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Abstract

useful when using balsa as a natural porous material.

Balsa (Ochroma pyramidale), which is the lowest density wood, is a useful species in various industries. In general, balsa
can be divided into three types (low density: LD, middle density: MD, high density: HD). In this study, we classified

the porosities of the three balsa types into through-pore porosity, blind-pore porosity, and closed-pore porosity. As a
result, the total porosity of balsa showed a high positive (+) correlation with closed-pore porosity, but total porosity of
balsa showed negative (—) correlations with blind-pore porosity and through-pore porosity. Such information can be
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Introduction

Balsa (Ochroma pyramidale), a typical low-density wood,
is used widely in industrial applications that require light-
weight materials such as thermal insulation, wind turbine
blades, and manufacturing of aircraft [1, 2]. Moreover,
balsa is the preferred material for high-rise sandwich
panels [3, 4].

When balsa is used as a core material, its elastic prop-
erties are very important. From a prior study, the axial
compressive Young’s modulus and strength of balsa tend
to increase linearly depending on density. In other words,
the mechanical capability of balsa is dependent on its
density [4-6].

Balsa’s density range is wide, from approximately 0.06
to 0.38 g cm™ L. Typically, balsa can be separated based
on density: low density (LD) less than 0.1 g cm ™}, middle
density (MD) of 0.1-0.2 g cm™}, and high density (HD)
greater than 0.2 g cm™! [3]. Normally, wood density is
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constant, and the lower is the density of the wood, the
higher is its porosity [7].

The pore analysis of wood is critical as a basis for stud-
ying the macro-physical properties of wood [8]. Methods
for analyzing wood’s pore structure include an anatomi-
cal method using a microscope and physical methods
using fluid or gas [8, 9].

Borrega et al. [10] analyzed the anatomical features
of LD (0.064 g cm™'), MD (0.163 g cm™!), and HD
(0.274 g cm™!) balsa by electron microscopy. The lengths
of the major axes of the vessels were approximately 220.4
for LD, 320.8 for MD, and 258.8 um for HD, respec-
tively, and the lengths of the minor axes were approxi-
mately 156.6 for LD, 251.0 for MD, and 206.6 um for HD,
respectively. In addition, balsa’s fiber volume fraction was
76.3 for LD, 73.5 for MD, and 66.4 for HD. Pan et al. [11]
analyzed the pore structure of balsa wood by mercury
intrusion porometry and reported that the pore size was
0.1-100 pm, with porosity of approximately 89.5%.

However, few previous studies have analyzed pore
structure of the three types of balsa (LD, MD, and HD)
using physical methods. Therefore, we focused on the
analysis of pore structure of three types of balsa using a
physical method.
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According to the International Union of Pure and
Applied Chemistry (IUPAC) [12], pores are classi-
fied as through pores when both ends are connected
to the external environment, as blind pores when only
one side is connected to the outside, or as closed pores
when there is no external connection.

Wood is an anisotropic material with different ana-
tomical characteristics depending on the cut direction
[13]. The surfaces of tangential and radial planes are
almost non-porous; however, the surface of the trans-
verse plane displays a pore structure. Thus, permeabil-
ity of the transverse section is much higher than that
in the other two directions [14]. However, most tim-
ber industries use tangential and radial planes. From
the point of view of porosity, when wood is used in
the tangential and radial planes, the pore structure of
the wood is closed. Unlike other wood species, balsa is
used in the transverse plane in sandwich panels. There-
fore, classification of porosity is important for under-
standing balsa’s porous properties.

Thus, in this study, the pore structure of the balsa
transverse section was investigated. Accordingly, three
types of balsa were prepared according to density, and
porosity analysis (through pore, blind pore, and closed
pore) was performed. It is expected that this study will
be of great utility to wood researchers.
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Materials and methods

Specimen preparation

Figure 1 depicts the preparation of specimens in this
study. Three types of North American Balsa (Ochroma
pyramidale) logs were prepared. Their densities were
0.1340.03 (& standard deviation) for LD, 0.22 4 0.01 for
MD, and 0.39£0.01 g cm ™2 for HD. The logs were milled
into 29-mm-diameter rods and cut into 10-mm-thick
cylindrical specimens with a table saw. In order to con-
duct porosity analysis, 13 specimens for each type were
selected. In addition, for morphology analysis, one speci-
men of each type was selected. It was confirmed by visual
inspection that none of the specimens contained knots.
Balsa logs were supplied from the Woodworker’s Empo-
rium (Las Vegas, NV, USA). Specimen production was
carried out in Saehan Timber Co., Ltd. (Gyeonggi-do,
IIsan, Korea). We kept the samples in a standard labora-
tory environment at 20 °C and 50% humidity for 2 weeks.
The moisture content (MC) of the specimens was 6.67%
for LD, 6.94% for MD, and 7.38% for HD.

Morphological analysis by SEM (scanning electron
microscopy)

The transverse planes of the three types of balsa
were observed with SEM (model: Genesis-1000,
Emcrafts, Korea) at 100x magnification for vessels and
10,000x magnification for cell walls. The specimen
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pretreatment process was as follows: Specimens were
cut to a size of about 5 (W) x5 (D) x5 (H) mm cube.
They were immersed in 10% ethanol and decompressed
to —0.1 MPa in a vacuum chamber for 30 min. Next, the
surface was shaved by a microtome, and the cube speci-
mens were dried in an oven at 40 °C for 5 h. Finally, they
were coated with gold ions. We measured vessel diam-
eter, vessel area, and cell wall thickness using an image
software (model: Virtuoso ver 1.1, Emcraft, Korea).

Pore size measurement

We measured the pore sizes of three types of balsa using
a capillary flow porometer (model: CFP-1200AEL, PMI
Inc, Ithaca, NY, USA) based on the bubble point method
of ASTM EF-316 [15]. The specimens were immersed in
wetting liquid (model: Galwick, PMI Inc, Ithaca, NY,
USA), and air pressure was applied to each. The initial
pressure at which the wetting liquid was extruded from
the specimen was detected. The pore size is calculated as
in Eq. 1:

_Cr
p

D (1)
where D= pore size (um), T =surface tension of wetting

liquid (dyne cm™'), p=pressure (psi), and C= constant
(0.415).

Porosity classification

Porosity refers to the pore volume ratio of a porous mate-
rial. Therefore, the total porosity (¢¢a)) of a cylindrical
specimen is defined by Eq. 2:

Ptrue

Drotal = (1 - P ) x 100 (2)

where, for convenience, p=density of the cylindrical
specimen, and p,,,.=true density of the wood (assumed
to be 1.5 g cm ™) [7].

The closed-pore porosity (¢coseq) and open-pore
porosity (¢open) of the cylindrical specimen can be meas-
ured with a gas pycnometer (PYC-100A-1, Porous Mate-
rials Inc. USA) [16]. Open-pore porosity is the sum of
blind-pore porosity (¢pjind) and through-pore porosity
(¢through) (Eq. 3):

®open = Pblind T Pthrough (3)

In our previous work, we proposed a method to dis-
tinguish between blind and through pores [17-20]. We
followed the same procedure in this study. First, the
cylindrical specimen was wetted in Galwick solution
(Porous Materials Inc. USA), which is assumed to pen-
etrate the open pores. Galwick solution has a low surface
tension (15.9 dyne cm™') and is absorbed very quickly.
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Next, the cylindrical specimen was placed in a hollow-
bottom chamber, and air pressure was applied longitu-
dinally. It was assumed that only Galwick solution in the
through pores of the cylindrical specimen was extruded.
Finally, the cylindrical specimen was weighed. The blind-
pore volume (Vi;,q) of the cylindrical specimen was
obtained by calculating the difference in cylindrical spec-
imen weight before and after wetting with Galwick solu-
tion (Eq. 4):
my — mo
Vhiind PGalwick (4)
where m,=specimen weight (g), m, =specimen weight
after Galwick solution extruded (g), and pg i = density
of Galwick solution (1.79 g cm™3).
The blind-pore porosity of a cylindrical specimen can
be calculated by Eq. 5:

Vblind

@blind = x 100 (5)

total

" otal = SPECimen volume (cm?).
The through-pore porosity of a cylindrical specimen
can be calculated by Eq. 6:

where V,

¢through = ¢0pen — Pblind (6)

In addition, we performed a one-way analysis of vari-
ance (ANOVA), and Duncan’s multiple range tests deter-
mined the significance of the difference at a 10% level

(p<0.1).

Results and discussion

SEM images of balsa depending on density

Figure 2 shows SEM images of the balsa transverse plane
depending on specimen density, while Table 1 provides
vessel diameter, vessel area, and cell wall thickness in
three types of balsa wood.

Their vessel arrangement was in the shape of diffuse-
porous wood. As for the major axis of the vessel, LD and
MD were larger than HD. In minor axis, MD was larger
than LD and HD. The vessel area also showed that MD
was larger than LD and HD. The cell wall thickness was
thinner in LD than in MD and HD.

Results of pore size and porosity analysis
Figure 3a shows the pore sizes of the three types of balsa.
The pore size of LD was 148.57 +13.47¢, 138.69 &+ 12.27°
for MD, and 117.33 £3.98 um for HD. As a result, pore
size of the HD is higher in all three types of balsa (differ-
ent letters denote significant differences between groups
ata 10% level).

Figure 3b shows the three types of balsa’s porosity
analysis. The total porosity of the balsa calculated from
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Table 1 Results of vessel diameter, vessel area, and cell wall thickness in three types of balsa wood

Balsa wood Vessel diameter (um) Vessel area (um?) Cell wall
thickness
Major axes Minor axes (um)

LD 232.80+33.73° 148304 25.49° 28,469.104+8186.17° 1.5240.23°
HD 243564 86.82° 196.44 4 24.43° 4393167 £15,505.94° 2.1340.10°
MD 169.15 +42.74° 144.25449.14° 27,322.54410,244.22° 24840240
+is standard deviation
Different letters denote significant differences between groups at a 10% significance level

HD 11733 HD 2oa e °-87, 8 42.18 t

MD B MD Z0i8ae-2-93 § 55.74 k

D Y 1o |75 851 8 65.68 -

0 50 100 200 20 40 60 80 100
Pore size (um) Porosity (%)
Through-pore porosity = Blind-pore porosity M Closed-pore porosity
(a) Pore size
(b) Porosity
Fig. 3 Results of porosity analysis of balsa depending on density. a Pore size, b porosity




Jang and Kang Journal of Wood Science (2022) 68:31

Eq. 2 was 91.5441.73¢ for LD, 85.56 +0.14° for MD, and
74.36 £0.20%% for HD.

In the porosity analysis, the through-pore porosities of
HD and MD were greater than that of LD (p<0.01), and
the difference between HD and MD was not statistically
significant (p=0.433). However, the closed-pore porosity
was in the order of LD >MD >HD (p<0.01).

Table 2 provides results of Pearson’s correlation analy-
sis. Total porosity showed a strong positive (+) correla-
tion with closed-pore porosity. However, total porosity
showed negative (—) correlations with blind-pore poros-
ity and through-pore porosity.

In solid porous materials, closed-pore porosity is
related to thermal conductivity [21, 22], which indicates
that the higher is the closed-pore porosity, the greater
is the thermal insulation of the porous material. There-

Table 2 Results of Pearson’s correlation analysis

Through-pore Blind-pore Closed-pore
porosity porosity porosity
Total porosity  —0.571" —0.568" 0954~

**1% significance level
n=39

fore, to predict the thermal characteristics of the trans-
verse plane of balsa, it is possible to make a prediction
based only on total porosity without needing to calculate
closed-pore porosity.

The longitudinal permeability of wood is related to
properties such as drying, heat transfer, and sound
absorption [23-28]. According to our previous studies,
gas permeability increases when through-pore porosity
is high [17-20]. Therefore, when predicting these prop-
erties of balsa, through-pore porosity rather than total
porosity should be considered as the main parameter.

Consequently, HD can be more suitable if the balsa
transverse plane is to be used as a sound absorbing mate-
rial. However, if it is to be used as an insulator, LD would
be more suitable. These findings need to be confirmed in
the future.

Conclusions

1. The porosity of balsa can be classified into through-
pore porosity, blind-porosity, and closed-pore poros-
ity.

2. The density of balsa showed the same trend as
closed-pore porosity.

3. Through-porosity of HD was the greatest among the
three types of balsa.
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LD: Low density; MD: Middle density; HD: High density; D: Pore size (um); T:
Surface tension of wetting liquid; p: Pressure; C: Constant; p: Density of the
cylindrical specimen; o, True density of the wood; @,.;: Total porosity; ¢
open: OpeN-pore porosity; D ioseq: Closed-pore porosity; @, ;.4: Blind-pore
porosity; ¢Wough: Through-pore porosity; V, ;4 Blind-pore volume; m;: Speci-
men weight; m;: Specimen weight after Galwick solution extruded; ogwick:
Density of Galwick solution; V.- Specimen volume.
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