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Abstract Particleboards were fabricated in the laboratory
with different board densities and resin contents to evaluate
linear expansion when exposed to both vapor and liquid
water. Density profiles were measured to determine the
relation to the elastic constants and to the dimensional
properties of the boards. It was found that density profiles
were affected by the board density and resin content ap-
plied. The high-density layer formed in the thickness direc-
tion affected the elastic constant measurements. A model
introduced to predict the linear expansion closely matched
the data during exposure to water. Under conditions of
40°C and 90% humidity, linear expansion increased with
increasing board density. An increase in resin content from
6% to 12% slightly increased the linear expansion and de-
creased the thickness swelling. A linear relation was found
between board density and linear expansion per unit of
moisture content change.
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Introduction

When wood-based panel products are exposed to humid
conditions, dimensional changes take place. Linear expan-
sion (LE) of the board is considerably smaller than thick-
ness swelling (TS). The practical importance of LE has
increased recently as has the TS because these boards are
used as longer elements than before.

Research determining the LE of reconstituted wood-
based boards are not as common compared with research
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for TS in which the effects of board-making parameters
were discussed to improve dimensional stability in the
thickness direction. Furthermore, LE has been measured as
additional data in the research studies where mechanical
properties or other items were discussed.”™

Only a few papers have dealt with LE as a main topic.
Vital et al."” reported on LEs and TSs of flakeboard and
particleboard exposed to different humid conditions.
Suchsland,” Suchsland and Xu,"” and Xu and Suchstand”
focused on measuring LE and the modeling of the mecha-
nism of LE in particleboard. There was less information on
how the board-fabricating parameters affected the LE of
wood-based panel products.

The objective of this study was to evaluate the effects of
board density and resin content (RC) on the LE of particle-
board exposed to both vapor and liquid water followed by a
drying test. Density profiles and the elastic constants of the
boards, affected by the fabricating parameters, were deter-
mined to explain the relation to LE.

Materials and methods
Particleboard manufacturing

Homogeneous boards, 340 X 320 X 10mm, were con-
structed using knife-ringflaker particles with average di-
mensions of 18.6mm in length, 3.7mm in width, and
0.48mm in thickness. These particles were obtained from
sugi (Japanese cedar, Cryptomeria japonica D. Don) and
had an oven-dried density of 0.39g/cm’. The furnish was
dried to a moisture content of less than 3% before gluing.
Duplicate boards were made at each of five density levels
(04, 0.5, 0.6, 0.7, and 0.8g/cm’) and at each of four resin
contents (3%, 6%, 9%, and 12% of solid weight basis). The
mat moisture content before pressing depended on the RC;
it was 6.4%, 9.9%, 13.3%, and 16.3% for RCs of 3%, 6%,
9%, and 12%, respectively. Boards with a density of
0.7g/em® and 9% RC were made to serve as controls. Board
construction factors were as follows.



Resin: commercial liquid phenolic resin, 41% solid
Wax: not applied

Press temperature: 180°C

Pressure: 3.5MPa

Total press time: 7.5min

Surface: not sanded

The closing time depended on the board density. It was
approximately 15 and 50s for 0.4 g/cm’ and 0.8 g/cm’ boards,
respectively.

Mechanical properties

The manufactured boards were trimmed to 300 X 300mm
square and tested for flexural stiffness (Eb) and plate shear
modulus (G) without failure. These elastic constants were
additionally tested with a vibration method using a fast
Fourier transform (FFT) analyzer for checking the con-
stants obtained with static tests. The Eb and G values were
determined from the peak frequency of the power spectrum
of the tone by tapping the edge of the specimen.”

Boards were cut to 300 X 50mm for the dimensional
stability tests. Three kinds of Young’s moduli (E1, E2, E3)
of each specimen were also determined by the vibration
method. El1, E2, and E3 were elastic constants obtained
using the flatwise bending vibration, the edgewise bending
vibration, and the longitudinal vibration methods, respec-
tively. These constants were calculated as follows:

Eland E2 = 487°L'pf* (W m*)
E3 = 4L%pf?

where L is the length, p is the density of the specimen, and
h is the height of the beam vibrating. For £/ measurements
h was the thickness of the specimen, whereas for £2 mea-
surements it was the width; fis the peak frequency, and m is
the constant (4,730 for first vibration mode).”

Density profile

Density gradients in the thickness direction of the speci-
mens were measured using a commercial density profiler
based on a gamma radiation system. Specimens with dimen-
sions of 50 X 50mm were used, and the measurement was
made at 0.1-mm intervals.

Dimensional change

Prior to testing, all specimens, each 50mm wide and 300 mm
long, were conditioned in an air-circulating chamber at
60°C for 24h to obtain constant moisture conditions and
initial dimensions. Three samples were selected randomly
for each test: (1) exposed to vapor at 40°C and 90% relative
humity (RH; humidity test); and (2) immersion in liquid
water at room temperature (immersion test). After reach-
ing saturation in each test, the samples were dried to equi-
librium in the chamber at 40°C. It was not sealed so
moisture could move through the faces and edges. The
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length, thickness, and weight of the specimens were mea-
sured at certain intervals during both the humidity and the
immersion tests.

Linear expansion (LE), thickness change (TS), and
weight change (WA, or water absorption) were calculated
on the basis of the initial dimensions. LE was determined
by measuring the length of the specimen to the nearest
0.01mm using equipment according to ASTM.'®

Results and discussion
Mechanical properties

Bending stiffness £b and plate shear modulus G obtained
by the nondestructive static tests are listed in Table 1. These
elastic constants increased with increasing board density
and resin content. Similar results were reported by Kelly."”
Elastic constants of 300 X 50 mm specimens obtained by the
vibration methods are shown in Fig. 1, where all of the
constants increased with increasing density.

E2 and E3 showed a similar increasing trend against the
board density. These two constants were thought to repre-
sent an average elastic constant throughout the thickness of
the board: E3 was based on the longitudinal vibration of the
specimen and E2 on the edgewise in-plane bending vibra-
tion. In this edgewise vibration, the ratio of length to height
of the beam, 300:50, was not enough to eliminate a shear
effect of the beam. This may be one reason that the £2
value was lower than the E3 value for all the board densities
tested in this experiment. The E7 value, obtained by the
out-of-plane bending vibration, was close to E3 at a density
of 0.4g/em’, but it became almost the same value as E2
when the board density was 0.8g/cm’. It was shown that the
higher density the board, the relatively lower was the E7 in
the elastic constant measurements. This could be due to the
effect of layer construction of the board.

Figure 2 shows the relation between RC and the elastic
constants. In the RC range of 6%-9%, EI obtained by the
flatwise bending vibration increased remarkably, although
E2 and E3 showed only slight increases. The same consider-
ation mentioned above —that El, E2, and £3 depend on the

Table 1. Elastic properties obtained by static tests and thickness
after hot pressing

Target board RC Thickness Eb* G’
density (g/cm®) (%) (mm) (GPa) (GPa)
0.4 9 9.99 1.12 0.58
0.5 9 9.96 1.71 0.87
0.6 9 9.91 2.18 1.13
3 10.5 1.63 0.84
0.7 6 9.99 2.56 1.19
9 9.78 2.70 1.42
12 9.62 3.59 1.56
0.8 9 9.75 3.4% 1.55

RC, resin content; Eb, flexural stiffness; G, plate shear modulus.
*Modulus of elasticity obtained by the static bending test.
® Modulus of rigidity obtained by the static plate shear test
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Fig. 1. Effect of board density on the elastic constant determined by
vibration methods. E7, flat-wise out-of-plane bending vibration; E2,
edge-wise in-plane bending vibration; E3, longitudinal vibration
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Fig. 2. Effect of resin content on the elastic constant determined by
vibration methods

layer structure — can be seen in the behavior shown in Fig. 2.
The elastic constants at 3% RC were excluded from this
analysis because the appearance of the board with 3% RC
was somewhat different from the others; that is, its spring-
back after pressing was larger than that of the other boards
as shown in the thickness data in Table 1.

Density profile

The density gradients in Fig. 3 shows the many density
measurements obtained for samples with different average
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Fig. 3. Effect of board density on the density profile of particleboard

board densities. The results showed a typical density gradi-
ent for particleboard"” with high density layers just inside
the board surfaces.

It was found in Fig. 3 that the high-density layer moved
toward the inner layers with increasing board density. Poly-
nomial regressions of the density data confirmed this result.
It revealed that the peak density was located at around
0.6 mm inside the surface for a 0.4 g/cm’ board and at 1.1 mm
for a 0.8 g/cm’ board.

The location of the high-density layer affected the elastic
constant £J because the £/ measurement was based on an
out-of-plane bending vibration. It was obvious that a high-
density layer located on the outer layers in the board gives
higher bending stiffness rather than that located on the
inner layers. Thus the behavior of EI shown in Fig. 1 can be
explained qualitatively by the fact that the high-density
layer shifted into the inner layers as the board density
increased.

Figure 4 also shows the density gradients of the same
average density boards fabricated with various resin con-
tents. No high-density layer was found in the 3% RC board.
Low RC and low mat moisture content were thought to be
the reasons a high density layer was not formed in this kind
of board during hot pressing.

In the RC range 6%-12%, the position of the peak den-
sity seemed to shift outward and the peak density itself
became larger when the RC of the board increased. This
fact of layer construction of the board, which was confirmed
by eighth-order polynomial regression, was reflected by the
elastic constant measurements as shown in Fig. 2. This was
the main reason that E7 behavior was different from E2 and
E3.

Dimensional changes

Using the specimens with the density profiles and elastic
characteristics mentioned above, linear changes and thick-
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Fig. 4. Effect of resin content on the density profile of particleboard
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Fig. 5. Linear expansion behavior of particleboard at different densi-
ties under humid conditions at 40°C and 90% relative humidity (RH)

ness changes were determined to evaluate the effects of the
board-fabricating factors of density and RC.

Effect of board density on LE

The linear expansion behavior of the boards with various
densities during the humidity test at 40°C and 90% RH is
shown in Fig. 5. Measurements were continued until the
equilibrium at which weight change occurred at less than
0.1% per 24h was reached. Figure 5 shows the LE changes
of the first 50h within the total measurements made up to
210 hours.
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Table 2. Coefficient 8 for LE and TS changes in the humidity test

Board density B(h)
(g/emr’)

LE TS
0.4 1.69 8.10
0.5 2.89 12.7
0.6 5.63 16.4
0.7 8.74 23.9
0.8 16.2 40.1

LE, linear expansion; TS, thickess swelling; §, rate of increase

Linear expansions for all the boards increased rapidly at
the beginning of the humidity test and leveled off toward
saturation values. The LE of the lowest density board,
0.4g/cm’, seemed to reach its saturation value at around
10h, whereas the LE of 0.8 g/cm’ board was still increasing
after 50h. Figure 5 also shows that the larger the board
density, the higher is the saturation LE value; and the more
time is required to reach it.

For evaluating the LE change versus exposure time, the
exponential equation that had been used for describing
thickness changes of particleboard or medium-density fiber-
board (MDF)"* was employed:

T = a[l - exp(t/,@)] (1

where T is linear expansion, ¢ is time, and ¢ and f are
empirical constants. The constant o represents an estimated
saturation value when ¢ tends to infinity, and the constant §
indicates a rate of increase.

The curves, which were obtained by nonlinear least-
squares regression, were in good agreement with the experi-
mental data as shown in Fig. 5. Thus it was concluded that
this equation can be used for LE prediction as well as TS.

Because the constant § indicated the time until LE
reaches about 63% of the saturation value, a(l — ¢), the
increasing rate of each LE curve can be compared using .
The rate of increase, 3, increased with increasing density, as
shown in Table 2; the 8 of the 0.4g/cm® board was about
1.7h, whereas that of the 0.8g/cm’ board was 16.2h. As
shown in Table 2, the § increased by a factor of approxi-
mately 1.8 for each 0.1 g/cm® increase of the board density.

LE per unit MC change

Dimensional test results of both the humidity test and the
immersion test are summarized in Table 3. The LE and WA
values after reaching equilibrium at 40°C and 90% RH are
shown in this table. It was obvious that LE increased with
increasing density according to moisture change. The WA
values in the humidity test ranged from 15.3% to 16.8% and
were based on the initial weights before testing. For better
understanding, LE behavior was recalculated on the basis
of MC change, LE/MC, instead of evaluating LE/WA.
Figure 6 shows the relation between LE/MC and board
density. There was a strong lincar relation between the
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Table 3. Dimensional stability test results

Densi}y Humidity test Immersion test
(g/em’)
LE (%) TS (%) WA (%) LE (%) TS (%) WA (%)
W D w D W b W D w D W D
0.4 0.36 000 116 56 165 29 046 -013 136 41 190 -09
0.5 0.39 006 142 72 168 31 048 -016 167 58 150 -09
0.6 0.41 000 168 90 166 31 051 -018 186 76 118 -1.0
0.7 041 -001 170 89 155 31 050 -020 215 92 94 -06
0.8 043 -002 178 88 153 31 045 -028 224 95 70 -08

Humidity test: exposed to the humid condition at 40°C and 90%, relative humidity. Immersion

test: water immersion at room temperature.

W, wet condition and D, dried condition at 40°C; WA, water absorption
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Fig. 6. Linear expansion per unit moisture content change for particle-
board at various board densities during the humidity test at 40°C and
90% RH. Bars show one standard deviation

board density and LE/MC, and the following regression
equation was obtained.

Lm = 0.016 + 0.012p (2)

where Lm is LE per unit MC change. LE/MC changed from
0.021 to 0.026%/%, corresponding to the density range of
0.4-0.8 g/cm’. This equation can provide predictions on lin-
ear change of particleboard in service conditions because
the MC change of this humidity test ranged from about 2%
to 18%. However, it should be noted that the LE/MC could
be affected by parameters other than density, such as resin
type, particle shape, and so on.

EL and TS in the humidity test

One of the factors to be noted was the increasing rates of
LE and TS during the humidity test. The TS during the

humidity test was also evaluated using Eq. (1). The experi-
mental data, not shown here, was in agreement with the
curves derived from Eq. (1). The values of § listed in Table
2 showed that the TS of the high-density board needed
more time to reach the saturation.

The behaviors of LE and TS in the humidity test were
different in terms of time dependence. TS was continuing to
increase after LE had almost reached its saturation. This
trend was confirmed by comparing the § values; the § for TS
was much larger than that for LE.

This difference could be due to the fact that the LE
measured here appeared as an average value of expansion
in each layer of the board. Some restrictions in the plane
directional expansion might occur between the layers when
each layer has different potential to expand according to the
moisture change. TS was qualitatively thought to be a sum
of the expansion in thickness direction of each layer.

Effect of vapor and liquid water

Table 3 lists the data for LE, TS, and WA determined at
absorption (wet) conditions and desorption (dry) condi-
tions that followed the humidity or immersion test. Dimen-
sional changes (LE and TS) of the immersion test were
slightly larger than those of the humidity test for all the
board densities tested in this experiment. However, there
were remarkable differences in WA values for the humidity
and immersion tests.

One of the differences was found in the LE values of dry
conditions. After water immersion these values ranged
from —0.28% to —0.13%, whereas those after the humidity
test were close to zero. This finding showed that the speci-
men reduced its length after water immersion followed by
drying at 40°C. This shrinkage was possibly caused by
“Poisson’s effect,” corresponding to the thickness changes.

Effect of resin content in the humidity fest

Figure 7 shows the relation between exposure time and the
LE of the board under different RC conditions. The data
for the first 100h are shown, even though the measurements
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Fig. 7. Linear expansion behavior of particleboards with different
resin contents under humid conditions at 40°C and 90% RH

were continued up to 270h. The shapes of the curves were
almost the same as those showing LE changes in Fig. 5. Eq.
(1) can be applied to predict the behavior.

The board with 3% RC exhibited behavior different
from that of the others because of the layer structure shown
in Fig. 4. In the RC range 6%-12%, the difference among
the boards was small but clear. At the beginning of the
exposure, 6% RC board showed the largest LE among the
three, and the LE curves crossed over at around 27h. Fi-
nally, the high RC board had more LE than the low RC
board when the sample reached the leveling-off stage.

No clear reason for this phenomenon was found, al-
though, differences of the layer structure and hygroscopic-
ity of PF resins cured in the board are candidates for
investigation. Further research is necessary in this area.

Figure 8 shows the relation between RC and LE per unit
MC change. The high value for 3% RC board was due to
low bond quality and the different layer structure. No sig-
nificant difference was observed in the LE/MC for 6% and
12% RC boards, which proved that the high LE of high RC
board was caused only by the larger amount of water the
specimen can absorb compared with the low RC board.

Conclusion

This study evaluated the effects of board density and RC on
the LE and density profile of particleboard. Results ob-
tained can be summarized as follows. The high-density lay-
ers in the thickness direction of the board shifted inward as
the average board density increased. The density profile
was also affected by the RC applied. The elastic constants
determined by the three vibration test methods qualita-
tively depended on the density profiles formed under vari-
ous board density and RC conditions.
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Fig. 8. Linear expansion per unit moisture content change for particle-
board with various resin contents during the humidity test at 40°C and
90% RH. Bars show one standard deviation

It was found that Eq. (1) effectively predicted the LE
behavior of the board exposed to both vapor and liquid
water. In the humidity test at 40°C and 90% RH, the LE
increased with increasing board density. An increase in RC
from 6% to 12% slightly increased the LE. A linear relation
between LE/MC and board density presented by Eq. (2)
was found, whereas LE/MC remained constant for the RC
change form 6% to 12%.
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