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Abstract

The influence of wood flour content, coupling agent and stress loading level on the creep behavior of wood flour—polypropylene
composites was investigated. Maleated polypropylene (MAPP; Epolene G-3003™) was used as the coupling agent to treat the wood
flour used as reinforcing filler for polypropylene composite. The tensile strength and modulus of various wood flour—polypropylene
composites (WPCs), manufactured using the melt blending, extrusion, and palletizing methods, were measured before performing the
creep test. The residual tensile strength, creep strain, and fractional deflection of the resultant wood flour—polypropylene composites
were measured by means of the creep test. It was shown that the tensile strength decreased with increasing wood flour level in the
composites. The creep strain also decreased as the wood flour level increased. The presence of the coupling agent increased the tensile
strength of the wood flour—polypropylene composites, compared with the specimens made of pure polypropylene. For those com-
posites containing the coupling agent, the creep deflection was significantly lower than those made without any coupling agent. The
creep strains of the WPC specimens observed during the creep test fitted perfectly with the four-element burger creep model. Further

investigation is required of the effects of combined mechanical and environmental loading in varying proportions.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the 1970s, studies have been done on the
development of new materials which can be used as
reinforcing filler, focusing on the potentially advanta-
geous properties of polymers. The need for materials for
specific purposes with environmentally friendly charac-
teristics is increasing, due to the limited natural re-
sources and increasing environmental regulation [17,18].
Thus, studies on the development of wood flour—poly-
mer composites (WPCs) using wood flour or natural
fiber as reinforcing fillers have been actively pursued
[6,12,16]. The wood flour used in WPC in place of the
longer individual wood fibers is most often added in
particulate form up to the 50% loading level by weight.
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Although the WPC industry is still only a fraction of a
percent of the total wood products industry, the rela-
tively high bulk density and free-flowing nature of wood
flours, as well as its low cost and availability, makes it
attractive to WPC manufacturers and users [2].

Although most WPC products are considerably less
stiff than solid wood, adding wood flour to unfilled
plastics can greatly stiffen the plastics, but often makes
them more brittle, compared with pure plastics [3,22]. It
was reported that coupling agents play an important
role in improving the compatibility and bonding
strength between the hydrophilic wood fibers and the
hydrophobic thermoplastics in WPC [20,10,11]. How-
ever, very limited data are available on the relationships
between the coupling agent, filler level, stress level, and
tensile strength of the wood flour—polymer system in
relation to its creep behavior.

Creep is one of the principal properties which needs
to be addressed when developing and using composite
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materials. It was reported that most materials respond
differently depending on the time required to complete
the mechanical test [13]. The deflection of materials
under short- and long-term loading is sometimes critical
to their performance. The time-dependent stress—strain
behavior of composites is particularly important. Since
WPCs can be subjected to mechanical loadings over
extended periods of time, measuring their short-term
tensile strength and stiffness may not be sufficient to
provide the information required to predict their long-
term performance [8]. For situations involving a higher
load-carrying capacity, however, an understanding of
the short-term mechanical response of newly designed
materials may be required.

Models can be helpful for both the interpretation and
prediction of the observed creep behavior. Although
mathematical expressions which fit to the experimental
data offer no guarantee that the equations are valid for
any conditions other than the ones described, this
problem can be partially overcome by demonstrating
that the real behavior is consistent with that of the
model. Among the available creep models, the four-
element burger body has many advantages for the pre-
diction of creep behavior due to the insertion of the
Kelvin body between the spring and dash spot of the
Maxwell body (Fig. 1). The sequence shown in Fig. 1
illustrates both the deformation and recovery stages. At
time ¢y, the four-element model is of length L. At time ¢,
load P is applied and an immediate elastic deformation,
u, results from the elongation of the upper spring. At
time #,, the burger diagram body has extended to a total
deformation, u. At time #;, the load is removed. The
spring, k., contracts instantaneously, reducing the total
deformation by u. At time #4, the deformation, u, of the
Kelvin body is approaching zero. Finally, a residual

deformation, u, remains in the viscous element. The
mathematical model is expressed by the following
equation [9]:

ety =ec+ec+&
= o/Ke + [o/K]J[1 — ] 61 /y, (1)

where ¢() is the total creep strain, . the elastic strain, &
the viscoelastic strain, ¢, the viscoplastic strain, ¢ the
applied stress, K. the elastic constant of the Hookean
spring, Ky the delayed elastic constant of the spring
element in the Kelvin body, 7, the viscous constant of
the damper in the Kelvin body, and #, is the viscous
constant for the permanent deflection.

The objectives of this study were: (1) to investigate
the influence of the wood flour and coupling agent on
the mechanical properties of wood flour—polypropylene
(PP) composites, (2) to measure the creep properties
under indoor conditions, and (3) to find a mathematical
model which fits with the observed creep behavior.

2. Materials and methods
2.1. Sample preparation

The wood flour used as a reinforcing filler was ob-
tained from a mixed wood species courtesy of the Korea
Forest Research Institute, South Korea. The particle
sizes of the filler were 80-100 mesh. PP was obtained
from HANWHA L&C Corp., South Korea. The PP was
supplied in the form of homopolymer pellets with a melt
flow index of 12 g/10 min (230 °C/2, 160 g) and a density
of 091 g/em?. A maleated polypropylene (MAPP;
commercial name is Epolene G-3003™, Eastman

Fig. 1. Four-element burger body diagram of creep behavior.
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chemicals Co. Ltd.) was used as the coupling agent in
this study. Epolene G-3003™ has a number-aver-
age molecular weight of 103,500 and a low acid number
of 8.

2.2. Compounding

The wood flour was dried to 1-2% moisture content
using an oven drier at a temperature of 80 °C for 24 h,
and then stored in polyethylene bags until needed. The
laboratory size extruder was a twin-screw type which
blends thermoplastic composites reinforced with wood
flour, through the following three general processes—
melt blending, extrusion and palletizing. The blending
temperature required to prevent degradation of the
wood flour was 190 °C. The extrudate, which was in
the form of strands, was cooled in water and palletized.
The resulting pellets were dried at 80 °C for 24 h before
being injection molded into ASTM test specimens
(ASTM D638 2000) [1]. All materials were injection
molded using an injection-molding machine (Bau
Technology, South Korea). The wood flour application
levels were 0%, 10%, 20%, 30% and 40%, based on the
total weight, prior to compounding. The corresponding
rates of PP were 100, 90, 80, 70 and 60 wt.%. The
application level of Epolene G-3003™, which was used
as a coupling agent, was 3.0% based on the total weight
of the wood flour and PP.

2.3. Short-term tensile strength

Single tensile tests for the WPC were conducted to
measure the short-term strengths according to the ASTM
Standard Test Method (ASTM D638 2000) [1] with a
Universal Testing Machine (Zwick Co., NICEM at Seoul
National University). Test specimens for the evaluation
of tensile strength were molded in a mold whose cavity
had the following dimensions: W = 3.18 +£0.03 mm,
L=9.53+0.08 mm, G=7.62+0.02 mm, 7 =3.00+
0.08 mm, where W is the width of the narrow section, L
the length of the narrow section, G the gage length, and T
is the thickness of the narrow section. The tests were
conducted on samples with an initial length of 63.5mm
using a universal tensile test device at a speed of 100 mm/
min. This device was used for the evaluation of the tensile
strength, from which the stress levels were determined for
the constant load used for the creep testing. Each test
condition was repeated 5 times to obtain more repre-
sentative results.

2.4. Creep test

Specimens with the same size as the tensile test
specimens were chosen with five different filler levels (0,
10, 20, 30 and 40 wt.%), and two different applied stress
levels (20% and 40% of tensile strength). Fig. 2 shows a
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Fig. 2. Schematic diagram of creep test apparatus.

schematic diagram of the creep tester. Each sample was
attached to the loading device using a clamping system
composed of a steel bar with nuts and bolts. The time
period used for the creep test was kept constant at 6 h,
and was followed by 1 h-recovery at a temperature of 25
°C. The actual stresses applied to the specimens are
listed in Table 1. Strain was applied during the creep test
by means of a linear variable differential transducer
(LVDT), as the signals were collected using a data
acquisition unit. The LVDT was directly linked to the
clamp and the dial gauges were attached at the mid-
point of the samples to inspect the slippage between the
sample and the clamp. The load was applied using a
compressed steel weight. After the specimens had
recovered from the creep test, they were tensile-tested
for the evaluation of their residual strength and stiffness.

2.5. Creep data processing

Tensile creep data processing was performed with
Microsoft Excel running on the Work Bench PC by
means of a dynamic data exchange tool (Fig. 2). Frac-
tional deflection is usually used as a relative measure
of creep performance, which allows cross comparison of
groups with different filler levels and the addition of
coupling agent. For the investigation of the constant
load short-term creep of a given WPC, the fractional
deflection was determined by a following equation:

Fy = C/C (2)
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Table 1
The tensile strength and modulus of the WPC specimens as a function of the filler loading, with and without the coupling agent, before and after the
creep test

Wood flour (%) No CA* CA® 20% SL® 40% SL® 20% SL-CA® 40% SL-CA®
(N/mm?) (N/mm?) (N/mm?) (N/mm?) (N/mm?) (N/mm?)

Tensile strength 0 38.06 a N/A 37.80 a 37.85a N/A N/A

10 37.06 b 40.70 a 37.90 a 3795 a 40.05 a 40.60 a

20 36.88 b 44.10 b 36.55b 36.65 b 45.00 b 4495 b

30 36.18 b 48.34 ¢ 36.05b 36.40 b 49.10 ¢ 48.15 ¢

40 34.56 ¢ 51.66 d 3445 ¢ 35.00 ¢ 51.90d 52.10d
Tensile modulus 0 45.62 N/A 26.90 36.1 N/A N/A

10 40.18 44.70 27.95 35.6 40.00 36.2

20 38.66 46.76 31.30 35.55 35.55 35.75

30 35.44 46.36 32.40 33.35 37.10 41.75

40 33.96 44.73 37.65 34.95 42.60 42.1

#Each value of the tensile strength and modulus before the creep test represents the mean of five replicate experiments for the wood flour—PP
composites.

®Each value of the tensile strength and modulus after the creep test represents the mean of two replicate experiments for the wood flour—PP
composites. Those means within the same column which are followed by the same letter are not significantly different (ANOVA, Tukey’s studentized-

range test, o = 0.05).

where Fy, C;, and Cj are the fractional deflection during
the period i, the creep deflection during the period i
(mm), and the instantaneous deflection (mm).

The relationship between stress and strain was de-
fined by the one-dimensional Hooke’s law. Once the
creep strain mode was obtained as a function of time,
the nonlinear curve fitting technique was employed to
determine the creep model parameters using the four-
element burger body model described in Eq. (1). The
prediction of the strain induced during an extended
period was carried out by plugging the parameters into
Egs. (1) and (2).

2.6. Data analysis

A regression analysis was performed to establish the
correlation between the wood flour level and the cou-
pling agent. Statistical comparisons, based on three-way
ANOVA, were performed to test the effects of wood
flour level, coupling agent, and stress level, and their
interactions on the creep properties. Tukey’s studen-
tized-range test at the 5% significance level was used to
compare the differences among the mean values result-
ing from the different treatments [21].

3. Results and discussion
3.1. Short-term tensile strength

The tensile strengths of the WPC specimens were
measured by means of a universal tensile test device
(Table 1). Fig. 3 shows the relationship between the
tensile strength and the filler loading with and without
the coupling agent. The maximum tensile strength of the
WPC specimens without any coupling agent was 38.06
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Fig. 3. The relationship between tensile strength and filler loading with
and without the coupling agent (Epolene G-3003™). R? indicates the
coefficient of determination by linear regression.

N/mm?. It was found that the tensile strength decreased
with increasing filler loading (wt.%) of the composites.
The addition of 40 wt.% wood flour resulted in a de-
crease in strength of approximately 9.2%, compared
with the pure PP. A similar result was reported in a
previous study, in which the addition of 20 wt.% wood
flour to PP gave rise to a 9.5% strength reduction
compared with pure PP [19]. The tensile strength
reduction was linearly fitted by regression (R> = 0.9205)
as a function of the filler loading. This result may be
attributed to the decrease of bonding strength between
the wood flour and the PP, because most polymers,
especially thermoplastics, are non-polar (hydrophobic)
substances that are not compatible with polar (hydro-
philic) wood flour [7,10].

The maximum tensile strength of the WPC specimens
with coupling agent was 51.66 N/mm? at the 40 wt.%
wood flour level (Table 1). The addition of the coupling
agent significantly increased the tensile strength, com-
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pared with the pure PP specimens (Fig. 3). The tensile
strength increment was linear fitted by a regression
(R* = 0.9980). This result is totally different from that of
the specimens without any coupling agent. The tensile
strength at 40 wt.% filler loading was 51.7% higher than
that of the pure PP specimens, because of the increased
bonding strength between the wood flour and the PP as
compared to the intermolecular bonding of pure PP it-
self. It was reported that MAPP has also been employed
to provide compatibility between immiscible polymers
through the reduction of the interfacial tension [14].

The results of the one-way ANOVA indicated that
the differences among the treatment means were signif-
icant at the 5% significance level (Pr < 0.0001). The filler
loading had a highly significant effect on the tensile
strength of the wood flour-PP composites.

3.2. Stress—strain behavior before and after creep test

The stress—strain curves of the composites, with and
without coupling agent, at different filler loadings are
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shown in Fig. 4(a)-(d). As shown in Fig. 4(a), the WPC
specimens exhibited more brittleness as the filler loading
increased [3]. In addition, the bonding at the interface
became increasingly weak with increasing filler loading.
The tensile modulus improved with increasing filler
loading, which is in total agreement with previous
studies [4,5]. It is generally considered that poor bonding
strength results from the formation of micro-voids be-
tween the wood flour and the polymer matrix, which
interferes with the stress distribution during the tensile
test.

The stress—strain curves of the composites with cou-
pling agent at different filler loadings are shown in Fig.
4(b). When Epolene G-3003™ was added at a level of 3
wt.%, the tensile strength and modulus of the composite
improved [15]. The composite began to exhibit more
brittle fractures with the addition of the coupling agent.
The coupling agent lowers the surface energy of the wood
flour and makes it non-polar, and therefore more like the
matrix polymer. It is believed that the improved interfacial
bonding between the filler and the matrix polymer, due to
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Fig. 4. The stress—strain curves of the WPC: (a) no creep and no coupling agent; (b) no creep and coupling agent; (c) creep and no coupling agent and

(d) creep and coupling agent. WF indicates the wood flour level.
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the presence of the coupling agent, resulted in better stress
propagation and improved the tensile strength.

The stress—strain curves obtained after the creep test,
with and without the coupling agent, showed the same
tendency as that exhibited by the composites before the
creep test [Fig. 4(c) and (d)]. However, the composites
showed lower strain values after the creep test than be-
fore the creep test. From this result, it is assumed that
creep behavior lowers the resistance of the composite
against tensile stress. On the other hand, the strains of
the composites with different wood flour levels before
the creep test showed a similar strain tendency after the
creep test, regardless of whether or not the coupling
agent was present. It was found that neither the tensile
strength nor the modulus were affected by the level of
creep loading, when wood flour is added. This indicates
that the micro-voids between the filler and the matrix
polymer which developed under tensile loading recov-
ered as the loading was released.

3.3. Creep behavior of the control groups

A few representative curves for the control groups are
illustrated in Fig. 5, the summary of the creep test results
in Table 2, and the results of the statistical analyses in
Table 3. A slight variation in creep deflection was ob-
served in all of the control groups in most creep stages.
Relatively large maximum creep deflections (1.853-
2.977 mm/mm) were obtained from 6 h constant load-
ing, considering that this constitutes a relatively short
testing span (2.5 cm). The creep responses of the two
groups, loaded at the stress levels of 20% and 40%,
varied considerably both in the presence and absence of
coupling agent (Epolene G-3003™). The instantaneous
and maximum creep deflections at the 40% stress level
were significantly higher (3.5 times at 6 h loading) than
those at the 20% stress level. It was found that the creep
deflection showed a significant relationship with the
stress level under creep loading.

3.4. Effect of wood flour level

The creep curves and deflections obtained from the
WPC specimens under creep loading at the different
wood flour levels were compared with the controls, and
the results are shown in Fig. 5(a) and (b) and Table 2. It
is apparent that the effect of the wood flour was highly
significant. In general, however, the creep strain de-
creased as the wood flour level increased. This implies
that the decrease in creep strain resulting from the
addition of the wood flour is inversely related to the
increase in brittleness. The creep strain of the specimens
with 10 wt.% filler loading at the 40% stress level was
lower than that of the control group and was much
higher that of the specimens with 20 wt.% filler loading
(Table 2 and Fig. 5(a)). However, the creep strains of the
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Fig. 5. The effects of wood flour application level on creep behavior of
WPC without any coupling agent (Epolene G-3003™): (a) 40% stress
level and (b) 20% stress level.

specimens with between 20 and 40 wt.% filler loading at
the 40% stress level showed similar creep behavior.
However, the creep strains of the specimens with wood
flour contents of up to 40 wt.% at the 20% stress level
were relatively lower than those at 40% stress level [Fig.
5(b)]. After relaxation from the constant loading, the
instantaneous recovery and permanent deflection at the
40% stress level decreased as the wood flour level in-
creased [Fig 5(a)]. However, the instantaneous recovery
and permanent deflections at the 20% stress level were
almost the same, even though the wood flour levels in-
creased [Fig. 5(b)]. However, the difference in creep
deflection between the control and WPC specimens may
be amplified when the loading period is extended. From
the results, it is believed that the addition of wood flour
has a positive effect on the creep behavior. Therefore,
the addition of wood flour provides a way of increasing
the cost effectiveness of the WPC, because wood flour is
less expensive than thermoplastic materials.

3.5. Effect of coupling agent

As shown in Fig. 6(a) and (b), one peculiar difference
found between the two stress levels was the variation of
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Table 2
Creep deflection data for each WPC group
WEF? (%) CA® (%) LD® (% MOR) Instantaneous Maximum Fractional Instantaneous Permanent
deflection (mm) deflection (mm) deflection? recovery (mm)  deflection (mm)
(mm/mm)
0 0 20 0.571 1.101 1.928 0.806 0.144
10 0 0.509 0.844 1.658 0.694 0.035
20 0 0.553 0.809 1.463 0.744 0.045
30 0 0.474 0.708 1.494 0.633 0.025
40 0 0.318 0.464 1.459 0.459 0.010
10 3 20 0.364 0.712 1.956 0.616 0.030
20 3 0.376 0.696 1.851 0.596 0.030
30 3 0.333 0.566 1.699 0.512 0.020
40 3 0.300 0.468 1.560 0.431 0.010
0 0 40 0.962 2.864 2.977 1.102 0.725
10 0 0.972 1.759 1.810 1.036 0.385
20 0 0.766 1.374 1.794 0.522 0.115
30 0 0.807 1.318 1.633 1.038 0.160
40 0 0.731 1.133 1.550 0.447 0.080
10 3 40 0.910 1.686 1.853 1.244 0.260
20 3 0.700 1.272 1.817 0.963 0.180
30 3 0.569 1.006 1.768 0.811 0.115
40 3 0.520 0.833 1.602 0.633 0.085
*WF: wood flour levels (0, 10, 20, 30 and 40 wt.%).
°CA: coupling agent (3 wt.% Epolene G-3003™).
°LD: loading level (20% and 40% tensile stress).
94 Fractional deflection = C; /Co, where C; and C, are ith creep deflection and instantaneous creep deflection, respectively.
Table 3
Results of statistical analysis for creep performance of wood flour—PP composites tested (« = 0.05)
CA Factor Instantaneous Maximum Fractional Instantaneous Permanent
deflection deflection deflection recovery deflection
(Pr>F) (Pr>F) (Pr>F) (Pr>F) (Pr>F)
N/A WEF? <0.0001 <0.0001 0.0001 0.0232 0.0001
LD <0.0001 <0.0001 <0.0001 0.0844 <0.0001
WEF x LD¢ 0.0008 <0.0001 0.0025 0.1684 0.0025
3% CA¢ <0.0001 <0.0001 <0.0001 0.6067 0.4527
WF <0.0001 <0.0001 <0.0001 0.0010 0.0023
LD <0.0001 <0.0001 0.0065 0.0003 <0.0001
CAXWF 0.0010 0.1055 0.6203 0.2328 0.4577
CAXLD 0.0839 0.0179 0.0185 0.0419 0.6504
WExLD <0.0001 <0.0001 0.5975 0.0489 0.0073
CAXWFxXLD <0.0001 0.0045 0.1746 0.2175 0.3925

*WF: wood flour level (0, 10, 20, 30 and 40 wt.%).
°LD: loading level (20% and 40% tensile stress).

¢ A X B: interaction effect between A and B.

4 CA: coupling agent (3 wt.% Epolene G-3003™).

creep deflection caused by the presence of Epolene G-
3003™. With the coupling agent, the creep deflection
was approximately two times lower than that without
any coupling agent at the 40% stress level (Table 2). As a
result, it is assumed that Epolene G-3003™ improved
the creep resistance. The creep deflection significantly
decreased as the wood flour level increased. It is believed
that the coupling agent improves the compatibility be-
tween the wood flour and the thermoplastic polymer up

to a wood flour level of 40 wt.%. As shown in Fig. 6, the
creep strain with the coupling agent at the 20% stress
level was also significantly lower (1.2-1.5 times) than
that without the coupling agent (Table 2). However, the
creep strains of the specimens with and without coupling
agent at the 20% and 40% wood flour level were similar
to each other. The difference of creep strain between the
composite with and without the coupling agent de-
creased as the wood flour level increased. There may be



466 S.-Y. Lee et al. | Composite Structures 65 (2004) 459469

10.0 T T
—O— PP-10% WF (20% loading)
—A— PP-20% WF (20% loading)
—0— PP-30% WF (20% loading) (a)
—%— PP-40% WF (20% loading)
7.5 E
€
£ 5.0 i
{=
IS
Z
2.5 _
0.0 . . , , .
0 5000 10000 15000 20000 25000 30000

Time (sec)

10

—O— PP-10% WF (20% loading)
—A— PP-20% WF (20% loading) (b)
—O— PP-30% WF (20% loading)

75 —*— PP-40% WF (20% loading)

Strain (mm)

10000 15000 20000 25000 30000

Time (sec)

0 5000

Fig. 6. The effects of wood flour application level on creep behavior of
WPC with and without any coupling agent (Epolene G-3003™): (a)
without any coupling agent and (b) with Epolene G-3003™.

an interactive effect between the wood flour level, the
presence or not of the coupling agent, and the stress
level.

3.6. Effect of stress level

A significant difference in creep behavior was ob-
served between the groups loaded at stress levels of 20%
and 40%, as shown in Fig. 7(a) and (b) and Table 2. The
groups loaded at the 20% stress level exhibited a little
increase in creep deflection after 6 h loading than those
loaded at the 40% stress level, as indicated by the frac-
tional deflection. This can be seen more clearly by
examining the difference in creep deflection between the
two stress levels presented in the following manner:
1.928, 1.463, and 1.459 mm at the 20% stress level and
2.977, 1.794, and 1.550 mm at the 40% stress level with
wood flour levels of 0, 20 and 40 wt.%, respectively.

According to the three-way ANOVA (Table 3),
varying the wood flour content and stress level had a
highly significant effect on the creep behavior (especially
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Fig. 7. The effects of stress level on creep behavior of WPC: (a) without
any coupling agent and (b) coupling agent (Epolene G-3003™).

maximum deflection) of the WPC with and without any
coupling agent at the 5% significance level. The inter-
action effects between the wood flour and stress level
were also significant. On the other hand, the main effect
of Epolene G-3003™ on the creep behavior of WPC with
different wood flour contents and stress levels was also
significant. The main effects of the wood flour content
and stress level on the creep properties were highly sig-
nificant. Except for the interaction effects of the cou-
pling agent and wood flour content, all interaction
effects on the creep properties were highly significant.
The results shown in Figs. 5-7 were confirmed by this
statistical analysis using ANOVA.

3.7. Fractional deflection

The fractional deflection of the WPC specimens is
illustrated in Fig. 8 and the results of the statistical
analysis of the effect of wood flour content and stress
level on fractional deflection are summarized in Table 3.
The effects of wood flour content and stress level on the
fractional deflection were clearly observed, both with
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Fig. 8. Fractional deflection of WPC: (a) 40% stress level and (b) 20%
stress level.

and without the coupling agent. It appeared as though
the presence of the wood flour and the applied stress

Table 4

contributed to the decrease of fractional deflection for a
given set of conditions. The interaction effect between
the wood flour content and the stress level, in the ab-
sence of the coupling agent, had a significant effect on
the fractional deflection, but this effect was not signifi-
cant in the presence of Epolene G-3003™.

In both the groups with and without coupling agent,
the values of fractional deflection for the specimens
loaded at the 40% stress level were somewhat larger than
those of the specimens loaded at the 20% stress level, as
shown in Table 2. This might be because those groups
loaded at the 40% stress level had a larger instantaneous
deflection than those loaded at the 20% stress level. The
lowest fractional deflection (1.459 mm/mm) was ob-
served at the 40 wt.% wood flour level without any
coupling agent and the highest (2.977 mm/mm) was
found in the specimens with a 0% wood flour level
without any coupling agent.

3.8. Effect of creep on residual tensile properties

The effect of creep on the residual tensile strength was
not significant, as shown in Table 1. In general, the
tensile strength after the creep test was almost the same
as that before the creep test. The WPC specimens
without any coupling agent showed a reduction in ten-
sile strength in the groups loaded at the 20% and 40%
stress level. However, the stress level had no influence on
the residual tensile strength. The residual tensile modu-
lus was not affected by the creep test. As shown in Table
1, a large variation was observed after the creep test. Six
hour duration under tensile creep had no significant
effect on the load-carrying capacities of the WPC spec-
imens. It is believed that all of the deformation caused
by creep loading was recovered after relaxation.

Creep parameters of burger body model of WPC with and without the coupling agent at different wood flour levels and stress levels

Stress level Parameters Coupling agent Wood flour level (wt.%)
0 10 20 30 40
20% K. (MPa) N/A 2.710 2.408 2.523 2.199 3.339
K (MPa) N/A 0.846 0.513 0.411 0.368 0.566
e (1073 MPas) N/A 0.368 0.380 0.326 0.309 0.410
1, (1075 MPas) N/A 3.884 2.173 1.420 1.210 3.000
40% K. (MPa) N/A 8.974 5.538 3.605 3.725 1.444
K (MPa) N/A 3.015 3.172 0.902 0.787 0.269
e (1073 MPas) N/A 0.296 0.280 0.409 0.400 0.510
1, (1075 MPas) N/A 9.117 13.351 4.651 4.000 6.800
20% K. (MPa) 3% N/A 1.754 1.919 1.609 1.419
K (MPa) 3% N/A 0.559 0.552 0.471 0.294
e (1073 MPas) 3% N/A 0.547 0.402 0.531 0.661
1, (1075 MPas) 3% N/A 1.968 1.460 0.889 0.796
40% K. (MPa) 3% N/A 4.429 3.321 2.757 2.393
K (MPa) 3% N/A 1.400 1.049 0.756 0.567
n, (1073 MPas) 3% N/A 0.391 0.457 0.500 0.478
1, (1075 MPas) 3% N/A 4.424 3.439 2.449 1.898
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3.9. Modeling viscoelastic creep strain

The parameters utilized in the four-element burger
body creep model are listed in Table 4. As shown in Fig.
9(a)—(d), the model perfectly predicted the creep strain
of the WPC specimens during the entire set of creep
tests. The observed decreases of creep strain due to the
wood flour, stress level, and Epolene G-3003™ were
accurately predicted by the model. K., the equivalent
modulus of elasticity, was in the range of 1.419-8.974
MPa. Those groups with Epolene G-3003™ showed
relatively lower values of K. at the 20% and 40% stress
levels. As the wood flour content increased, K, decreased
for both the groups with and without coupling agent.
Ky, the delayed elastic constant of the spring element in
the Kelvin body, increased with increasing stress level,
but there was no significant relationship between the
wood flour level and Ky. Higher values of Ky were given
by the addition of Epolene G-3003™. The other two
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parameters were also higher in the presence of Epolene
G-3003™, but there was no significant relationship with
the wood flour level. These results are consistent with
the above discussion concerning the creep deflection.

4. Conclusion

The tensile strength of the composites decreased with
increasing filler loading, due to the resulting decrease in
bonding strength between the wood flour and the PP.
The addition of Epolene G-3003™ increased the tensile
strength, compared with pure PP, because it improved
the compatibility between the wood flour and PP, by
reducing the interfacial tension. The effect of the wood
flour content on creep was highly significant. The creep
strain decreased as the wood flour level increased, due to
the resulting increase in brittleness. With Epolene G-
3003™, the creep deflection was approximately two
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Fig. 9. Observed strain and strain predicted by the four-element burger body creep model for WPC. Without any coupling agent ((a) and (b)) and

with coupling agent ((c) and (d)).
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times lower than that without the coupling agent. Epo-
lene G-3003™ improved the compatibility between the
wood flour and the matrix polymer. Those groups loa-
ded at the 20% stress level showed a lower increase
in creep deflection than those loaded at the 40% stress
level. The effect of creep on the residual tensile strength
was not significant. The tensile strength after the creep
test was almost the same as that before the creep test.
This implies that the micro-voids between the wood
flour and the matrix polymer under tensile loading
recovered when the loading was released. The four-ele-
ment burger body creep model perfectly predicted the
creep strain of the WPC specimens for the entire set of
creep tests. The decreases in creep strain due to the
wood flour, stress level, and Epolene G-3003™ were
accurately predicted by the model.

Acknowledgements

This work was supported by grant No. (R01-2002-
000-00104-0) from the Basic Research Program of the
Korea Science & Engineering Foundation™ and H.-S.
Yang is grateful for the graduate fellowship provided by
the Ministry of Education through the Brain Korea 21
Project in 2003.

References

[1] American Society of Testing and Materials (ASTM), Tensile
properties of plastics. ASTM D638. Annual book of ASTM
standards. Philadelphia, PA: American Society for Testing and
Materials; 2000.

[2] Clemons C. Wood-plastic composites in the United States: the
interfacing of two industries. Forest Product J 2002;52(6):10-8.

[3] Hattotuwa G, Premalal B, Ismail H, Baharin A. Comparison of
the mechanical properties of rice husk powder filled polypropylene
composites with talc filled polypropylene composites. Polym Test
2002;21(7):833-9.

[4] Ismail H, Jaffri RM. Physico-mechanical properties of oil palm
wood flour filled natural rubber composites. Polym Test
1999;18(5):381-8.

[5] Ismail H, Edyhal MR, Wirjosentono B. Bamboo fibre filled
natural rubber composites: the effects of filler loading and bonding
agent. Polym Test 2002;21(2):139-44.

[6] Kishi H, Yoshika M, Yamanoi A, Shiraishi N. Composites of
wood and polypropylenes 1. Mok Gakkai 1988;34(2):133-9.

[7] Klason C, Kubat J, Stromvall HE. The efficiency of cellulosic
fillers in common thermoplastics, part I. Filling without process-
ing aids or coupling agents. Int J Polym Mater 1984;10:159-
87.

[8] Laufenberg TL, Palka LC, McNatt JD. Creep and creep-rupture
behavior of wood-based structural panels, Forintek, Canada
Corp. Vancouver, BC; 1994.

[9] Lee JN. Structural behavior of yellow-poplar LVL: the effect of
veneer-joint designs and environmental conditions. Phd. Disser-
tation, Auburn University, Auburn, AL; 1999, 354 p.

[10] Lu JZ, Wu Q, Mcnabb Jr HS. Chemical coupling in wood fiber
and polymer composites: a review of coupling agents and
treatments. Wood Fiber Sci 2000;32(1):88-104.

[11] Lu JZ, Wu Q, Negluescu II. Influence of maleation on polymer
adsorption and fixation, wood surface wettability, and interfacial
bonding strength in wood-PVC composites. Wood Fiber Sci
2002;34(3):434-59.

[12] Maldas D, Kokta BV. Improving adhesion of wood fiber with
polystyrene by the chemical treatment of fiber with a coupling
agent and the influence on the mechanical properties of compos-
ites. J Adhes Sci Technol 1988;3(7):529-39.

[13] Mason SG. The rheology of paper—a new approach to the study
of paper strength. Pulp Paper Mag Canada 1948;49(3):207-
17.

[14] Prichard G. Quick reference guide. In: Prichard G, editor. Plastics
additives: an A-Z reference. New York, NY: Chapman and Hall;
1998. p. 12.

[15] Rana AK, Mandal A, Bandyopadhyay S. Short jute fiber
reinforced polypropylene composites: effect of compatibilizer,
impact modifier and fiber loading. Compos Sci Technol
2003;63(6):801-6.

[16] Sanadi AR, Rowell RM, Young RA. Estimation of fiber-matrix
interfacial shear strengths in lignocellulosic-thermoplastic com-
posites. In: Rowell RM, Laufenberg TL, Rowell JK, editors.
Materials interactions relevant to recycling of wood-based mate-
rials, vol. 266. Pittsburgh, PA: Materials Research Society; 1992.

[17] Son J, Kim H-J, Lee PW. Role of paper sludge particle size and
extrusion temperature on performance of paper sludge-thermo-
plastic polymer composites. J Appl Polym Sci 2001;82(11):2709—
18.

[18] Son J, Yang H-S, Kim H-J. Physico-mechanical properties of
paper sludge-thermoplastic polymer composites. J Thermoplast
Compos Mater [in press].

[19] Stark N, Rowlands RE. Effects of wood fiber characteristics on
mechanical properties of wood/polypropylene composites. Wood
Fiber Sci 2003;35(2):167-74.

[20] Woodhams RT, Thomas G, Rodgers DK. Wood fiber as
reinforcing fillers for polyolefins. Polym Eng 1984;24(15):1166-71.

[21] Wozniak PJ, Geaghan JP. An introduction to SAS® system for
DOS and Window™. Department of Experimental Statistics,
Louisiana State University; 1994. 167 p.

[22] Yang H-S, Kim H-J, Son J, Lee B-J, Hwang T-S. Rice-husk flour
filled polypropylene composites: mechanical and morphological
study. Compos Struct 2004;63(3):305-12.



	Creep behavior and manufacturing parameters of wood flour filled polypropylene composites
	Introduction
	Materials and methods
	Sample preparation
	Compounding
	Short-term tensile strength
	Creep test
	Creep data processing
	Data analysis

	Results and discussion
	Short-term tensile strength
	Stress-strain behavior before and after creep test
	Creep behavior of the control groups
	Effect of wood flour level
	Effect of coupling agent
	Effect of stress level
	Fractional deflection
	Effect of creep on residual tensile properties
	Modeling viscoelastic creep strain

	Conclusion
	Acknowledgements
	References


