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Abstract 

This study investigated changes in the sound absorption coefficients of three anatomical sections of cubed spruce 
(Picea sitchensis), Douglas fir (Pseudotsuga menziesii), and larch (Larix kaempferi) after microwave treatment. Microwave 
treatment at 1000 W and 2.4 GHz for 20 min increased the sound absorption coefficients (at 2000–5000 Hz) of spruce 
by 6.9% in the transverse section, 20.0% in the radial section, and 31.7% in the tangential section. The sound absorp‑
tion coefficients of Douglas fir increased by 28.9% in the transverse section, 19.1% in the radial section, and 50.0% in 
the tangential section. Larch coefficients increased by 16.7% in the transverse section, 37.2% in the radial section, and 
38.8% in the tangential section. The sound absorption coefficients of the softwoods differed according to species and 
anatomical plane after microwave treatment. It was concluded that changes in the measured sound absorption coef‑
ficient indicate alteration in the pore structure of wood, which can affect in turn wood permeability and impregna‑
tion. These data will be helpful for predicting the permeability and impregnation of wood after microwave treatment.

Keywords:  Sound absorption coefficient, Microwave treatment, Spruce, Douglas fir, Larch

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Introduction
Permeability is an important physical property of wood 
that affects its drying properties, impregnation, and 
sound absorption [1–4], determining many of its appli-
cations as a porous material. Modifications for improv-
ing the gas permeability of wood have been studied since 
the 1930s, and remain a popular research topic [5]. For 
example, Xu et  al. [2] reported that supercritical car-
bon dioxide (SC-CO2)-treated Paulownia fortunei could 
remove tyloses in vessels to improve permeability. Tan-
aka et  al. [3] reported that Douglas-fir pit aspirations, 
margo, and torus were destroyed after ultrasonic treat-
ment, improving permeability. Taghiyari [6] reported 

that nanosilver-impregnated Polulus nigra and Carpinus 
betulus showed increased permeability. This is because 
the nanosilver particles not only removed extractives, but 
also destroyed the tissues of vessel elements by impreg-
nation pressure.

As introduced above, various special methods for 
improving permeability have been studied, but the most 
widely used wood modification is heat treatment. Heat 
treatment disrupts wood cell walls and expands the inter-
cellular space [7]. From this change, heat-treated wood 
has increased pore size and porosity and improved gas 
permeability [8, 9]. In particular, Taghiyari and Avramidis 
[10] reported that applying the silver nano-impregnation 
process to heat treatment promotes microcracks in the 
wood cell wall, which has a positive effect on perme-
ability. Kolay and Kang [11] observed cell wall structural 
changes in steam-exploded Cocos nucifera, a type of heat-
treated wood modification. These changes caused an 
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improvement of sound absorption performance. Wood 
modification that can affect permeability in solid wood 
species can also affect sound absorption, as these two 
properties are related closely to the porous structure of 
wood [12].

This study focused on wood modification by micro-
waves. Microwave treatment is a type of heat treatment 
using microwaves [13]. Microwave heating occurs due 
to the polarizing effect of electromagnetic radiation at 
300 MHz and 300 GHz [14]. In 1945, the Raytheon Com-
pany in the United States, developed and popularized 
a commercial microwave for cooking [13]. Since then, 
microwave treatment has been used in various industries 
[15].

Various studies on microwave treatment have been 
reported in the field of wood modification. The main pur-
pose of applying microwave treatment in wood modifica-
tion is to improve the permeability [1, 16, 17].

Wang et al. [16] reported that the micro-void number 
increased after microwave treatment in Pinus sylves-
tris var. mongolica wood. Microwaving damaged the pit 
membranes, ray cells, and intercellular layer of tracheids. 
These modifications led to improved permeability and 
improved sound absorption performance of the wood.

Weng et  al. [17] reported that, after pretreatment of 
Chinese fir lumber using a microwave, pit membranes 
were damaged, ray parenchyma cells and tracheids were 
detached, and micro-cracks in the radial section were 
observed. This treatment contributed to shortening of 
the drying time due to formation of new pathways for 
moisture transfer.

Poonia et  al. [18] reported that cracks increased after 
microwave treatment of Eucalyptus tereticornis wood. 
For this reason, permeability improved and contributed 
to the increase of preservative absorption.

Previous studies have shown that microwave treatment 
of wood degrades the microstructure and increases per-
meability. The high permeability of wood is due to the 
many open pore structures [9, 19, 20]. The sound absorp-
tion coefficient of wood is related to its permeability [11, 
21, 22].

On the laboratory scale, the impedance tube mainly is 
used for measuring the sound absorption coefficient and 
allows calculation of the result in a very fast time of less 
10  s [23]. This permits simple estimation of the perme-
ability and impregnation properties of wood by measur-
ing the sound absorption performance.

The effect of microwave treatment described in pre-
vious studies is limited to a few species, and there is no 
known information about the efficacy of microwave 
treatment in improving permeability and sound absorp-
tion in various species. For this study, North Ameri-
can Spruce (Picea sitchensis), North American Douglas 

fir (Pseudotsuga menziesii), and Japanese larch (Larix 
kaempferi) samples were prepared as very popular spe-
cies for structural timber in Korea. The sound absorption 
coefficients of transverse, radial, and tangential sec-
tions of the three types of microwave-treated softwoods 
were investigated. This study showed the importance of 
improvement of sound absorption capability depending 
on tree species and anatomical plane after microwave 
treatment. The results will be useful for predicting the 
permeability and impregnation of microwave-treated 
wood.

Materials and methods
Sample preparation
Jeonil Timber Co., Ltd (Gimje, Jeollabuk-do, Korea) sup-
plied 25-year-old North American Spruce (Picea sitchen-
sis), North American Douglas fir (Pseudotsuga menziesii), 
and Japanese larch (Larix kaempferi) air-dried timber. 
Timbers were cut into cubic samples with dimensions of 
4 × 4 × 4 cm (Fig. 1). Three samples were selected of each 
species without checking or knots. Figure 1 shows photo-
graphs of cubic samples prepared for this study.

Microwave treatment and measurement of sound 
absorption coefficient
The samples were immersed in water and placed in a 
vacuum chamber at − 0.1 MPa for about 2 weeks. After 
that, they were placed in a beaker containing 300 cm3 of 
water and were treated in a microwave oven at 1000 W, 
2.4  GHz for 20  min. Finally, samples were exposed to 
standard room conditions for 1  month. The moisture 
content of samples was 12%.

Sound absorption coefficients of the samples were 
measured by impedance tube (model: Type 4206, Bruel 
and Kjaer, Denmark) according to ISO 10534-2 [24]. The 
measurement frequency range was 100–5000 Hz. Since a 
small impedance tube cannot accommodate 4 × 4 × 4 cm 
cubic samples, they were attached to the impedance tube 
without a sample holder as shown in Fig.  2. The cubic 
samples were insulated from outside noise using rubber 
clay. The sound absorption coefficients were measured in 
the transverse, radial, and tangential sections.

Results and discussion
Sound absorption coefficients of microwave‑treated 
samples
Figure 3 shows sound absorption curves for the untreated 
and microwave-treated softwood species by anatomical 
direction. In all three species, the sound absorption coef-
ficient of the transverse section was higher than those of 
the radial and tangential sections.

A reason for higher coefficients in the transverse direc-
tion is related to tracheid development in the longitudinal 
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direction. When sound waves penetrate into the trac-
heids, the energy hitting the cell walls is converted into 
thermal energy and lost [25]. On the other hand, in the 
radial and tangential sections, the sound absorption coef-
ficient was significantly lower because of lack of a pore 
structure through which the sound waves can penetrate.

After microwave treatment for 20  min, the sound 
absorption coefficients of the three sections of the three 
species of softwood showed increasing trends at fre-
quencies above 2000  Hz. Table  1 provides the average 
sound absorption coefficient at 2000–5000  Hz before 
and after microwave treatment depending on anatomi-
cal direction. To statistically determine the significance 
of the difference between the average values of the two 
groups, paired t test was performed. In all three spe-
cies and three planes, the sound absorption coefficient 
increase after microwave treatment was significant. The 
spruce average sound absorption coefficients at 2000–
5000 Hz were higher by 6.9% for the transverse section, 
20.0% for the radial section, and 31.7% for the tangen-
tial section. The Douglas fir coefficients were higher by 
28.9% for the transverse section, 19.1% for the radial 
section, and 50.0% for the tangential section. The larch 
coefficients were higher by 16.7% for the transverse 
section, 37.2% for the radial section, and 38.8% for 
the tangential section. This occurs, because the vapor 
generated rapidly inside the wood by microwave treat-
ment quickly escapes to the outside and exfoliates the 
tracheids and parenchyma cells. In addition, microwave 
treatment of wood allows the soft resin inside the pores 
to escape [16].

In this study, Douglas fir and larch responded to 
microwave treatment better than spruce in a transverse 
section. In this study, the resin content of the Douglas 
fir and larch specimens was higher than that of spruce. 

These resins most likely escaped into the transverse 
section.

The sound absorption coefficient of porous materi-
als is related to gas permeability [26]. In particular, in 
wood, a higher sound absorption coefficient indicates 
higher permeability [11, 21, 22]. A higher permeabil-
ity reflects higher open-pore porosity, which can cause 
rapid dissipation of sound energy [11, 21, 22].

In this study, the sound absorption performance was 
improved in all three sections of softwoods after micro-
wave treatment, indicating that the open-pore porosity 
also increased. Wu et al. [27] suggested that open-pore 
porosity of wood calculated by skeletal density is a key 
parameter for prediction of wood impregnation. Thus, 
increase in sound absorption performance of wood can 
be predicted based on wood impregnation ability. In 
the future, it is necessary to study the relationship of 
the predictive equation of wood impregnation accord-
ing to the increase in sound absorption performance.

Therefore, the sound absorption coefficient meas-
urement results of the three sections can predict the 

Fig. 1  Photographs of cubic samples before and after microwave treatment

Fig. 2  Schematic of the impedance tube for measurement of sample 
sound absorption coefficients
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Fig. 3  Sound absorption curves of three softwood species before and after microwave treatment depending on anatomical direction

Table 1  Average sound absorption coefficient of three softwood species at 2000–5000  Hz before and after microwave treatment 
depending on anatomical direction

Numbers in parentheses are standard deviations
a t value

**p < 0.001

Spruce Douglas-fir Larch

Transverse Radial Tangential Transverse Radial Tangential Transverse Radial Tangential

Control 0.159 0.038 0.041 0.151 0.042 0.036 0.191 0.043 0.036

− 0.039 − 0.014 − 0.014 -0.036 − 0.013 − 0.014 − 0.043 − 0.013 − 0.014

Microwave 
treatment

0.17 0.046 0.054 0.187 0.05 0.054 0.223 0.059 0.05

− 0.043 − 0.014 − 0.013 − 0.043 − 0.014 − 0.013 0.05 − 0.013 − 0.013

ta − 33.6** − 21.2** − 29.4** − 70.8** − 21.3** − 42.0** − 63.9** − 35.1** − 33.2**
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improvement of open pores after microwave treatment. 
These data will be helpful in predicting the permeability 
and impregnation of wood after microwave treatment.

Conclusions
The sound absorption performance after microwave 
treatment of three softwood species was investigated. 
The conclusions are as follows.

1.	 Microwave treatment increased the sound absorp-
tion coefficient of the transverse, radial, and tangen-
tial sections of softwoods.

2.	 The increases in average sound absorption coeffi-
cients after microwave treatment of spruce at 2000–
5000 Hz were 6.9% higher for the transverse section, 
20.0% higher for the radial section, and 31.7% higher 
for the tangential section. Douglas fir coefficients 
were 28.9% higher for the transverse section, 19.1% 
higher for the radial section, and 50.0% higher for 
the tangential section. Larch coefficients were 16.7% 
higher for the transverse section, 37.2% higher for 
the radial section, and 38.8% higher for the tangential 
section.

3.	 As both permeability and sound absorption coef-
ficients are dependent on the porous structure of 
wood, alterations in sound absorption coefficient can 
be measured for use in impregnation and preserva-
tion processes.
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