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ABSTRACT: The manufacture of wood plastic composites (WPCs) by reutilizing post-consumed polymeric materials and post-industry
wood wastes contributes to reduce the environmental impact and the consumption of virgin plastics. In this work, the influence of
interfacial adhesion on the solid and molten states of high density polyethylene (HDPE) containing WPCs wood dust of recycled
Pinus taeda (PT) was evaluated. The composites were prepared by extrusion in a twin screw extruder using maleic anhydride as com-
patibilizer. The samples were analyzed by dynamic-mechanical analysis (DMA), tensile and impact strength measurements, oscillatory
rheometry, differential scanning calorimetry (DSC) and scanning electron microscopy (SEM). DMA analysis showed increase in mod-
ule and an improved interface with physical interaction between the WPCs phases. The higher molecular interactivity interface
improved the mechanical properties relative to pure HDPE. Melting state analysis showed increased WPCs flow restriction, this fea-
ture being correlated with reduction in the molecular degree of freedom during flow, which consequently reduces the crystalline
degree changes in microstructure as well as in processing parameters of the material. These results lead to consider the development
of an eco-friendly and economic effective technology to reuse abundant recycled solid wastes in a new market. © 2015 Wiley Periodicals,
Inc. J. Appl. Polym. Sci. 2016, 133, 42887.
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INTRODUCTION (flexural and impact) properties.7 In general, the addition of 1-3
wt %, based on the total weight of composites of maleic anhy-
dride is able to improve the mechanical properties.® Studies have
shown that the addition of up to 50% eucalyptus powder into
low density polyethylene (LDPE) compatibilized with maleic
anhydride was able to improve the mechanical strength of the
composite.” The WPCs final properties are important to impart
reliability in the use of artifacts with recycled materials even if

the ecological appeal is currently interesting. In order to improve

The development of ecological appeal wood plastic composites
(WPCs) has been evaluated to replace traditional materials
applied, e.g., in concrete manufacturing, replacement of wooden
furniture, automotive industry and civil construction.”* The
preparation of WPCs is important since thermoplastics are a
major component of municipal solid waste. Among the polymers
useful for the manufacture of these composites, polypropylene

(PP), higher density polyethylene (HDPE) and polyvinyl chloride
(PVC) are the most commonly investigated.>® When wood flour
is used as filler, the influence of its constituents and the wood
species must be considered as regards mechanical properties, as
well as thermal and photochemical (color and chemical modifi-
cations) degradation of the resulting composites.”® When using
nonpolar polymers (hydrophobic character) and polar compo-
nents (of hydrophilic character), the interaction interface can be
improved by the use of compatibilizing agents.”> Maleic anhydride
is able to promote such interaction at low percent of incorpora-
tion (2% by weight) while improving the composite mechanical

© 2015 Wiley Periodicals, Inc.
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the balance of properties, adhesion control is a question
addressed in several studies”'” since high percentages of filler can
also change the processing conditions of the material. In this
work the influence of the interfacial adhesion on the solid and
molten states and on the physical properties of wood-plastic
composites based on high density polyethylene (HDPE) and
wood dust of recycled Pinus taeda (PT) was evaluated.

MATERIALS

For blow extrusion, HDPE (ES-6004) homopolymer supplied by
Braskem (SP/Brazil) with melting flow index of 0.35 g/10 min
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Figure 1. DMA curves illustrating the modulus values obtained for HDPE
and the PT-containing composites.

(measured at 190°C with load of 16 kg), was used. (Polyethyl-
ene-co-maleic anhydride (MA) (Polybond 3029) (T, = 130°C,
density = 0.95 g/cm’ and MA content of ~1.5-1.7%) supplied
by Chemtura Industry was used as compatibilizing agent and
PTwood was supplied by a branch company of building materi-
als of Caxias do Sul-Brazil.

METHODS

Sample Preparation

The PT wood was ground in a two-knife mill, at first using a
Primotécnica, model 1001 mill, and afterwards using a Marconi,
model MA580 mill to obtain smaller particles. The granulomet-
ric distribution was classified using a particle size classifier (Pro-
dutest) of 35, 48, 65, 100, and 150 mesh sieves. Based on the
literature, the particle size was between 65 and 100 mesh.'' The
PT powder was dried in an oven with air circulation at 80°C for
24 h. Samples were prepared by the melt mixing process in a
corotating interpenetrating twin-screw extruder (MH-COR-20-
32-LAB, MH Equipamentos; D =20 mm, L/D = 32). Eight heat-
ing zones and temperature profiles of 145, 170, 180, 180, 178,
165, 180, and 185°C, respectively, and a speed rotation of
200 rpm were used with the aid of a vacuum degassing (zone
5%). Between 14 and 33% by weight of PT wood flour and 2%
by weight of MA was added.

Characterization

The viscoelastic properties were determined with a TA Instru-
ments Dynamic Mechanical Analyzer (DMA) Q800. Tests were
performed at the frequency of 1Hz and heated from —130 to
100°C using a heating rate of 3°C/min, the analysis being car-
ried out at single cantilever mode and strain amplitude of 1%.

The samples were analyzed in an Anton Paar oscillatory rheom-
eter (Physica MCR 101), with parallel plates of 25 mm diameter
and spacing between the plates of 1 mm, test temperature of
190°C, in the range of 0.1 and 100 Hz, test stress maximum of
200 Pa and nitrogen flow of 1 m’/h.
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Tensile strength tests were performed according to ASTM D
638:10 Method at 10 mm/min using a universal testing machine
EMIC DL 2000. IZOD impact test with notch, pendulum of 1J
and speed of 3.5 m/s using CEAST (Resil 25) was performed in
agreement with the ASTM D 256:10 Method.

DSC (DSC50 — Shimadzu) analysis was performed under N,
atmosphere (50 ml/min) using approximately 10mg of each
sample. The samples were initially heated from ambient temper-
ature (~25°C) to 200°C and then cooled to —40°C and heated
again to 200°C, both steps being performed at a heating rate of
10°C/min.

SEM analysis was carried out using a Superscan S-550 appara-
tus, with a secondary electron detector and acceleration voltage
of 15.0 kW. The samples were previously metalized with gold.

RESULTS AND DISCUSSION

Figure 1 shows the storage (E') and loss (E’) moduli for HDPE
and the composites studied. Two ranges of transition can be
seen through the temperature monitored. Thus, near —110°C
the f transition (Tj) was observed for the samples. This transi-
tion is characteristic of branched materials however, its presence
in the case of HDPE may be correlated with material fractions
on the crystalline interface that are partially ordered, i.e., the
presence of Ty is evident when interfaces between crystals are
composed of up to 10% of the microstructure.'> Comparatively,
there was no significant evidence of variations in Ty for the
composites, this being probably due to its narrow range of mea-
surement as compared to the more large transitions observed
for the o transition (T,).

T, was observed between 0 and 100°C, being correlated with the
crystalline degree'” and being also dependent on the average
crystal thickness.'>'* It is also described as a transition arising
from short-range rotational motions in molecular structures
and its amplitude of variation is considered lower than the glass
transition.'® In the vitreous plateau (=~—75-0°C) and in T, val-
ues observed in Figure 2, through the tan ¢ curves, the
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Figure 2. Tan d curves obtained by the E'/E relationship for HDPE and
the composites studied.
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Figure 3. Mechanical properties, where: axes (a) and (b) are the tensile
strength and elastic modulus, respectively obtained by tensile strength tests
and axis (c) is the impact strength analysis.

composites showed increased modulus proportional to the PT
addition, as compared to HDPE. The increment in modulus in
the vitreous plateau suggests a reinforcement effect by the filler
probably due to the increased thermal energy of the molecular
movements between the amorphous and crystalline regions.'®
On the vitreous plateau there are no crystal motions and the
reinforcement effect is probably due to the ability of the filler to
hinder the degree of freedom on crystal interfaces at ranges of
motion before the onset of the T,

The T, values for the composites not were changed; however,
there was a reduction in the Tg height intensity for the
HDPE;z3p composite. This change in T suggests that the higher
amount of PT wood flour was capable to promote deeper
molecular interactivity between crystals and hinder the energy
dissipation on their interface. Figure 3 illustrates the mechanical
response of the addition of PTwood flour into HDPE.

The tensile strength (o) [axis (a)] was increased only for the 33
wt % PT sample, however the elastic modulus (E) [axis (b)]
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Figure 4. Analysis of oscillatory rheometry, where: (a) is the storage mod-
ulus (G') and (b) the crossover point between G and the loss modulus
(G") illustrated for HDPE.
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Figure 5. Complex viscosity (7*) obtained from oscillatory rheometry
analysis.

increased progressively for 14 and 33 wt % PT. The higher E for
the HDPE;5pr sample supports the more interactive action on
T Moreover, the addition of 14 wt % PT showed a 54%
increase in impact strength [axis (c)] correlated only with the
increase in ¢ since for this sample the E values were not
changed. For the 33 wt % PT the impact strength probably did
not change since the reinforcement restricts the dissipation of
energy making the rigid structure unable to support mechanical
stress by excess filler.

The upper limit of addition of this wood suggests a setback in
this property, considering the average particle diameter used.
Nevertheless, from the viewpoint of compatibility the interac-
tion effectiveness is noted by the increase in E. Literature results
show that the incorporation of 30 wt % of wood fiber generates
increment in the HDPE mechanical properties;'” however, in
other researches the incorporation of up to 40 wt %'® and 50
wt %'? of wood powder, e.g., into a PP matrix, promoted
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Figure 6. Damping factor curves obtained by oscillatory rheometry for
HDPE and the PT -containing composites.
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Figure 7. DSC thermograms obtained for neat HDPE and the PT-contain-
ing composites.

increment in E values and increase in the ¢ and impact
strength, respectively. Moreover, also the addition of 40 wt %
of, e.g., viscose fiber into HDPE showed increment in ¢ and E
values.?® In most cases, the improvement in mechanical proper-
ties can be attributed to factors such as aspect ratio of the fiber,
average particle size, compatibilizing agent, method of mixture
and other factors. Figure 4(a) shows the storage modulus (G')
as a function of the angular frequency () in the melting state
and Figure 4(b) shows the storage modulus G' and the loss
modulus (G”) to illustrate the HDPE crossover point.

From the higher w, the G tends to increase since there are
lower intervals of molecular relaxation. The short molecular
motion tends to present a solid elastic behavior.?! For the
HDPE  pr composite at lower w values, ~0.1 — 1s71, G value
was lower than that of neat HDPE. The decrease in G' may be
due to the fact that the addition of PT wood flour favors chains
motion during the moving of the molten material. At higher o,
the G values are close to those of HDPE. At lower o the
HDPE;;3pp sample showed G values intermediary to those of
HDPE and HDPE,,pr and, with the increase in frequency
(w>1 s") tended to higher values than those observed for
neat HDPE. As illustrated in Figure 4(b) from the representa-
tion of the crossover point between G' and G, the estimated
values were 24 X 10° Pa, 28 X 10° Pa and 46 X 10’ Pa for neat
HDPE, HDPE ,pr and HDPE;5py, respectively. The @ values in
the crossover point were 6 s ' for HDPE and 12 s ' for
HDPE, ;pr and HDPE;;pt. The crossover is the point where the
molecular disentanglement and the chains are free to slide over
each other. The higher value at the crossover point, mainly for
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the HDPEs;pr sample, suggests that the PT-containing sample
was able to hinder the flow generating spatial resistance during
the sliding of chains. This restriction behavior reflects on the
complex viscosity (1*) as illustrated in Figure 5. The complex
viscosity (17*) behavior of the HDPE, pr sample was close to
that of neat HDPE and showed lower viscosity at low , which
corroborates the G arguments. At higher @ then* value was
also close to that of HDPE. For the HDPE;3pr sample, from the
crossover point increased 1* was observed, as compared to the
other samples, and this increase corroborates the restrictive
effect during the HDPE flow.

Figure 6 shows the damping factor curves obtained by the ratio
between moduli in oscillatory rheometry data (G’/G'). These
curves are able to evaluate the interfacial behavior between the
composite components under the viewpoint of molecular inter-
action. The damping factor lower values are associated with the
lower interactive interface of the components.””> When the vis-
cous and elastic portions are in equilibrium during flow, G'/G
~ 1 (correlated with the crossover point); however, when the
viscous component (dissipative factor) is higher, G'/G <1
whereas when it is the elastic component which is higher, G’/
G > 1 and energy conservation predominates.>

At low » the damping factor of both composites was higher
than that of neat HDPE suggesting that for larger molecular
relaxation times, PT addition causes restrictions to molecular
degrees of freedom, hindering the flow behavior. This restriction
to flow decreases with the increase in @ leading to values close
to those of neat HDPE and this occurs because higher o does
not favor the PT interaction along the diffusion of chains in the
flow. The DSC thermograms are illustrated in Figure 7 and the
parameters obtained by the first and second heating are shown
in Table I. The melting point temperature (7T,,) observed in the
thermograms and Table I for the second heating remained con-
stant for all samples (=135°C). For neat HDPE, the typical T,,
value is 130°C."° The percentage of crystallinity was estimated
using as heat of fusion 295.8 J/g.**

For the first heating the T,, values were all ~ 132°C. The differ-
ence in T,, values between the first and second heating while
not being significant, may be related to the presence of struc-
tural stresses associated with crystallization kinetics during
processing. The perturbation in crystallization kinetics could be
seen through the melting enthalpy values (AH,,) and crystallin-
ity degree (X.) which were lower for the first heating than for
the second one. For both heating steps, PT addition decreased
the HDPE AH,, and X, values according to the amount of filler.
This decrease is probably due to a trans-crystallization mecha-
nism where the nucleation point occurs on the surface of the

Table I. DSC Parameters Obtained from Thermograms of First and Second Heating for Neat HDPE and the WPCs

First heating

Second heating

Amostra AHm J/g) Tm (°C) Xe (%) AH, (J/g) Tm (°C) Xc (%)
HDPE 183 133 62 197 136 67
HDPE1 4pT 166 132 57 180 135 61
HDPE3zpt 117 133 40 129 135 44
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Figure 8. MEV Images comparing the individual particles of PT (right images) and the fractured surface of the composite containing 33 wt % of PT

into the HDPE matrix (left images).

particles affecting the kinetics of crystallization and favors the
smaller, heterogeneous crystal formation.”

The reduction in the heat absorbed by the melting crystals sug-
gests that the loss of crystals structural integrity is probably
favored by the filler on the crystals interfaces. This evidence is
supported mainly for the HDPE;3pr composite that showed the
reduced T intensity observed in Figure 2 and the decrease in G
at low o (Figure 1). Wood as filler can result in variations in
melting and slower crystallization rate according to its content,
as well as the geometry and compatibility of the filler.*® More-
over, the easier melting does not necessarily mean that the com-
posites are more mechanically fragile or susceptible to lose the
macroscopic properties, as seen by the mechanical properties
(Figure 3). The decrease in size of the crystalline domains and
the adhesion between PT and HDPE through the compatibilizing
agent may contribute to the more favorable energy dissipation
mechanism due to the higher concentration of dispersive regions
in the microstructure. The interface improvement between PT
and HDPE can be seen by the increased E values (Figure 3) and
the higher damping factor (Figure 6). Figure 8 shows MEV
images of the HDPE;;pr composite (obtained on the fractured
surface during impact resistance analysis) and the PT particles.

The PT surface is composed of irregularities, which generate a
roughened surface along all particles. This roughness is impor-
tant because it enables the melting polymer to use the particle
surface as anchoring point, favoring adhesion during the crys-
tallization process. As can be observed in the HDPEs;pr com-
posite images, the PT particles did not have the same roughness
as the individual particles. This difference may be associated to
the fact that the HDPE particles are adhered on the PT surface,
the adhesion being favored by the surface roughness of the
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particle. However, this surface irregularity generates perturba-
tions in the homogeneity of the crystals decreasing the enthalpy
and the HDPE crystalline degree.

CONCLUSIONS

Recycled PT wood dust was used to manufacture wood-plastic
composites with high density polyethylene (HDPE) by mixing
the components in a twin screw extruder using maleic anhy-
dride as compatibilizing agent. DMA analysis demonstrated that
the preferential PT interaction occurs on the interface between
the crystalline and amorphous phases and hinder the move-
ments correlated with the HDPE interlamellar amorphous frac-
tions. The increased storage modulus and the reduction in the
tan 0 value suggested that the PT acts as reinforcement and pro-
motes higher molecular cooperation on the microstructure. The
higher molecular interactivity favors the progressive increase in
the elastic modulus as determined by tensile strength analysis
and also increases the impact strength for the PT lower content.
The impact strength did not increase for the higher PT content
suggesting that there is a limit for its addition aiming at the
tenacity increases in parallel with the modulus. Oscillatory rhe-
ometry data showed that PT addition, mainly for the higher
content, hinders the molecular disentanglement effects in the
melting state for higher frequencies. This behavior can promote
changes in the flow behavior and in the processing conditions
of the industrial manufacture. The PT addition decreased the
melting enthalpy and the crystalline degree of the composites
demonstrating that the flow effects are correlated with the inter-
action among the composites phases. Through MEV images, it
was possible to observe polymer adhesion on the PT surface,
which may be favored by the surface roughness of the particle
and further by the compatibilizing agent. This adhesion is

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42887
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probably responsible for the effects associated with crystallinity
modification.
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