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ABSTRACT: In the present study, the properties of met-
allocene polyethylene–octene elastomer (POE) and wood
flour (WF) blends were examined by Fourier transform in-
frared (FTIR) spectroscopy, differential scanning calorimetry
(DSC), an Instron mechanical tester, and scanning electron
microscopy (SEM). The results showed that the mechanical
properties of POE were obviously lowered, due to the poor
compatibility between the two phases, when it was blended
with WFs. A fine dispersion and homogeneity of WF in the
polymer matrix could be obtained when acrylic acid-grafted
POE (POE-g-AA) was used to replace POE for manufacture
of the blends. This better dispersion is due to the formation

of branched and crosslinked macromolecules since the POE-
g-AA copolymer had carboxyl groups to react with the
hydroxyls. This is reflected in the mechanical and thermal
properties of the blends. In comparison with a pure
POE/WF blend, the increase in tensile strength at break was
remarkable for the POE-g-AA/WF blend. The POE-g-
AA/WF blends are more easily processed than are the
POE/WF blends, since the former had a lower melt viscosity
than that of the latter. © 2003 Wiley Periodicals, Inc. J Appl Polym
Sci 88: 1919–1924, 2003
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INTRODUCTION

In past decades, blending of plastic materials with
organic fillers, such as wood flour (WF), has received
considerable industrial and academic interest for de-
veloping new materials with desired combinations of
properties.1–10 This is due to the advantage that WF is
an abundant, inexpensive, renewable, and fully biode-
gradable natural raw material. However, WF and hy-
drophobic polymers blends have poor mechanical
properties because the hydrophilic character of WF
leads to poor adhesion to the synthetic polymer. A
compatibilizer and/or a toughener, which can be pro-
duced by introducing a reactive functional group into
the synthetic polymer, is required to enhance the com-
patibility between two immiscible polymers and to
improve the mechanical properties of blends.11–13 Pre-
vious work on polyethylene and WF (PE/WF) com-
posites showed that the styrene–butadiene–styrene
block copolymer, which is located at the interfacial
region between WF surfaces and the PE matrix, can be
used as a compatibilizer to give a positive effect on the
composite’s properties.14 In a polypropylene and cel-
lulose fiber (PP/CF) composite system, a maleated PP
was chosen as a compatibilizer to increase the com-
patibility between the CF and the PP matrix.15

Recently, a metallocene-based polyethylene octene
elastomer (POE), which was developed using a met-
allocene catalyst by Dow and Exxon, has received
much attention due to its unique uniform distribution
of comonomer content and narrow molecular weight
distribution.16 Maleic anhydride (MAH)-grafted POE
has been used as a modifier to improve the compati-
bility and mechanical properties of incompatible
blends.17–19 For example, the POE-g-MAH copolymer
was used as the toughener in a Nylon 6/POE system
and the result showed that the impact strength of
Nylon 6 was obviously enhanced.18,19 Although POE
typically exhibits faster mixing and better dispersion
than does a conventional polyolefin elastomer, such as
ethylene propylene diene rubber (EPDM), when
blending with PE, it is expensive.20 To lower the cost
and to heighten the biodegradable property, the
POE/WF blend can be used to replace the pure POE.
As described above, POE/WF blends will give poor
mechanical properties due to low adhesion and dis-
persivity between the two immiscible phases. So, the
POE must be modified to obtain a compatible blend.
In this research, we introduced a reactive functional
group into the synthetic polymer by the graft reaction
of POE and acrylic acid (AA). The purpose of this
article was to systematically investigate the structure
and properties of POE/WF and POE-g-AA/WF
blends. The main reason for using WF in the present
work is that some articles showed that higher amounts
of WF can be incorporated with LDPE.7,13,14 The
blending products were characterized using FTIR
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spectroscopy and differential scanning calorimetry
(DSC) to understand the structural change of
POE/WF blends when POE-g-AA was used to replace
POE as the plastic material. Moreover, a scanning
electron microscope (SEM) and an Instron mechanical
tester were used to examine the morphology and me-
chanical properties of blends.

EXPERIMENTAL

Materials

POE with 18% octene (Engage 8003) was supplied by
the Dow Chemical Corp (Wilmington, DE). Acrylic
acid (AA), a commercial product of Aldrich (Milwau-
kee, WI), was purified by recrystallization from chlo-
roform before use. The initiator used in this study was
benzoyl peroxide (BPO, Aldrich), which was purified
by dissolving it in chloroform and reprecipitating with
methanol. The WFs, supplied by Zell Wildshausen
GMBH (Steinheim, Germany), were Celluflex. The
grain size distributions of the WFs are 100% finer than
250 �m, 87% finer than 100 �m, and 37% finer than 50
�m. The moisture content and apparent density of the
WFs were 8 � 2% and 0.10–0.12 g/cm3, respectively.
The POE-g-AA copolymer was made in our laboratory
and its graft percentage was about 5.65%.

Samples preparation

POE-g-AA copolymer

The grafting of AA onto molten POE was performed
using xylene as an interface agent and BPO as an
initiator under a nitrogen atmosphere at 85 � 2°C. The
reaction lasted for 6 h with a rotor speed of 60 rpm.
The grafting product (4 g) was dissolved in 200 mL
refluxing xylene at 85°C and then the solution was
extracted five times using 600 mL cold acetone for
each extraction operation. The acetone-insoluble poly-
mer, which was dried at 80°C overnight, was used to
measure the grafting percentage by a titration method.21

The result showed that the grafting percentage of the
graft reaction product was about 5.65 wt % when BPO
and AA loadings were kept at 0.3 and 10 wt %, re-
spectively.

Blends preparation

Blends were prepared by a Brabender “Platograph”
200-Nm mixer W50EHT instrument with blade-type
rotor for 15 min and the rotor speed and blending
temperature were kept at 50 rpm and 160–170°C, re-
spectively. The WF was cleaned with acetone and then
dried in an oven at 105°C for 24 h prior to blending.
The mass ratios of WF to POE or to POE-g-AA were
chosen as 10/90, 20/80, 30/70, 40/60, and 50/50. To
eliminate the effect of unreacted AA on POE-g-

AA/WF blends, it was removed from the grafting
product by acetone extraction before preparation of
the POE-g-AA/WF blends. After blending, the blends
were pressed into thin plates by a hot presser and then
put into a dryer for cooling. Next, the thin plates were
made into standard specimens for characterizations.

Characterizations of blends

FTIR/DSC analysis

Infrared spectra were obtained from a Bio-Rad FTS-
7PC-type FTIR spectrophotometer using thin films.
The melting temperature (Tm) and the fusion of heat
(�Hf) were determined from a TA Instrument 2010
DSC system. For DSC tests, sample sizes ranged from
4 to 6 mg and the melting curves were taken at a
temperature range of �30 to 120°C and scanned at a
rate of 10°C/min.

Mechanical testing

According to the ASTM D638 method, an Instron me-
chanical tester (Model LLOYD, LR5K type) was used
to measure the tensile strength and the elongation at
break. The testing films, which were conditioned at 50
� 5% relative humidity for 24 h prior to the measure-
ments, were prepared in a hydrolytic press at 140°C
and then the measurements were done using a 20-
mm/min crosshead speed. Five measurements were
conducted for each sample and the results were aver-
aged to obtain a mean value.

Blend morphology

A scanning electron microscope (Hitachi microscope
Model S-1400) was used to study the morphology of
the blends. Before the tests, the blend was prepared in
a thin film by a hydrolytic press and then the film was
treated with hot water in 80°C for 24 h. Afterward, the
films were coated with gold and observed by SEM.

RESULTS AND DISCUSSION

Infrared spectroscopy

Figure 1(A–D) shows FTIR spectra of POE, POE-g-AA,
POE/WF (30 wt %), and POE-g-AA/WF (30 wt %),
respectively. From the results of Figure 1, it can be
seen that all the characteristic peaks of POE at 2840–
2928, 1465, and 720 cm�1 appear in four polymers.22

From a comparison of Figure 1(A) and (B), it is seen
that there are two extra peaks (at 1710 and 1247 cm�1),
which are the characteristic peaks of —CAO and
—C—O, and an extra broad O—H stretching absor-
bance at 3000–3600 cm�1 for the modified POE. A
similar result can be found in the proposed article.23

So, one can confirm that AA was really grafted onto
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POE since the discernible peak near 1710 cm�1 based
on free acid appears in the spectrum of POE-g-AA.
From the result of Figure 1(C), compared to pure POE,
it can be found that there are extra peaks assigned to
the —C—O bond stretching vibration at 1247–1100
cm�1 in the FTIR spectrum of the POE/WF (30 wt %)
blend.11,22,24 The FTIR spectrum of the POE/WF (30
wt %) blend also showed an extra broad O—H bond
stretching at 30003–600 cm�1 and an extra O—H bond
bending at 1641 cm�1. A similar result can be found in
some proposed articles.14,22,25 Compared to pure POE,
the new absorption peak about 1735 cm�1 that ap-
peared in the FTIR spectrum of the POE/WF blend is
assigned to the characteristic peak of WF.14,15 In a
comparison between the FTIR spectra of POE/WF (30
wt %) and POE-g-AA/WF (30 wt %) blends [Fig.
1(C,D)], it is seen that the peak at 1735 cm�1 shifted to
1746 cm�1 and the peak at 1641 cm�1 nearly disap-
peared when POE-g-AA was used to replace POE.
This phenomenon may be due probably to the forma-
tion of an ester carbonyl functional group from the reaction between the —OH group of WF and the—

COOH group of POE-g-AA. This result is similar to
that of Oksman et al.,14 in which LDPE/WF blends
were studied and the FTIR spectrum of ester carbonyl
showed its functional group that appeared at 1746
cm�1. As the result of Figure 1(D), one can infer that
branched and crosslinked macromolecules may be
produced because the POE-g-AA copolymer has car-
boxyl groups to react with the hydroxyls.

Torque measurements

The curves of torque versus mixing time for POE/WF
and POE-g-AA/WF blends with different amounts of
WF are presented in Figure 2. It was observed that the
torque value of each blend decreased with an increas-
ing WF content and mixing time, and it approached a
stable value when the mixing time was greater than 12
min. One can suggest that good mixing has occurred
with a mixing time of 15 min. The reason that the final
torque decreased with an increasing WF content is due
to the lower viscosity of the WF melt as compared to
POE and to POE-g-AA. This caused a decrease in the
melt viscosity of the blend as the WF concentration
was increased. By comparing the torque responses of
POE-g-AA/WF and POE/WF blends having the same
WF content (30 and 50 wt %), we can observe that the
melt torque values of the former are significantly
lower than are those of the latter. This improved rheo-
logical behavior is due to the formation of an ester
carbonyl functional group (as discussed under FTIR
and DSC Analysis), as this functional group leads to
conformation changes in the WF molecule.26 In a pre-
vious study,27 it was shown that the melt viscosity of
esterified starches decreased with an increasing mo-
lecular weight of the ester group.

Figure 1 FTIR spectra of (A) POE, (B) POE-g-AA, (C)
POE/WF (30 wt %), and (D) POE-g-AA/WF (30 wt %).

Figure 2 Torque diagrams versus mixing for POE/WF and
POE-g-AA/WF blends.
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DSC test

DSC was used to study the thermal properties of the
blends. The variations of the fusion of heat (�Hf) and
melt temperature (Tm) with the WF contents for the
POE/WF and POE-g-AA/WF blends were deter-
mined from the DSC heating thermograms (not shown
here) and the results are given in Figures 3 and 4. In
Figure 3, it can be seen that a decrease in the melt
temperature was observed with an increasing WF con-
tent for both the POE/WF and the POE-g-AA/WF
blends. This result is due to the reason, as discussed in
the torque study, that WF could lower the melt vis-
cosity of POE and the POE-g-AA copolymers. This
decrease is almost linear for WF contents up to 30 wt
%. With the same WF content, it can be seen from
Figure 3 that the POE/WF blends show a higher melt
temperature compared to that of the POE-g-AA/WF
blends. This observation is in accordance with the
corresponding torque measurements, which showed
that the POE-g-AA/WF blends have a lower melt
torque than that of the POE/WF blends for the same
WF content (Fig. 2). These two observations (lower
values of melt temperature and torque) for POE-g-
AA/WF blends agree with the fact that they also
present a lower melt viscosity compared to POE/WF
blends. The low melt viscosity of POE-g-AA/WF
blends makes them more easily processible than are
the POE/WF blends.

Figure 4 shows that the values of the fusion of heat
(�Hf) of pure POE and POE-g-AA are 50.9 and 36.0
J/g, respectively. The lower fusion of heat for POE-g-
AA, compared to pure POE, was probably due to the
grafted branches that disrupted the regularity of the
chain structures in POE and increased the spacing
between the chains.28 It can be seen from the dotted
line of Figure 4 that the corresponding �Hf values of
the POE/WF blends having WF contents of 10, 20, 30,
40, and 50 wt % are 31.2, 26.8, 19.8, 17.9, and 15.6 J/g,

respectively. For the POE-g-AA/WF blends with 10,
20, 30, 40, and 50 wt % WFs, the corresponding values
of �Hf are 35.2, 32.0, 27.6, 24.8, and 23.8 J/g (the solid
line of Fig. 4). It is clear that the �Hf values of
POE/WF and POE-g-AA/WF, which indicate percent
crystallinity of the blends, both decreased as the extent
of WF was increased. These phenomena are similar to
the result of Aburto et al.,26 who studied the proper-
ties of octanoated starch and its blends with PE. The
marked decrease in crystallinity for POE/WF blends
was probably caused by increase in the difficulty of
polymer chain arrangements, as the WF prohibited the
movements of the polymer segments, and was also
due to the steric effect because the hydrophilic char-
acter of WF leads to poor adhesion with hydrophobic
POE.26,29 In comparison between the results of
POE/WF and POE-g-AA/WF, it was found that the
latter gave higher �Hf values than those of the former
and the increment was about 5–9 J/g. The increase of
�Hf is due to the generation of the ester carbonyl
functional group from the reaction between the —OH
group of WF and the—COOH group of POE-g-AA.

Blend morphology

It is necessary to study the morphology of polymer
blends since the mechanical properties depend on it.
In general, good dispersion of WF in the matrix, effec-
tive wetting of WF by the matrix, and strong interfa-
cial adhesion between two phases are required to
obtain a composite material with satisfactory mechan-
ical properties. Scanning electron microscopy (SEM)
was used to study the tensile fracture surfaces of
composite samples based on POE/WF (30 wt %) and
POE-g-AA/WF (30 wt %) blends and the SEM micro-
photographs of the fracture surfaces are shown in
Figure 5. In the blends studied in this article, the major
component (POE or POE-g-AA) forms the matrix,

Figure 4 Fusion heat versus WF content for POE/WF and
POE-g-AA/WF blends.

Figure 3 Melt temperature versus WF content for POE/WF
and POE-g-AA/WF blends.
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whereas the minor component (WF) is the dispersed
phase. An SEM microphotograph of the POE/WF (30
wt %) blend [Fig. 5(A)] shows that it tends to agglom-
erate into bundles and becomes unevenly distributed
throughout the matrix. The bad dispersion of WF in
the POE matrix is due to the formation of hydrogen
bonds and the wide difference in character between
POE and the WFs. The markers in Figure 5(A) also
show the poor wetting of WF when POE/WF was
used. The reason for this is the large difference in the
surface energy between WF and the POE matrix.15 For
the POE-g-AA/WF (30 wt %) blend, as shown in Fig-
ure 5(B), there is a better dispersion and homogeneity
of the WF in the POE-g-AA matrix. It can also be seen
from Figure 5(B) that better wetting is obtained since
layers of the matrix material have been pulled out
together with the WF, covering the entire WF. The
reason for this result is that the properties of the WF
surfaces and the POE-g-AA matrix become more sim-
ilar because the POE-g-AA/WF blend can produce
branched and crosslinked macromolecules and pre-
vent hydrogen bonds from being formed.

Mechanical properties

Figures 6 and 7 show the variations of tensile strength
and elongation at break with the WF content for the
POE/WF and POE-g-AA/WF blends. It can be seen
that the tensile strength and elongation of pure POE
were both decreased when it was grafted with AA. For
POE/WF blends, as shown by the dotted line of Fig-
ure 6, the tensile strength at break decreased markedly
and continuously as the WF content was increased.
This behavior can be explained from the result of the
SEM micrograph of the POE/WF blend [Fig. 5(A)],
because the dispersion of WF in the POE matrix is
poor. As the result, it is certain that the effect of the
incompatibility between the two polymers on the me-
chanical properties is great. For POE-g-AA/WF
blends (the solid line of Fig. 6), a quite different be-
havior of tensile strength at break was obtained,
namely, the tensile strength of the POE-g-AA/WF
blends increased obviously with increasing of the WF
content, although POE-g-AA had a lower value of the

Figure 5 SEM micrographs of POE/WF (30 wt %) and
POE-g-AA/WF (30 wt %) blends.

Figure 6 Tensile strength at break versus WF content for
POE/WF and POE-g-AA/WF blends.

Figure 7 Elongation at break versus WF content for
POE/WF and POE-g-AA/WF blends.
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tensile strength than that of the pure POE. It can be
seen that the tensile strength of the POE-g-AA/WF
blends increased obviously with increasing of the WF
content, although POE-g-AA has a lower value of
tensile strength than that of the pure POE. It was also
found that the POE-g-AA/WF blends not only gave
larger values of tensile strength than those of the
POE/WF blends but also provided stable values of the
tensile strength while the WF content is beyond 30 wt
%. A contribution to this behavior may be better dis-
persion, coming from the formation of branched or
crosslinked macromolecules, of WF in the POE-g-AA
matrix.

Figure 7 gives the variation of the elongation at
break with the WF content for the POE/WF and POE-
g-AA/WF blends and showed that the former exhib-
ited lower values in the elongation at break compared
to the latter. The decrease in elongation for the
POE/WF blend was marked, since the addition of WF
made the blend tend to agglomerate into bundles and
gave poor compatibility between the two phases. In
the POE-g-AA/WF blends, as shown by the solid line
of Figure 7, the elongation at break also decreased
with an increasing content of WF, but they had larger
values of elongation than those of the POE/WF
blends. However, the elongation at break still remains
lower compared to that of pure POE. The result of the
mechanical properties in our work is similar to that of
Bikiaris.30 As the result of Figures 6 and 7, one can
conclude that the POE-g-AA/WF blends can improve
the tensile strength and elongation of the POE/WF
blends, but the increment of elongation is smaller than
that of the tensile strength.

CONCLUSIONS

To improve the compatibility and mechanical proper-
ties of POE/starch blends, a POE-g-AA copolymer
produced in our laboratory was taken to replace the
pure POE for preparation of the blends. We investi-
gated systematically the properties of POE/WF and
POE-g-AA/WF blends. According to the FTIR results,
due to the generation of an ester carbonyl functional
group from the reaction between the —OH group of
WF and the—COOH group of the POE-g-AA copoly-
mer, the crystalline structure of the POE/WF blend
was changed when POE-g-AA was used in the blend-
ing system. The DSC tests showed that melt temper-
atures of POE/WF and POW-g-AA/WF both de-
creased as the content of WF was increased. It was also

found that the POE-g-AA/WF blends have an easy
processing property due to the low values of the melt
temperature and torque compared to the POE/WF
blends. The morphology of the POE-g-AA/WF blends
confirmed a good adhesion between the WF and the
POE-g-AA matrix. As the result of the mechanical test,
compared the to POE/WF blends, the POE-g-AA/WF
blends can enhance the mechanical properties of the
blends, especially the tensile strength. Finally, we can
conclude that the POE-g-AA copolymer produced in
our laboratory can be used to lower the cost and to
improve the properties of POE/WF blends.

References

1. Chtourou, H.; Riedl, B.; Ait-Kadi, J. Reinforc Plast Compos 1992,
11, 372.

2. Sain, M. M.; Balatineez, J.; Law, S. J Appl Polym Sci 2000, 77, 260.
3. Park, B.-D.; Balatineez, J. J. Polym Compos 1997, 18, 79.
4. Zadorecki, P.; Michell, A. J. Polym Compos 1989, 10, 69.
5. Jakab, E.; Varhegyi, G.; Faix, O. J Anal Appl Pyrol 2000, 56, 273.
6. Marcovih, N. E., Reboredo, M. M.; Aranguren, M. I. J Appl

Polym Sci 1998, 68, 2069.
7. Ichazo, M. N.; Albano, C.; Gonzalez, J.; Perea, R.; Candal, M. V.

Compos Struct 2001, 54, 207.
8. Bataille, P.; Ricard, L.; Sapieha, S. Polym Compos 1989, 10, 103.
9. Balasuriya, P. W.; Ye, L.; Mai, Y.-W. Composites A 2001, 32, 619.

10. Coutinho, F. M. B.; Costa, T. H. S.; Carvalho, L. J Appl Polym Sci
1997, 65, 1227.

11. Hill, C. A. S.; Cetin, N. S. Int J Adhes Adhes 2000, 20, 71.
12. Oksman, K.; Clemons, C. J Appl Polym Sci 1998, 67, 1503.
13. Oksman, K.; Lindberg, H. J Appl Polym Sci 1998, 68, 1845.
14. Oksman, K.; Lindberg, H.; Holmgren, A. J Appl Polym Sci 1998,

69, 201.
15. Felix, J. M.; Gatenholm, P. J Appl Sci 1991, 42, 609.
16. Hwang, Y. C.; Chum, S.; Sehanobish, K. ANTEC 1994, 94, 3414.
17. Yu, H. Z.; Ou, Y. C.; Hu, G. H. J Appl Polym Sci 1998, 69, 1711.
18. Yu, Z. Z.; Ke, Y. C.; Hu, G. H. J Appl Polym Sci 2000, 76, 1285.
19. Yu, Z. Z.; Ou, Y. C.; Qi, Z. N.; Hu, G. H. J Polym Sci Part B Phys

1998, 36, 1987.
20. Utpal, R. V.; Mrinal, B.; Zhangand, D.; Narayan, R. J Appl

Polym Sci 1995, 57, 539.
21. Gaylord, N. G.; Mehta, R.; Kumar, V.; Tazi, M. J Appl Polym Sci

1989, 38, 359.
22. Chandra, R.; Rustgi, R. Polym Degrad Stab 1997, 56, 185.
23. Fumihiko, M.; Shun, M.; Takshi, I. Polym J 1999, 31, 435.
24. Goheen, S. M.; Wool, R. P. J Appl Polym Sci 1991, 42, 2691.
25. Bikiaris, D.; Prinos, J.; Panayiotou, C. Polym Degrad Stab 1997,

56, 1.
26. Aburto, J.; Thiebaud, S.; Alric, I.; Bikiaris, D.; Prinos, J.; Panay-

ioyou, C. Carbohydr Polym 1997, 34, 101.
27. Sagar, A. D.; Merril, E. W. J Appl Polym Sci 1995, 58, 1647.
28. Ko, T. M.; Ning, P. Polym Eng Sci 2000, 40, 1589.
29. Prinos, J.; Bikiaris, D.; Theologidis, S.; Panayioyou, C. Polym

Eng Sci 1998, 38, 954.
30. Bikiaris, D.; Prinos, J.; Koutsopoulos, K.; Vouroutzis, N.; Pav-

lidou, E.; Frangis, N.; Panayiotou, C. Polym Degrad Stab 1998,
59, 287.

1924 LIAO AND WU


