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ABSTRACT

Wood and polypropylenc fibers were mixed together in various proportions and compression-molded
to boards of various specific gravities. The full theoretical specific gravity range could not be obtained
even when the boards were cooled in the press. Voids surrounding the wood fibers possibly were due
to the shrinkage of the wood fiber following pressing. Bending and tension properties were influenced
more by the compression of the wood fibers than by the percentage of wood fiber addition.
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INTRODUCTION

Innovative ideas originating from the wood
products industry have helped scientists de-
velop many thermosetting-resin-bonded wood
composites, from particleboard to medium-
density fiberboard. Standard composite board
technology prescribes a limited amount (3 to
9%) of thermosetting resin to bind boards to
specific gravity (SG) levels from 0.55 to 1.00.
Although resin quantity is accounted for in the
fabrication specifications describing target
board SG, it 1s not a major factor in consid-
ering the compaction of the wood particles.

' The Forest Products Laboratory is maintained in co-
operation with the University of Wisconsin. This article
was written and prepared by U.S. Government employees
on official time, and it is therefore in the public domain
and not subject to copyright.
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Thermoplastic, fiberboard, polypropylene, density, compression molding.

The individual wood cells in these composites
are compressed from their effective SG of ap-
proximately 0.5 to various levels, depending
on the target SG of the board, the voids left
between the particles, and the cell’s specific
location within the horizontal density gradi-
ent.

Commercial products combining wood and
thermoplastic resins have been developed pri-
marily by the plastic industry. The wood is
usually finely ground and added as a filler
(Kokta et al. 1989) but may comprise as much
as 50% by weight of the composite. The final
SG of an extruded component of this type,
made with a 0.9 SG polypropylene thermo-
plastic resin, is between 1.0 and 1.1, indicating
that the wood cell walls were pulverized or that
the cells were crushed nearly to the SG of solid
wood substance (approximately 1.4 to 1.5) and
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polypropylene-wood composites and cut-up diagram of
resulting board.

that the voids between and within the wood
fiber structure were completely full of resin.

Research indicates that replacement of wood
flour with wood fibers enhances certain phys-
ical properties of thermoplastic injection-
molded, compression-molded, and extruded
composites (Raj and Kokta 1989; Woodhams
et al. 1990). The percentage of incompressible
resin 1s relatively high in thermoplastic-wood
fiber composites and must be considered in
determining the actual SG to which the wood
fiber is compressed. Objectives of this study
were to determine (1) the effect of the resin/
wood ratio on the range of SGs that could
actually be achieved in a compression-molded
polypropylene-wood composite, and (2) the ef-
fect of SG on bending and thickness swelling
properties.

PROCEDURE

Short polypropylene (PP) Pulpex P-AD?
(Hercules Inc., Wilmington, Delaware) fibers
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were mixed with aspen fibers, in specified pro-
portions of 10 to 90% by weight of PP, by
passing the fibers through a centrifugal blower.
Moisture content of the aspen fibers, which
were obtained from a commercial hardboard
manufacturing plant, was 6% prior to mixing.
Mats with a 178-mm (7-in.) diameter were
formed on a screen using an air-forming de-
vice. A vacuum was drawn below the screen
to settle the fibers. The mats were hot pressed
at 190 C (375 F) for 3 min. This permitted the
PP to melt and flow without incurring serious
degradation of the wood fiber. Mats were
pressed using a double-ring spacing bar (Fig.
1). The inner ring restrained and shaped the
furnish, while the outer ring provided the nec-
essary thickness control. Depending on the tar-
get density, pressures up to 10.34 MPa (1,500
Ib/in.?) were applied to compress the mats.
Boards were fabricated to SGs defined in Fig.
2 for PP proportions of 10, 20, 40, 60, 80, 90,
and 100% and to compacted wood SGs of 0.5,
0.9, and 1.4. Two boards were made for each
condition. Because the expansion of the mats
during pressing was a function of both the
amount of material and the percentage of PP,
problems were encountered in achieving uni-
form furnish distribution throughout the mats.
By adjusting the diameter of the formed mats,
the problems of underflow or overflow in the
press mold were reduced. Initially, the boards
were removed from the press while still hot
and were cooled to room temperature under a
force of 22.2 N (5 Ib). The range of attainable
board SGs was increased by cooling the boards
in the press. All boards were trimmed to a
uniform diameter of approximately 190 mm
(7.5 in.), weighed, and measured for thickness.
Following a minimum of 5§ days’ exposure to
ambient conditions, samples were cut from one
board from each condition (Fig. 1) and were
tested for bending stiffness and strength, ten-
sile strength, and 24-h water absorption and

2 The use of trade or firm names in this publication is
for reader information and does not imply endorsement
by the U.S. Department of Agriculture of any product or
service.
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F1G. 2. Specific gravity (SG) of compression-molded polypropylene-wood composites at various levels of polypro-
pylene additions and selected levels of wood compaction. Solid lines represent theoretical limits. Numbers in parentheses
are volume of voids expressed as percentage of total board volume for specific theoretical values. Dashed lines represent
maximum and minimum values obtained from boards cooled in press (two boards from each condition).

thickness swelling. The 25.4-mm- (1-in.-) wide
bending specimens were tested for bending
modulus of elasticity (MOE) according to
ASTM D747-90 (ASTM 1990) procedures us-
ing a 50.8-mm- (2-in.-) span on a cantilever
testing machine. Bending modulus of rupture
(MOR) was determined according to ASTM
D1037-87 (ASTM 1987) by center loading a
25.4-mm- (1-in.-) wide specimen on a 61-mm
(2.4-in.) span. The 85.7-mm- (3.375-in.-) long
by 25.4-mm- (1-in.-) wide tensile specimens
were tested according to ASTM D638-84
(ASTM 1984) (type 1 specimen), except that
the necked-down length was reduced to 12.7
mm (0.5 in.) to accommodate the smaller sam-
ple length. Weight and thickness of the irreg-
ularly shaped thickness swell specimens were
measured immediately following removal from
being fully immersed in water at ambient tem-
perature for 24 h. Scanning electronic micro-
graphs were taken of microtomed gold-plated
cross sections of selected samples.

RESULTS AND DISCUSSION

Compression of plastic-wood composites is
contingent upon the adjustment of the wood
fibers and plastic to eliminate the voids be-

tween and within the fibers. Figure 2 shows
the SG of plastic-wood composites when the
mixture was pressed, compacting the wood to
SGs of 0.5, 0.9, and 1.4. The calculations as-
sume that the PP has an SG of 0.9 and is
incompressible in the solid or liquid state and
that no voids exist except the cell lumens. The
wood fiber has a natural SG of 0.5 and can be
crushed to the SG of the solid wood substance,
assumed to be 1.4. The final wood SG (SG,,)
is a function of the final board SG (SG,), the
polypropylene SG (SG,,), and the proportion
of the components:

_ (1 B Pp)(SGb)(SGpp)

SG,,
SGyp — (PPXSGy)

(1)

where Pp is the weight fraction of polypro-
pylene. The volume of the voids (V,) (i.e., the
cell lumens) is calculated as a percentage of the
total board volume according to

V. =1 = 8G./1.DI[1 — (Pp)(SG,/SG,,)]
(2)
These and other useful equations are devel-
oped in Appendix A.
Selected values of V, are shown in paren-
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F1G. 3. Scanning electron microscope cross sections of 50% polypropylene/50% wood composite pressed to target

specific gravity of 1.1. (a) Arrows point to void areas. Actual specific gravity is 1.07. Board was cooled in press. (b)
Arrows numbered 1 point to collapsed cells. Arrow number 2 points to void between cell wall and polypropylene.
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FiG. 4. Scanning ¢lectron microscope cross section of
a 60% polypropylene/40% wood composite pressed to 1.0
specific gravity. Arrows point to voids between cell wall
and polypropylene. Actual specific gravity is 0.695. Board
was cooled after removal from press.

theses in Fig. 2. The points connected with a
dashed line indicate the range of board SGs
we attained. Neither of the compression ex-
tremes, zero nor complete compression, was
achieved, except with the 90% PP composite.

A board made with 50% by weight of aspen
fiber and pressed to a target SG of 1.1 was
examined microscopically. A cross section of
this board magnified shows many voids (Fig.
3a). A closer view (Fig. 3b) shows that many
of the wood cells were completely collapsed.
However, poor bonding between the hydro-
philic wood and the hydrophobic PP has al-
lowed many separations to occur at the cell
wall-PP interface. Wood and PP separating be-
cause of differential thermal shrinkage was un-
likely since the coeflicient of thermal expan-
sion of the PP is greater than that of aspen (6.7
X 1074 and 0.56 X 107* volumetric per °C,
respectively). The 1.37% maximum tangential
shrinkage of the wood caused by a 6% moisture
loss was more than offset by an estimated 5%
volumetric crystallization shrinkage of the PP
[PP volumetric crystallization shrinkage varies
from 1.5 to 10.5% depending on the degree of
crystallization (Van Krevelan 1976)]. A pos-
sible explanation for the voids is movement
of air from within the cell lumen to the cell
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FiG. 5. Cantilever tests showing effect of board specific
gravity and amount of polypropylene on bending MOE of
polypropylene-wood composites. Data points represent
single specimen.

wall-PP interface during compaction. Press-
ing-induced residual stresses in the collapsed
wood should result in the expansion of the
wood, after pressing, to fill any voids surround-
ing the fibers or fiber bundles. However, sim-
ilar voids were evident in those boards that
were cooled after removal from the press (Fig.
4), as well as in those boards that were cooled
in the press. Perhaps most of the wood shrink-
age caused by moisture loss occurred after re-
moval from the press.

The results of bending MOE tests on indi-
vidual specimens are shown in Fig. 5. A full
complement of specimens was not obtained
because of rescheduling of material use. How-
ever, the majority of the experimental design
was completed and the data showed several
important trends. Despite the poor bonding
between the wood and the PP, the MOE clearly
increased with an increase in board SG. This
trend was also true for bending MOR and ten-
sile strength. Bending MOE values depended
more on the compression of the wood fibers
than on the extent of wood fiber addition. When
MOE was plotted as a function of the volume
of wood substance within a board (Fig. 6), the
data were well separated by board composi-
tion, showing the importance of wood com-
paction and the reduction of voids in improv-
ing bending stiffness of the composite.
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FiG. 6. Results of cantilever tests showing that com-
paction of wood fiber was more important than total wood
addition in improving bending stiffness.

Figures 7 and 8 show water absorption and
thickness swelling response of samples to a 24-h
water soak. Weight gain was greater in the low-
density samples because the water had easier
access to the wood fiber and the voids therein.
At lower PP levels, thickness swelling was
greater in the high-density samples because of
the increased wood mass and its higher com-
pression. When PP levels exceeded 40%, water
absorption and thickness swelling properties
began to level out at reduced values.

CONCLUSIONS

Compression-molding a polypropylene (PP)-
wood composite without some compression of
the wood fibers is difficult. However, over the
range of press pressure used, complete collapse
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Fic. 7. Twenty-four-hour water absorption of poly-

propylene-wood composites. Data points represent single
measurements.
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Fic. 8. Twenty-four-hour thickness swelling of poly-
propylene-wood composites. Data points represent single
measurements.

of all the wood fibers was not achieved. In a
PP-wood composite, where the wood fibers are
embedded in a void-free matrix of PP, the
board specific gravity (SG) was increased by
either reducing the amount of uncompacted
wood or crushing the wood cells. In either case,
the total volume of voids (cell lumens) was
diminished. Bending stiffness, bending
strength, and tensile strength increased with
the addition of wood and with higher board
SG. The extent of wood fiber compression had
more effect on these properties than did the
percentage of fiber addition. Micrographs show
void areas surrounding many wood fibers and
fiber bundles even though a significant pro-
portion of the fibers were fully compressed.
These voids appeared in boards cooled after
removal from the press as well as in boards
cooled in the press and may have been the
result of air entrapped by the matrix. Water
absorption and thickness swelling decreased
significantly at PP levels above 40%.
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APPENDIX A—DETERMINING SPECIFIC
GRAVITY AND VOLUME OF WOOD
SUBSTANCE AND VOIDS

We wish to determine specific gravity of the wood (SG,,),
the volume of the voids (cell lumens) (V,), and the volume
of the woody substance (V,,) in a pressed plastic-wood
composite, given specific gravity of a two-part polypro-
pylene and wood mixture (SG,), the weight fraction of
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polypropylene (Pp), and the specific gravity of the poly-
propylene (SG,,).

We assume that the SG of the woody substance is 1.4
and no voids are present except the cell lumens.

Because SG, is defined as the weight of the wood per
unit volume,

SG,, = (1 — Pp)SG,)/V,, (la)

where V, is the relative volume of the wood. However,
the relative volume of the polypropylene (V,,) is given by

Vo = (PP)(SG,)/SG,y, (2a)
and
V.= -V,) (3a)
Substituting 3a and 2a into la gives
SG., = (1 — PpXSG.)/[1 — (PpXSG,)/SG,,] (4a)

which converts to
SG,, = (1 — Pp)SG XSG, VISG,, — (PpXSGy)] (5a)

To determine V,, and V, as a percentage of the total com-
posite,

V... = (volume of the woody substance as a
percentage of the wood)
x (volume of the wood as a

percentage of the composite) (6a)

So,
V.. = (8§G,/1.4){1 — [(Pp)(SG,)/SG,,I} (7a)

and
Vv, =1[1 - (8G./1.H{1 — [(Pp)SG,)/SG,,]}  (8a)





