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ABSTRACT

Wood plastic composite (WPC) is an important representative of the group of natural fibre
reinforced plastics. In order to bond the polar wood fibres chemically to the nonpolar polymer
matrix, coupling agents are used. The most important group of coupling agents for WPC are
maleated polyolefins in which the backbone polymer as well as the maleic anhydride content
(MAH-content) can be varied.

In this study, the influence of the flowability and the MAH-content of coupling agents on
rheological and mechanical interaction effects of wood fillers in different WPC formulations
have been investigated. It has been shown that the MAH-content as well as the flowability of
coupling agents is in terms of rheological interaction effects of negligible influence.
Furthermore, it was found that mechanical interactions are significantly influenced by
coupling agents. In this context, the flowability of the coupling agent is of greater importance
than the MAH-content.

1. INTRODUCTION

Natural fibre reinforced plastic have constantly high growth rates in the global market for
years. Wood plastic composite (WPC) is an important representative of this class of materials.
WPC consists of a thermoplastic matrix polymer which is filled with wood flour and additives
that improve the processability and the product properties. A challenge in processing and
application of WPC is the incompatibility of the polar wood fibres and the non-polar polymer
matrix. This incompatibility generally results in poor fibre wetting and weak fibre-matrix
adhesion [1, 2]. This lack of adhesion prevents efficient stress transfers [3]. There are several
ways to improve the fibre-matrix adhesion. Fibre surfaces can be treated using physical,
physico-chemical or chemical methods depending on the polymer matrices to be used [4].
One approach to improve adhesion between the wood fibres and polymer matrix is by adding
a block copolymer compatibilizer [2, 5], which is able to form covalent bonds between the
anhydride groups of the coupling agent and the hydroxyl groups of the wood particles. The
formation of covalent bonds is one of the reasons for strength improvement. Entanglements
between the polymeric backbone of the coupling agent and the matrix polymer can be created,
which acts as physical cross-links [6]. When stress is applied, it can be transmitted to the fibre
through these physical cross-links [6].

The most important group of coupling agents for WPC are maleated polyolefins in which the
backbone polymer as well as the maleic anhydride content (MAH-content) can be varied. The
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effectiveness of a coupling agent is determined by its ability to form covalent bonds and
physical cross-links. A high number of covalent and hydrogen bonds with the wood filler can
be achieved by high functionalization with maleic anhydride groups of the adhesion promoter.
A high entanglement density and a high number of physical cross-links between the matrix
polymer and the coupling agent can be achieved by a high molecular weight of the coupling
agent. However, a high molecular weight is associated with a low diffusion rate of the
coupling agent within the wood-filled polymer melt. If the diffusion rate is too low, only a
small amount of the coupling agent might form chemical bonds with the wood particles.

Several studies have been published in which a better dispersion of the fibres in the
polymeric matrix was achieved [1, 6, 7]. The reason for this is a good wetting of the fibres by
the coupling agent, which is affected by its diffusion rate. A better dispersion of the fibres
results in more interparticular interactions. In earlier studies, the rheological effect of
interparticular interactions have been investigated [8, 9, 10]. According to this, the intensity of
interparticular interactions can be expressed by the interaction exponent (y). The generalized
interaction function is used in order to describe the interaction exponent as a function of the
consistency (K.), taking into account the transition from negligible interparticle interactions to
the domain of non-negligible interparticle interactions as shown in Eq.(1):

n 1 1
X= —= f(Ke) = b 0
Ny K axg
. Lc
(1 + <,1 In (K0)> >

X interaction exponent [-]
n, flow index (suspension) [-]
ng flow index (matrix polymer) [-]
K, consistency (suspension) [Pas"]
K, consistency (matrix polymer) [Pas"]
A,a,b model parameter [-]

The aim of this study is to investigate the impact of the flowability and the MAH-content of
different coupling agents on the dispersibility of the wood fibres in polyolefin melts and thus
on rheological interparticular interaction effects. Furthermore, it is investigated to which
extent of the flowability and the MAH-content of different coupling agents influence the
formation of chemical bonds and physical cross-links and thus the ability of interfacial stress
transfer.

2. MATERIALS AND METHODS

In this study two different types of matrix polymers were used. On one hand low-density
polyethylene (LDEP, Lupolen 2420 K), which is a highly branched polymer with strongly
exhibited shear thinning flow behaviour and on the other hand polypropylene (PP, Moplen HP
501L), which is a homopolymer with linear structure. The softwood fibres Lignocel® BK
40/90 was used as filler (Fig. 1). In order to characterize the filler with respect to its particle
size distribution, a particle size analysis was carried out by laser diffraction using Mastersizer
3000 (Malvern Instruments GmbH), which led to the following results: d10 = 261.974 pum,
d50 = 526.834 pm, d90 = 1167.567 um. The geometry of the filler particles were
characterized by transmitted light microscopy using VHX 2000D (Keyence Microscopes). In
order to improve the interfacial adhesion between the polar wood fibres and the nonpolar
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matrix polymer, three different coupling agents (CA) have been used in this study: (1)
SCONA TSPE 1112, a linear low density polyethylene (LLDPE) grafted with MAH, (2)
SCONA TPPP 8112, and (3) SCONA TPPP 2112 which are both polypropylene (PP) grafted
with MAH. The melt flow rates (MFR) and the MAH-contents of the coupling agents are

listed in Table (1).
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Figure 1 left: Particle size distribution of the wood fibres, right: transmitted light microscopy pf the wood
fibres, magnification: 100x

Table I MFR and MAH-content of the coupling agents used in this study

melt flow rate (MFR) MAH-content
[¢/10 min] [wt.%]
SCONA TSPE 1112 >5 (190 °C, 5 kg) 2
SCONA TPPP 8112 >80 (190 °C, 2.16 kg) 1.4
SCONA TPPP 2112 2-7(190 °C, 2.16 kg) 09-1.2

Figure 2 shows comparatively the rheological properties of coupling agents and matrix
polymers which are used in this study. While the flow properties of the PE-based coupling
agent TSPE 1112 are quite similar to the matrix polymer, the PP-based coupling agents show
significant differences in flow behaviour. Due to its lower molecular weight, TPPP 8112
exhibit a significantly higher flowability compared to TPPP 2112. The flow characteristics of
TPPP 2112 and the PP matrix are almost identical.
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Figure 2 Flow functions of matrix polymers and coupling agents, left: PE-based, right: PP-based

The preparations of all formulations were carried out by compounding on the co-rotating twin
screw extruder, with a melt temperature of 190 °C. In order to investigate the influence of the
flowability and the MAH content of the coupling agents on rheological interaction effects of
the wood particles, the flow behaviour of the WPC melts was analysed by means of high
pressure capillary rheometry, Smart RHEO 5000 twin bore (CEAST, Instron®) using a round
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die with a diameter of 2 mm and a length of 40 mm. In order to obtain conclusions on
mechanical interaction effects of the wood particles, tensile tests were carried out on standard
test specimens. All tension tests were performed by using an electrodynamically testing
machine (ElectroPuls™ E3000, Instron®).

3. RESULTS AND DISCUSSION
3.1 Influence of coupling agent on rheological interaction effects of wood fillers
3.1.1 LDPE-based WPC

Figure 3 shows the viscosity functions of wood fibres (WF) filled LDPE. On the left, without
the use of coupling agents and on the right, with a constant mass content of 2 wt.% TSPE
1112. Figure 3 clearly shows that the flow behaviour of the WPC melts is hardly affected by
the use of coupling agents. All viscosity functions exhibit shear thinning flow behaviour. The
flow behaviour of the LDPE-based WPC melts is highly influenced by the wood fillers. Due
to their fibrous structure, these particles have a great tendency to interact with one another.
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Figure 3 Viscosity functions of LDPE-based WPC, left: without coupling agent, right: with 2 wt.% TSPE 1112

As mentioned above, the rheological effect of interparticular interactions can be
mathematically described by Eq.(1). Based on the measured data for LDPE-based WPC
without coupling agent, the following values for the empirical model parameters have been
found, A =0.056,a=1.219, b = 6.598.

Figure 4 clearly shows that the pairs of values (consistency (K) / interaction exponent (7)) of
LDPE-based WPC with the use of coupling agent are almost similar to the interaction
function of LDPE-based WPC without coupling agent. Hence, the characteristic of
interparticle interactions is not affected by the use of the coupling agent TSPE 1112.
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Figure 4 Interaction function LDPE-based WPC

©2017 - TU limenau 4



3.1.2 PP-based WPC

Figure 5 shows the viscosity functions of PP-based WPC. On the left, without the use of
coupling agents and on the right, with a constant mass content of 2 wt.% TPPP 8112. Similar
to the LDPE-based WPC, the flow behaviour of the wood fibres filled PP melt is only slightly
influenced by the use of coupling agents.
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Figure 5 Viscosity functions of PP-based WPC, left: without coupling agent, right: with 2 wt.% TPPP 8112

According to Eq. (1), the following parameters have been found on the basis of the measured
data for PP-based WPC, A =0.012, a=1.253, b = 86.254.

Also the pairs of values (consistency (K) / interaction exponent (%)) of PP-based WPC with
the use of coupling agent are almost similar to the interaction function of PP-based WPC
without coupling agent (Fig. 6). Consequently, it can also be concluded for the wood fibres
filled PP that the coupling agent TPPP 8112 has almost no influence on the characteristic of
interparticle interactions.
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Figure 6 Interaction function PP-based WPC

In order to investigate the influence of the flowability and the MAH-content of the coupling
agents on rheological interaction effects of the wood particles within the WPC melt, another
coupling agent (TPPP 2112), whose flow properties are very similar to those of the matrix
polymer, were used in addition to the low-viscosity coupling agent (TPPP 8112) . Although
the viscosity function of TPPP 8112 is significantly lower in comparison to the viscosity
functions of TPPP 2112 and the matrix polymer PP (Fig. 2), the viscosity function of the
WPC is not affected (Fig. 7), independent of the coupling agent content.
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Figure 7 Viscosity functions of PP filled with 36.1 vol.% wood flour and with variation of the coupling agent
content, left: TPPP 8112, right: TPPP 2112

Obviously, the low-viscosity coupling agent (TPPP 8112) does not act like an inner lubricant.
This is apparently due to the immobilization of the coupling agent by esterification of the
anhydride groups of the coupling agent on the hydroxyl groups of the wood particles during
compounding. Therefore, it can be concluded that both the MAH-content and the flowability
of coupling agents are in terms of rheological interaction effects of negligible influence.

3.2 Influence of coupling agent on mechanical interaction effects of wood fillers
3.2.1 Variation of wood content at a constant amount of coupling agent

The mechanical properties of all different WPC formulations were characterized by tensile
tests and compared with one another. For both the LDPE-based WPC and the PP-based WPC,
the tensile modulus increases with increasing volume content of the wood fillers (Fig. 8). This
can be attributed to the significantly higher Young’s modulus of the wood fibres.
Furthermore, the addition of coupling agents leads to better stress transfer from the polymer
matrix to the wood fibres.
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Figure 8 Young’s modulus versus volume content of wood flour, left: LDPE-based WPC, right: PP-based WPC

Figure 9 shows that the tensile strength of the wood filled polyolefines decreases without the
use of coupling agents. When 2 wt.% coupling agent is added, the tensile strength increases
for both the LDPE-based WPC and the PP-based WPC. At a volumetric wood filler content of
approximately 36 vol.% a maximum in tensile strength is achieved. This indicates an optimal
wetting of the wood fibres by the coupling agent, which is a prerequisite for a good stress
transfer between polymer and wood fillers.
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Figure 9 Tensile strength versus volume content of wood flour, left: LDPE-based WPC, right: PP-based WPC

The elongation at break is shown in Figure 10. A decrease in fracture strain with increasing
volume content of wood has been observed for LDPE-based WPC as well as for PP-based
WPC.
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Figure 10 Elongation at break versus volume content of wood flour, left: LDPE-based WPC, right: PP-based

The characteristic decline in fracture strain for particle filled polymer compounds is well
known and is hardly influenced by the use of coupling agents. This is caused by local strain
increases, the so-called “strain-expansion”, which occurs in the polymer matrix between the
filler particles perpendicular to the direction of loading [11, 12]. Strain-expansions are the
result of stress concentrations which are caused by differences in stiffness between wood filler
and matrix polymer, notch effects on the interface between filler particle and polymer as well
as on small pores within the compound.

Figure 11 and 12 illustrate exemplarily the fracture-mechanical material behaviour of LDPE
filled with approx. 6 vol.% wood flour. The images were taken by means of transmitted light
microscopy at approx. 30 pm thin microtome samples. Notch effects which lead to strain-
expansions are clearly recognisable, for example Fig. 11 (a.) or Fig. 12 (c.). Furthermore, the
differences in stress transfer at the interface between wood particles and polymeric matrix are
well noticeable. Figure 11 (b.) shows the poor interfacial adhesion between wood filler and
LDPE, whereas Figure 12 (d.) clearly shows that the crack runs straight through the wood
fibres. This is due to chemical bonding of the coupling agent to the filler, which allows a
higher interfacial stress transfer.
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Figure 11 LDPE filled with approx. 6 vol.% wood flour, uncompatibilized, left: unloaded sample, right:
elongated sample

Figure 12 LDPE filled with approx. 6 vol. ‘7 wood ﬂour compatlblhzed with 2 wt. %; couplmg agent, leﬁ
unloaded sample, right: elongated sample

3.2.2  Variation of type and content of coupling agent at PP filled with 36.1 vol.% wood
flour

In order to investigate the influence of the flowability and the MAH-content of the coupling
agents on mechanical interaction effects, both PP-based coupling agents (TPPP 2112 and
TPPP 8112) were used in different concentrations. Despite the negligible influence of the
coupling agents on the flow behaviour of WPC, the mechanical properties can be significantly
improved. The change in Young’s modulus and tensile strength with the mass content of the
coupling agents is shown in Figure 13, whereas the elongation at break is shown in Figure 14.
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Figure 13 Comparison of TPPP 8112 and TPPP 2112, left: Young’s modulus versus mass content of coupling
agents, right: tensile strength versus mass content of coupling agents

©2017 - TU Ilmenau 8



o
5]

w
=]
\
\
\
\
——
\
'
'
1
[

nog
n

38}
o
\

\

i
\
\
\
\

L5 i--% s z *

—_
o
—

elongation at break [%]

et
3]

e
o

0 1 2 3 4 5 6 7
mass content of coupling agent [wt.%]

Figure 14 Comparison of TPPP 8112 and TPPP 2112, elongation at break versus mass content of coupling
agents

The results clearly show that the low-viscosity coupling agent (TPPP 8112) has a greater
impact on the mechanical properties. The maximum tensile strength can be achieved at
significantly lower concentrations by using the more flowable coupling agent. Thus, the
flowability of the coupling agent has a considerable influence on its effectiveness. The reason
for this is a higher diffusion rate within the WPC melt, which is decisively influenced by the
molecular weight of the backbone polymer. The higher the diffusion rate, the more
esterification of the anhydride groups of the coupling agent on the hydroxyl groups of the
wood particles can occur during compounding.

With regard to the influence of the MAH-content on mechanical interaction effects, both
coupling agents show different results. In the case of the low-viscosity coupling agent (TPPP
8112), the tensile strength reaches a maximum at a mass content of 2 wt.%, which cannot be
increased by increasing its mass content. Due to the high diffusion rate, TPPP 8112 can
obviously wet the wood particles optimally at a mass content of 2 wt.% and form covalent
and hydrogen bonds. As a result of the slower diffusion rate of the coupling agent TPPP 2112,
the wood fibres cannot be optimally wetted even at the highest mass content of 6 wt.%. This
leads to a lack of interfacial stress transfer and a lower tensile strength.

4. CONCLUSION

In this study, the influence of the flowability and the MAH-content of maleated polyolefins as
coupling agents rheological and mechanical interaction effects in different WPC formulations
have been investigated. On the basis of the results, the following conclusions can be drawn.
The flow behaviour of wood filled polyolefin melts is strongly influenced by interparticular
interaction effects. The generalized interaction function can also be used to describe
interparticular interaction effects of filled polyolefin melts when adding coupling agents. Both
MAH-content and flowability of coupling agents are in terms of rheological interaction
effects of negligible influence.

The mechanical properties of WPC are significantly improved by the use of coupling agents,
which are able to form covalent and hydrogen bonds between the anhydride groups of the
coupling agent and the hydroxyl groups of the wood particles. Compared to the MAH content,
the flowability of the coupling agent has a greater effect on the mechanical interaction effects.
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