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Bond durability of kenaf core binderless boards II: outdoor exposure test

Abstract An outdoor exposure test was conducted on kenaf 
core binderless boards (pressing temperatures 200°, 180°, 
and 160°C; pressing pressure 3.0 MPa, time 10 min, target 
board thickness 5 mm, target board density 0.8 g/cm3) to 
estimate their bond durability. Modulus of rupture (MOR), 
modulus of elasticity (MOE), internal bonding strength 
(IB), thickness change, weight loss, Fourier transform infra-
red (FTIR) spectra, and color difference (DE*) by the CIE 
L*a*b* system were measured at various outdoor exposure 
periods up to 19 months. These values were then compared 
with those of a commercial medium-density fi berboard 
(MDF; melamine–urea–formaldehyde resin; thickness 
9.0 mm, density 0.75 g/cm3). Generally, dimensional stability 
and the retention ratios of MOR, MOE, and IB after the 
outdoor exposure test increased with increased pressing 
temperature of binderless boards. The MOR retention ratio 
of the kenaf core binderless boards with a pressing tempera-
ture of 200°C was 59.5% after 12 months of outdoor expo-
sure, which was slightly lower than that of the MDF (75.6% 
after 11 months of outdoor exposure). Despite this, the 
bond durability of the kenaf core binderless boards should 
be viewed as favorable, especially when considering the fact 
that the retention ratio of 59.5% was achieved without 
binder and without obvious element loss.
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Introduction

Recently there has been considerable interest in issues 
regarding the negative side effects of synthetic glues on the 
environment.1,2 One way to minimize the problem is to use 
glues from natural sources su ch as tannin,3 and another 
is to eliminate the use of glue itself. In this regard, many 
researchers have investigated the production of binderless 
boards from various origins.4–9 We have also studied the 
production and properties of binderless boards from kenaf 
core.10–13 So far, most studies have dealt with the initial 
board properties after manufacture,4–10 however; no studies, 
to our knowledge, have reported on the long-term behavior 
of binderless boards. Chow14 conducted a 2-h boiling test on 
bark binderless boards to evaluate their water-resistance 
properties; the aging conditions were not severe enough to 
permit evaluation of their long-term behavior and eventu-
ally it was not considered. We assessed the bond durability 
of kenaf core binderless boards and reported results from 
a two-cycle accelerated aging boil test.15 Although use of an 
accelerated aging test is an effective method for durability 
estimation,16,17 accelerated aging cycles are different from 
actual aging conditions and the resulting material degrada-
tions may not be identical.18 Other studies investigated the 
relationship between outdoor aging and laboratory aging,19,20 
however; considering the peculiar structure and degrada-
tion mechanism of mat-formed panels with its compressed 
elements, it is necessary to conduct an outdoor exposure 
test to more accurately evaluate the durability.18–25 In par-
ticular, kenaf core binderless boards manufactured at a 
pressing temperature of 200°C were highly water resistant 
and the boiling cycles might not be enough for their degra-
dation.13,15 Therefore, in this article, we report on an estima-
tion of the durability of kenaf core binderless boards based 
on an outdoor exposure test.
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Materials and methods

Preparation of binderless boards

Binderless boards were manufactured from kenaf core 
powder by hot pressing. The kenaf core powder and the 
manufacturing method were the same as those in our pre-
vious study.13,15 Three manufacturing conditions were used 
with a different pressing temperature (PT) of 160°, 180°, 
and 200°C, and the other conditions were as follows: press-
ing pressure, 3.0 MPa; time, 10 min; target board thickness, 
5 mm; board size, 300 × 300 mm; target board density, 0.8 g/
cm3; and press closing time, 5 s. More than 20 boards were 
manufactured for each PT condition.

Specimens

Binderless board specimens with a size of 50 × 200 mm, 
three provided from each board, were subjected to the 
outdoor exposure test described below. No protective 
coating was applied to the specimens. For reference, a non-
structural medium-density fi berboard (MDF), bonded with 
melamine–urea–formaldehyde (MUF) resin with a thick-
ness of 9.0 mm and a density of 0.75 g/cm3, was also used for 
the test. The surface exposed to sunlight was defi ned as the 
“top” surface, and the reverse side surface was defi ned as 
the “bottom” surface.

Outdoor exposure test

The specimens were mounted on a rack at 45° facing south, 
by tying them with wire to plastic mesh (mesh size of 2.0 cm) 
that was tightly stretched over the plywood frame of the 
rack, as shown in Figs. 1 and 2. The use of the plastic mesh 

and wire for specimen support was to ensure free move-
ment of air and water around the specimens. The outdoor 
exposure test began on 29 May 2004 on the rooftop (ure-
thane membrane waterproofed) of the fi fth building in the 
Graduate School of Agricultural and Life Sciences, the Uni-
versity of Tokyo, Bunkyo-ku, Tokyo, Japan (35° 42′ 59.0″N, 
139° 45′ 40.6″E), in full sunshine. Specimens were actually 
held on the rack in two rows (Fig. 1) at 40–70 cm height 
from the rooftop. The actual history of the temperature and 
relative humidity at the exposure site, as shown in Fig. 3, 
was recorded every hour using a thermo recorder (TR-72S, 

Fig. 1. The outdoor exposure 
test
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Plastic mesh

Wire
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Fig. 2. Specimen support. Asterisk, 
the measuring point for the color 
analysis, 25 mm from both edges
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Fig. 3a, b. The history of a temperature and b relative humidity during the outdoor exposure test. MDF, Medium-density fi berboard
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Shiro, Japan) installed in a ventilated case for meteorologi-
cal instruments. The monthly average temperature, relative 
humidity, precipitation, and sunshine (Amedas Informa-
tion, 2004–2006, Tokyo, 35° 41.4′N, 139° 45.6′E) during the 
exposure period in Tokyo are shown in Table 1. For refer-
ence, indoor control specimens were kept in a testing room 
that was conditioned at 20°C and 65% relative humidity.

Evaluation

Specimens were tested as initial controls and after various 
exposure periods: 1, 3, 6, 9, 12, 15, 17, and 19 months for 
binderless board specimens with a PT of 200°C (BL200); 1, 
3, 6, 9, and 12 months for those with a PT of 180°C (BL180); 
1, 3, 4, 5, and 6 months for those with a PT of 160°C (BL160); 
and 6, 8, 11, 15, 17, and 19 months for MDF specimens. The 
tests were conducted according to JIS A 5905–1994 (fi ber-
boards), and percent retained strength was determined for 
each specimen. The parameters assessed were modulus of 
rupture (MOR), modulus of elasticity (MOE), and internal 
bonding strength (IB), based on the specimen dimension 
before exposure. As for BL200, the IB test was conducted 
twice on the same specimen. The second IB values, with the 
specimen surface removed by the fi rst IB measurement, 
were regarded as IB without the infl uence of surface deg-
radation. Thickness change and weight retention were also 
evaluated. All specimens were conditioned at 20°C and 

65% relative humidity for 7 days (curing process) before 
testing after they were removed from the rack. Their mois-
ture content (MC) after the curing process was regarded as 
the equilibrium value according to a preliminary experi-
ment, and the actual specimen MC was determined using 
fractured specimens immediately after the testing.

Color difference of the specimens for both top and 
bottom surfaces were determined by a color analyzer (TC-
1800, Tokyo Denshoku, Japan) to evaluate their appear-
ance. The color measuring point is shown in Fig. 2. The CIE 
(Commission International del’Eelarirange) L* (lightness), 
a* (from red to green), b* (from yellow to blue) color 
parameters were measured and the color difference (DE*) 
was calculated according to the following formula:

DL* = L* − L0*; Da* = a* − a0*; Db* = b* − b0*;
DE* = (DL*2 + Da*2 + Db*2)1/2,

where L0*, a0*, and b0* are the initial control values of the 
specimens before the outdoor exposure.26

To investigate the chemical changes during the outdoor 
exposure, Fourier transform infrared (FTIR) spectra of the 
binderless board specimens were recorded (FT/IR-615, 
Jasco, Japan) as KBr tablets.11 Samples (1.0 mg) were 
scratched from the top and bottom surfaces of the speci-
mens with outdoor exposure periods of 0, 3, and 6 months. 
They were dried in a vacuum drying oven over P2O5 at a 
temperature of 40°C for 24 h before making KBr tablets 
(KBr 200 mg) for the FTIR analysis.

Table 1. Monthly average temperature, relative humidity, precipitation and sunshine during the exposure period in Tokyo

Year Month Average 
temperature (°C)

Average relative 
humidity (%)

Average 
precipitation (mm)

Sunshine (h)

2004 May 19.6 67 149.0 139.9
June 23.7 66 112.5 170.6
July 28.5 62 23.5 232.2
August 27.2 65 79.5 177.8
September 25.1 68 195.0 140.0
October 17.5 69 780.0 116.8
November 15.6 60 108.5 160.9
December 9.9 49 79.5 166.3

2005 January 6.1 47 77.0 200.0
February 6.2 45 48.0 148.9
March 9.0 49 71.0 175.1
April 15.1 54 81.0 216.1
May 17.7 58 180.5 172.3
June 23.2 70 170.5 119.3
July 25.6 71 247.5 103.9
August 28.1 68 189.5 159.9
September 24.7 67 177.5 154.2
October 19.2 69 201.5 108.3
November 13.3 52 34.5 194.6
December 6.4 39 3.5 212.4

2006 January 5.1 44 67.0 169.9
February 6.7 53 113.0 128.5
March 9.8 48 79.5 176.2
April 13.6 57 123.0 147.0

Data from Amedas Information, 2004–2006, Tokyo, 35° 41.4′N, 139° 45.6′E
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Results and discussion

Appearance and color change

Figure 4 shows the appearance of binderless board speci-
mens after different exposure periods. Generally, BL200 
showed high dimensional stability, while BL180 and BL160 
showed element loss from 3 months of exposure.

For all binderless board specimens, slight cracks devel-
oped along their section after 1 week of exposure, which 
was one of the reasons for the great reduction in IB reten-
tion ratio as discussed below. The slight cracks showed no 
further development in BL200, while they developed further 
in BL180 and BL160. In contrast, for MDF, cracks were not 
observed until after 12 months of exposure. In the case of 
structural laminated veneer lumber (LVL),26 it was reported 
that cracks were observed in the surface veneer on top after 
2–3 months of exposure, suggesting a different deteriora-
tion mechanism for wood-based materials made with differ-
ent element shapes.

As for BL180 and BL160, mold was observed on their 
top and bottom surfaces, while no mold was observed on 
BL200 and MDF. The durability observed in BL200 was 
due to chemical changes during hot pressing,11,12 and the 
dimension stability that resulted in constant dryness of the 
specimens (as shown in Figs. 5–7 below).15

Table 2 shows the L*, a*, b*, and DE* values. Generally, 
after 1 month of exposure (rain season), the top of the 
specimens changed obviously to a grayish color. As for both 
top and bottom surfaces, the color difference among bind-
erless boards and MDF after each specifi c exposure period 

decreased with increasing exposure duration, regardless of 
the different initial L*, a*, and b* values. Hayashi et al.26 
reported the color change of structural LVL after an outdoor 
exposure test. In their study, for example, it was reported 
that the L*, a*, and b* values of LVL from western hemlock 
after a 1-year outdoor exposure were 46.1, 0.27, and 7.14, 
which was found to be quite similar to those of BL200 and 
BL180, as shown in Table 2. This might indicate that the 
color of the top surface of wood-based material converges 
after outdoor exposure, regardless of the raw material, due 
to the effect of ultraviolet light.
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Fig. 4. Appearances of binderless board specimens after different outdoor exposure periods
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Fig. 6a–c. Relationships between thickness change and exposure dura-
tion for binderless boards with a pressing temperature of a 200°, b 180°, 
and c 160°C. Solid line, average values at each exposure period; broken 

line, average values of MDF [melamine–urea–formaldehyde (MUF) 
type] with thickness 9.0 mm and density 0.75 g/cm3
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Fig. 7a–c. Relationships between weight retention and exposure dura-
tion for binderless boards with a pressing temperature of a 200°, b 180°, 
and c 160°C. Solid line, average value at each exposure period; broken 

line, average value of MDF (MUF type) with thickness 9.0 mm and 
density 0.75 g/cm3

In the case of BL200, the IB retention ratio after a 
1-month outdoor exposure was lower than that after a 
two-cycle accelerated aging boil test, and the number of 
IB specimens that fractured at the surface layer actually 
increased as outdoor exposure proceeded, suggesting that 
surface degradation had a great infl uence on the IB reduc-
tion. The surface degradation was mainly due to the com-
bined effects of ultraviolet light and rainwater, and it was 
reported that part of lignin would be decomposed and 
extracted out of the boards.27 Particularly in the case of 
binderless boards, it should be noted that lignin is suggested 
to be one of the important factors of self-bonding.6,11,12 
Assuming lignin involvement, surface color change might 
indicate surface degradation to some extent.

Specimen moisture content

Figure 5 shows the MC of the test specimens after the curing 
process. The following points were observed: (1) MC of the 
exposed binderless board specimens increased from their 
initial state; (2) changes in MC of binderless boards were 

greater than those of MDF; and (3) MC of binderless boards 
decreased with increasing PT for a specifi c exposure period. 
These changes in MC could have an infl uence on thickness 
and weight change which is discussed in the following 
sections.

Thickness change

Figure 6 shows the thickness change of the binderless 
boards and MDF for different outdoor exposure durations. 
For BL200 (Fig. 6a), thickness increased by less than 10% 
in the fi rst 3 months, which included the rainy season 
(Table 1). This could be attributed to the following two 
factors: (1) element swelling that occurred as a result of 
the increase in MC (Fig. 4); and (2) a decrease in IB (dis-
cussed below). The thickness swelling in the fi rst 3 months 
was recovered from that time forth, but a slight thickness 
increase was observed from 9 to 12 months including the 
beginning of the rainy season (Table 1). After 6 months, 
thickness decrease was sometimes observed even though 
the MC was increased from the initial state (Fig. 5). 
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Table 2. Changes in specimen color during the outdoor exposure test

Boards Exposure duration 
(months)

Top Bottom

L* a* b* DE* L* a* b* DE*

BL200 0 33.6 5.3 9.86 0 33.6 5.3 9.86 0
1 56.0 2.77 13.19 22.8 34.9 5.47 12.17 2.7
3 60.8 −0.02 5.04 28.2 34.7 6.4 12.36 2.9
6 57.2 0.19 4.04 24.9 34.5 6.14 12.17 2.6
9 49.6 0.18 2.77 18.3 40.6 6.04 14.42 8.4

12 44.5 0.14 2.88 14 29.3 4.57 9.33 4.4
15 48.5 0.26 2.62 17.3 42.7 4.49 12.4 9.5
17 38.8 0.12 1.78 10.9 30.6 4.41 9.49 3.1
19 25.6 0.89 3.64 11.1 31.8 6.16 11.68 2.7

BL180 0 60.0 5.69 18.53 0 60.0 5.69 18.53 0
3 55.4 0.58 7.15 13.3 39.1 5.75 14.04 21.4
6 54.7 0.86 6.27 14.2 44.9 4.15 14.6 15.7
9 53.1 0.16 3.94 17.1 40.1 6.38 15.21 20.3

12 44.7 0.15 2.66 22.7 51.3 4.42 15.6 9.3
BL160 0 76.1 1.21 16.83 0 76.1 1.21 16.83 0

1 46.8 2.43 13.64 29.5 45.8 5.48 17.31 30.6
3 46.4 1.1 6.55 31.4 49.4 4.2 16.21 26.9
6 43.5 1.02 5.15 34.6 45.4 3.38 14.18 30.9

MDF 0 44.8 4.36 15.26 0 44.8 4.36 15.26 0
6 48.5 3.55 10.56 6 47.6 5.3 17.33 3.5
8 41.3 1.55 8.8 7.9 44.4 4.67 15.43 0.6

11 45.1 0.71 6.86 9.2 31.9 2.61 9.78 14.2
15 39.2 1.18 6.43 10.9 40.8 3.85 12.33 5
17 42.7 1.03 5.8 10.3 35.4 3.12 9.87 10.9
19 43.5 0.75 5.86 10.2 34.4 1.53 8.53 12.7

BL200, BL180, and BL160, binderless boards with a pressing temperature of 200°, 180°, and 160°C, respectively; MDF, medium-density fi ber-
board bonded with melamine–urea–formaldehyde resin with a thickness of 9 mm and a density of 0.75 g/cm3; L*, lightness; a*, parameter along 
the x-axis from red to green; b*, parameter along the y-axis from yellow to blue; DE*, color difference

However, as shown in Fig. 4, element loss was minor and 
thus the thickness decrease was due to shrinkage of ele-
ments as a result of extraction of water-soluble chemical 
components (discussed below). Generally, BL200 showed 
high dimensional stability as MDF did, which was consis-
tent with our previous results.15

For BL180 (Fig. 6b), a thickness increase was observed 
at the exposure duration of 1 month, which was in the 
rainy season. This was because of the combined effects of 
IB reduction (as discussed below) and element swelling as 
a result of MC increase (Fig. 5). More than half of the 
specimen showed delamination at the edge after 3 months 
of exposure, which was the reason for the relatively wide 
data variation. The delamination sometimes caused element 
loss (which can also be observed in Fig. 7b as “weight 
loss,” as discussed below) and the thickness was rather 
decreased from 3 to 6 months. The thickness increase 
observed at the exposure duration of 9–12 months might 
also be due to the rainy season, which was similar to the 
case of BL200.

For BL160 (Fig. 6c), a marked thickness increase was 
observed after 1 week and collapse almost occurred at 3 
months of exposure. This is partly because the outdoor 
exposure test was started in the rainy season and the fi rst 
week included several rainy days.

Weight change

Figure 7 shows the weight retention of the binderless boards 
and MDF for different outdoor exposure durations. Gener-
ally, a weight increase was observed in the binderless board 
specimens during the fi rst 3 months, which was due to the 
increase in MC (Fig. 5), while after 6 months weight loss 
was observed. BL200 showed almost the same weight reten-
tion behavior as MDF up until 12 months.

The cases of weight loss in BL200 and MDF were mainly 
caused by the extraction of water-soluble chemical com-
ponents (as discussed in the following section), because 
element loss or biological degradation was not observed 
(Fig. 4). In contrast, the cases of weight loss observed in 
BL180 and BL160 were mainly due to element loss (Fig. 4) 
in addition to extraction of water-soluble components, and 
it is suggested that the infl uence of biological degradation 
was probably small.

Chemical change

Figure 8 shows the FTIR spectra of the binderless boards 
for different outdoor exposure durations. Generally, it was 
found that the differences among the FTIR spectra of the 
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Table 3. Mechanical properties of binderless boards and MDF after outdoor exposure test and those of indoor controls

Boards Outdoor exposure Indoor controls

Exposure 
duration 
(months)

MOR 
(MPa)

MOE 
(GPa)

n IB (MPa) n IBa (MPa) n MOR 
(MPa)

MOE 
(GPa)

n IB (MPa) n

BL200 0 14.1 ± 1.77 3.19 ± 0.33 14 1.44 ± 0.40 20 – 14.5 ± 1.72 2.81 ± 0.50 14 1.44 ± 0.40 20
1 11.2 ± 2.04 1.90 ± 0.37 8 0.34 ± 0.15 16 – – – –
3 9.6 ± 2.11 1.59 ± 0.38 6 0.14 ± 0.07 12 0.29 ± 0.09 6 – – –
6 10.7 ± 3.20 1.63 ± 0.48 6 0.14 ± 0.09 8 0.30 ± 0.05 4 – – –
9 10.0 ± 2.10 1.59 ± 0.39 6 0.09 ± 0.05 8 0.10 ± 0.04 8 – – –

12 8.4 ± 1.48 1.34 ± 0.32 6 – – 14.1 ± 0.30 3.59 ± 0.18 6 1.63 ± 0.21 5
15 6.3 ± 1.62 0.86 ± 0.24 6 – – – – –
17 6.5 ± 1.99 0.84 ± 0.35 3 – – – – –
19 10.2 ± 1.40 1.39 ± 0.30 3 – – – – –
23 – – – – 14.0 ± 0.86 3.74 ± 0.06 6 1.95 ± 0.34 8

BL180 0 16.4 ± 2.64 3.66 ± 0.41 8 1.49 ± 0.30 16 – 16.4 ± 2.64 3.66 ± 0.41 8 1.49 ± 0.30 16
1 6.4 ± 2.37 1.01 ± 0.35 8 0.09 ± 0.05 16 – – – –
3 4.4 ± 1.26 0.68 ± 0.19 8 0.01 ± 0.01 16 – – – –
6 3.7 ± 1.57 0.45 ± 0.22 6 0.02 ± 0.01 8 – – – –
9 4.9 ± 0.97 0.68 ± 0.19 9 – – – – –

12 3.4 ± 0.95 0.51 ± 1.34 9 – – 10.2 ± 1.29 2.41 ± 0.20 6 0.77 ± 0.12 5
23 – – – – 11.9 ± 1.36 3.06 ± 0.30 6 1.39 ± 0.17 8

BL160 0 14.1 ± 2.82 2.93 ± 0.40 8 1.21 ± 0.32 16 – 14.1 ± 2.82 2.93 ± 0.40 8 1.21 ± 0.32 16
1 2.5 ± 0.69 0.46 ± 0.10 5 0.02 ± 0.01 10 – – – –
3 2.3 ± 0.43 0.65 ± 0.20 5 0.01 ± 0.01 10 – – – –
4 1.6 ± 0.12 0.38 ± 0.10 5 0.00 ± 0.01 7 – – – –
5 1.9 ± 0.54 0.50 ± 0.10 5 0.01 ± 0.01 8 – – – –
6 1.2 ± 0.64 0.28 ± 0.10 3 0.00 ± 0.00 5 – – – –

12 – – – – 12.3 ± 3.93 2.74 ± 0.66 5 0.78 ± 0.41 5
23 – – – – 11.8 ± 1.11 2.85 ± 0.24 5 0.84 ± 0.21 6

MDF 0 35.1 ± 1.57 3.34 ± 0.08 10 0.44 ± 0.10 20
6 28.9 ± 3.97 2.43 ± 0.31 6 0.44 ± 0.08 10
8 32.1 ± 1.75 2.78 ± 0.10 6 0.56 ± 0.08 8

11 26.6 ± 0.92 2.14 ± 0.04 7 0.41 ± 0.10 8
15 28.2 ± 1.69 2.31 ± 0.10 9 0.45 ± 0.08 8
17 23.5 ± 1.88 1.90 ± 0.09 8 0.36 ± 0.11 8
19 23.1 ± 2.34 1.80 ± 0.15 8 0.46 ± 0.10 8

Data given as average values with standard deviations
MOR, Modulus of rupture; MOE, modulus of elasticity; IB, internal bond strength; n, number of specimens
a For sample with surface removed

binderless boards with different PT and exposure duration 
were small. However, a difference was observed in the peak 
at 1507 cm−1 derived from the aromatic units in lignin.11 It 
was found that the peak intensity at 1507 cm−1 for the top 
surface of the boards decreased more than that for the 
bottom surface, as the outdoor exposure progressed. There-
fore, it is reasonable to suppose that lignin degradation 
occurred in the top surface of the boards under the infl u-
ence of ultraviolet light and that the lignin degradation 
products were extracted with rainwater.27 This phenomenon 
might partly be responsible for the weight loss shown in 
Fig. 7.

Mechanical properties

Table 3 shows the mechanical properties of binderless 
boards and MDF after outdoor exposure tests and the 
mechanical properties of the indoor controls. Although the 

MOR values of BL180 and BL160 were reduced after 
indoor exposure, that of BL200 was almost stable. It is sug-
gested that BL200 might have a high durability against 
indoor exposure condition.

Figure 9 shows the retention ratios of the mechanical 
properties of binderless boards and MDF after the outdoor 
exposure. Generally, retention ratios decreased abruptly 
after 1 month of exposure in the case of binderless boards, 
which was consistent with other studies where it was 
reported that a sudden property reduction could often 
occur at an early stage of outdoor exposure in the case of 
mat-formed panels.19,22,24 In contrast, other studies reported 
that structural LVL showed a rather gradual MOE reten-
tion ratio.26,28 It was also found that the retention ratios 
increased with increasing PT of binderless boards, indicat-
ing an increase in water-resistance properties, as shown in 
our previous study.15 In spite of the high water-resistance 
properties of BL200,15 its MOR retention ratio was 59.5% 
after 12 months of outdoor exposure (Fig. 9a). The value 
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was lower than that of MDF, which was 75.6% after 11 
months of outdoor exposure (Fig. 9d). In another study, a 
MOR retention ratio of around 70% after 12 months was 
reported for particleboard (MUF).22 However, the bond 
durability of BL200 could still be viewed favorably consid-
ering the fact that the MOR retention ratio was achieved 
without binder and without obvious element loss (Fig. 4).

The IB retention ratio was found to be improved by 
specimen surface removal (Fig. 9a), indicating the weak-
ness at its top surface layer. However, the values were still 
only 19.9% and 20.5% at 3 and 6 months, respectively, 
after the surface removal. It should also be pointed out 
that the retention ratios decreased in the order of MOR, 
MOE, and IB, at for the same PT and exposure duration, 
the reason for which was described in our previous report15 
and elsewhere.23 Previously, we showed that the retention 
ratios of BL200, BL180, and BL160 after a two-cycle accel-
erated aging boil test were 106.4%, 76.5%, and 47.4% for 
MOR; 69.1%, 53.3%, and 12.8% for MOE; and 3.4%, 
3.3%, and 0% for IB, respectively.15 Thus, it could be pre-
sumed that the condition of 1 month of outdoor exposure 
(rainy season) was more severe than that of the two-cycle 
accelerated aging boil test conducted in our previous 
study.15

Conclusions

An outdoor exposure test was conducted on kenaf core 
binderless boards and their bond durability was then esti-
mated. Generally, dimensional stability and retention ratios 
of MOR, MOE, and IB of kenaf core binderless board 
increased with increased pressing temperature. The dimen-
sional stability of BL200 compared favorably with that of 
MDF (MUF type) for up to 12 months of outdoor exposure. 
Although they showed suffi ciently high water-resistance 
properties to pass the two-cycle accelerated aging boil test, 
the MOR retention ratio was 59.5% after 12 months of 
outdoor exposure, which was slightly lower than that of 
MDF. However, bond durability was still favorable when 
considering the fact that the MOR retention ratio of 59.5% 
was achieved without binder and without obvious element 
loss.

Acknowledgments The authors express their deep gratitude to Toyota 
Auto Body Co. Ltd., Japan, and Toyota Boshoku Co. Ltd., Japan, for 
their support in supplying kenaf materials.

References

 1. Tamura Y (2002) Technology of ecological adhesives for wood (in 
Japanese). Mokuzai Kogyo 57:240–245

 2. Tamura Y (2002) Technology of ecological adhesives for wood (2) 
(in Japanese). Mokuzai Kogyo 57:287–291

 3. Theis M, Grohe B (2002) Biodegradable lightweight construction 
boards based on tannin/hexamine bonded hemp shaves. Holz Roh 
Werkst 60:291–296

 4. Mobarak F, Fahmy Y, Augustin H (1982) Binderless lignocellulose 
composite from bagasse and mechanism of self-bonding. Holz-
forschung 36:131–135

 5. Xu J, Han G, Wong ED (2003) Development of binderless parti-
cleboard from kenaf core using steam-injection pressing. J Wood 
Sci 49:327–332

 6. Angles MN, Ferrando F, Farriol X, Salvado J (2001) Suitability of 
steam exploded residual softwood for the production of binderless 
panels. Effect of the pre-treatment severity and lignin addition. 
Biomass Bioenerg 21:211–224

 7. Angles MN, Reguant J, Montane D, Ferrando F, Farriol X, Salvado 
J (1999) Binderless composites from pretreated residual softwood. 
J Appl Polym Sci 73:2485–2491

 8. Van Dam JEG, Van Den Oever MJA, Keijsers ERP (2004) Pro-
duction process for high density high performance binderless 
boards from whole coconut husk. Ind Crop Prod 20:97–101

 9. Suzuki S, Shintani H, Park SY, Saito K, Laemsak N, Okuma M, 
Iiyama K (1998) Preparation of binderless boards from steam 
exploded pulps of oil palm (Elaeis guneensis Jaxq.) fronds and 
structural characteristics of lignin and wall polysaccharides in 
steam exploded pulps to be discussed for self-bonding. Holzforsc-
hung 52:417–426

10. Okuda N, Sato M (2004) Manufacture and mechanical properties 
of binderless boards from kenaf core. J Wood Sci 50:53–61

11. Okuda N, Hori K, Sato M (2006) Chemical changes of kenaf core 
binderless boards during hot pressing (I): infl uence of the pressing 
temperature condition. J Wood Sci 52:244–248

12. Okuda N, Hori K, Sato M (2006) Chemical changes of kenaf core 
binderless boards during hot pressing (II): effects on the binderless 
board properties. J Wood Sci 52:249–254

13. Okuda N, Sato M (2006) Water resistance properties of kenaf core 
binderless boards. J Wood Sci 52:422–428

14. Chow S (1975) Bark boards without synthetic resins. Forest Prod 
J 25:32–37

15. Okuda N, Sato M (2007) Bond durability of kenaf core binderless 
boards I: two-cycle accelerated aging boil test. J Wood Sci 53:
139–142

16. McNatt JD, McDonald D (1993) Two accelerated-aging tests for 
wood-based panels. Forest Prod J 43:49–52

17. Karlsson POA, McNatt JD, Verrill SP (1996) Vacuum-pressure 
soak plus ovendry as an accelerated-aging test for wood-based 
panel products. Forest Prod J 46:84–88

18. Sekino N (2003) Outdoor and indoor exposure test of wood based 
panels (in Japanese). Mokuzai Kogyo 58:298–304

19. River BH (1994) Outdoor aging of wood-based panels and correla-
tions with laboratory aging. Forest Prod J 44:55–65

20. Okkonen EA, River BH (1996) Outdoor aging of wood-based 
panels and correlations with laboratory aging: part 2. Forest Prod 
J 46:68–74

21. Williams RS, Swan L, Sotos P, Knaebe M, Feist WC (2005) Per-
formance of fi nishes on western juniper lumber and particleboard 
during outdoor exposure. Forest Prod J 55:65–72

22. Suzuki S (2001) Durability performance of wood-based panel 
product and its test methods (in Japanese). Mokuzai Kogyo 56:
7–12

23. Hayashi T, Miyatake A, Kawai S (2000) Effects of outdoor 
exposure on the strength distribution of oriented strand board 
(OSB) and particle board (in Japanese). J Soc Mater Sci Jpn 49:
384–389

24. Alexopoulos J (1992) Accelerated aging and outdoor weathering 
of aspen waferboard. Forest Prod J 42:15–22

25. Hann RA, Black JM, Blomquist RF (1962) How durable is parti-
cleboard? Forest Prod J 12:577–584

26. Hayashi T, Miyatake A, Harada M (2002) Outdoor exposure tests 
of structural laminated veneer lumber I: evaluation of the physical 
properties after six years. J Wood Sci 48:69–74

27. Sudiyani Y, Tsujiyama S, Imamura Y, Takahashi M, Minato K, 
Kajita H (1999) Chemical characteristics of surfaces of hardwood 
and softwood deteriorated by weathering. J Wood Sci 45:348–353

28. Hayashi T, Miyatake A, Fu F, Kato H, Karube M, Harada M 
(2005) Outdoor exposure tests of structural laminated veneer 
lumber (II): evaluation of the strength properties after nine years. 
J Wood Sci 51:486–491


