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Abstract

Little data are available on the physical and mechanica
properties of nonwoven air-formed wood fiber and plastic-
fiber webs that have been pressed into panels of varying
density levels. This study establishes performance properties
for panels with densities of 0.4,0.7,1.0, and 1.2 g/cm’and
made from three formulations of wood and synthetic fibers
(90% hemlock/10% polyester, 90% hemlock/10% polypro-
pylene, and 80% hemlock/10% polyester/10% phenolic
resin). Nonwoven webs made from these three formulations
were pressed into panels. Samples cut from these panels
were then tested for physical and mechanical properties.
With few exceptions, the physical and mechanica properties
increased as panel density increased and as the formulation
changed from hemlock/polyester to hemlock/polyprop-
ylene to hemlock/polyester/phenolic resin.Theresults pro-
vide baseline information for tailoring product formula-
tions and densities to industrial products.

Introduction

Promising technology is evolving for using wood fibers
or fiber bundles blended with plastics to make an array of
high-performance, reinforced composite products. This
technology provides a strategy for producing materials that
take advantage of the enhanced properties of both wood
and plastic. In addition to being lightweight, advantages
associated with these composite products include improved
acoustic, impact, and heat reformability properties.

A variety of wood and synthetic fibers can be assembled
into a web or mat using air-forming or nonwoven web
technology. The fibers are initially held together by mechani-
cd interlocking. The web is then fused or thermoformed
into panels or various shapes. To provide additiona bonding
of the fibers, a thermosetting resin is incorporated in the
web.

The increased processing flexibility inherent in non-
woven web technology gives rise to a host of natural and
synthetic fiber products. These products can be produced
in various thicknesses, from a material only a few millimeters
thick to structural panels up to severa centimeters thick. A

variety of applications are possible because of the many

aternative configurations of the products. Potential prod-

ucts include the following

1. Storage bins for crops or other commodities.

. Temporary housing structures.

. Furniture components, including flat and curved surfaces.

. Automobile and truck components.

. Paneling for interior wall sections, partitions, and door
systems.

. Floor, wall, and roof systems for light-frame construction.

7. Packages, containers, cartons, and pallets.

8. Filters for air and liquids.

Many patents have been issued and numerous articles
and technical papers have been written on the manufacture
and use of nonwoven fiber webs containing combinations
of textile and cellulosic fibers. The following discussion is
not intended as a comprehensive review of the literature.
Our intent is to illustrate the effects of some important
composition and processing variables on these composite
systems. Nonwoven web technology is particularly well
known in the consumer products industry. For example,
Sciaraffa and others (16) were issued a patent for producing
a nonwoven web that has both fused spot bonds and pat-
terned embossments for use as a liner material for disposable
diapers. Bither (3) found that polyolefin pulps can serve as
effective binders in nonwoven products.

S. Hunter Brooks (4) reviewed the history of technology
development for the production and use of moldable wood
products and air-laid nonwoven mat processes and prod-
ucts. The first moldable wood product using the wet slurry
process was developed in 1946 by Deutche Fibrit in Krefeld,
Germany (4). A moldable cellulose composition containing
pinewood resin was patented in 1955 by Roberts (4), and a
process for producing molded products from this compo-
sition was patented in 1956 by Roberts (15). This compo-
sition is a mixture of comminuted cellulose material and at
least 10 percent of a thermoplastic pinewood resin derived
from the solvent refining of crude rosin. Both patents were
assigned to the Weyerhaeuser Company.

From 1966 to 1968, a series of five patents were issued
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to P.E. Caron and others (5-8,10) and assigned to the Wey-
erhaguser Company. These patents cover the use of a wood
fiber and thermoplastic resin system in conjunction with a
thermosetting resin system.

In the early 1970s, Brooks (4) developed a process that
produced a very flexible mat using a thermoplastic Vinyon
fiber in combination with a thermosetting resin system. The
mat is fed through an oven to melt and set the Vinyon fiber
without effecting the setting of the thermosetting resin com-
ponent. This process was patented in 1984 by R. Doerer and
J. Karpik (10) and assigned to the Van Dresser Corporation.

opportunities for combining wood with nonwood ma-
terials were reviewed by Youngquist and Rowell (18). This
paper included a discussion of the materials and properties
of composites consisting of wood-biomass, wood-metals,
wood-plastics, wood-glass, and wood-synthetic fibers.

In 1990, Y oungquist and others (19) reported on the
mechanical and physical properties of wood-plastic fiber
composites made with air-formed dry-process technology.
This paper reported on the effect of species, the ratios of
wood fiber to polypropylene, and the type of plastic fiber
or plastic fiber and thermosetting resin blends on pressed
panels having a density of 1.0 g/cm’.

Krzysik and Y oungquist (12) reported on the bonding of
air-formed wood-polypropylene fiber composites when
mal eated polypropylene was used as a coupling agent be-
tween the hydrophilic wood and the hydrophobic polyolefin
materials.

Nonwoven web composites provide options for balanc-
ing mechanical and physical properties and material costs.
The purpose of our research was to develop a database of
mechanical and physical properties for panels made of three
wood fiber and synthetic fiber formulations with densities
of 0.4,0.7, 1.0 and 1.2 g/c’. The property results obtained
provide information that materials scientists and product
designers can use to develop an array of alternative products.

Experimental design

Panels containing hemlock fiber and different types of
synthetic fibers or phenolic resin are compared. Mechanical
and physical properties were determined for panels con-
taining 90 percent hemlock and 10 percent polyester (90H/
10PE), 90 percent hemlock and 10 percent polypropylene
(90H/10PP), and 80 percent hemlock, 10 percent polyester,
and 10 percent phenolic resin (80H/10PE/10PR). Each for-
mulation contained four density groups, 0.4, 0,7, 1.0, and
1.2 g/em’, and was considered a replicated set that consisted
of six individual panels. A total of 72 panels were made for
this experiment.

The target densities were not precisely achieved. Because
all properties depend strongly on density, these values were
adjusted to the nominal densities by linear and quadratic
regressions.

For each of the four target densities, a Scheffé multiple

comparison test was performed to determine differences in
the three formulations.

Materials and methods

Materials

Western hemlock (Tsuga heterophylla) wood fibers, ob-
tained from Canfor, Ltd. (Vancouver, B. C., Canada), were
produced from 100 percent pulp-grade chips, steamed for
2 minutes at 0.759 MPa, disk refined, and flash-dried at
160°C in a tube dryer. This processing sequence produced
fibrous strands made of individual fibers, pieces of fiber,
and fiber bundles. In this report, these fibrous strands are
referred to as fibers. Polyester fibers, obtained from E.I.
DuPont deNemours, Inc. (Wilmington, Dela.), were of two
types. When used alone with wood fibers, the polyester
matrix fiber was a blend of 25 percent of a 3-denier (3.3 x
10"kg/m), 38.1-mm-long crimped polyester fiber with a
bonding temperature of 155°C and 75 percent of a 15-denier
(1.7 x 10°kg/m), 38.1-mm-long crimped polyester fiber
with a melting temperature of 254°C. When polyester fibers
were used as a matrix fiber in combination with a phenolic
resin, they were 5.5 denier (6.1 x 10" kg/m), 38 mm long,
crimped, with a bonding temperature greater than 215°C.
The phenolic resin used had a solids content of 52 percent,
aviscosity of 50 to 100 cps (0.05 to 0.1 Pa-s) at 25°C, and a
pH of 9.5 to 10.0. Polypropylene fibers, obtained from Her-
cules, Inc. (Norcross, Ga.), were 2.2 denier (2.4 x 10'kg/m),
37 mm long, crimped, had a density of 0.910 g/mL, and a
melting point of 162°C.

Process

The hemlock fibers were then hammermilled using a
screen with a 12.7-mm diameter hole pattern. When phe-
nolic resin was used, the wood fibers were sprayed to give
a 10 percent (dry weight basis) resin content, based upon
the total formulation weight.

The wood and plastic fibers were then mixed by passing
them through a spiked drum, transferred through an air
stream to a moving support bed, and subsequently formed
into a continuous, low-density web of intertwined fibers
contained between two thin layers of spun-bonded polyester
fabric. The moisture content (MC) of the blended material
was critical. If MC was much less than 10 percent, the static
electricity produced resulted in erratic web formation. With
material that contained phenolic resin, blended material
having MC values greater than 12 percent resulted in plug-
ging the former. This web then went through a needling
process where fishhook-type needles passed through the
web thickness, and in so doing, resulted in an increased
interlocking of the fibers. The webs were 330 mm wide and
from 12.2 to 18.3 m in length. The webs were then rolled
for handling convenience, Panel-sized mats, 330 by 914 mm,
were cut from each roll. For each panel, several panel-sized
mats were selected according to their weight. The spun-
bonded fabric was removed from each mat, and mats were
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stacked so as to maintain the same machine direction ori-
entation and the same weight in each stack. The target den-
sity level of the panel influenced the selection of individual
mats and the total number of mats in the stack.

A manually controlled, steam-heated press was used to
press al panels; they were pressed at 190°C for 10 minutes.
Press stops were used to control panel thickness. From a
production standpoint, the 10-minute press time is exces-
sively long. However, we wanted to keep the presstime
constant for all three formulations, and the 90H/10PE for-
mulation required 10 minutes to bond effectively. Depend-
ing upon the formulation, and generally at the higher density
levels, different panel cooling procedures were used while
the panel was still under pressure to reduce steam vapor
pressure in the pressed panel. After processing, the panels
were trimmed to 280 by 890 mm and were 3.2 mm thick.

Tests

Each formulation at a given density level was considered
areplicated set, consisting of 6 individual panels, for a total
of 72 panels for the entire experiment. The panels of each
set were tested for mechanical and physical properties in-
cluding dimensiona stability (Table 1).

Prior to mechanical and physical property testing at room
temperature (about 23°C), the specimens were conditioned
at 65 percent relative humidity (RH) and 20°C. Specimens
had minima exposure to ambient humidity during the time
required to complete the testing. Three-point static bending
modulus of elasticity (MOE) and modulus of rupture
(MOR) and tensile MOE and MOR tests were performed
in conformance with ASTM D 1037 using an Instron testing
machine (2). Maximum cantilever beam bending MOR was
determined on specimens in conformance with ASTM
D 747 using a Tinius Olsen stiffness tester with a loading rate
of about 60 angular degrees per minute (1). Internal bond
was determined using a Tinius Olsen testing machine with
aloading rate of about 1 mm per minute in conformance
with ASTM D 1037 (2). A dynamic MOE was determined

Table 1. — Experimental design.

Total
specimens per
Specimens cut composite
Test Specimen size  from each panel  formulation
Static bending MOR
and MOE 51 by 127 2 48
Cantilever beam 19 by 165 2 48
bending MOR
Dynamic MOE 25 by 254 2 A8
Tensile MOE and MOR 51 by 254 2 48
Internal bond 25 by 25 2 48
Impact energy 254 by 254 1 24
Dimensional stability
24-hour water soak 51 by 51 3 72
2-hour water boil 51 by 51 3 72
Linear expansion 76 by 305 2 48
EMC 76 by 152 1 24

2 Six panels were used to test each density level in each composite formulation.

with wave speed measurements using a Metriguard 239A
tester according to published Metriguard procedures (13).
Impact energy was measured in conformance with TAPPI
standard T803 om-88 using a General Electric impact tester
(17). For the dimensional stahility 24-hour water soak test
at ambient temperature, thickness swell and water absorp-
tion properties were measured. Similar measurements were
made for the dimensional stability 2-hour water boil test.
These tests were performed in conformance with ASTM D
1037 (2) and CAN-0188.0-M78 (9), respectively. Linear ex-
pansion was determined in conformance with ASTM D 1037
for specimens conditioned to equilibrium at 30,65, and 90
percent RH using an apparatus constructed at the Forest
Products Laboratory (2). MC was determined for specimens
conditioned to equilibrium at 30, 65, and 90 percent RH
using the procedure outlined in ASTM D 1037 (2).

Results and discussion

Results of each test are presented in Tables 2 to 5. Values
connected by a solid line are not statistically different at a
0.05 significance level.

Mechanical properties

As the density of the panel increased, the level of mag-
nitude of the mechanica properties generally increased cor-

Table 2. — Properties of nonwoven web composite panels, density 0.4 g/cm’.

Formulation?
Property 90H/10PE  90H/10PP  80H/10PE/10PR

Static bending MOR (MPa) 24 4.0 5.5
Cantilever bending MOR (MPa) 2.0 33 46
Static bending MOE (GPa) 0.11 0.37 0.46
Dynamic MOE (GPa) 0.38 0.79 0.63
Tensile MOR (MPa) 1.8 2.2 34
Tensile MOE (GPa) 0.27 0.52 0.58
Internal bond (MPa) 0.04 0.07 0.09
Impact energy (J) 12.2 5.5 16.6
Water soak 24-hour thickness

swell (%) 40.3 239 16.0
Water soak 24-hour water

absorption (%) 304.3 229.6 219.8

Water boil 2-hour thickness
swell (%) 120.5 38.2 158

Water boil 2-hour water

absorption (%) 534.1 269.5 219.0
Linear expansion

at 30% RH (%) 0.46 0.29 0.29

at 65% RH (%) 0.64 0.43 0.40

at 90% RH (%) 0.84 0.68 0.60
EMC

at 30% RH (%) 35 33 3.3

at 65% RH (%) 7.0 6.6 6.5

at 90% RH (%) 15.2 14.4 15.0

3 Values connected by a solid line are not statistically different at a 0.05-signifi
cance level.
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respondingly. For this reason, mechanical properties are
reviewed by density grouping. For ease of discussion and
comparison, the 90H/10PE formulation is used as the basis
to which the 90H/10PP and 80H/10PE/10PR formulations
are compared.

Density 0.4g/cm’. — Products (filters, sound absorbers,
landscape mulching) made from low-density composites
usually require mechanical properties that are quite different
from the properties we expect from high-density compos-
ites, which are used in avariety of structural applications.
A comparison of al the mechanical property results of pan-
els with 0.4 g/cm’density clearly shows that, in most cases,
the 80H/10PE/10PR and 90H/10PP formulations had
greater values than did the 90H/10PE formulation, with the
80H/10PE/10PR formulation generally exhibiting greater
values than did the 90H/10PP formulation (Table 2). The
one exception to the observed increasing trend in mechani-
cal properties was previously noted.

For the impact energy test, the results of the 90H/10PP
formulation were 55 percent less than those of the 90H/10PE
basis formulation, whereas results of the 80H/10PE/10PR
formulation were 36 percent greater than the 90H/10PP
formulation.

For the bending MOR and impact energy tests, al prop-
erties were significantly different from each other for the
three formulations.

Table 3. — Properties of nonwoven web composite panels, density 0.7 g/cm’.

Formulation®
) Property 90H/10PE  90H/10PP  8QH/10PE/10PR
Static bending MOR (MPa) 9.7 124 21.0
Cantilever bending MOR (MPa) 8.0 14.2 19.4
Static bending MOE (GPa) 0.93 1.57 1.59
Dynamic MOE (GPa) 1.18 2.52 2.37
Tensile MOR (MPa) 6.1 6.3 12.2
Tensile MOE (GPa) 1.38 1.86 2.18
Internal bond (MPa) 0.05 0.12 0.31
Impact energy (J) 19.8 131 279
Water soak 24-hour
thickness swell (%) 59.9 345 19.0
Water soak 24-hour water
absorption (%) 159.9 104.8 97.1

Water boil 2-hour thickness
swell (%) 238.2 59.4 22.0

Water boil 2-hour water
absorption (%)

Linear expansion
at 30% RH (%)

At L00/ QLY (074 "
dalL I/ nt o) u.

4
at 90% RH (%) .81 0.74 0.70
Equilibrium moisture content
at 30% RH (%) 3
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The analyses for the static bending, dynamic, and tensile
MOE values showed no statistical difference between the
90H/10PP and 80H/10PE/10PR formulations. However,
statisticaly significant differences were observed when these
two formulations were compared to the basis formulation.

The opposite trend occurred for cantilever bending and
tensile MOR tests. For both properties, the 90H/10PP and
90H/10PE formulations did not produce a statigtically sig-
nificant difference.

The differences in internal bond values were not statis-
tically significant for all three formulations.

Density 0.7g/cmi’. — Results from panels with 0.7g/cm’
density are given in Table 3.

For the static bending MOR tests, the 90H/10PP and
80H/10PE/10PR formulations exhibited increases of 28 and
110 percent, respectively, when compared to the basis for-
mulation.

For the cantilever bending MOR and static bending MOE
tests, the 90H/10PP and 80H/10PE/10PR formulations did
not produce statistically different results from each other.
This allowed the use of an average value when making a
comparison to the basis formulation. For the cantilever
bending MOR test, the average result was 116 percent
greater, and for the static bending MOE test, 70 percent
greater than the basis formulation.

Table 4. — Properties of nonwoven web composite panels, density 1.0 g/cm3.

Formulation®
Property 90H/10PE  90H/10PP 80H/10PE/10PR

Static bending MOR (MPa) 233 255 493
Cantilever bending MOR (MPa) 21.1 27.1 45.6
Static bending MOE (GPa) 2.82 2.99 3.57
Dynamic MOE (GPa) 4.75 5.27 5.52
Tensile MOR (MPa) 135 125 27.7
Tensile MOE (GPa) 3.87 4.20 5.07
Internal bond (MPa} 0.14 0.28 0.81
Impact energy (J) 26.7 215 34.3
Water soak 24-hour thickness
swell (%) 60.8 40.3 21.8
Water soak 24-hour water
absorption (%) 85.0 54.7 451
Water boil 2-hour thickness
swell (%) 260.1 77.5 28.2
Water boil 2-hour water
absorption (%) 301.6 99.5 55.7
Linear expansion

at 30% RH {%) 0.13 0.00 0.55

at 65% RH (%) 0.38 0.25 0.76

at 90% RH (%) 0.81 0.78 0.93
Equilibrium moisture content

at 30% RH (%) ) 3.4 34

at 65% RH (%) 6.4 6.2 6.3

at 90% RH (%) 15.6 14.9 14.1

?Values connected by a solid line are not statistically different at a 0.05-signifi-
cance level.

Values connected by a solid line are not statistically different at a 0.05-signifi
cance level.
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A similar trend occurred for the dynamic and tensile
MOE tests, with lack of statistical differences between the
10H/10PP and 80H/10PE/10PR formulations. The average
of these two formulations produced a statistically significant
increase of 107 and 46 percent respectively, compared to
the basis formulation.

For the tensile MOR test, the 80H/10PE/10PR formula-
tion exhibited an increase of 100 percent compared to the
basis formulation. No statistical differences resulted from
the values of the two other formulations.

The differences in interna bond values were statistically
significant for al three formulations. The 90H/10PP for-
mulation was 140 percent greater and the 80H/10PE/10PR
formulation was 520 percent greater than the basis formu-
lation. Note that all values for the internal bond test were
relatively low compared to internal bond values found in
medium-density hardboard products.

Similar trends were observed for impact energy at 0.7
g/cm’density as in 0.4g/cm’density. Compared to the basis
formulation, the 90H/10PP formulation decreased in im-
pact energy by 34 percent, and the 80H/10PE/10PR formu-
lation increased by 41 percent.

Table 5. — Properties of nonwoven web composite panels, density 1.2 g/cm’.

X Formulation®
Property 90H/10PE  90H/10PP  80H/10PE/10PR
Static bending MOR (MPa) 36.5 36.8 76.4
Cantilever bending MOR (MPa)  35.7 34.5 69.3
Static bending MOE (GPa) 4.59 3.81 5.42
Dynamic MOE (GPa) 7.85 7.68 8.51
Tensile MOR (MPa) 20.2 17.8 42.2
Tensile MOE (GPa) 6.56 6.36 7.80
Internal bond (MPa) 0.28 0.52 1.44
impact energy (J) 311 274 36.6°
Water soak 24-hour .
thicknessss sweil (%) 57.1 42.7 236
Water soak 24-hour water
absorption (%) 57.5 375 28.4
Water boil 2-hour thickness
swell (%) 245.0 88.3 324
Water boil 2-hour water
absorption {%) 227.3 79.6 38.6
Linear expansion
at 30% RH (%) 0.12 0.00 0.66
at 65% RH (%) 0.33 0.20 0.86
at 90% RH (%) 0.81 0.81 1.13
Equilibrium moisture content
at 30% RH (%) 34 35 34
at 65% RH (%) 6.0 5.8 5.9
at 90% RH (%) 15.5 15.0 13.6
2Values connected by a solid line are not statistically different at a 0.05-signifi
cance level.

b Resuits for formulation 1 and 3 are not statistically different from each other;
results for formulation 2 and 3 are statistically significant.

Density 1.0g/cn’. — Results from panels with 1.0g/cm’
density are given in Table 4.

For the static bending and cantilever bending MOR tests,
the 90H/10PP and 90H/10PE formulations did not produce
a statistically significant difference. In these two tests, the
80H/10PE/10PR formulation produced statistically signifi-
cant increases of 112 and 116 percent, respectively.

For the static bending MOE test, only the 80H/10PE/10PR
formulation produced a statistically significant improve-
ment of 27 percent, compared to the basis formulation. The
dynamic MOE values showed no statistical difference be-
tween the 90H/10PP and 80H/10PE/10PR formulations. How-
ever, a small dtatisticaly significant increase of 14 percent
was noted when the average of these two formulations was
compared to the basis formulation. For dynamic MOE, as
determined by either method of measurement, improvements
were small; however, they were statistically significant.

An interesting pattern occurred when anayzing the ten-
sile MOR and MOE test results. The 90H/10PP and the
90H/10PE formulations did not produce a statistically sig-
nificant difference. However, for tensile MOR, the
80H/10PE/10PR result was 105 percent greater than the
basis formulation. The results for tensile MOE for al three
formulations were not statistically different from each other.

The differences in internal bond values were statistically
significant for al three formulations. The 90H/10PP for-
mulation was 100 percent greater and the 80H/10PE/10PR
formulation was 479 percent greater than the basis formu-
lation. As noted for the panels at 0.7 g/cm’density, which
had very low values, a similar trend was repeated for panels
at 1.0 g/lcm’density.

Relative to the basis formulation, impact energy at the
90H/10PP formulation decreased by 19 percent, whereas
the 80H/10PE/10PR formulation increased by 28 percent.

Density 1.2g/cmi’. — Results from panels with 1.2 g/cm’
density are given in Table 5.

Tests results for static bending MOR and cantilever bend-
ing MOR show no statistical difference between the
90H/10PP and the 90H/10PE formulations. Significant in-
creases of 109 percent for static bending MOR and 94 per-
cent for cantilever bending MOR were observed for the
80H/10PE/10PR  formulation.

Except for a statistically significant improvement of 42
percent for static bending MOE between 80H/10PE/10PR
and 90H/10PP formulations, all other values obtained for
this property were not significantly different.

For the tensile MOR test, the 80H/10PE/10PR formula-
tion exhibited an increase of 109 percent, compared to the
basis formulation, with no differences found for the other
two formulations. The tensile MOE values were not statis-
tically significant for al three formulations.

For the internal bond test, the 80H/10PE/10PR formu-
lation was 414 percent greater than the basis formulation.
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No statistical differences were found in the values of the two
other formulations.

Impact energy values exhibited a statistically significant
increase of 34 percent when compared to the 80H/10PE/10PR
and 90H/10PP formulations. Impact energy values for the
90H/10PP and the 90H/10PE formulations were not statis-
ticaly different from each other.

Physical and dimensional stability properties

Unlike the increasing trends noted in the mechanical
property data, the dimensional stability property levels for
each of the three formulations did not exhibit consistent
improvements as densities increased. For this reason, the
discussion in this section is based upon the trends in results
obtained on the various tests conducted. The data discussed
in this section are included in Tables 2 to 5 for the 0.4,0.7,
1.0, and 1.2 g/lcm’density levels, respectively.

24-hour water soak/thickness swell. — Thickness swell
properties for al formulations at 0.4,0.7,1.0, and 1.2 g/lcm’
densities had decreasing values from the 90H/10PE, to the
90H/10PP, to the 80H/10PE/10PR formulations, and all for-
mulations at each density level were significantly different
from each other. For example, at 0.7 g/cm’density, the
90H/10PE formulation had the greatest thickness swell, fol-
lowed by the 90H/10PP, and then by the 80H/10PE/10PR
formulation. The same pattern was found for all density
levels.

24-hour water soak/water absorption. — Water absorp-
tion results for 0.4 and 0.7 g/cm’densities exhibited similar
trends for al three formulations. The 90H/10PE formula-
tion had significantly greater water absorption properties
compared to the other two formulations, which were not
significantly different from each other. Note that for 0.4 and
0.7 g/lcm’densities, this property was not further improved
when the formulation was changed from 90H/10PP to
80H/10PE/10PR. At 1.0 and 1.2 g/cm’densities, all three
formulations produced results that were statisticaly differ-
ent from each other. For both density levels, the values
obtained for 90H/10PE and 90H/10PP formulations were
greater than values obtained in the 80H/10PE/10PR formu-
lation. In general, water absorption values decreased for all
three formulations as the density increased from 0.4 to 0.7
to 1.0 to 1.2 g/en’.

2-hour water boil/thickness swell. — Asin the 24-hour
water soak/thickness swell test, a similar trend occurred for
the 2-hour water boil/thickness swell test. Thickness swell
properties for all formulations at 0.4,0.7,1.0, and 1.2 g/lcm’
densities had decreasing values from the 90H/10PE, to the
90H/10PP, to the 80H/10PE/10PR formulations, and all for-
mulations at each density level were significantly different
from each other. Because the 2-hour water boil test is very
harsh, the thickness swell values are 2 to 4 times greater than
the commonly used 24-hour water soak test.

2-hour water boil/water absorption. — Water absorption
properties for all formulations at 0.4,0.7,1.0, and 1.2 g/cm’

densities had decreasing values from the 90H/10PE, to the
90H/10PP, to the 80H/10PE/10PR formulations, and all for-
mulations at each density level were significantly different
from each other.

Linear expansion. — A linear expansion test was con-
ducted to measure the dimensional stability of a composite
with changes in MC. This test was conducted at 30,65, and
90 percent RH levels at 27°C. The values reported in Tables
3 to 5 are the percentage change in length of these samples
when exposed to these various conditions. The results are
based on an ovendry, O percent MC condition.

At 30 percent RH, all formulations at the four levels of
density exhibited linear expansion values ranging from 0.00
to 0.66 percent. At the 0.4 g/cm’density level, the 90H/10PP
and 80H/10PE/10PR formulations were not statistically dif-
ferent. An interesting pattern occurred when analyzing 0.7
and 1.2 g/cm’densities. The 90H/10PP and 90H/10PE for-
mulations did not produce a statitically significant differ-
ence; however, the 1.0 density produced a statistical differ-
encein all properties. At 1.0 and 1.2 g/cm’densities, the
80H/10PE/10PR formulation had much greater linear ex-
pansion values than did either the 90H/10PP or the 90H/
10PE formulations.

At 65 percent RH, all formulations at the four levels of
density showed linear expansion values ranging from 0.20
to 0.86 percent. At this RH level, al formulations were sig-
nificantly different from one another, with one exception.
At the 0.4 g/cm’density level, the 90H/10PP and the
80H/10PE/10PR formulations were not statisticaly differ-
ent from each other. At 1.0 and 1.2 g/cm’densities, the
80H/10PE/10PR formulation had much greater linear ex-
pansion values than did either the 90H/10PP or the
90H/10PE formulations.

At 90 percent RH, linear expansion values ranged from
0.60 percent to 1.13 percent. At adensity of 0.4 g/cm’, the
90H/10PE formulation was statistically different from the
two other formulations, which did not produce a statistically
significant difference from each other. At the 0.7 g/lcm’
density level, the values were not statistically different for
all three formulations. Note that at 1.0 and 1.2 g/cm’den-
sities, the 80H/10PE/10PR formulation produced statisti-
caly different results. These values were greater than those
for the other two formulations and were not significantly
different from each other.

Equilibrium moisture content (EMC). — EMC isthe MC
at which a material neither gains nor loses moisture when
surrounded by air at a given relative humidity and tempera-
ture. Thistest was run at 30,65, and 90 percent RH levels
at 27°C. Tables 3 to 5 give the MC values of these samples
when exposed to these conditions. These values are based
on an ovendry, O percent MC condition.

At 30 percent RH, al formulations at the four densities
exhibited MC values ranging from 3.3 to 3.5 percent, and
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no significant differences were noted for al three formula-
tions.

At the 65 percent RH, all formulations at the four densities
had MC values ranging from 5.8 to 7.0 percent, and no
significant differences were noted for all three formulations.

At 90 percent RH, MC values ranged from 13.6 to 15.6
percent. At 0.4 and 0.7 g/lcm’densities, no statistical differ-
ences were observed for all three formulations. At 1.0 and
1.2 g/lcm’densities, the 80H/10PE/10PR formulation pro-
duced statistically different results, compared to the two
other formulations, which were not different from each other.

Generally, no definite trends were observed for EMC
values at the 30, 65, and 90 percent RH levels for either the
formulation or the density variations.

Concluding remarks

Three distinct composite formulations were extensively
tested. As panel density levels increased, the 90H/10PE and
80H/10PE/10PR formulations maintained a discontinuous
polyester fiber matrix throughout the composite because
these synthetic fibers melt at temperatures greater than those
used to bond the panels. In contrast to this, the polypro-
pylene component of the 90H/10PP composite does not
maintain a fibrous matrix because it softens at the bonding
temperatures used and flows as press pressures are increased,
The data presented show that these different composite
formulations can be either an advantage or a disadvantage,
depending upon the properties needed to produce a com-
petitive product. The information presented in this paper
provides guidelines that materials scientists and product
designers can use to make new products that balance ma
terial costs and mechanical and physical property require-
ments.

The mechanical properties for the 80H/10PE/10PR for-
mulation at all four density levels were equal to or greater
than corresponding properties of the other two formula-
tions.

For bending and tensile MOR and MOE, no consistent
trends were noted when comparing the 90H/10PE and the
90H/10PP formulations. For internal bond strength, the
90H/10PE formulation was significantly less than the
90H/10PP formulation only at 0.7 and 1.0 g/cm’densities.
Impact energy values at 0.4, 0.7 and 1.0 g/cm’densities were
less than the 90H/10PP formulation when compared to the
other two formulations.

AU water soak properties for the 80H/10PE/10PR for-
mulation at al four density levels were less than or equal to
similar properties of the other two formulations.

In contrast to the mechanical property data, linear ex-
pansion values at 30, 65 and 90 percent RH levels for the
80H/10PE/10PR formulation were significantly greater than
the other formulations at 1.0 and 1.2 g/cm’densities. At 0.4
g/cm’density, the 80H/10PE/10PR and the 90H/10PP for-
mulations were significantly less than the 90H/10PE formu-

lation. No consistent trends were observed at 0.7 g/lcm’
density,

EMC values for al three formulations at the 30 percent
RH condition at all four density levels were equal to each
other. The same pattern occurred at the 65 percent RH
condition. At the 90 percent RH condition, the 80H/10PE/
10PR formulation was different from the other two formu-
lations only at 1.0 and 1.2 g/cm’densities.

From a material cost standpoint, the air-formed non-
woven web technology permits the use of a wide range of
lignocellulosic and plastic fibers. The lignocellulosic com-
ponents can range from wood materials to agricultura fiber
products and can be chemically modified to improve the
performance of the composite in adverse environments, as
appropriate. Products can be made from 100 percent plastic
fibers, 100 percent lignocellulosic fibers, or many different
combinations of the two materials. Additionally, thermo-
Setting resins can be either coated on the cellulosic fibers or
added in powder form during web formation.

For example, assume that wood fiber costs $0.15/Ib., poly-
ester fiber costs $0.80/1b., polypropylene fiber costs $0.48/1b.,
and phenalic resin costs $0.50/Ib. The materia costs for each
formulation used in this paper can be calculated as follows:

90H/10PE formulation = $0.215/1b.

90H/10PP formulation = $0.183/1b.

80H/10PE/10PR formulation = $0.270/Ib.

Based upon these materia costs for each formulation,
the physical and mechanical requirements of the particular
product(s) under consideration, and the data presented in
Tables 3t0 5, it is possible to arrive at a formulation that
will give the desired combination of end-use properties for
a given composite in the most cost effective manner.

The Forest Products Laboratory is maintained in coop-
eration 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. We are extremely grateful to Hunter
Brooks, consultant, and Bill Surber and the General Motors
Corporation for their assistance. Brooks provided valuable
assistance and advice during equipment setup and experi-
mentation. He continues to serve as a valuable resource to
us as we move into new research areas. The General Motors
Corporation and Bill Surber, Cadillac Motor Division, made
it possible for the 12-in. Rando line, an air-forming line with
unique capabilities, to be loaned to the Forest Products
Lahoratory for an extended period so that an extensive research
program in the area of wood-plastics could be developed.
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