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ABSTRACT

The two objectives of this project were to determine gas permeability of the mat as a function of density,
and to characterize panel properties and temperature and gas pressure evolution in the mat during hot
pressing as a function of press closing strategy, panel density, and mat moisture content. Panels of 560 X
460 X 16 mm were made in a 600- X 600-mm laboratory press. The manufacturing parameters were the
following: press closing strategy of 145, 155, and 165% of the target panel thickness after 30 s of pressing;
initial mat moisture content of 10, 12, and 14%; and panel density of 650, 725, and 800 kg m=. Tempera-
ture and gas pressure were measured at the surface and core of the mat. The gas permeability of the panel
was measured for panels of uniform densities of 400, 650, 900, and 1150 kg m. Gas permeability de-
creased by a factor of 1000 when panel density increased from 400 to 1150 kg m=3. The flexural properties
increased with an increase in mat moisture content and panel density, and a decrease in press closing strat-
egy. The internal bond increased with an increase in mat moisture content and panel density. Thickness
swell decreased with an increase of panel density, and increased with an increase in press closing strategy.
The time required to reach 100°C in the mat core decreased with a decrease in press closing strategy. The
maximum gas pressure in the mat core was proportional to panel density. It also increased with mat mois-

ture content for a press closing strategy of 165% and a panel density of 800 kg m~3.
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INTRODUCTION

The manufacture of wood-based composite
panels by means of heat and mechanical pressure
is a process known and applied throughout the
world. The hot pressing operation is one of the
most important and is often the bottleneck of
such process. For that reason, various research
projects have been performed to improve prod-
uct performance, reduce pressing time, minimize
energy consumption, and maximize wood uti-
lization (Harless et al. 1987; Humphrey and
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Bolton 1989a; Kamke and Zylkowski 1989).
The functions of hot pressing are to consolidate
the fiber mat to a desirable panel density and
thickness, to cure the resin, and to heat-stabilize
the panel so that it remains at the target thickness
and density (Hsu 1994). This process involves
heat and mass transfer in the mat by conduction
and convection. Conduction heat transfer occurs
between the press platens and the mat. The water
contained in the wood of the surface layers va-
porizes because of the fast heating of panel sur-
faces in contact with the press early in the
process. Water vapor movement by filtration is
induced towards decreasing vapor pressure in
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the mat core. The vapor carries its latent heat of
vaporization and sensible heat, which allow
heating of the mat core.

The density profile across thickness is the
most important characteristic of MDF panels re-
sulting from the coupled effects of various man-
ufacturing parameters including mat moisture
content and structure, and pressing conditions
(Harless et al. 1987; Wolcott et al. 1990; Dai and
Steiner 1993; Park et al. 1999; Wang and Winis-
torfer 2000; Winistorfer et al. 2000). The forma-
tion of the density profile is a complex
phenomenon involving simultaneous heat and
mass transfer (Wolcott et al. 1990). These pro-
cesses are interrelated through the sorption char-
acteristics and viscoelastic behavior of the mat.
Kamke and Casey (1988a) measured the condi-
tions inside a flakeboard mat in terms of temper-
ature, moisture content, gas pressure, rate and
degree of adhesive cure, density gradient, bond
quality, and consequently, the physical and me-
chanical properties of the resulting products.
They noticed that an increase in mat temperature
or moisture content decreases the compaction
pressure. Humphrey and Bolton (1989b) ob-
tained similar results for a range of mat moisture
content between 6% and 26%. In fact, the more
humid the wood particles are, the faster the mat
becomes plastic. Also, Kamke and Casey
(1988a) reported that a greater initial mat mois-
ture content (6 to 15%) increases the rate of tem-
perature rise in the core region, but the
maximum temperature may not be greater than
the temperature found for a lower mat moisture
content. The heat of vaporization, permeability
of the mat, and phase equilibrium have an im-
pact on the temperature level. Park et al. (1999)
observed an increase in heat transfer by convec-
tion with an increasing mat moisture content for
three levels: 8%, 11%, and 14%. Kamke and
Casey (1988a) and Bolton and Humphrey (1989)
state that temperature and gas pressure in the mat
are a function of moisture content and press clos-
ing time. Their results indicated that little heat
transfer occurs in the mat until a significant
amount of mat densification has taken place. A
faster press closing time results in greater rate of
mat densification and this means a rapid buildup

of steam pressure in the face region, therefore, a
faster rate of convective heat transfer to the core.
Smith (1982) observed that the rate of core tem-
perature rise increased with increasing board
density and decreasing press closing time from
100 to 30 s. Kamke and Casey (1988b) observed
that face and core gas pressures are nearly the
same for low platen temperature and low mat
moisture content, even though the face and core
temperatures are different. High platen tempera-
tures and high mat moisture contents induce a
large difference in gas pressure (about 30 kPa)
between the face and core layers after press clos-
ing and until about 2 min thereafter. High mat
moisture content levels result in a panel having
better water absorption characteristics and there-
fore a better dimensional stability. However, the
probability of delamination problems and
“blows” is higher (Moslemi 1974). Water appli-
cation to the surface of the mat prior to hot press-
ing was used by some authors (Johnson and
Kamke 1994; Geimer and Kwon 1999). The re-
sults obtained by Sosnin (1974) show a higher
rate of heat transfer to the core of the panel due
to the steam-shock resulting from the vaporiza-
tion of 0.150 kg/m? of water on the mat surface.
Also, a reduction of about 20% in the maximum
compaction pressure required was observed
when heat transfer to the core of the mat was ac-
celerated by the steam-shock effect.

Park et al. (1999) determined the relationship
between three pressing variables (face-layer
moisture content, platen position, and press clos-
ing time) and MDF panel performance. They ob-
served that internal bond strength (IB) increased
as the moisture content increased. The optimum
conditions obtained for IB strength were face-
layer moisture content: 13.4%; press closing
time: 3.8 min; and platen position: 111% of the
target board thickness of 19.1 mm. The optimum
point for the minimum thickness swell (TS) was
found to be face-layer moisture content: 13.1%;
press closing time: 3.6 min; and platen position:
109.5%. The optimum conditions obtained for
the modulus of elasticity (MOE) were face-layer
moisture content: 10.0%; closing time: 3.7 min;
and platen position: 106.2%. Xu and Suchsland
(1998) presented an analytical model to predict
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the development of the MOE of wood composite
panels with a uniform vertical density profile.
The simulation showed that the MOE increases
linearly with the increase of either panel density
or compaction ratio; and the use of a high den-
sity wood species results in higher MOE than
low density species at the same compaction
ratio, but results in lower MOE at the same panel
density levels. Panel density is a characteristic of
importance due to the influence it has on the
physical and mechanical properties of the prod-
uct. Smith (1982) observed an improvement in
MOE and MOR of waferboards with an increase
in density. The same author showed that spring-
back increases with an increase in panel density
and press closing time. Geimer (1982) and Vital
et al. (1980) observed that TS increases with an
increase in panel density. However, others have
found a decrease in TS with an increase in parti-
cleboard density (Hse 1975; and Greubel and
Paulitsch 1977).

Because of the significance of convective
transfer, the gas permeability of the mat must be
known to characterize heat and moisture transfer
in the mat during hot pressing. In this context,
the transverse permeability K. determines the
flow rate of heat and moisture from the press
platens to the mat core. The longitudinal perme-
ability K; determines the rate of flow from the
panel center towards its edges, and hence the
heat loss from the panel core and the reduction
of internal vapor pressure essential to prevent
panel “blows.” Together, K; and K; control
stress relaxation in the pressed product (Bolton
and Humphrey 1994). The gas permeability of
particleboard in the horizontal direction is al-
ways higher than in the vertical direction most
likely due to the lower core density (Hata et al.
1993). Lehmann (1972) suggests that K| is 5 to
10 times greater than K at a given density.
Bowen (1970) suggests that K, is one order of
magnitude greater than K at a given density.
Denisov et al. (1975) and Zuban (1969) suggest
differences sometimes greater than two orders of
magnitude, with the differences being greater at
higher densities. Bolton and Humphrey (1994)
suggested that as panel density increases, perme-
ability must decrease. Over the density range

510 to 740 kg m=3, Bowen (1970) observed a
slightly curvilinear decrease of K, with an in-
crease in density. Denisov et al. (1975) and
Lehmann (1972) reported similar results. How-
ever, Lehmann (1972) observed a linear relation-
ship in the density range 230 to 980 kg m=3. Hata
et al. (1993) reported similar results for particle-
board produced by steam-injection pressing
(Fig. 1). Also, Sokunbi (1978) found a decrease
of gas permeability from 64 X 10" m? to 2 X
10~ m? with an increase in particleboard den-
sity from 425 to 875 kg m=>. The increase in the
rate of core temperature rise with an increasing
panel density and decreasing press closing time
reported by Smith (1982) can be explained by
the gas permeability. As panel density increases,
gas permeability decreases which allows steam
pressure buildup in the panel and the resulting
temperature rise. A short press closing time al-
lows a more permeable mat core because of
lower core densification.

Lihra et al. (2000) measured the apparent gas
permeability k; for balsam fir (Abies balsamea)
based on Darcy’s law applied to gas flow
through wood as described by Siau (1995):

« QL P
k =
where k:j is the apparent gas permeability with
slip flow (mgas3 m_ ' s Pah); Q is the volu-
metric gas flow rate (m_, > s7'); L is the length in
the flow direction (m_ ,); A is the cross-

L : longitudinal flow

L T : transversal flow

Gas Permeability
(msgas m ! panel)

300 400 500 600
Panel Density (kg m?)

FiG. 1. Effect of panel density on gas permeability of
particleboards (adapted from Hata et al. 1993).
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sectional area of the specimen (m_, dz); AP is the
pressure differential across the specimen (Pa); P
is the pressure at which Q is measured (Pa); and
P is the average pressure across the specimen
(Pa).

The apparent gas permeability k:j includes
Knudsen diffusion, also called slip flow. When a
gas flows through a capillary whose diameter is
in the same order of magnitude as the average
free path between the gas molecules, slip flow
becomes significant and must be considered in
the permeability measurement. The gas perme-
ability corrected for slip flow may be obtained
from the Klinkenberg equation (Siau 1995):

)

2
with
b= 3.8/1(5)
d 3)
and
A==t |RT
P YM €]

where kg is gas permeability corrected for slip
flow (m_3m__ ' s Pa™'), bis the Klinkenberg
factor (Pa), N\ is the average free path between
gas molecules (m), r is the diameter of the capil-
lary, w is the viscosity of the fluid used to deter-
mine (Pa s), R is the universal gas constant (8.31
J mol'K™), T is the absolute temperature (K),
and M is the molecular weight of the gas (kg
mol!). The apparent gas permeability, k;}i is a
linear function of the reciprocal average pressure
(Eq. 2). In fact, the gas permeability kg repre-
sents the “true” gas permeability corrected for
slip flow and can be found graphically from the
intercept of a plot of k;f against 1/P (Fig. 2). The
gas permeability kg is by definition the perme-
ability of the solid to the permeating gas. By in-
troducing the viscosity of the gas, the intrinsic
permeability of the solid is obtained by:

K=k,u (5)

S o ; 4
where K = intrinsic permeability (mgzls my 7).

&

E ~

2 -

S «

L A

£

[-% E-]

g ¢
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£ L5 « true » gas permeability
g E . :

? () --------------- (k,)

Reciprocal average pressure
1/ P (Pah

FiG. 2. Typical plot of the apparent gas permeability
against the reciprocal pressure (adapted from Lihra et al.
2000).

K is independent of the permeating gas used and
is only a function of the porous structure of the
body.

Recently, Perré and Agoua (2001) published
results on the gas permeability of MDF as a
function of panel density. They found K values
decreasing linearly from 4 X 1012t0 2.5 X 107"®
m? for panel densities varying from 250 to 750
kg m=3. Unfortunately, the authors do not specify
if a density profile was present across the thick-
ness of the samples used to perform the measure-
ments.

Given the importance of hot pressing in MDF
manufacturing, it is fundamental to characterize
heat and mass transfer in the mat during that pro-
cess and its impact on panel properties. There-
fore, the objectives of this project were 1) to
determine gas permeability of the MDF mat as a
function of panel density, and 2) to characterize
the properties of MDF panels and temperature
and gas pressure evolution in the MDF mat dur-
ing hot pressing as a function of press closing
strategy, panel density and mat moisture content.

MATERIALS AND METHODS

Manufacturing of MDF panels and
experimental design

Softwood fibers (90% black spruce and 10%
balsam fir) were obtained from Uniboard
Canada Inc., Panneaux MDF La-Baie plant in
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Ville-de-la-Baie, Québec, Canada. MDF panels
measuring 560 X 460 X 16 mm were manufac-
tured using a 600- X 600-mm laboratory press
available at the Département des sciences du
bois et de la forét, Université Laval, Québec,
Canada. The target panel densities were 650,
725, and 800 kg m~, and the target panel thick-
ness was 16.0 mm. The panels were produced at
initial mat moisture contents of 10, 12, and 14%
using three press closing strategies: 30 s until
145, 155, and 165% of the target panel thickness
was reached for a total of 2.5 min of pressing in
each case. Three replicates were produced at
each set of treatment combination. The other
manufacturing parameters are presented in Table
1. After manufacturing, the panels were condi-
tioned to 20°C and 60% RH for 72 h.

A 33 factorial experimental design was used.
The 27 treatment combinations and 3 replica-
tions resulted in a total of 81 panels. The modu-
lus of elasticity (MOE), modulus of rupture
(MOR), internal bond (IB) and thickness swell
(TS) were determined according to the proce-
dures described in the ANSI A208.2-1994
(1994) and ASTM D1037-96a (1996) standards.
The heat transfer was characterized by measur-
ing temperature at the surface using a type K
thermocouple, and temperature in the core using
a temperature and pressure probe developed by

TABLE 1.  MDF panels manufacturing parameters.

Alberta Research Council. The time required to
reach 100°C at the mat core (T, ,) and the maxi-
mum temperature difference between the surface
and the core (AT _ ) were used to characterize
heat transfer. The maximum gas pressure in the
core (GP__ ) and the maximum gas pressure dif-

ference between the surface and the core
(AGP_ ) were used to analyze mass transfer.

max

Gas permeability

Panels manufacturing.—The MDF panels
used for gas permeability measurements were
produced by cold pressing. The press was closed
and once the panel target thickness was reached,
the heating of the press platens was started. Once
the core reached 120°C, the mat was heated for
2.5 min to cure the UF resin. The total pressing
cycle was about 55 min. This strategy allowed to
obtain an homogeneous density profile across
panel thickness to prevent the interference of
density variation in gas permeability measure-
ment.

Gas permeability measurements.—MDF gas
permeability was measured with medical air
using an apparatus developed in our laboratory
by Lihra et al. (2000) (Fig. 3a). Gas permeability
was measured on panels of 4 density levels: 400,
650, 900, and 1150 kg m= and 3 replications for

Parameter Condition

Board size
Mat moisture content

560 X 460 X 16 mm
10, 12, 14% (based on oven-dry wood)

Target panel density
Wax content

Resin type

Resin solid content
Resin viscosity

Resin gel time

Resin content

Catalyst used

pH after catalyst

Press platen temperature
Total press closing time
Curing time

Press opening time
Pressing strategy

650, 725, 800 kg m™
1% (based on oven-dry wood)

Commercial Urea Formaldehyde, Neste Resin Canada Inc.

65%

0.335Pas

> 15 minutes

14% (based on ovn-dry wood)
Solution of NH,Cl at 30%

7.0

210°C

2:30 minutes

2:30 minutes

1 minute

145, 155, 165% of target panel thickness after 30 s
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Vacuum pump Flowmeter

—_— Specimen

holder

"

Compressed air db
/ cylinder ‘%}@
Mercury Water
manometer manometer
o : Flow direction & :Valve
ok : Pressure regulator ® : Safety relief
@ : Pressure gauge <> : Microfilter

(@)

Porous dise "'L'—| Pressure/Vacuum
.E- = ' =
|

MDF
Sample

@ =50 mm

Thickness = 16 mm

/ i : £3

Air inlet Air outlet

Metal washer Rubber Rubber sleeve
O-ring

(b)

FiG. 3. (a) Apparatus used to gas permeability measurements. (b) Specimen holder for gas permeability measurements
and schematic representations of the specimens (adapted from Lihra et al. 2000).
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a total of 12 panels. For each panel, four discs of
50 mm in diameter and 16 mm in thickness were
used for a total of 48 test specimens (Fig. 3b).
The final cut of the end surfaces was made with
a microtome to obtain the highest permeability
values possible. Silicon seal was applied on the
edge of the samples to provide a tight seal with
the rubber sleeve. A basswood disc (Tilia ameri-
cana) was placed on the inlet and outlet sides of
the specimen to distribute the air flow over the
cross-section and prevent end-effects. The resis-
tance to gas flow of the disks was negligible be-
cause of basswood high longitudinal gas
permeability. The apparent gas permeability &*
was measured at three pressure levels. A one-
way classification analysis of variance was used
to compare the gas permeability obtained for the
4 density levels.

RESULTS AND DISCUSSION
Effect of panel density on gas permeability

Typical density profiles of the MDF panels
produced for gas permeability measurements are
presented in Figs. 4 and 5. The cold pressing
strategy resulted in relatively flat density pro-
files, although it was more difficult to obtain for
the higher densities. This can be explained by an
heterogeneous heat transfer during the heating of
the press platens resulting in the development of
a density profile. Nevertheless, these panels
were used to produce gas permeability speci-
mens with a reasonably homogeneous density
profile.

Figure 6 shows the results obtained for gas
permeability as a function of panel density. As
suggested by Bolton and Humphrey (1994), gas
permeability decreases with an increase in panel
density. Figure 6 shows a curvilinear decrease of
log,, K with an increase in panel density. The
analysis of variance shows that density has a sig-
nificant impact at the 99% probability level on
gas permeability in the range of 400 to 1150 kg
m> (F = 771.09). The average intrinsic gas
permeability values were 1.1 X 1072 m?
m' ., at400kgm;7.0 X 10 m’, m™

650 T{leg m?; 3.4 X 10" m’, m™"

gas
anel at

at 900 kg

m>; and 3.4 X 10°° m3g,‘ls m,at1150kg m3,
The comparison between means presented in
Table 2 shows that all mean K values were sig-
nificantly different. A difference of three orders
of magnitude was found for K between 400 and
1150 kg m=3. The increase in gas permeability
following a decrease in density is due to the in-
creasing proportion of voids in the material. Our
results show a similar trend as those found by
Hata et al. (1993), who observed a decrease in
gas permeability with an increase in particle-
board density in the 300 to 600 kg m™ range.
The transverse gas permeability values they
found are in the same order of magnitude as
those found in the current study. However, a den-
sity profile could have been present in the speci-
mens used by Hata et al. (1993), even though
steam injection was used to produce their parti-
cleboards. Therefore, a comparison between the
results obtained in both studies should be made
with care. The intrinsic gas permeability results
we obtained (Fig. 6) are in agreement with the
results obtained by Perré and Agoua (2001) for
MDF in the density range 250 to 750 kg m=.

Effect of pressing parameters on mechanical
and physical properties

The results of the analysis of variance for the
8 variables considered are presented in Table 3.
A discussion follows for each variable studied.

Modulus of elasticity and modulus of
rupture.—The results obtained for the modulus
of elasticity (MOE) and modulus of rupture
(MOR) for all the combinations are presented in
Tables 4 and 5, respectively. The analysis of
variance shows that press closing strategy, mat
moisture content, and panel density have a sig-
nificant impact on MOE and MOR. No interac-
tions were found to be significant. The results
obtained for MOE and MOR as a function of
press closing strategy, mat moisture content, and
panel density are shown in Figs. 7 to 10, respec-
tively. For both MOE and MOR, the best perfor-
mance was obtained with a press closing strategy
of 145% of target panel thickness. This could be
expected because a higher densification of the
surface can occur with a faster press closing.



30 ‘WOOD AND FIBER SCIENCE, JANUARY 2005, V. 37(1)

~
<
=i
<h]
=<
<
£
g m.w B T T T s M Y S
%
n ............................
I 0 S ot e nont O A T R
|
o‘ooi . 1 s } i 1. i } }
0.000 2.500 5.000 7.500 10.000 12.500 15.000 17.500 20.000
Thickness (mm)
(@)
1500.00 . .. o e ,201"' .
1200.00+
"‘A
E
on 900,00+ - oeeeeheeeeailoidi il
-4
N’
E} ....................
7]
=
D
Q

0.000 2.500 5.000 7.500 10.000 12.500 15.000 17.500 20.000

Thickness (mm)

(b)

Fic. 4. Typical density profiles for panels produced for gas permeability measurement: (a) panel density 400 kg m=3, (b)
panel density 650 kg m=.



Garcia and Cloutier—HEAT AND MASS TRANSFER IN MDF DURING HOT PRESSING 31

OSSN WS SO S S O SO U U O S U SO S SO S
_ \
<
=]
op
o
A
) |
w2 B
(=] .
%) !
a ;
0.00 E ‘ E ; : i ' 5 ’ i E } : H
0.000 2.500 5.000 7.500 10.000 12.500 15.000 17.500 20.000
Thickness (mm)
(a)
1500.00 - - N . prremcangennn s z‘:“' ----- PR e, A
o E
g L
[=T)] :
- :
N’ .
2 |
(7)) :
= ‘
> :
= ?
0.00 5 ‘ E ! E ; : i ; i } i
0.000 2.800 8.000 7.800 10.000 12.500 15.000 17.500 20.000

Thickness (mm)

(b)
FiG. 5. Typical density profiles for panels produced for gas permeability measurement: (a) panel density 900 kg m=,
(b) panel density 1150 kg m=.



32

These results are in agreement with those found
by Park et al. (1999), who observed an increase
in MOE with a decrease of press closing strat-
egy. A typical density profile for 145% of target
panel thickness is presented in Fig. 8. The profile
is typical of industrial MDF panels with a high
density at the surface and a lower homogeneous
density in the core.

The results show a significant increase of both
MOE and MOR when using a mat moisture con-
tent of 14% as compared to 10 and 12% (Fig. 9).

1x10"!
1x10™2 4
<& 1x10™
£
e 1x10
x ;
1x10°"° LogioK= -6x10"°PD? + 0.0048PD -12.93
R*=0.99
1x107'¢ ‘ ‘ ‘ -
350 550 750 950 1150
Density (kg m*)

Fic. 6. Gas permeability as a function of MDF density.
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This can be explained by the higher densification
of the surface due to the higher plasticization of
wood fibers at higher moisture content. As ex-
pected, MOE and MOR increase with an increase
in panel density (Fig. 10). These results are in
agreement with those found by Xu and Suchsland
(1998) which showed that the MOE increases lin-
early with the increase in panel density. The opti-
mum conditions determined for MOE and MOR
are a press closing strategy of 145% of target
panel thickness, a mat moisture content of 14%
and a panel density of 800 kg m~3.

Internal bond strength.—The analysis of vari-
ance shows that mat moisture content and panel
density have a significant impact on internal bond
strength (IB). Table 6 presents the results obtained
for IB for all combinations. The results obtained
for IB as a function of mat moisture content are
presented in Fig. 11a. This figure shows a maxi-
mum IB obtained at 14% MMC significant at the
99% probability level. The average IB values ob-
tained for 10 and 12% MMC were not signifi-
cantly different to the exception of the values
obtained at 650 kg m=. This positive impact of
MMC on IB can be explained by a faster heat

TABLE 2.  Duncan’s multiple range test for intrinsic gas permeability.

Mean K Std Dev. Nominal Density

Duncan Grouping (m3ga>m"pancl) (log,, K)! (log,, K) N (kg m™)

A 1.1 x 10712 —11.96333 0.02 12 400

B 7.0%x 1013 —12.14250 0.09 12 650

C 3.4x107 —13.46083 0.15 12 900

D 3.4x10° -14.48167 0.25 12 1150

! Corresponding values of log,, K of the mean intrinsic gas permeability (m3gabm"wml).

TABLE 3.  Results of the analysis of variance (F values).
Source of Physical and Mechanical Properties Temperature and Gas Pressure
Variation MOE MOR 1B TS T 00 AT, GP, . AGP,
PCS 38.3" 22.9% 0.4 4.3" 28.8" 0.07m 0.9 0.8
MMC 22.2% 18.5™ 10.9™ 2.3m 16.7" 1.1ns 3.7 1.71s
PD 267.8"™ 269.6™ 424 22.3" 0.021s 0.7m 263.3™ 50"
PCS*MMC 0.3 0.1 2.3ms 0.2 1.1 0.03 ™ 0.3 0.9
PCS*PD 2.3 ns 2.2 ns 1.1 ns 0.9 ns 0.4 ns 0.1 ns 1.1 ns 0.3 ns
MMC*PD 1.5m 1.4 7.6™ 0.8m 1.3ns 0.08 s 1.7 0.2m
PCS*MMC*PD 0.9 0.8 0.2 0.4 0.5 0.2 0.3 NA

" significant at 99% probability level; * significant at 95% probability level; and ™: not significant.
PCS: Press closing strategy; MMC: mat moisture content; and PD: panel density. MOE: modulus of elasticity; MOR: modulus of rupture; IB: internal bond

strength; TS: thickness swelling; T

time required to reach 100°C in the mat core; AT, : maximum temperature difference reached between mat surface and

core; GP_ - maximum gas pressure in the mat core; AGP _: maximum difference in gas pressure between mat surface and core; NA: not analyzed.

max”
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TABLE 4. Results obtained for modulus of elasticity (MOE) in MPa for all combinations.

Press closing strategy (% of target panel thickness)

145

155 165

Mat moisture content

Nominal panel density (kg m™)

(%) 650 725 800 650 725 800 650 725 800
10 1726 2557 2985 1476 2252 2884 1444 1924 2481
47y (327)  (449)  (182)  (226)  (149)  (200) (42) (39)
12 1792 2423 3534 1817 2351 3174 1634 2117 2730
(216)  (33)  (428) (42) (214  (10)  (139)  (166)  (160)
14 2131 2868 3471 2040 2442 3274 1711 2334 2773
@11 (110 (52)  (139)  (113)  (128)  (144)  (200)  (188)

ANSI A208.2-1994/ MD Class: MOE (modulus of elasticity) 2400 MPa. Standard deviation for three replicates of each combination is given in brackets.

TABLE 5. Results obtained for modulus of rupture (MOR) in MPa for all combinations.

Press closing strategy (% of target panel thickness)

145

155 165

Mat moisture content

Nominal panel density (kg m™)

(%) 650 725 800 650 725 800 650 725 800
10 151 231 270 140 211 265 136 178 229
18 25 (35 28 @) (08 @5 (1) (L]
12 147 219 307 160 203 279 143 190 249
18 (15 (39 07 (19 (09 07 (02 (06
14 178 256 316 180 219 315 151 209 273
26 (09 (4 @) 05 @) (16 (22 @28

ANSI A208.2-1994/ MD Class: MOR (modulus of rupture) 24 MPa. Standard deviation for three replicates of each combination is given in brackets.

transfer to the core due to the higher mat moisture
content resulting in a better resin cure. These re-
sults are in agreement with those found by Park et
al. (1999), who observed an increase in IB
strength with an increase in moisture content. As
for MOE and MOR, the IB is proportional to
panel density (Fig. 11b). The optimum conditions
observed for IB strength were the following: press
closing strategy of 145% of target panel thick-
ness; mat moisture content of 14%; and panel
density of 800 kg m™. A highly significant inter-
action was observed between MMC and PD for
IB strength. This is due to the decrease in IB oc-
curring when panel density increased from 725 to
800 kg m™ at 14% MMC only. This can be ex-
plained by the negative impact of the higher gas
pressure in the core on resin cure resulting from
the combined effect of the higher MMC and the
lower gas permeability at 800 kg m=3.

Thickness swell—The analysis of variance
shows that press closing strategy and panel den-
sity have a significant impact on thickness swell
(TS). No interactions were found between press-
ing parameters. The results obtained for TS for
all combinations are presented in Table 7. The
results show a significant increase of TS with a
decrease in panel density (Fig. 12a). These re-
sults are similar to those found by Hse (1975)
and Greubel and Paulitsch (1977). This result
can be attributed to the lower panel porosity ob-
tained for higher panel density. This reduces
water penetration in the panel and decreases TS
over the 24-h duration of the TS test. However,
over a long period of time, a higher TS can be
expected for a high density panel. Thickness
swell significantly increased as PCS increased
(Fig. 12b). This can be explained by the higher
porosity due to the lower surface density result-
ing from the slower press closing. The impact of
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MOR 24 MPa). The standard deviation is shown for each
average value.

this is a faster water penetration and therefore a
higher TS.

Effect of pressing parameters on temperature
and gas pressure evolution in the mat

Temperature.—Heat transfer in the MDF mat
was characterized by two parameters: the time
required to reach 100°C in the mat core (T,
and the maximum temperature difference
reached between mat surface and mat core
(AT, ). The analysis of variance shows that
PCS and MMC have a significant impact on
T, No interaction effect between the factors
studied was significant. A typical curve of tem-
perature and gas pressure evolution in the mat
during hot pressing is presented in Fig. 13. The
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ulus of rupture (MOR) as a function of mat moisture content
(ANSI A208.2—-1994/ MD Class: MOE 2400 MPa; and
MOR 24 MPa). The standard deviation is shown for each
average value.
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surface reaches 100°C about 75 s before the
core. The core temperature does not go beyond
115°C and AT occurs during the first 100 s.
The results for T, for all combinations are pre-
sented in Table 8. The time to reach 100°C de-
creased with a decrease in PCS (Fig. 14a).
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FiG. 10. Average modulus of elasticity (MOE) and
modulus of rupture (MOR) as a function of panel density
(ANSI A 208.2-1994/ MD Class: MOE 2400 MPa; and
MOR 24 MPa). The standard deviation is shown for each
average value.
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Therefore, the faster the initial press closing is
performed, the faster the core is heated. This is
in agreement with the results reported by Park et
al. (1999).

Typical curves illustrating mat core tempera-
ture against time for the three MMCs considered
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Mat moisture content (percent)
(@)
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& 1200
2
=
g
£ 800
=
£
2
=400 4

0 4
650 725
Panel density (kg m")
(b)
F1G. 11. (a) Average internal bond strength as a function

of mat moisture content. (b) Average internal bond strength
as a function of panel density (ANSI A208.2—-1994/ MD
Class: IB 600 kPa). The standard deviation is shown for
each average value.

TABLE 6. Results obtained for internal bond strength (IB) in kPa for all combinations.

Press closing strategy (% of target panel thickness)

145 155 165
Mat moisture content Nominal panel density (kg m—)

(%) 650 725 800 650 725 800 650 725 800

10 827 1125 1313 1012 1036 1395 962 1241 1499
(316) (104) (87) (100) (107) (148) (178) 61) (129)

12 790 1119 1406 849 1073 1336 681 957 1239
(137)  (126) ®) (84) (112) (96) (39) (45) 101

14 1045 1377 1274 1240 1374 1205 1113 1326 1211

(238) (69) (295)  (156)  (207)  (175)  (159)  (201) (99)

ANSI A208.2-1994/ MD Class: IB (internal bond strength) 600 kPa. Standard deviation for three replicates of each combination is given in brackets.
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are presented in Fig. 14b. Our results show an
impact of MMC on T,,,. A MMC of 10% re-
sulted in a lower T, than for MMCs of 12 and
14%. This result was not expected and is most
likely due to an uncontrolled parameter or to the
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Press closing strategy (percent of target panel thickness)
(b)
FiG. 12. (a) Average thickness swell as a function of

panel density. (b) Average thickness swell as a function of
press closing strategy (ASTM D1037-96a: 8% for particle-
board products). The standard deviation is shown for each
average value.

higher energy required to heat up mats at higher
moisture contents. The actual heating rate de-
pends of the heating capacity of the hot press.
Further work is needed to clarify this aspect of
the study. Park et al. (1999) observed a signifi-
cant decrease of the time to reach 120°C in the
mat core with an increase of the surface layers
moisture content from 8 to 14%. Humphrey and
Bolton (1989a) also observed a higher core tem-
perature increasing rate with a higher mat mois-
ture content. This was also expected in this study
but our results do not allow to make such a con-
clusion.

The results obtained for AT are presented
in Table 9. Curves of average AT, against time
for the three densities considered are presented
in Fig. 15. The higher AT__ values occur be-
tween 50 and 200 seconds of pressing with a
maximum at about 120 s, corresponding to the
beginning of the temperature rise in the panel

®
o
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— 140 —6— Core gas pressure ®
£ 120 L120 &
® B
5100 fommmmmmmem e e e 1 )
o
g 80 5
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40
20
0 0
0 100 200 300 400
Time (seconds)
FiG. 13.  Typical curves of temperature and gas pressure

evolution during hot pressing (press closing strategy: 145%
of target panel density; mat moisture content: 10% and panel
density: 725 kg m™3).

TABLE 7.  Results obtained for thickness swell (TS) in percentage for all combinations.

Press closing strategy (% of target panel thickness)

145 155 165
Mat moisture content Nominal panel density (kg m~)
(%) 650 725 800 650 725 800 650 725 800
10 9.0 7.8 7.0 8.8 8.4 7.3 9.7 8. 7.5
15 a7 (D 09 19 (12 (14 1.8 (1.3
12 8.6 7.6 7.2 9.4 7.9 7.1 10.2 8.7 7.1
0.2) (0.8) 0.5) (0.6) 0.2) 0.9) (0.1) (0.6) 0.3)
14 8.1 7.0 7.4 7.8 7.8 6.6 9.2 7.9 7.6
(0.8) (1.3) 0.7) (0.6) 0.3) 0.3) 0.9) 0.1) 0.7)

ASTM D1037-96a: thickness swell (TS) 8% for particleboard products. Standard deviation for three replicates of each combination is given in brackets.
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TABLE 8. Results obtained for T),,, (s) for all combinations.

37

Press closing strategy (% of target panel thickness)

145 155 165
Mat moisture content Nominal panel density (kg m~)
(%) 650 725 800 650 725 800 650 725 800
10 166 167 165 166 168 169 187 177 195
(11) (18) @) (22) (6) 9 (22) (40) (®)
12 187 183 175 201 187 191 216 218 205
(® (6) (19) ©) (13) (11) (10) 5 (16)
14 170 172 169 185 193 189 198 209 21
9 a7 0) (8) (18) (15) (15) (15) ©)

T, time required to reach 100°C in the mat core (seconds). Standard deviation for three replicates of each combination is given in brackets.
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FiG. 14. (a) Example of core temperature evolution as a

function of press closing strategy during hot pressing (treat-
ment combinations: PCS 145%: 800 kg m~ PD and 14%
MMC; PCS 155%: 800 kg m™ PD and 14% MMC; PCS
165%: 800 kg m= PD and 14% MMC). (b) Example of core
temperature evolution as a function of mat moisture content
during hot pressing (treatment combinations: 10% MMC:
725 kg m™ PD and 155% PCS; 12% MMC: 650 kg m™ PD
and 155% PCS; 14% MMC: 650 kg m= PD and 155%
PCS). Panel density has no significant impact.
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surface and core (AT ) as a function of panel density.

max

core. As shown in Table 3, none of the parame-
ters studied had a significant effect on AT, .
However, an increase in panel density resulted in
a slight increase of AT, (Fig. 15), although not
statistically significant. This trend can be attrib-
uted to the higher vapor pressure in the core re-
sulting from the decreasing gas permeability of
the mat as density increases. Further experi-
ments are required to assess this effect.

Gas pressure.—Mass transfer in the mat was
characterized by two parameters: first, the maxi-
mum gas pressure in the mat core (GP__ ) (Table
10), and second the maximum difference in gas
pressure between mat surface and core
(AGP_ ). Panel density and mat moisture con-
tent had a linear significant effect on GP_
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TABLE 9.  Results obtained for AT

max
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(°C) for all combinations.

Press closing strategy (% of target panel thickness)

145

155 165

Mat moisture content

Nominal panel density (kg m)

(%)

650 725 800 650 725 800 650 725 800
10 85 96 93 88 97 101 87 75 98
41 3D (36) 39) (44) 41 (59) (&18) (34)
12 96 103 111 94 100 113 101 102 104
(37 “ (22 (34) @7 @n (50) (40) (29)
14 105 116 102 99 112 106 82 107 121
(34) 31 (34) 37) (32) (34) (44) (39) (33)
AT, ,; maximum temperature difference reached between mat surface and mat core (°C). Standard deviation for three replicates of each combination is given
in brackets.
100 (Table 3). As expected, the gas pressure was
5650 kgm® | p/o~o higher when panel density increased (Fig. 16a).
o 801 —e=725kgm? ] This effect can be explained by the lower mat
3 —O—800kg m? | gas permeability resulting from a higher panel
g ) density. Similar effects were observed by
g Humphrey and Bolton (1989a).
by An example of the evolution of gas pressure in
S the core against time for the three MMCs consid-
ered is given in Figure 16b. The results of the
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Time (seconds)
@
100
[—B—MMC 10% /ﬂzfg

= 80 —e—mmMC12%

& | —6—MMC 14%

e

3

0

0

e

Q.

(2]
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(b)
FiG. 16. (a) Example of core gas pressure evolution as a

function of panel density (treatment combinations: 650 kg
m: 165% PCS and 10% MMC; 725 kg m=: 155% PCS and
10% MMC; 800 kg m: 165% PCS and 12% MMC). (b)
Example of core gas pressure evolution as a function of mat
moisture content (treatment combinations: 10% MMC: 800
kg m= PD and 165% PCS; 12% MMC: 800 kg m~ PD and
165% PCS; 14% MMC: 800 kg m~ PD and 165% PCS).

analysis of variance show that for a PCS of 165%
and a density of 800 kg m=3, MMC had a signifi-
cant effect on GP__, an MMC of 10% resulting in
a significantly lower GP___than an MMC of 14%
(Table 10). The higher moisture content combined
to the lower gas permeability associated with a
higher density can explain the high GP__ ob-
tained for a panel density of 800 kg m=3.

The results obtained for AGP_ are presented
in Table 11. The analysis of Varlance shows that
panel density has a significant impact on AGP_
(Table 3). As shown in Fig. 17, a panel density of
800 kg m~ resulted in a significant increase in gas
pressure difference between mat surface and core
(AGP_ ). The lower gas permeability at a higher
panel density can explain this phenomenon.

CONCLUSIONS

The first objective of this study was to mea-
sure MDF gas permeability as a function of den-
sity. The results show that MDF intrinsic gas
permeability decreases by a factor of 1000 when
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TABLE 10. Results obtained for GP

max
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(kPa) for all combinations.

Press closing strategy (% of target panel thickness)

145

155 165

Mat moisture content

Nominal panel density (kg m~)

(%) 650 725 800 650 725 800 650 725 800
10 33 60 91 35 60 92 kD) 57 83
3) ©) (18) (2) ©) (8) 4) (8) (12)
12 37 60 98 38 55 107 34 54 94
5) () (6) 3) @) (14) 2) (5 (29)
14 32 72 99 38 57 107 35 66 103
©) (2) (15) (6) 3) (13) @) (10) a7

AGP__ : maximum gas pressure in the mat and core (kPa). Standard deviation for three replicates of each combination is given in brackets.

30

25 4 —8—650 kg m?
—@—725kg m?

20 +— ——800 kg m?

AGP . (kPa)

200
Time (seconds)

0 100 300 400

F1G. 17. Average gas pressure difference between mat
surface and core (AGP_ ) as a function of panel density.

max

panel density increases from 400 to 1150 kg m=.
This result can be explained by the decreasing
proportion of voids in the material as density in-
creases.

The second objective of this study was to
characterize the properties of MDF panels and
temperature and gas pressure evolution in the
MDF mat during hot pressing as a function of
press closing strategy, mat moisture content, and
panel density. The following conclusions can be
made from the results we obtained within the
range of conditions considered:

1. The modulus of elasticity and modulus of
rupture increased significantly with an in-
crease in mat moisture content, and panel
density, and a decrease in press closing strat-
egy. A higher surface density can explain this
behavior. The optimum conditions for flex-
ural properties were a press closing strategy

of 145%, a mat moisture content of 14%, and
a panel density 800 kg m=3.

2. The internal bond strength increased signifi-
cantly with mat moisture content and panel
density. A highly significant interaction was
observed between mat moisture content and
panel density. A more efficient heat transfer
to the core and a higher contact surface be-
tween fibers can explain this behavior. Press
closing strategy had no significant impact on
the internal bond strength for the range of
conditions considered in this study. The opti-
mum conditions for internal bond were a mat
moisture content of 14% and a panel density
of 800 kg m=.

3. The thickness swell after 24-h of immersion
in water decreased significantly with an in-
crease in panel density. Thickness swell in-
creased with an increase in press closing
strategy.

4. The time required to reach 100°C in the mat
core decreased significantly with a decrease
of press closing strategy. Mat moisture con-
tent had a significant impact on the time re-
quired to reach 100°C. A mat moisture
content of 10% resulted in a lower time re-
quired to reach 100°C than for 12 and 14%.
No clear explanation was found for this re-
sult. More investigation is required on this
specific point.

5. The pressing parameters studied had no sig-
nificant impact on the maximum temperature
difference reached between mat surface and
mat core.

6. The maximum gas pressure reached in the



40 ‘WOOD AND FIBER SCIENCE, JANUARY 2005, V. 37(1)

TABLE 11.  Results obtained for AGP

max

(kPa) for all combinations.

Press closing strategy (% of target panel thickness)

145 155 165
Mat moisture content Nominal panel density (kg m~)
(%) 650 725 800 650 725 800 650 725 800
10 41 6.3 8.6 25 0.8 313 15 0.8 8.6
12 13 13 39.4 1.0 13 18 13 1.0 8.8
14 17.4 7.1 40.1 2.0 10.8 43 4.0 172 522

AGP_ : maximum difference in gas pressure between mat surface and core (kPa).

core increased significantly with an increase
in panel density. For a press closing strategy
of 165% and a density of 800 kg m=, a sig-
nificant increase of the maximum gas pres-
sure occurs following an increase in mat
moisture content. The higher moisture con-
tent combined to the lower gas permeability
associated with a higher density can explain
this effect.

7. The maximum difference in gas pressure be-
tween mat surface and core significantly in-
creased for a density of 800 kg m=. The
lower gas permeability at a higher panel den-
sity can explain this phenomenon.
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