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ABSTRACT

The use of rubber wood (Hevea brasiliensis) flakes for particleboard with polymeric diisocyanate
(pMDI) as a binder was investigated. The effects of binder content in surfacelcore layers, cure temperature, cure time, and flake moisture on the properties of rubber wood particleboards were studied.
The properties of the particleboard were compared with those of phenol-formaldehyde (PF) binder.
The particleboard prepared from rubber wood flakes with pMDI binder gave high quality particleboards that had durability under severe conditions, low water absorption and thickness swelling, and
a high modulus of rupture, modulus of elasticity, and internal bond strength. Moreover, pMDI binder
could be cured at low temperatures, within a short time, and the binder consumption was small. The
scanning electron micrographs of the rubber wood particleboard prepared from the high moisture
content flakes showed the best, very tight packing characteristics.
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INTRODUCTION

Wood is a preferred building and engineering material because it is economical, especially in terms of low processing energy, renewable, strong, and aesthetically pleasing
(Youngquist 1992)'
the forests of
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countries of the world are rapidly developing
and their populations fast increasing. The demand for wood is on the increase, and the supply is unable to keep pace with the demand.
In this respect, there are cheap sources of
wood to substitute effectively for wood panel
industries, such as
fiberboard, and
panicleboard. Industrial wood residues,
as sawmill sawdust, plywood trim, plywood
dust, wood chips, wood flakes etc., when suit-
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ably processed, can be utilized in the manu- are human carcinogens (Wood 1990). The obfacture of particleboard (Akers 1966). How- jectives of handling procedures are to avoid
ever, these wood residues can be bonded only the inhalation of isocyanate vapor or aerosols
with great difficulty or not at all, using the and to protect eyes and skin from contact with
existing common aqueous binders. Through isocyanates.
the development of polyisocyanate binders, it
As the use of waste wood products for parhas become possible to produce particleboards ticleboard appears to gain importance, reand molded parts from these materials for in- search work on various types of binders is of
terior and exterior uses. Under pressure and interest. Some investigators studied new diheat, polyisocyanates are able to penetrate the furfuryl diisocyanate adhesives derived from
hydrophobic layer of wax and silicate that ex- renewable resources. Ethylidenebis (2,5-furists in such a natural product (Franke et al. andiylmethylene) diisocyanate (EDFI) was
1994).
proven to be an excellent adhesive for bonding
Panels and molded parts from wood chips, wood composites (Holfinger et al. 1993). A
fibers, and veneer are produced under heat and 99% I5N-labeled polymeric methylenebis
pressure using a variety of organic binders. In (phenylisocyanate) (pMDI) resin was used to
the past, these binders were primarily aqueous make a series of wo0d-'~N-pMD1composites
condensation polymers based on formalde- cured as a function of temperature and time
hyde and urea, melamine, or various phenols. (Wendler and Frazier 1996). The pMDI parToday, polyisocyanate bonding agents are re- ticleboard had superior performance compared
placing these binders in many applications. with conventionally bonded board, and the
Because curing takes place when moisture re- quality of pMDI bonding was affected by the
acts with polyisocyanates, polyureas are species of the wood being bonded (Franke et
formed. Polymeric diphenylmethane diiso- al. 1994). The diisocyanate-based binders
cyanates (pMDI) have found increasing use were modified with natural polymers of tanbecause of their inherent value as bonding nins, starches, or proteins. A modified emulagents. The pMDI binders offer significant ad- sifiable diisocyanate gave plywood good
vantages in terms of processing and physical strength and less wood failure (Dix and Maproperties. These advantages more than offset rutsky 1989). The oxidized lignosulfonate adthe higher cost of polyisocyanate binders. hesive (LS-OB) was also studied as a partial
Formaldehyde binders have long pressing substitute for urea-formaldehyde in particletimes, intensive energy consumption, and board, and a positive effect on the curing of
health risk for workers. The demand for con- resin was observed (Chen and Wu 1994).
trol of formaldehyde emissions further intenAt present, Thailand is the world's largest
sifies the interest in formaldehyde-free polyi- producer of natural rubber and the biggest exsocyanate binders.
porter of natural rubber latex. The average
In general, the intrinsic toxicity of the iso- economic life of rubber trees is 25 years. The
cyanates and polyols, by ingestion, absorption cut-down rubber tree can be used for substior implantation, is low although some isocy- tution of import sawlogs and sawntimber from
anates can cause skin irritation. The main haz- neighboring countries. Since 1989, the manuard arises from the possible inhalation of iso- factures have found that rubber wood can subcyanate vapor or aerosol droplets. All isocya- stitute for natural wood from natural forests,
nates are potential sensitizers and may cause and the export market prefers furnitures made
respiratory irritation-that is, they may cause from rubber wood. Therefore, the rubberallergic symptoms in susceptible people. Ad- growing countries of the world could develop
ditionally, from more than 30 years of poly- wood-based industries to meet their own reurethane industrial experience handling iso- quirements and to supply neighboring councyanates, there is nothing to suggest that they tries, in competition with any of the highly
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developed countries specializing in these industries. Thus, the use of wood chips or particle from rubber wood in particleboard is one
of the methods to maximize the utilization of
rubber wood.
The aim of this research was to fabricate
particleboard from rubber wood flakes with
polymeric diphenylmethane diisocyanate
(polymeric MDI or pMDI) binder by hotpressing. The effects of pMDI content in surface and core layers, cure temperature, cure
time, and flake moisture on the properties of
particleboard were investigated.
EXPERIMENTAL

Materials and samples
Polymeric MDI for this study was Raycore
B9001 supplied by Thai Petrochemical Industry Co., Ltd. The phenolic resin was Dynosol
S-576 supplied by Thai Plywood Industry Co.,
Ltd. The rubber wood (Hevea brasiliensis)
flakes were obtained from Vanachai Group
Public Co., Ltd. The flakes were divided into
two groups, the coarse and fine flakes of
ASTM mesh size ranges of -5 to f 6 0 and
-20 to + 100, respectively.
For each board, the appropriate quantity of
flakes was weighed and placed in a rotary
drum blender. The resin (as a percentage based
on the oven-dried weight of the flakes, 100%
solid) was sprayed onto the flakes from a
sprayhead mounted at the center of the blender
drum. Compressed air was used to atomize the
resin. After blending, the flakes were matted
by hand on cauls with a releasing agent. In all
cases, the mat was formed into 3-layer particleboard with a required board density of 750
kg/m3. It was formed within the forming case
sized 35 X 35 cm. Then 250 g of fine flakes
were placed on the treated lower caul for each
surface, and 500 g of coarse flakes were used
for the core. Then the completely formed mat
was prepressed to consolidate the mat for subsequent handling, covered with the treated upper caul, and transferred to the hot press. The
10-mm-thick stopper was used to control the
thickness of the mat. The resin was cured at
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the selected temperature. The mat was pressed
at a pressure of 140-1 60 kg/cm2 for a definite
time. After pressing, the particleboards were
allowed to cool at room temperature, and then
stored at room conditions at 27OC until testing.

Investigation method
The water absorption, thickness swelling,
internal bond strength (dry), modulus of rupture (dry), and modulus of elasticity (dry)
were determined according to TIS 867-2532
(Thai Industrial Standard 1989). The internal
bond strength (wet) was determined according
to DIN 68763 (Deutsch Norm 1990). The
modulus of rupture (wet) was determined according to CAN 3-0188.0-M78 (Canadian
Standards Association 1978).
The fracture surfaces of internal bond test
specimens were observed by a JOEL JSM6400 scanning electron microscope. The Samples were coated with gold before scanning
observations.
RESULTS AND DISCUSSION

Effect of pMDI content in surface and core
layers
Results on the effect of pMDI content in
surface and core layers on the mechanical
properties of particleboard are presented in Table 1. The water absorption decreased with increasing pMDI content in the core layer. The
modulus of rupture and internal bonding both
in dry and wet conditions were almost unchanged with increasing pMDI content in the
core layer. The properties of the particleboard
surface were improved by increasing the
pMDI content in the surface layer. The particleboard with pMDI content at the surface layer of 7% and at the core of 4-5% gave excellent properties, from which the internal
bond strength was about 3 times the standard
value and the thickness swelling was about
half of the standard value of TIS 867-2532
(Thai Industrial Standard 1989).
Effect of cure temperature and cure time
The effects of the cure temperature and cure
time on the mechanical properties are given in
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TABLE1. Effect of pMDI content on properties of particleboard prepared at cure temperature of 160°C and cure
time of 5 rnin.
PMDl content
at surfacelcore
%

(%I

Modulus of
elasticity
(MPa)

713
714
715
616

24.2
18.5
17.3
16.4
40 (max)

2,72 1
2,642
2,334
2,678
2,000 (min)

Water
absorption

*

* Standard values for flat press particleboard
** According to C A N 3-0188.0-M78
*** According to DIN 68763, VlO0

Modulus of rupture

Internal bonding

(dry)
(MPa)

(wet)
(MPa)

19.6
19.3
18.0
19.6
13.8 (min)

7.6
7.5
7.3
NA
5.6 (min)**

(dry)
(MPa)

(wet)
(MPa)

Th~ckness
swelling

0.16
8.1
1.OO
1.07
0.25
5.8
0.26
5.6
1.07
1.15
0.19
5.6
0.34 (min) 0.15 (min)*** 12.0 (max)

according to the T h a ~Industrial Standard, TIS 876-2532

Table 2. The water absorption and thickness
swelling increased with increasing press temperature. The internal bond strength, both dry
and wet, was not significantly different. The
particleboard pressed at 160°C gave the highest value of the modulus of rupture (MOR)
and modulus of elasticity (MOE) under both
dry and wet conditions. The particleboard
pressed at 120°C exhibited the lowest water
absorption, thickness swelling, and modulus
of rupture. The low cure temperature range of
120-160°C was appropriate for use with
pMDI. Compared to the use of the conventional binder (phenol-formaldehyde), the high
cure temperature of 180-200°C is required for
particleboard preparation, because the cure
rate of the phenolic group is increased by the
higher temperature. For the use of pMDI, the
low press temperature can be used rather successfully, since heat from the press is also supplemented from the heat developed by the
condensation reaction of the resin cure (Wendler and Frazier 1996). The particleboard using pMDI could be cured at a lower temper-

ature (120°C) than that for the conventional
binder. Wendler and Frazier (1996) reported
that at a low moisture content, the low cure
temperature promoted the urea and biuret formation, but biuret appeared to be dominant at
the high cure temperature.
For the cure temperature of 160°C, the highest value of internal bond strength at the dry
condition was achieved at the cure time of 3
minutes. Therefore, a good quality of particleboard can be achieved at the low cure time of
3 minutes. Wendler and Frazier (1996) also
reported that when pMDI was cured at 120°C
with 4.5% wood moisture, the network chemistry did not change significantly with time.
However, at a low cure time, high values of
thickness swelling and water absorption were
achieved.

Effect of Jake moisture
Table 3 shows the effect of flake moisture
on the modulus of elasticity, modulus of rupture, and internal bond strength. The MOE,

TABLE2. Effect of cure time and cure temperature on properties of particleboard prepared with pMDI content o j
7% in surface and 5% in core.
Cure
time
(mi"

Cure
temperature
(mln)

Water
absorption
(9%)

Modulus of
elast~city
(MPa)

Modulus of rupture
(dry)
(MPa)

(wet)
iMPa)

Internal bond~ng
(dry)

(wet)

(MPa)

iMPa)

Thickness
swelling
i%)
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TABLE
3. Effect q f j a k e moisture and binder type on properties qf particleboard prepared with hinder content of 7%
in surj5ace and 5% in core at cure temperature of 160°C and cure time of 5 min.
Flake
rnorsture

Blndcr

(%I

pMDI
pMDI
pMDI
pMDI
pMDI
PFIpMDI
PF

2
7
12
17
22
7
7

C

-

Water
ahqorptton

17.4
17.3
12.5
11.2
14.8
32.1
48.6
40 (max)

Modulus of rupture

Modulus of
elasticity
(MPa)

(dry)
(MPa)

1,807
2,334
2,974
3,186
3,111
2,484
2,385
2,000 (min)

12.5
18.0
23.3
25.3
23.7
20.0
19.4
13.8 (min)

* Standard values fhr flat preqs part~cleboard;iccurding
** According to CAN 3-0188 0-M78.

tn Thai

(wet)
(MPa)

Internal handing
(wet)
(MPa)

(dry)

(MPa)

Thickncs..
<welling
(W)

4.22
1.07
0.23
4.8
5.60
1.07
0.26
7.3
4.45
2.09
0.45
10.3
3.73
9.9
1.48
0.34
1.09
0.36
3.52
11.1
12.0
1.29
0.29
8.3
1.13
0.19
15.6
9.3
5.6 (min)** 0.34 (min) 0.15 (min)*** 12 (min)

Industrial Standard. TIS 876-2532.

***According to DIN 68763, V100.

MOR, and internal bond strength increased
with increasing flake moisture, reached a maximum value, and then decreased with flake
moisture. The maximum internal bond

R-NCo

+

O
H'
H
'

-

H

strength was achieved at the flake moisture of
12%. The chemical reactions of isocyanate
with wood are the bonding reactions between
isocyanate and water as follows:

0

I

I1

R-N-C-OH

Carbarmic acid

R-NH2

+

R-NCO

-

H

I

O

11

R-N-C+-R

Urea

At high temperature, polyisocyanates were
transformed into polyureas in the presence of
moisture. The flake moisture content must be
controlled so that it gives the optimum number
of urethane linkages to create adequate bonding between the wood surface and the binders.
The high mat moisture content of surfaces also
assisted in plasticizing the wood particles and
provided tight and hard surfaces. The various
moisture contents and the distribution of moisture content throughout the mat had a pronounced effect on the final particleboard density and mechanical properties. The problems

H

I

R-NCO

R-NH2

+

I O11
R-N-C+-R

C02

(1)

f--R
(2)

Biuret

resulting from a low mat moisture content are
high water absorption in the board, a rough
surface due to the decrease in the wood plasticization, and slow heat transfer to the core.
The particleboard using pMDI was compared with the particleboard having phenolformaldehyde (PF) in both layers and that having PF in the surface layers and pMDI in the
core layer (PFIpMDI). From Table 3, the
MOR, MOE, and internal bond strength of
particleboard (7% flake moisture) with PF and
PFIpMDI binders were slightly higher than
those with pMDI binder. However, the water
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absorption property of particleboard using
pMDI binder was better than that for PF and
PFIpMDI binders. For the particleboard using
PF resin, the thickness swelling value was
higher than the standard value.
These results demonstrated that pMDI could
be used well with high flake moisture and it
gave particleboard of better properties than
those for conventional binders. The particleboard using pMDI in the core layer and PF in
the surface layers also exhibited good performance. Thus, polymeric MDI could partially
replace PF in the manufacture of wood products. The pMDl can be used on existing machines for making particleboard with little or
no modification. Though the pMDI cost is
higher than PE the cost of particleboard
should be reduced considerably if pMDI content used is less than PE The operating cost
can be reduced to a minimum by the decrease
of pressing time and temperature. Optimization with respect to process conditions and
pMDI content will no doubt reduce the particleboard cost; therefore, the production of particleboard should possibly be feasible in the
next decade in the country where control of
formaldehyde emission is stringent.

Fmcture surjiuces of purticleboards
Scanning electron microscopy was employed to investigate the fracture surfaces of
samples from the internal bond test. In Figs.
1a and I b, the SEM micrographs of particleboard with 2% flake moisture and 715 pMDI
content show poor interfacial adhesion and a
loose packing of flakes. The particleboard with
12% flake moisture had the best, very tight
packing characteristics. The packing behavior
supported the results of mechanical tests that
the particleboard prepared from the flakes with
12% moisture content had the highest internal
bond strength. Furthermore, this confirmed the
effect of the moisture content on the compressibility of the flakes: the higher the flake
moisture, the greater the compressibility and
the internal bond strength.

FIG. 1. SEM micrographs of particleboard prepared
with pMDI content of 7% in surface and 5% in core: a)
2% flake moisture, b) 7% flake moisture, c) 12% flake
moisture ( 1 2 X magnification).

CONCLUSIONS

The manufacture of particleboard from rubber wood flakes with pMDI binder appears to
be technically feasible. The properties meet
the industry-level requirements for commercial particleboard. The appropriate conditions
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for the particleboard preparation are pMDI
contents of 7% in surface and 5% in core layers, flake moisture of 12%, a cure temperature
of 160°C, and a cure time of 5 min. Under
these conditions, the highest-performance particleboard was achieved with the lowest water
absorption, low thickness swelling, the highest
modulus of rupture and modulus of elasticity,
and the highest internal bonding strength, both
under dry and wet conditions.
The properties of the particleboards prepared with pMDI and PF resin were significantly different. At the same binder content,
pMDI binder gave a higher performance than
PF resin, especially for a high flake moisture.
The case of using pMD1 in the core layer and
PF resin in the surface layers indicated that the
good properties of rubber wood particleboard
could be achieved and conventional releasing
agents could be used. The interfacial adhesion
could be confirmed via the observation of
fracture surfaces by SEM. The scanning electron micrographs of the rubber wood particleboard prepared from flakes of high moisture
content showed the best, very tight packing
characteristics. This was also supported by the
results on the effect of moisture content on the
internal bond strength of particleboard.
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