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ABSTRACT: Woodfiber-polypropylene and woodfiber—
waste polyethylene composites have been produced by in-
jection molding and by hot pressing the thermoplastic be-
tween woodfiber mats. The stress relaxation under constant
strain in these composites has been studied at 25, 50, and
80°C. The results have been compared with similar experi-
ments performed on neat thermoplastics. It is interesting to
note that the presence of woodfibers as reinforcement in the
composites restricts the stress relaxation, but their effective-
ness decrease with the increase in ambient temperature.

Composites made by hot pressing the woodfiber mat and
the thermoplastic are found to exhibit a lesser amount of
relaxation than those made by injection molding the same
combination. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 102:
401-407, 2006
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INTRODUCTION

Extensive studies have been carried out over the past
few years to investigate the mechanical properties of
woodfiber-thermoplastic composites.'” Woodfibers
are biodegradable, inexpensive, easily renewable, and
possess lower density than mineral fillers. Woodfiber—
thermoplastic composites are attracting increased in-
terest for industrial applications such as construction
materials and storage pallets. These composites are
cheaper, environment friendly, and have higher stiff-
ness compared to virgin thermoplastics. However, the
long-term behavior of the composites under load
might restrict their usefulness. So, it is imperative that
the time-dependent characteristics of the thermoplas-
tic composites reinforced with woodfibers are studied.

A review of the literature reveals that the majority of
woodfiber—-thermoplastic composites research around
the world has focused on the methods of manufactur-
ing and fiber—plastic interface modification,®” but very
little has been reported on their time-dependent prop-
erties. Bhagawan et al.'” have studied the stress-relax-
ation behavior of short jute fiber—nitrile rubber com-
posites and reported a two stage relaxation pattern in
these composites. Varughese et al.'! have found that
the stress-relaxation pattern in sisal fiber-natural rub-
ber composites is influenced by the fiber—rubber inter-
face. George et al.'> have conducted stress-relaxation
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tests on short pineapple fiber—polyethylene compos-
ites to study the effects of fiber loading, fiber length,
chemical treatment, and fiber orientation on relaxation
behavior and observed that the incorporation of fibers
results in a decrease in the rate of relaxation.

In the present work, two processing methods, hot
pressing with woodfiber mats made on a dry mat
forming machine and the widely used injection mold-
ing, have been used. Woodfiber-polypropylene and
woodfiber-waste polyethylene composites have been
made by both these methods. The fiber mass content
has been varied between 20 and 30% in the injection-
molded composites while it is close to 20% in hot-
pressed composites. The stress relaxation of these
composites under constant strain has been studied at
temperatures of 25, 50, and 80°C and compared with
that of the neat thermoplastics.

EXPERIMENTAL
Materials

The pulp and paper industry separates wood into its
component fibers to make paper products. These
woodfibers themselves are composites of cellulose mi-
crofibrils held together by a lignin and hemicellulose
matrix.”> High temperature mechanical pulp Pinus
Radiata fibers, because of their lignin covered surfac-
es,'* have advantages as reinforcement in comparison
to the highly hydroxylated kraft fibers used for paper-
making, and have been used in this study. These Pinus
Radiata fibers, often loosely categorized as medium
density fibers (MDF), are slightly weaker than kraft
fibers, are cheaper to produce, and more amenable to
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Figure 1 Cross section of a hot-pressed woodfiber—
polypropylene prepreg showing the fiber-reinforced outer
layers and the polypropylene-rich central region.

surface modification.''® The MDF used in this study
were light brown in color with width varying from 15
to 40 um and length from 1.5 to 5 mm.

Cotene PP 9800 polypropylene granules and a mix
of waste plastics were used as the matrix materials.
Waste plastics, recovered through kerbside recycling
in Auckland, New Zealand, consist of a variety of
thermoplastic and thermosetting materials. Sorting
the waste into individual materials is not economically
viable, except for the separation of easily identifiable
materials. Hence, soft drink containers (PET) were
separated out of the waste plastics and the remainder
was used in this study. This consisted of a mixture of
milk bottles (HDPE) and cleaning product bottles
made of different types of polyolefins (mainly LDPE
and some polypropylene) in the ratio 1:3.

Specimen preparation

Specimens of neat polypropylene, waste polyethylene,
woodfiber—polypropylene composites and woodfiber—
waste polyethylene composites were made by injec-
tion molding in a Boy 50 injection molder. In the case
of composites, fibers were premixed with the polymer
in a laboratory scale corotating twin screw extruder,
model tsa EMP26-30. The precompounded extrudate
was ground into pellets, which were then fed into the
injection molding machine. Test specimens were
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molded from the composite materials with the barrel
temperature set at 200°C and the mold set at 30°C.

Woodfiber mats were produced using a novel, pro-
prietary dry mat former,”'” as a precursor to compos-
ite sheet manufacturing. Dry fiber suspended in air
was forced by an air-turbine through a fiber delivery
head on to a perforated drum rotating about a par-
tially perforated suction pipe. Air was sucked into the
rotating drum through its surface and out through the
suction pipe that also served as the axle of the drum.
The fiber was filtered from the air stream by the sur-
face of the drum and then flattened out by an external
roller. Successive layers of fibers were built up on the
surface of the drum and eventually formed a dry fiber
mat.

Dry fiber mats were interleaved with layers of ther-
moplastic powder and the material was consolidated
by the application of heat and pressure. Unconsoli-
dated, interleaved material was placed between alu-
minum plates with an aluminum spacer frame in-
serted to control final sheet thickness and then en-
closed by silicone rubber diaphragms. A vacuum of 50
kPa was drawn from the diaphragms to remove air
and any water vapor emitted during consolidation.
The assembly was then placed between the platens of
a hot press and the material was consolidated for a
period of 5 min at 180°C and 1.3 MPa. The prepregs
formed were sandwich-type composites in which the
fiber-reinforced layers form the outer layers and the
central region consisted of thermoplastic as shown in
Figure 1. The tensile strengths and moduli of the ma-
terials under consideration are listed in Table I.

Testing

The stress-relaxation tests were performed at 25, 50,
and 80°C inside an Instron environmental chamber
(model 3119-006) mounted on an Instron 5567 uni-
versal testing machine. Injection-molded samples
were dog bone shaped (with nominal test area dimen-
sions of 80 X 10 X 4 mm?), whereas rectangular strips
(with dimensions of 120 X 15 X 2 mm®) were cut from
the prepregs for testing. Ease of sample preparation
was the criterion for the choice of sample shape and
tests done indicated that the sample shape did not

TABLE 1
Tensile Strengths and Moduli of the Materials Under Consideration

Fiber mass Tensile strength Tensile modulus
Material content (%) at break (MPa) at 0.2% elongation (GPa)
Polypropylene 0 23.0 1.0
Woodfiber—polypropylene composite 20 26.4 24
Waste HDPE 0 24.3 2.8
Waste LDPE 0 21.7 25
Woodfiber—waste polyethylene composite 20 19.9 2.1
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Figure 2 Stress-relaxation behavior of polypropylene and woodfiber—polypropylene composites of 20% fiber mass content

at (a) 25°C, (b) 50°C, and (c) 80°C.

have much effect on the results of the relaxation stud-
ies. The samples were preheated for 30 min at the
testing temperature before the start of the test. A
stress, which was 30% of the maximum stress for the
different types of samples at each of the different
temperatures, was applied to the samples and the
strain was held constant. The decay in stress with time
was studied and the normalized stresses (o/o,; i.e.,
instantaneous stress/initial stress) under constant
strain were plotted against time.

RESULTS AND DISCUSSION
Woodfiber—polypropylene composites

The stress-relaxation behavior of neat polypropylene
and woodfiber—polypropylene composites with a fiber

mass content of 20% is shown in Figure 2. Figure 2(a)
clearly shows that the amount and rate of stress relax-
ation are less for the woodfiber composites than those
for polypropylene at temperatures close to the room
temperature. Interestingly at increased temperatures
of 50 and 80°C, Figures 2(b) and 2(c), respectively,
polypropylene- and the injection-molded composites
exhibit greater relaxation than the prepreg and their
relaxation curves come much closer to each other. This
may be explained by the fact that a preimpregnated
specimen possesses essentially a sandwich structure
with two outer layers containing woodfiber-rich lay-
ers impregnated with the matrix polymer, whereas
injection-molded specimens contain more uniformly
distributed mixture of woodfibers and polymer. It is
also to be noted that most of the fibers in the outer
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Figure 3 Stress-relaxation behavior of injection-molded polypropylene and woodfiber-polypropylene composites of 20 and

30% fiber mass contents at (a) 25°C and (b) 80°C.

layers retain some of the interlocked structure gener-
ated during the mat formation,”'” thus resulting in
stiffer skins (see Table I for further evidence of this
notion of stiffness increase). Therefore, the overall ten-
sile behavior of a prepreg specimen is largely con-
trolled by the deformation characteristics of these fi-
ber-rich outer layers, which have to undergo the same
amount of deformation as that of the core material
(connected in parallel) and as a result these specimens
relax less than the injection-molded and neat polypro-
pylene specimens. At the softened state of the poly-
mer, the bonding between the fibers and the matrix is
expected to be weaker and the short fibers, coupled
with weak interfacial bonding, start behaving like fill-
ers in the polymer-rich areas and fail to share the
imposed load."® This explains the greater relaxation in
general, demonstrated by the composite specimens at
higher temperatures, irrespective of their manufactur-
ing method. Another contributing factor may be an
increase in the amount and rate of stress relaxation of
woodfibers at elevated temperatures.'”

The stress-relaxation characteristics of injection-
molded neat polypropylene and woodfiber—polypro-
pylene composites of 20 and 30% fiber mass contents are
shown in Figure 3 for two different temperatures. At
25°C, the composite with a fiber mass content of 30%
more or less follows a relaxation pattern very similar to
that of neat polypropylene, and it might be interesting to
note that the specimens with 25% woodfiber mass con-
tent follow a similar trend (not shown). However, more
interestingly at 80°C, the composite specimen with fiber
mass contents of 20 and 30%, unlike their compression-
molded counterparts, relax faster than the polypro-
pylene specimen, Figure 3(b). This can be explained by

considering the simple linear viscoelastic model of Max-
well with a spring and a dashpot in series.”® The rate and
amount of the relaxation are controlled by the deforma-
tion characteristics of the viscous element and the stiff-
ness of the spring element. A larger viscous deformation
or a stiffer elastic part should amount to a larger relax-
ation response with the rate varying in a similar manner.
With the addition of woodfibers, the stiffness, as shown
earlier, increased and in conjunction the polymer be-
came softer at the elevated temperature of 80°C. These
two effects, coupled together, generally produced larger
relaxations for composites with 30% fiber content, show-
ing more pronounced effects. This also explains the be-
havior of the injection-molded specimen in Figure 2(c).
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Figure 4 Stress-relaxation behavior of waste polyethylene
and woodfiber—waste polyethylene composites of 20% fiber
mass content at 25°C.
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Figure 5 Schematic diagram showing the components of (a) a three-element Maxwell relaxation model and (b) a six-element

Maxwell relaxation model.

Woodfiber-waste plastic composites

The stress-relaxation curves of waste polyethylene
and woodfiber-waste polyethylene composites made
by injection molding and hot pressing are shown in
Figure 4. The woodfiber contents in the injection-
molded specimens and the prepregs were about 20%
by mass. Stress-relaxation tests were performed at
only 25°C and 50°C, as higher temperatures gave very
low maximum stresses for these composites. The
stress-relaxation results indicate that the preimpreg-
nated polyethylene specimens, as their polypropylene
counterparts, show lesser amount of stress relaxation

compared to those of the injection-molded compos-
ites. The difference between the two types of polyeth-
ylene composites is more pronounced than in the case
of polypropylene composites.

Comparison of the experimental results with
Maxwell models

The relaxation behavior of polypropylene and wood-
fiber—polypropylene composites can be represented
by the Maxwell body, a combination of a spring and a
dashpot in series. In stress-relaxation experiments, the

TABLE 11
Constants for the Maxwell Relaxation Models for Polypropylene and Woodfiber-Polypropylene
Composites of 20% Fibre Mass Content at 25, 50, and 80°C

Fibre mass
content
(%)/testing
temperature
Material (°C) o o, o3 ™ (s) 7, (s) 75 (5)
Prepeg 20/80 0.601 0.35 — — 108 —
Injection-moulded
composite 20/80 0.53 0.39 — — 249 —
Polypropylene 0/80 0.55 0.22 0.16 12,797 157 88
Prepeg 20/50 0.68 0.29 — — 105 —
Injection-moulded
composite 20/50 0.58 0.36 — — 227 —
Polypropylene 0/50 0.63 0.28 0.10 14,782 125 27
Prepeg 20/25 0.716 0.217 — — 155 —
Injection-moulded
composite 20/25 0.69 0.287 — — 185 —
Polypropylene 0/25 0.68 0.264 0.14 21,197 121 38
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Figure 6 Predicted and experimental relaxation data for polypropylene and woodfiber—polypropylene composites of 20%

fiber mass content at 25°C.

instantaneous strain is realized in the spring ele-
ment and the dashpot describes the viscous behav-
ior. To accurately fit the experimental data, a three-
element relaxation model consisting of a single
spring in parallel with a Maxwell body was used for
the composites and a six-element relaxation model
consisting of three Maxwell bodies in parallel was
used for polypropylene, Figure 5. The governing
equation for the three-element model during relax-
ation can be written as o (f)/oy, = o7 + 0, exp
(—t/7,); where “1,” is the relaxation time constant®!;
a similar governing equation can be written for the
six-element relaxation model. A code was written in
Matlab to calculate the equation constants using the
experimental results for woodfiber—polypropylene
composites of 20% fiber mass content and polypro-
pylene at 25, 50, and 80°C. The magnitudes of these
equation constants could be determined by itera-
tively varying the time constant, thereby providing
the best fit of the Maxwell model to the experimen-
tal stress-relaxation curve; the constants thus calcu-
lated are shown in Table II. These best-fit curves,
plotted in Figure 6, display trends similar to the
experimental results.

CONCLUSIONS

Woodfiber composites restrict stress relaxation more
than plastics at temperatures about 25°C. As temper-
ature increases, the effectiveness of woodfibers in re-
stricting stress relaxation decreases. But even at 80°C,
prepregs made using woodfiber mats show lesser
amount of stress relaxation than neat polypropylene.
It is interesting to note that the sheet prepregs exhibit
less stress relaxation compared to the samples made
by injection molding. This is due to the fact that the
overall tensile behavior of a prepreg specimen is
largely controlled by the deformation characteristics
of the fiber-rich outer layers, which have to undergo
the same amount of deformation as that of the core
material. The prepregs of waste polyethylene and
woodfiber mats exhibit similar behavior, which sug-
gests that such prepregs can lead to products with
good time-dependent properties.
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