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ABSTRACT 

 
The aim of this study was to investigate the effect of impregnating materials (low molecular 

weight phenol formaldehyde or LmwPF and succinic anhydride or SA), their concentrations 
(5 and 10%), and compression ratios (20 and 40% from initial thickness) on improvement of 
specific gravity (SG) and dimensional stability on nyatoh, sepetir, and pisang putih wood; and 
then compared them to control and densified wood. The results showed that SG and dimensional 
stability of compregnated wood were affected by all parameters studied. Higher compression 
ratio and concentration will result in a greater improvement. In general, SG and dimensional 
stability of compregnated wood were better than the control. SG of LmwPF- and 
SA-compregnated wood increased by 10.69‒22.31% and 6.96‒23.09%, respectively. Utilization 
of LmwPF and SA has significantly reduced the spring-back, but the latter is better. 
The compression-set recovery after compregnation was 18.34‒33.99%, while after densification 
was 47.86‒71.49%.    
 
KEYWORDS: Compregnation, compression ratio, lesser-used wood species, low molecular of 
phenol formaldehyde, succinic anhydride, spring-back. 
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INTRODUCTION 
 

Densification is a process that has been widely applied to modify the properties of wood. 
After processing, the wood becomes denser and its specific gravity (SG) increases significantly 
(Inoue et al. 1991, Kutnar et al. 2009, Tu et al. 2014, Pelit and Yalçin 2017). This process in 
general can be divided into four stages: starting with softening of cell wall or plasticizing, then 
flattening the wood constituents due to compression, followed by setting in deformed condition, 
and ending with fixation which prevents the wood from returning to its original shape and size 
(Morsing and Hoffmeyer 1998). The effectiveness of densification is influenced and depends on 
internal and external factors. Anatomical characteristics and moisture content are the main 
internal factors to be considered (Tabarsa and Chui 2000, Nairn 2005, Kamke and Kutnar 2010, 
Darwis et al. 2017), while pre-treatment, direction of compression, compression ratio (CR), 
temperature, as well as closing and holding time during treatment are the external factors (Shams 
et al. 2006, Rautkari et al. 2011). 

Hot immersion before pressing is commonly used as a pre-treatment because it can 
accelerate the softening of the lignin so that the wood is easily flattened and compacted (Navi and 
Sandberg 2012, Khalil et al. 2014). According to Kutnar and Sernek (2007), Kamke and Kutnar 
(2010), lignin begins to soften when the wood temperature is above its glass transition 
temperature (Tg). According to Kelley et al. (1987), Furuta et al. (1997), Kong et al. (2017), Tg 
of lignin is between 50°C to 100°C depending on the species and age of the wood.  

Apart from pre-treatment, the applied compression ratio must also be considered. 
An appropriate compression ratio level will significantly increase the strength, SG, and 
dimensional stability of the wood; conversely, too high a compression ratio level will not only 
cause excessive deformation but also cause severe damage to the wood, thereby reducing its 
strength and dimensional stability (Bao et al. 2017). The correct compression ratio levels can also 
reduce the ability of the wood to return to its original shape and size (spring-back), especially if 
wood is put into the room with high humidity. According to Sadatnezhad et al. (2017), 
spring-back is related to the hygroscopicity of wood and the release of internal stresses that 
occur during densification. Its value will increase as the compression ratio increases. There is 
severe spring-back, up to 75%, on poplar wood after the wood is processed using 
techno-hydro-mechanical (THM) at 50% compression ratio (Bao et al. 2017), while according to 
Pelit et al. (2016), the set recovery produced by 25% compression ratio was lower than 50% 
compression ratio on densified Uludağ fir wood (4‒8% versus 18‒24%).  

In order to reduce the spring-back phenomenon in densified wood, the wood must be 
impregnated with proper materials prior to compaction. This process is called compregnation 
which is a combination of densification (compaction) and impregnation. Impregnated with 
synthetic resins such as low molecular weight phenol formaldehyde (LmwPF) or with anhydride 
such as succinic anhydride (SA) will increase the hydrophobicity of wood and at the same time 
strengthen its fixation (Shams et al. 2004, Khalil et al. 2014). Apart from being a bulking agent, 
the presence of impregnation materials also plays a role in the formation of covalent bonds 
between wood components so that internal stresses remain stored in the microfibrils and the cell 
wall matrix (Morsing and Hoffmeyer 1998). According to Wan and Kim (2006), Gabrielli 
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(2009), Lahtela and Karki (2014), Bao et al. (2016), compregnated wood has better strength and 
dimensional stability than compacted wood without impregnation (densified wood).  

Studies on compregnated wood especially using the lesser-used tropical species are very 
limited. Therefore, this study aims to analyze nyatoh (Palaquium spp.), sepetir (Sindora spp.) 
and pisang putih (Mezzettia spp.) wood which had been impregnated with LmwPF or SA prior to 
pressing. The main focus of this study is on the changes occurred in SG and dimensional stability 
due to the treatment applied and the phenomenon of spring-back. Comparison of similar 
characteristics to those of densified wood and control wood are also discussed. 

 
MATERIAL AND METHODS 

 
Logs 120 cm in length and 50 cm in diameter at breast height from the bottom of the trunk 

of nyatoh, sepetir, and pisang putih trees was used as the main samples. The trees came from 
a forest concession area in North Kalimantan Province, Indonesia. The logs were cut into 3 cm 
thick boards and air-dried for 2 months before converting into wood samples in eleven treatment 
categories. Sample size for each category is presented in Tab. 1. Only the clear wood samples 
namely free from knots, mold, fungi, and visible defects were tested.  

 
Tab. 1: Sample size of each treatment category. 

Treatments 
Size (cm) 

Category Code 
1. Untreated C 2 x 2 x 2 
2. Hot immersion without impregnating material but densified at 20% CR  WR‒0‒20 2 x 2 x 2.4 
3. Impregnated and hot immersion within 5% LmwPF and densified at 20% CR PF‒5‒20 2 x 2 x 2.4 
4. Impregnated and hot immersion within 10% LmwPF and densified at 20% 

CR PF‒10‒20 2 x 2 x 2.4 

5. Impregnated and hot immersion within 5% SA and densified at 20% CR SA‒5‒20 2 x 2 x 2.4 
6. Impregnated and hot immersion within 10% SA and densified at 20% CR SA‒10‒20 2 x 2 x 2.4 
7. Hot immersion without impregnating material but densified at 40% CR  WR‒0‒40 2 x 2 x 2.8 
8. Impregnated and hot immersion within 5% LmwPF and densified at 40% CR PF‒5‒40 2 x 2 x 2.8 
9. Impregnated and hot immersion within 10% LmwPF and densified at 40% 

CR PF‒10‒40 2 x 2 x 2.8 

10. Impregnated and hot immersion within 5% SA and densified at 40% CR SA‒5‒40 2 x 2 x 2.8 
11. Impregnated and hot immersion within 10% SA and densified at 40% CR SA‒10‒40 2 x 2 x 2.8 

 
The number of samples for densification without impregnation at 20 and 40% compression 

ratio was 18 pieces (2 levels of compression ratio x 3 replications x 3 species), meanwhile for 
compregnation they were 360 pieces (8 categories x 15 replications x 3 species).  

 
Densification and compregnation process 

Before proceed into the next steps, sample dimensions were measured to obtain its volume 
and then weighed. For densification treatment (without impregnation), after hot soaking within 
water at 80°C for 3 hours the samples were directly compacted using machine at 160°C with 
specific pressure of 2.672 MPa for 15 min with 20 and 40% compression ratio levels from initial 
thickness. After that the samples were conditioned overnight before testing. For compregnation 
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treatment, the samples were impregnated by 5 and 10% (w/w) of LmwPF and SA solutions 
separately using ‒98 kPa vacuum pressure for 15 min then followed by 350 kPa pressure for 4 
hours. After that, the samples were hot (80°C) immersed in each impregnating solutions for 3 
hours, then immediately compacted using machine at 160°C with   a specific pressure of 2.672 
MPa for 15 min with 20 and 40% of compression ratio. The samples were also then conditioned 
overnight prior to testing. 

     
Measurement of specific gravity (SG) 

Densified and compregnated wood samples were weighed (Wo) and their volumes were 
measured (Vo), then oven-dried at 103 ± 2°C for 24 hours to obtain oven-dried weight (W1). 
The SG measurements were carried out before and after treatment to record changes in value. 
The value was calculated according to Eq. 1: 

 
                                                                                       (1) 

 
where: W1- sample weight in oven-dried condition; before and after treatment (g), Vo- sample 
volume in air-dried condition; before and after treatment (cm3), ρwater- density of water 4°C 
(= 1 g.cm-3). 
 
Measurement of weight percent gain (WPG) 

The WPG was calculated according to Eq. 2: 
 

                                                                  (2) 

 
where: Wo- sample weight in oven-dried condition before treatment (g), W1- sample weight in 
oven-dried condition after treatment (g). 
 
Measurement of compression-set (C-set) 

Compression set is used to determine the thickness variation after densification. The value 
was measured according to Eq. 3: 

  
                                                              (3) 

 
where: To- sample thickness before densification (mm), Ta- sample thickness in oven-dried 
condition after densification (mm). 
 
Measurement of dimensional stability 

Dimensional stability in this study was determined by compression-set recovery (CSR) and 
thickness swelling (TS) after water soaking process. Densified and compregnated-wood samples 
were oven-dried at 103 ± 2°C for 24 hours to obtain their oven-dried thickness before swelling. 
Oven-dried samples were then immersed in water at room temperature for 24 hours and then 
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oven-dried again at 103 ± 2°C for 24 hours. The thickness in oven-dried condition was measured 
before and after soaking. The CSR and TS were measured according to Eqs. 4 and 5: 

  
                                                                    (4) 

 
                                                                         (5) 

 
where: To- sample thickness before densification (mm), Tsb- sample thickness in oven-dried 
condition before swelling (mm), Tss- sample thickness in oven-dried condition after swelling 
(mm). 
 
Scanning electron microscopy (SEM) observation 

SEM images are used to investigate microscopic changes occurred in densified and 
compregnated samples. The samples were vacuum dried at 40°C for 24 hours and its 
cross-sections were sputter coated with gold for 120 s and 30 mA, and observed under SEM 
(JEOL JSM-6510LV, Japan) at 15 kV.  

 
Data analysis 

Experimental design used was a completely randomized design with four factors namely 
wood species, compression ratio, impregnating material, and the concentration of impregnated 
material solution; all in three levels. Analysis of variance (ANOVA) was performed to evaluate 
the effect of species, compression ratio, impregnating material, and its concentration on SG and 
dimensional stability of treated woods. If there are significant differences from each factor and 
the interactions, it will be followed by Duncan’s multiple distance test. 
 

RESULTS AND DISCUSSION 
 
Specific gravity (SG) 

The average SG after treatment is presented in Tab. 2. It can be seen that interaction among 
wood species, impregnating material, and compression ratio has a significant effect on SG at 
the 5% significance level (Tab. 3).  

    
Tab. 2: Specific gravity of three wood species after treatment. 

Treatmen
t category 

Wood species 
Nyatoh Sepetir Pisang putih 

Before After Before After Before After 
Untreated 0.48 ± 0.06de 0.36 ± 0.03a 0.52 ± 0.02efg 
WR‒0‒20 0.49 ± 0.07 0.56 ± 0.07gh 0.35 ± 0.05 0.40 ± 0.05abc 0.53 ± 0.01 0.57 ± 0.02gh 
SA‒5‒20 0.48 ± 0.03 0.56 ± 0.03gh 0.35 ± 0.04 0.42 ± 0.04abcd 0.54 ± 0.01 0.59 ± 0.02gh 
SA‒10‒20 0.48 ± 0.05 0.59 ± 0.06gh 0.36 ± 0.03 0.45 ± 0.02bcd 0.54 ± 0.01 0.62 ± 0.02hi 
PF‒5‒20 0.49 ± 0.05 0.56 ± 0.07gh 0.35 ± 0.05 0.40 ± 0.05abc 0.53 ± 0.01 0.57 ± 0.01gh 
PF‒10‒20 0.48 ± 0.04 0.55 ± 0.05fgh 0.31 ± 0.05 0.37 ± 0.05a 0.54 ± 0.02 0.58 ± 0.03gh 
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WR‒0‒40 0.47 ± 0.07 0.62 ± 0.08hi 0.37 ± 0.02 0.49 ± 0.04def 0.51 ± 0.01 0.66 ± 0.03i 
SA‒5‒40 0.49 ± 0.06 0.58 ± 0.08gh 0.32 ± 0.05 0.39 ± 0.05ab 0.49 ± 0.06 0.55 ± 0.05gh 
SA‒10‒40 0.46 ± 0.05 0.57 ± 0.05gh 0.33 ± 0.03 0.45 ± 0.03bcd 0.49 ± 0.05 0.59 ± 0.04gh 
PF‒5‒40 0.49 ± 0.05 0.59 ± 0.06h 0.36 ± 0.02 0.46 ± 0.03cde 0.53 ± 0.01 0.59 ± 0.01h 
PF‒10‒40 0.45 ± 0.02 0.55 ± 0.03fgh 0.34 ± 0.01 0.45 ± 0.02bcd 0.51 ± 0.03 0.58 ± 0.03gh 

Note: SG values are averages of 15 replicates with standard deviation. Values within a column followed by the 
same letters are not significantly different at 5% significance level using Duncan’s multiple range test. 
 

The highest increase in SG was found in sepetir wood. For all wood species, succinic 
anhydride (SA) resulted in a higher SG improvement compared to LmwPF, and SG increased 
with increasing compression ratio level. Result also showed that compregnation and 
densification treatments could significantly increase the SG of the woods compared with 
untreated (control). However, SG of the compregnated wood was smaller than that of densified 
wood. The SG tended to increase slightly with the increase in the concentration of impregnating 
material solution.   

 
Tab. 3: ANOVA results of each parameters and factors. 

Para-
meter 

Factors 

JK CM CC CR 
JK  
× 

CM 

JK  
× 

CC 

JK  
× 

CR 

CM 
× 

CC 

CM 
× 

CR 

CC 
× 

CR 

JK  
× 

CM 
× 

CC 

JK  
× 

CM 
×  

CR 

JK  
×  

CC  
×  

CR 

CM 
×  

CC  
×  

CR 

JK  
× 

CM 
×  

CC  
×  

CR 
SG ** ns ns ** ns ns ns ** ** ns ns * ns ns ns 
WPG ** ** ** ns ** ** ns ** ns ns * ns ns ns ns 
C-set ** ** ** ** ** ns ns ns ns ns * ns ns ns ns 
CSR ** ** ** ** * ns * ** ns ** ns * ns ** ns 
TS ** ** ** ** ** ns ** ns ** ns ns ** ns ns ns 

Note: ns = not significant; * = significantly different at 5% significance level; ** = significantly different at 1% 
significance level; JK = wood species; CM = impregnating material, CC = concentration, CR = compression ratio. 
 

Generally, it can be said that SG increases after treatment. In case of nyatoh wood there was 
an increase of 14.13 and 18.83% for 20 and 40% compression ratio, respectively; while in sepetir 
and pisang putih wood there was 15.58 and 23.06% as well as 8.46 and 14.56%, respectively. 
Sepetir wood has the highest improvement in SG at both compression ratio and impregnating 
material, and the values were significantly different from the other species. This phenomenon is 
related to its anatomical features, i.e. greater void volume dues to larger vessel diameter and 
more frequent number of the vessels (Augustina et al. 2020). Higher portion of void volume 
resulted in a higher level of deformation in the cell lumens during compaction. And as the result, 
the wood is more compacted. This finding is coincided with Darwis et al. (2017). They stated 
that the increasing SG after densification is mainly influenced by the porosity or proportion of 
cell cavities. Higher void volume leads to a higher level of deformation in the cell lumens, as well 
as a large reduction in void volume (Tu et al. 2014, Bao et al. 2017). It also can be convinced by 
its C-set value. As shown in Fig. 1, sepetir wood had higher C-set value (18.07%) than nyatoh 
(17.15%) and pisang putih (12.87%) wood.  
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According to Tab. 2, SG values generated by 20 and 40% compression ratio were 0.52 and 
0.54, respectively. These results are related to the increasing number of flattened cells during 
compression. The same phenomenon was also reported by Inoue et al. (1991). The SG                 
of modified sugi wood increased from 0.36 to 0.50 at 30% compression ratio and doubled           
at 60% compression ratio. Therefore, there is no doubt that the compregnation will resulted        
in a significant reduction in lumen diameter of vessels and fibers, thereby reducing the sizeable 
portion of the void volume.  

At 20% compression ratio, the average increase in SG of compregnated and densified 
woods were 10.68‒18.33% and 7.02‒12.50%, respectively; and were 13.93‒22.31% and 
22.73‒24.49% at 40% compression ratio. This results indicate that the higher the compression 
ratio, the more impregnating material that come out of the wood. This phenomenon was 
supported by the fact that WPG at 40% compression ratio is lower than 20% compression ratio. 
According to Zhao et al. (2015), a higher compression ratio will result in greater internal stress. 
The greater internal stresses will push more impregnating materials out of the wood           
(Lykidis et al. 2019). This resulted in a reduction in deposited and solidified impregnating 
material in the cell cavity. This phenomenon is also related to the lower C-set generated in 
compregnated wood compared to densified wood. At 20% compression ratio, the average value 
of C-set of compregnated and densified wood were 8.82‒14.17% and 12.75‒17.19%, 
respectively; while at 40% compression ratio they were 14.17‒21.48% and 26.8‒28.07%.      
This can occur because of the variation in the internal stresses that is formed for each 
compression ratio which is induced by a decrease in humidity (Pelit et al. 2014). The presence of 
impregnating substances can also prevent deformation in wood.   

 

  
Fig. 1: Compression set of each treatments. 

 
Average SG for compregnated wood using SA as impregnating material (SA-compregnated 

wood) increased by 10.69‒18.33% at 20% compression ratio and 13.93‒22.31% at 40% 
compression ratio, respectively; while those impregnated with LmwPF (LmwPF-compregnated 
wood) were 6.96‒14.36% and 11.12‒23.09%, respectively. This phenomenon is also convinced 
by the WPG (Fig. 2).  
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Fig. 2: Weight percent gain of each treatments. 
 

The WPG of the SA-compregnated wood was higher than that of the LmwPF- 
compregnated wood. It can be said that the changes in microstructure are the result of the SA 
which covers higher portion of the cell cavity and acted as a blocking agent compared to 
the LmwPF. According to Chen et al. (2014), modification with SA will result in replacement of 
the hydroxyl group with a succinic group that is covalently bound. The higher WPG in 
succinilation is due to the higher molecular weight of SA and adduction of a 4-carbon chain with 
a carboxyl group to the lignin. Succinilated is also capable of causing the lignin to expand more 
effectively, making reactive chemicals sites more accessible, and therefore enhancing the rate of 
modification.    

Average SG for the SA-compregnated wood increased by 9.69‒17.31% for 5% 
concentration and 14.93‒23.33% for 10% concentration, while those of the LmwPF- 
compregnated wood increased by 8.59‒17.12% and 9.48‒20.33%, respectively. The WPG         
of the SA-compregnated wood increased by 5.45‒9.56% and 12.05‒20.02% for 5 and 10% 
concentration, respectively; while those of the LmwPF-compregnated wood were 1.48‒3.23% 
and 4.05‒9.10%. This phenomenon indicates that an increase in the impregnating concentration 
causes an increase in the WPG, which in turn will also result in an increase in SG. The positive 
correlation between WPG and SG was also confirmed by Nur et al. (2011). 
 
Dimensional stability 

Dimensional stability in this study is approached by compression-set recovery (CSR) and 
thickness swelling (TS) after water soaking process. The CSR and TS of the three wood species 
with 5 and 10% of LmwPF and SA solutions at 20 and 40% compression ratio are shown             
in Figs. 3 and 4. It can be seen that sepetir wood generated higher dimensional stability, as 
indicated by lower the CSR and TS values. CSR and TS increased slightly with an increase of 
compression ratio. The compregnation resulted in lower CSR and TS than densification. These 
two values decrease significantly with increasing concentration. This phenomenon was 
confirmed by the ANOVA results (Tab. 3).    
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Fig. 3: Compression-set recovery of each treatments. 
 
Average CSR values for nyatoh, sepetir, pisang putih wood were 32.95 and 38.37%, 24.24 

and 27.32%, and 30.29 and 38.89% for 20 and 40% compression ratio, respectively; while 
average TS were 11.17 and 17.10%, 9.92 and 15.58%, and 10.90 and 15.96%, respectively. 
The  lower CSR and TS on sepetir wood are due to increased SG and greater deformation during 
compression. The higher SG indicates more cells flattening during compression, and 
consequently increased dimensional stability. The same phenomenon also confirmed by 
Augustina et al. (2020).    
 

 

Fig. 4: Thickness swelling of each treatment. 
 

According to Miyoshi et al. (2016), there are 4 different types of cell lumens deformation 
during compression, namely type I (S-shape cells), type II (cells that have 3-4 projections), type 
III (cells with protrusion in center or tip), and type IV (elongated shape cells). Sepetir wood has 
a uniform type of deformation and is categorized as type I and II (Fig. 5). This can lead to 
permanent and irreversible structural changes and deformations. 
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Fig. 5: Type of deformation during compression: a) nyatoh, b) sepetir, and c) pisang putih. 
Scale bar = 50 µm. 

 
Irreversible swelling occurs due to the breaking of the covalent bonds between 

hemicellulose and lignin mechanically when the stress exceeds the bond strength (Ohlmeyer and 
Paul 2010). It was also confirmed by Miyoshi et al. (2016). They stated that      the S-shape cells 
are difficult to swell and tend to increase the dimensional stability of compressed wood. 
The higher CSR and TS on nyatoh and pisang putih wood are due to higher initial SG which led 
to uneven distribution of internal stresses during compression. Bao et al. (2017) added that 
recovery of wood cells depends on distribution of internal stresses.  

Average CSR values generated by 20% and 40% compression ratio were 24.24‒32.95% 
and 27.32‒38.89%, respectively (Fig. 3); while those of TS were 9.92‒11.17% and 
15.58‒17.10% (Fig. 4). It can be seen that CSR and TS increased with an increase of 
compression ratio (Tab. 2). A larger compression ratio will produce a greater reaction force 
inside wood which led the cells to return to its original shape easily. This was especially the case 
at 40% compression ratio. The same phenomenon was confirmed by Bao et al. (2017) and 
Darwis et al. (2017). They stated that the THM process induces the deformation of fibers and 
microfibrils which results in an increase in internal stresses. These stresses allow those fibers and 
microfibrils to recover during water soaking process, although not 100% recover. It indicated 
that our treatments provide improvements, especially in dimensional stability. 

Average CSR after compregnation and densification treatment at 20% compression ratio 
were 18.34‒28.99% and 47.86‒58.28%, respectively; while at 40% compression ratio they were 
20.44‒33.99% and 54.82‒71.49% (Fig. 3). Average TS after compregnation and densification at 
20% compression ratio were 8.37‒10.09% and 15.5‒16.21%, respectively; while at 40% 
compression ratio they were 11.06‒14.35% and 28.10‒33.62% (Fig. 4). It can be seen that CSR 
and TS of compregnated wood are lower compared to those of densified wood. These findings 
are related to the treatments applied. Bao et al. (2017) and Dos Santos et al. (2018) stated that 
hydrothermal treatment, especially at temperature above Tg lignin can cause damage to cellulose 
cross-links, breaking of hemicellulose chains and slight cleavage of lignin that may release 
the internal stresses. Impregnating materials not only blocks the entry of water into the wood 
cells by covering the void volume, but also contributes to holding the wood back to its original 
shape and size (recovery) due to its role as bulking agent. It was also agreed by Ghorbani and 
Bavaneghi (2016) which stated that impregnating material contributes to reduce the number of 
hydroxyl group and occupies the intermolecular space in the wood cell wall, thereby decreasing 
hygroscopicity of wood and consequently increasing the dimensional stability. 

(c) (b) (a) 
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The average CSR for the SA-compregnated wood and LmwPF-compregnated wood were 
15.51‒28.62% and 23.27‒34.36%, respectively; while average of their TS were 7.52‒10.78% 
and 11.92‒13.66%. It can be seen that both CSR and TS of the SA-compregnated wood are 
lower than LmwPF-compregnated wood. This phenomenon is correlated with a higher WPG and 
characteristic of SA which can substitute hydroxyl group with succinic groups. Hill (2006) and 
Scarica et al. (2018) stated that the application of SA as the impregnating agent can increase 
stress relaxation because it can act as an internal plasticizer. These facts do support our findings. 
In case of the LmwPF-compregnated wood, the lower WPG is not sufficient to hold water during 
the water soaking process. Kajita et al. (2004) stated that LmwPF can easily penetrate into 
the cell walls, and almost all of them are located in the cell walls and little or no resin visible in 
the cell lumina.  

The average CSR for the SA-compregnated wood at concentrations of 5 and 10% were 
16.23‒30.40% and 14.80‒26.85%, respectively; while for the LmwPF-compregnated wood they 
were 28.59‒40.23% and 17.94‒29.69%, respectively. On the other hand, average TS for 
the SA-compregnated wood at concentration of 5 and 10% were 8.27‒12.36% and 6.77‒9.20%; 
while for LmwPF-compregnated wood they were 12.84‒14.91% and 10.72‒12.42%. It can be 
seen that in both type of impregnating material, the values of CSR and TS decrease with 
increasing impregnating concentration. Negative correlation between CSR and impregnating 
concentration as well as between TS and impregnating concentration can also be described by 
the WPG (Fig. 6). It was strongly supported by Ghorbani and Bavaneghi (2016). Acetylation 
affects the spring-back of the board and causes a significant increase, in particular TS and water 
absorption, along with the increase in WPG.  

 

           
Fig. 6: Correlation between WPG and TS as well as between WPG and CSR. 
 

CONCLUSIONS 
 

The compregnation using LmwPF and SA as impregnating agents can significantly increase 
the specific gravity (SG) and dimensional stability of the wood. SG of LmwPF- and 
SA-compregnated wood increased by 10.69‒22.31% and 6.96‒23.09%, respectively. 
Application of a higher level of compression ratio will result in better wood characteristics. For 
20 and 40% compression ratios, the use of LmwPF and SA as impregnating agents can 
significantly reduce the spring-back especially the compression-set recovery (CSR) and 
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thickness swelling (TS) of wood; or in other words, dimensional stability of the wood is 
significantly improved. CSR after compregnation was 18.34‒33.99%, while after densification 
was 47.86‒71.49%. SA-compregnated wood has lower CSR and TS than 
LmwPF-compregnated wood. Increasing the concentration of the impregnating solution will 
result in a greater decrease in CSR and TS. The SG and dimensional stability of 
sepetir-compregnated wood are better than those of nyatoh and pisang putih wood.  
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