 10). For the furfuryl-alcohol pre-treated specimens, 

there were a small difference of the location of the density peak within the groups 10% and 25% 

TCR, respectively. 
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Figure 10. Vertical density profile (VDP) after the densification and curing process: 10% TCR (upper), and 25% 
TCR (lower). Reference groups are marked in red, orange, blue and green 

   During the tests, a bulging phenomenon of the specimen edges in the densification zone could 

be observed (Figure 11). The bulging of specimens treated with furfuryl alcohol was located 

very close to the compressed surface, while the bulging of non-treated specimens was slightly 

more beneath the surface. The high degree of softening of the surface after the furfuryl-alcohol 

treatment resulted also in width expansion of the specimen. The purpose of surface 

densification is to densify wood in radial direction, and then the un-wanted width expansion 

will result in the less material being compressed were it is needed (Laine et al., 2013).  
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 (a)

 (b) 

Figure 11. Cross-section CT-image view of surface densified specimens: (a) densified with furfuryl-alcohol pre-
treatment, and (b) without with furfuryl alcohol pre-treatment (bulging of side surface is shown in dash line circle) 

    The characterizing variables of the VDP and HB after the curing process are shown in Table 
5. The mean density (MD) of the untreated specimens was 471 kg/m3. After densification, both 
of the furfuryl alcohol pre-treated and references specimens MD were similar, and increased 
to approximately 500 kg/m3 (10% CR) and 600 kg/m3 (20% CR), since the furfuryl alcohol pre-
treated specimens and references were finally pressed to the same thickness. Like the change 
of MD,  PD of reference specimens also increased to 850 kg/m3 (10% CR) and 900 kg/m3  (20% 
CR) while PD of furfuryl alcohol pre-treated specimens were slightly higher , i.e. 950 kg/m3  
(10% CR) and 1100  kg/m3 (20% CR).  

    The bulging in the densification zone seems do not make much negative influence on the 

characterizing variables of the VDP. The relative high PD for furfuryl-alcohol pre-treated 

specimens can be explained by the weight gain (WG) during the impregnation process and 

improved plasticizing effect of furfuryl alcohol compared to water. Although the absolute 

maximum WG was only about 4 g,this value is quite high when considering that the mass of 

the whole piece of sample was about 30 g and furfuryl alcohol concentrated at the zone very 

close to the surface. The VDP of reference specimens owns a much wider deformation zone in 

general when compared with the furfuryl alcohol pre-treated specimens, especially for the 

specimens with 25% CR (Figure 10b). By contrast, the deformation of furfuryl-alcohol pre-

treated specimens was located more close to the densified surface than the reference specimens. 

    It has been showed that a high Pdi means that the density peak is more far away from the 

compressed surface and makes significant negative influence on hardness. That is because the 

hardness is only influenced by the first few millimetres beneath the compressed surface of the 

specimen (Laine et al., 2013). Although the correlation between CR and Pdi was 0.56 which 

is significant, the absolute Pdi of all groups are close to 1 mm with a very small standard 
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deviation. The low Pdi in this study was suggested  due to the high closing speed (Qiao fang et 

al., 2019). Therefore, the influence of Pdi in this case is not so considerable. Considering that 

in CT images there is a blurry transition area from air (1 kg/m3) to solid wood which virtually 

increases the peak distance in the measurements to some extent, the practical Pdi should be 

even smaller (Watanabe et al., 2012). If further processing after densification like sanding or 

planning occurs, the zone from PD to surface can be used as machining allowance and the PD 

will be moved to the surface (Laine et al., 2013). 

    In order to increase the machanical properties like hardness, except the high PD, the Pb also 

need to be sufficiently wide (Qiaofang et al., 2019). Because the calculation of PA and Pb are 

highly related on MD and PD, they are also highly depend on CR and increased with the CR 

increasing. Pb of groups with 10% CR was about 2 mm, while for groups with 25% CR it was 

about 3.5 mm. The PA and Pb of furfuryl alcohol pre-treated specimens were much higher the 

PA and Pb of reference specimens. However, it needs to be noticed that compared with other 

characterizing variables, the standard deviation of PA was much higher. The reason behind the 

high standard deviation is supposed to be that in this study instead of using the full-cell 

autoclave impregnation, the furfuryl alcohol pre-treatment was achieved by immersing 

specimens in a furfuryl-alcohol solution. Therefore, and the different soaking efficiency of 

specimens which influence the how deep layer the can be softened is highly dependent on the 

diffusion properties of wood itself.  

Table 5. Characterizing variables of vertical-density profile before set-recovery test (standard deviation in 
parenthesis, n=5)  

Group 

Press 
Temp 
(℃) 

Press 
Time 

(minutes) 

Soaking 
Time 

(minutes) 
ACR 

PD 
(kg/m3) 

Pdi 
(mm) 

MD 
(kg/m3) 

PA  
Pb 

(mm) 

1 150 5 20 
9 

(0.2) 
940 
(40) 

1.1 
(0.1) 

509 
(42) 

2726 
(894) 

2.4 
(0.3) 

2 150 5 100 
9 

(0.6) 
942 
(28) 

1.1 
(0.1) 

517 
(29) 

2903 
(463) 

2.6 
(0.3) 

3 150 5 20 
15 

(2.7) 
989 
(53) 

1.1 
(0.1) 

536 
(35) 

4578 
(1586) 

3.6 
(0.7) 

4 150 5 100 
20 

(3.2) 
1034 
(25) 

1.1 
(0.0) 

569 
(42) 

6825 
(1035) 

4.4 
(0.6) 

5 150 15 20 
9 

(0.5) 
953 
(25) 

1.0 
(0.0) 

501 
(31) 

2847 
(566) 

2.3 
(0.3) 

6 150 15 100 
10 

(0.4) 
966 
(29) 

1.1 
(0.0) 

521 
(42) 

3464 
(583) 

2.7 
(0.3) 
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7 150 15 20 
19 

(2.7) 
1070 
(32) 

1.1 
(0.0) 

566 
(34) 

7483 
(1752) 

3.8 
(0.5) 

8 150 15 100 
23 

(2.2) 
1091 
(11) 

1.1 
(0.1) 

601 
(46) 

9687 
(1834) 

5.2 
(1.3) 

9 180 10 60 
10 

(0.4) 
989 
(37) 

1.0 
(0.1) 

521 
(36) 

3433 
(893) 

2.4 
(0.2) 

10 180 10 60 
25 

(1.5) 
1123 
(23) 

1.2 
(0.1) 

603 
(51) 

10442 
(2151) 

4.5 
(0.5) 

11 210 5 20 
10 

(0.3) 
987 
(36) 

1.0 
(0.1) 

508 
(43) 

3147 
(679) 

2.2 
(0.3) 

12 210 5 100 
10 

(0.7) 
1001 
(26) 

1.0 
(0.0) 

507 
(29) 

3463 
(278) 

2.2 
(0.2) 

13 210 5 20 
25 

(0.8) 
1134 
(28) 

1.2 
(0.1) 

579 
(38) 

9754 
(2004) 

4.1 
(0.3) 

14 210 5 100 
25 

(0.7) 
1122 
(29) 

1.3 
(0.1) 

593 
(52) 

10811 
(2284) 

4.9 
(0.8) 

15 210 15 20 
10 

(0.5) 
969 
(55) 

1.0 
(0.1) 

486 
(28) 

2745 
(609) 

1.9 
(0.2) 

16 210 15 100 
10 

(0.5) 
996 
(54) 

1.0 
(0.1) 

516 
(48) 

3909 
(719) 

2.5 
(0.3) 

17 210 15 20 
25 

(0.6) 
1129 
(23) 

1.3 
(0.1) 

575 
(26) 

9207 
(1646) 

4.1 
(0.6) 

18 210 15 100 
26 

(0.5) 
1127 
(32) 

1.3 
(0.1) 

591 
(48) 

11237 
(1948) 

4.7 
(0.4) 

R1 150 15 / 
12 

(0.9) 
850 
(14) 

1.0 
(0.1) 

495 
(  9) 

782 
(244) 

1.4 
(0.2) 

R2 150 15 / 
26 

(2.1) 
895 
(23) 

1.3 
(0.2) 

591 
(18) 

2480 
(1078) 

3.6 
(1.5) 

R3 210 15 / 
12 

(0.4) 
857 
(44) 

1.2 
(0.2) 

485 
(28) 

830 
(463) 

1.4 
(0.3) 

R4 210 15 / 
27 

(0.6) 
903 
(24) 

1.3 
(0.2) 

586 
(26) 

3848 
(534) 

3.4 
(0.1) 

    

    Table 6 presents the correlation between VDP characterizing variables and process 

parameters; correlations among VDP characterizing variables. CR was the most significant 

factor to VDP characterizing variables after densification and curing, while the influence of the 

other three process parameters were relatively in-apparent. The correlations between all VDP 

characterizing variables were positive and relative high. A high CR resulted in high PD, MD , 

PA and Pb with correlations of 0.83, 0.63, 0.77 and 0.71, respectively. These tendency can be 

expected since the larger proportion of the wood is been compressed with the higher CR 

achieved and therefore result in the higher MD, PD, PA and Pb (Rautkari et al., 2013).  In 
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addition, compared with the correlation coefficients between soaking time and VDP 

characterizing variables, the correlation coefficients between WG and VDP characterizing 

variables are much higher, especially with Pb (0.52), which supports this hypothesis. 

Table 6. Correlations between vertical density profile (VDP) characterizing variables and process parameters; 
A relative high correlation with a value above 0.50 are marked in blue (Based only on the furfuryl-alcohol pre-
treated specimens) 

  
PD Pdi MD PA Pb WG 

Soaking  0.02 0.07 0.16 0.10 0.21 0.62 
Temp 0.34 0.17 0.09 0.19 -0.04 0.01 

Time 0.10 0.08 0.07 0.05 -0.01 -0.02 

CR 0.83 0.56 0.62 0.77 0.70 -0.06 

PD 1 0.75 0.78 0.89 0.73 0.12 

Pdi 0.75 1 0.75 0.82 0.69 0.30 

MD 0.78 0.75 1 0.91 0.94 0.60 

PA 0.89 0.82 0.91 1 0.91 0.35 

Pb 0.73 0.69 0.94 0.91 1 0.52 

WG 0.13 0.30 0.60 0.35 0.52 1 

 

    The average set-recovery (SR), the VDP characterizing variables and the HB of reference 

and furfuryl-alcohol pre-treated specimens after two wet-dry cycles set-recovery test are shown 

in Table 7. After first cycle of set-recovery test, the compressed deformation of reference 

specimens densified at 150℃ recovered more than 70%. This result agree with a pervious study 

on microstructure of surface-densified wood after water soaking and drying, although the 

densified wood almost get a complete set-recovery, the wood cell did not recover to their initial 

shape completely. That phenomenon is supposed to result from the plastic or viscoelastic 

deformation during densification which make the permanent deformation of the cell wall 

(Laine et al., 2014). With a high press temperature, the wood is thermal degraded which release 

the internal stresses created during the densification and hygroscopicity reduction caused by 

hemicellulose hydrolysis ( Laine et al., 2013). Thus, the press temperature 210℃ can reduce 

the SR to some extent, but the SR was still at very high level about 60%. In the reference groups, 

the difference between SR of specimens with different CR is not obvious since the specimens 

are almost full set-recovery. Both for the reference and the furfuryl alcohol pre-treated 

specimens, the SR increased only to a small content after the second water soaking cycle. 

Despite the reference specimens still have some distance from the full set-recovery, the VDP 
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characterizing variables of reference groups like PD and MD decreased dramatically after set-

recovery test while the change of Pdi represents the peak moved away from the surface at the 

same time. In particular, the PA and Pb value decreased to zero after set-recovery test, which 

means density peak above 700 kg/m3 totally disappeared. Take the HB of initial untreated 

sample 11 N/m2  as a reference, the HB of reference groups return its original level except the 

group R4 in Table ?? pressed at 210℃ still keep most of the HB increase.  

Table 7. Set-recovery (SR), VDP characterizing variables and HB after two cycle set-recovery test (n=5). SR 
higher than 40% are marked in red colour 

Group 

Press 
Temp 
(℃) 

Press 
Time 

(minutes) 

Soaking 
Time 

(minutes) 
ACR SR1(%) SR2(%) 

PD 
(kg/m3) 

Pdi 
(mm) 

MD 
(kg/m3) 

PA  
Pb 

(mm)  

Hardness 
(N/mm2) 

1 150 5 20 
9 

(0.2) 
49(18) 58(24) 822(49) 1.0(0) 509(9) 317(203) 1.8(0.3) 17(4) 

2 150 5 100 
9 

(0.6) 
29(3) 32(7) 866(40) 1.0(0) 523(6) 593(192) 2.5(0.4) 20(4) 

3 150 5 20 
15 

(2.7) 
48(4) 54(5) 924(54) 1.0(0) 537(24) 1216(155) 2.4(0.1) 17(4) 

4 150 5 100 
20 

(3.2) 
48(7) 48(6) 965(47) 1.0(0) 562(15) 2329(170) 3.4(0.1) 21(4) 

5 150 15 20 
9 

(0.5) 
29(2) 31(2) 897(18) 1.0(0) 516(14) 1013(284) 1.9(0.3) 23(3) 

6 150 15 100 
10 

(0.4) 
16(2) 21(4) 926(13) 1.1(0) 548(29) 2332(498) 2.7(0.3) 32(7) 

7 150 15 20 
19 

(2.7) 
38(5) 42(10) 1013(74) 1.1(0) 566(27) 2883(675) 3.2(0.2) 25(5) 

8 150 15 100 
23 

(2.2) 
23(6) 24(6) 1055(41) 1.1(0) 599(15) 5542(489) 4.2(0.4) 31(5) 

9 180 10 60 
10 

(0.4) 
18(5) 21(4) 959(8) 1.1(0) 540(20) 2282(675) 2.3(0.2) 27(3) 

10 180 10 60 
25 

(1.5) 
15(7) 18(8) 1103(44) 1.2(0) 619(34) 8598(2210) 4.4(0.5) 44(7) 

11 210 5 20 
10 

(0.3) 
22(3) 26(3) 939(19) 1.0(0) 521(11) 1653(295) 1.8(0.2) 26(4) 

12 210 5 100 
10 

(0.7) 
14(7) 21(9) 976(26) 1.0(0) 525(12) 2466(297) 2.3(0) 31(5) 

13 210 5 20 
25 

(0.8) 
28(9) 33(8) 1116(61) 1.2(0) 583(30) 6421(1508) 3.5(0.2) 30(5) 

14 210 5 100 
25 

(0.7) 
16(4) 20(4) 1114(22) 1.2(0) 619(24) 8688(736) 5.0(1.1) 44(9) 

15 210 15 20 
10 

(0.5) 
12(8) 15(9) 951(28) 1.0(0) 510(19) 1889(471) 1.9(0.3) 27(3) 

16 210 15 100 
10 

(0.5) 
10(5) 15(10) 1008(7) 1.1(0) 557(30) 3555(661) 2.3(0.2) 37(7) 

17 210 15 20 
25 

(0.6) 
26(7) 30(7) 1108(49) 1.2(0) 569(24) 6372(1833) 3.3(0.5) 33(6) 

18 210 15 100 
26 

(0.5) 
12(5) 14(3) 1122(19) 1.2(0) 620(33) 8966(1561) 4.3(0.8) 41(8) 

R1 150 15 / 
12 

(0.9) 
76(5) 81(5) 585(36) 1.7(0.7) 439(7) 0 0 13(3) 

R2 150 15 / 
26 

(2.1) 
74(10) 78(7) 598(27) 3.5(0.7) 462(3) 0 0 14(2) 
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R3 210 15 / 
12 

(0.4) 
61(7) 61(5) 622(15) 1.1(0.1) 439(16) 0 0 14(2) 

R4 210 15 / 
27 

(0.6) 
58(12) 64(8) 692(11) 1.6(0.8) 473(6) 0 0 16(2) 

*Standard deviations are shown in parentheses 

    From Table 8, it can be seen that most of the groups with furfuryl-alcohol pre-treatment can 

reduce the set-recovery to a level below 50%. There are mainly two reasons contribute to the 

SR reduction. Firstly, the furfuryl-alcohol pre-treatment lead to the high degree of plasticizing 

which decreased the inner stresses induced during densification (Lande et al., 2004b; Pfriem 

et al., 2012). The correlation coefficient of soaking time in furfuryl alcohol solution on SR was 

-0.35, which means the longer soaking time can reduce the SR even more. Secondly, the cured 

furfuryl alcohol can provide excellent anti-swelling efficiency (Kocaefe et al., 2015). In order 

to fix the compress deformation by cured furfuryl alcohol, a proper combination of 

densification parameters is needed to be selected. 

    Among all the densification parameter, the influence of press temperature on SR and HB 

after wet-dry cycles was most pronounced. That is because the polymerization (curing) process 

of furfuryl alcohol is closely related to curing temperature, curing time, catalyst concentration 

and catalyst type (Li et al., 2017). In addition, the activation of maleic anhydride is temperature 

dependent. With 5% maleic anhydride and in the absence of ethanol, there are two intense 

exothermic peaks at 124℃ and 147℃ (Nadine et al., 2013). There is a hypothesis of the 

furfuryl alcohol polymerization mechanism that the increasing temperature promote the 

protonation of the alcoholic hydroxyl group leads to the formation of carbocation which is 

supposed to start the polymerization (Kim et al., 2011). Combined with the results in the 

thermal transfer efficiency test, the inner layer temperature of specimens pressed at 150℃ is 

lower than the furfuryl alcohol curing temperature requirement (Figure 9). The correlation 

coefficients of press time with SR is -0.37. With a short pressing time, the heat did not transfer 

to the inner layer and the temperature was too low for curing and therefore not achieving a 

proper fixation of the  deformation.. As a result, the pre-treated groups pressed at 150℃ for 

short time got relative high SR. The VDP characterizing variables like MD and PD of those 

groups after two wet-dry cycles did not decrease so much since their SR was not as high as the 

reference specimens. The sharp decreasing in PA and Pb means that the density peak get small. 

Thus, the HB of groups with furfuryl alcohol pre-treatment pressed at low temperature after 

set-recovery test was about 20 N/mm2, which is two times greater than the HB of untreated 

specimens.  
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    By contrast, the pre-treated groups pressed at high temperature 210℃, and especially also 

with a long impregnation time, remained their deformation and HB improvement successfully. 

There was a negative relationship (-0.69) between set-recovery and the hardness . After two 

wet-dry cycles, the lowest SR at 10% and 25% CR was about 15% (groups 16 and 18). The 

high press temperature result in thermal degradation of wood components and furfuryl alcohol 

resin, which may lower the mechanical properties (Bobrowski and Grabowska, 2012). 

However, the HB of groups 16 and 18 were 37 and 41 N/mm2 which is about 4 times higher 

than the HB of untreated specimens after set-recovery test.  

Table 8. Correlations between VDP characterizing variables and process parameters; correlations among VDP 
characterizing variables: relative high correlations with value above 0.50 are marked in blue while blow -0.5 are 
marked in red (Based on furfuryl alcohol pre-treated specimens)  

SR2 WG PD Pdi MD PA Pb BH 

Temp -0.52 -0.02 0.59 0.16 0.23 0.47 0.18 0.55 

Time -0.37 0.00 0.23 0.23 0.15 0.17 0.08 0.30 

Soaking  -0.35 0.79 0.20 0.12 0.36 0.25 0.40 0.40 

CR 0.16 -0.07 0.63 0.42 0.56 0.65 0.72 0.28 

SR 1.00 -0.27 -0.47 -0.31 -0.26 -0.42 -0.24 -0.67 

WG -0.27 1.00 0.20 0.21 0.57 0.28 0.42 0.43 

PD -0.47 0.20 1.00 0.58 0.79 0.94 0.78 0.80 

Pdi -0.31 0.21 0.58 1.00 0.58 0.69 0.59 0.59 

MD -0.26 0.57 0.79 0.58 1.00 0.86 0.87 0.75 

PA -0.42 0.28 0.94 0.69 0.86 1.00 0.87 0.84 

Pb -0.24 0.42 0.78 0.59 0.87 0.87 1.00 0.72 

BH -0.67 0.43 0.80 0.59 0.75 0.84 0.72 1.00 

 

To minimize the energy consumption and increase the process efficiency in the surface 

densification process, a reduction of the press time, and the use of higher catalyst(maleic 

anhydride) content might be a solution. It has been proved that the high maleic anhydride 

contents (10%) not only shift the exothermic peak from 147 to 122℃, but also make the 

reaction more intense. Because the evaporation point of furfuryl alcohol in wood is about 

154℃, the low press temperature is assumed to retain more furfuryl alcohol inside of wood 

(Nadine et al., 2013). The higher concentration of maleic anhydride can also increase the length 

of poly-molecules (Thygesen et al., 2010) In addition, the chain-reaction of furfuryl alcohol 

can occur with low maleic anhydride content while the cross-linking polymerization which can 

make the wood stiffer can only occurred at high maleic anhydride content (Nadine et al., 2013). 
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One thing need to be notice is that the pH-value of furfuryl-alcohol solution with 5% maleic 

anhydride was 2.2 in the present study. The increasing maleic anhydride content may make the 

pH-value extremely low and leads to unwanted acidic degradation during densification.  

 

 
 
 

Conclusion 
    Furfuryl alcohol pre-treatment is a good plasticizer for wood, and can be used for both 

softening before surface densification and for the fixation of the deformation surface of 

densified Scots pine. Surface-densified wood with furfuryl alcohol pre-treatment can retain 

their dimension and keep hardness improvement to a very high degree after two wet-dry cycles. 

The best result gave only 14% set recovery, and a Brinell hardness of 41 N/mm2, which 

comparable with an un-densified oak surface. However, the total process time is too long for 

being transferred into continuous industrial process. Some of the groups with low press 

temperature and short soaking time in furfuryl alcohol did not achieve their target compression 

ratio because the surface layer was not been soften well. Therefore, in future studies more work 

need to be done to solve the following problems: (1) Find out a more suitable method to 

impregnate furfuryl alcohol in surface layer with high efficiency and well control; (2) to study 

how the wood properties like wood species, density, annual-ring width, moisture content, 

drying history etc. influence on the impregnation efficiency; (3) to optimize the process 

parameter by prediction fit model to cut down the process time and keep the set-recovery and 

hardness improvement at wanted level simultaneously; (4) to check whether a higher catalyst 

content can be used to shorten the process time;  (5) since furfuryl alcohol solution is harmful 

to human and suspected to be carcinogenic, the evaporation of toxic substances during 

processing and use, needs to be checked.  
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