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ABSTRACT

Two reactive coupling agents, N,N-(1,3-phenylene dimaleiimide) (BMI) and 1,1-
(methylenedi-4,1-phenylene)bismaleimide (DBMI) were used to improve interfacial
adhesion in PLA/wood composites. First the effect of the coupling agents was established
in a series of experiments in which the amount of coupling agent changed at constant
wood content, and then the effect of coupling was determined at various wood loadings (O-
60 vol%). Composites were homogenized in an internal mixer and compression molded to
plates. Tensile properties were determined and micromechanical deformations were
studied by acoustic emission measurements. The two compounds improved the properties
of the composites. Stiffness, strength and deformability increased simultaneously
supplying sufficient proof for coupling. Because of the flexibility of the molecule, DBMI
is a more efficient coupling agent in the studied composites than BMI. However, the effect
of coupling is small, because only a few very large particles debond under the effect of
external load. Smaller particles adhere strongly to the matrix even without coupling

proving that interfacial adhesion is strong in PLA/wood composites.
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1. INTRODUCTION

The application of natural fiber reinforced composites increases with a very high
rate in all areas of the economy. They are based mostly on commodity polymers and used
mainly in the building and the automotive industry [1]. However, with increasing
environmental awareness of the public, biopolymers are preferred in all possible areas [2].

Poly(lactic acid) is one of the polymers which may gain wider application because of its



advantageous properties. It is produced from natural feedstock, compostable, have good
stiffness and strength, and increasing production capacities even decreased its price
somewhat [3]. Besides its advantages PLA has also some drawbacks thus it is modified
through different approaches including plasticization [4], blending [5,6] and reinforcing
with fibers [7,8]. PLA/wood fiber composites offer the possibility to achieve an
advantageous property profile at a reasonable price.

The wood used for the reinforcement of thermoplastics usually has a relatively
large particle size, which exceeds the size of traditional fillers of a few microns. An
average size of several 100 um is not uncommon for these materials. Debonding stress
depends on interfacial adhesion, which is determined by the surface energy of the
components. As a consequence, the large particles of wood with small surface energy [9]
easily debond from the matrix polymer under the effect of external load [10,11].
Debonding results in the formation of voids and often in the premature failure of the
material. Debonding was shown to be the dominating micromechanical deformation
process in PP/wood composites not containing a coupling agent [10,11]. Although
interfacial adhesion is claimed to be weak also in PLA/wood composites [12-14], detailed
investigations and the estimation of adhesion by three independent methods indicated
relatively strong adhesion between PLA and wood [15]. The study of micromechanical
deformation processes proved that the dominating deformation mechanism is the fracture
of the fibers, but other mechanisms, like debonding or fiber pull-out could not be excluded
either. Although coupling cannot improve composite properties if adhesion is strong and
the fracture of the fibers is the dominating process indeed, preventing the occurrence of
the other two processes could lead to improved composite strength.

Interfacial interactions are modified in numerous ways in polymer/wood

composites. Sodium hydroxide was shown to improve composite strength [16,17], but



plasma and high energy radiation was also used with success [18,19]. However, chemical
coupling is the most frequent method to improve composite properties. Funcionalized
polymers, mainly maleinated PP and PE, are used the most frequently in polyolefin
composites [17,20-22], but the application of other compounds is also attempted quite
often. Silanes are claimed to improve interfacial adhesion, but the results published are
often questionable and the chemistry is unclear [23,24]. Much more successful were
isocyanates, like polymethylene-polyphenyl-isocyanate (PMPPI) [25,26], and triazines in
PVC and PS composites [27,28]. N,N-(1,3-phenylene dimaleiimide) (BMI) is a very
reactive compound which proved to be successful coupling agent in several polymer/filler
micro and nanocomposites [29,30]. Although no attempt has been made to apply it in
polymer/wood composites, it might improve interfacial interactions also in these materials.

As a consequence, the goal of our study was to improve interfacial adhesion in
PLA/wood composites by the use of BMI. For the first time, we also tried a similar
compound, 1,1-(methylenedi-4,1-phenylene)bismaleimide (DBMI), which was mentioned,
but has not applied up to now, as coupling agent in the PLA/wood composites studied. We
wanted to see if the conditions of coupling, i.e. improved adhesion on both sides of the
interface, could be achieved through the use of these compounds. Successful coupling
could also decide on the issue debated in the literature for some time, the strength of
interfacial adhesion in PP/wood composites. If the general belief is true and adhesion is
weak, successful coupling would improve composite properties considerably. On the other
hand, if our earlier conclusion is correct and adhesion is inherently strong, only marginal
improvement in strength is expected as an effect. The novelty of our work is in the use of
new compounds as coupling agents, the verification of their coupling effect and answering

the debated question of adhesion in PLA/wood composites.



2. EXPERIMENTAL

The PLA used in the experiments was the Ingeo 4032D grade (M, = 88500 g/mol
and M,/M,, = 1.8) purchased from NatureWorks (USA) recommended for extrusion by the
producer. The polymer (<2% D isomer) has a density of 1.24 glcm®, while its MFI is 3.9
g/10 min at 190 °C and 2.16 kg load. The Filtracel EFC 1000 (Rettenmaier and S6hne
GmbH) wood fiber was used as reinforcement. The fiber has an average particle size of
210 um and an aspect ratio of 6.8. Particle characteristics were determined quantitatively
by laser light scattering, but also by image analysis from SEM micrographs. BMI and
DBMI were purchased from Aldrich and they were used as received.

Both poly(lactic acid) and the fibers were dried in vacuum oven before composite
preparation (110°C for 4 hours and 105 °C for 4 hours, respectively). The components
were homogenized using a Brabender W 50 EHT internal mixer at 180 °C, 50 rpm for 10
min. The polymer was melted in the internal mixer and then the coupling agents were
added in powder form. After a few seconds of homogenization the wood flour was
introduced into the mixer and mixing was continued for 10 min. Two series of
experiments were carried out to check the possible effect of the two compounds. In the
first, the amount of coupling agent changed from 0 to 10 wt% at 30 vol% wood fiber
loading. Coupling agent content was kept constant at 5 wt% calculated for the amount of
wood in the second and fiber loading changed from O to 60 vol%. The homogenized
material was compression molded to 1 mm thick plates at 190 °C for 5 min using a
Fontijne SRA 100 machine. All specimens were kept in a room with controlled
temperature and humidity (23 °C and 50 %) for at least one week prior further testing.

Mechanical properties were characterized by the tensile testing of specimens cut
from the 1 mm thick plates using an Instron 5566 apparatus. The measurements were done

at 5 mm/min cross-head speed and 115 mm gauge length. Micromechanical deformation



processes were followed by acoustic emission (AE) measurements. A Sensophone AED
40/4 apparatus was used to record and analyze acoustic signals generated during tensile
testing. The particle characteristics of wood and the structure, as well as the deformation
mechanism of the composites were studied by scanning electron microscopy, SEM (JEOL

JSM-6380 LA). Micrographs were recorded on tensile fracture surfaces.

3. RESULTS AND DISCUSSION

The results are discussed in several sections. First observations made in the first
series will be presented briefly then the effect of wood content on properties is described
more in detail. Deformation and failure, chemistry and consequences for practice are

discussed in the last few sections.

3.1. Amount of coupling agent

As mentioned in the experimental section, the amount of coupling agent was
changed from 0 to 10 wt% in 5 steps in the first series of experiments at constant wood
content. Our goal was to check any changes in the strength and other characteristics of the
composites determined by tensile testing. We expected the strength to increase in the case
of successful coupling, and deformability to decrease at the same time. The modulus of
composites depends only slightly on interfacial adhesion [31,32], thus we assumed that it
would not change much; and our expectations proved true (not shown).

The effect of coupling agent content on tensile strength is presented in Fig. 1 for
composites containing the two potential coupling agents in different amounts. Although a
slight, but clear increase can be observed in strength in the figure and apparently DBMI is

a more efficient coupling agent than BMI. Strength increases continuously in the second



case, while a maximum seems to appear in strength when DBMI is used. Considering the
standard deviation of the measurement, the existence of the maximum is questionable, but
the effect cannot be denied, the two compounds act as coupling agents in PLA/wood
composites. We can also conclude that it is superfluous to increase the amount of the
coupling agents above 5 wt%; strength does not increase at larger coupling agent content.
Elongation-at-break, i.e. deformability, changed as well (not shown), but contrary
to our expectations it increased slightly. The direction of this change also indicates
successful coupling, since it shows that the micromechanical deformation process, which
initiates failure, occurs at larger deformation, consequently at larger load. Although the
effect of the coupling agent was small, we decided to go into the second phase of the

project and carry out experiments at different wood contents.

3.2. Wood content

The dependence of the stiffness of the composites on wood content is shown in
Fig. 2 in the presence of the two coupling agents. Modulus increases with wood content as
expected, but rather surprisingly that of the composites containing the coupling agents is
significantly larger than the stiffness of the composites without coupling. We could not see
this effect at the single wood content of the first series. It is quite difficult to explain the
increase of modulus on coupling, since most of our experience shows that stiffness does
not depend very much on the strength of interfacial interactions [32,33]. Modulus is
measured at very small deformations thus small changes in the deformability of the matrix
or that of the interphase do not influence it much, the volume fraction of the fiber
dominates. However, since large particles debond very easily under the effect of very
small loads [10], it is possible that debonding leads to the formation of voids and the

resulting material has a smaller stiffness than at strong adhesion created by the coupling



agent.

Coupling is confirmed further by Fig. 3 presenting the composition dependence of
tensile strength. The effect is surprisingly large, but also the shape of the correlation
changes slightly. The composition dependence shown by the PLA/wood composites
without coupling is typical for particulate filled polymers, in which debonding is the
dominating micromechanical deformation process. Coupling, on the other hand, increases
strength significantly resulting in considerable reinforcement. If we accept our tentative
explanation presented above about the role of large particles, the considerable effect
indicates that even large particles are coupled to the polymer, debonding is limited even
more than before, and the dominating deformation process is the fracture of the particles.
Unfortunately, large particles do not only debond more easily than smaller ones, but the
probability of their fracture is also larger.

Reinforcement can be expressed quantitatively by a simple model developed
earlier to describe the composition dependence of tensile yield stress or tensile strength

[34,35]. For strength the correlation takes the following form [35]

n 1-
Oy =0y A Tio50 §¢ exp(B @) 1)

where ot and o are the true tensile strength (ot = o4 and A = L/L,, where L is the initial
length of the specimen between the gauges and L the length at failure) of the composite
and the matrix, respectively, n is a parameter expressing the strain hardening tendency of
the matrix, ¢ is the volume fraction of the fiber and B is related to its relative load-bearing
capacity, i.e. to the extent of reinforcement, which depends among other factors, also on
interfacial interaction. If we plot the natural logarithm of reduced strength, i.e. tensile
strength divided by the second and third terms on the right hand side of the equation,

against fiber content, we should obtain straight lines, the slope of which corresponds to



parameter B, i.e. to the reinforcing effect of the fiber. Reduced tensile strength is plotted
against wood content in Fig. 4 in this form and we obtain linear correlations indeed. The
slope of the two series of composites containing the two coupling agents is larger than that
prepared with neat wood in complete accordance with previous results presented on
stiffness and strength. Calculated B values are compiled in Table 1 to express the effect of
the coupling agents in quantitative terms. Although the effect is not very large it is
significant and consequent, and the values of the table also show that DBMI is slightly
more efficient than BMI. We must assume that changing interfacial interaction modifies
also the micromechanical deformation processes occurring during deformation in the

material.

3.3. Deformation and failure

Micromechanical deformations can be followed by acoustic emission
measurements. In heterogeneous materials stress concentration develops around the
heterogeneities under the effect of external load, which initiate local deformation
processes. Some of these, like debonding and fiber fracture, generate elastic waves which
can be detected by appropriate sensors. The result of such a measurement is shown in Fig.
5. The small circles are individual acoustic signals (events, hits), while the steeply
increasing curve represents the cumulative number of signals detected during the test. The
stress vs. strain trace is also plotted for reference.

Although it is difficult to draw far reaching conclusions from individual signals,
the shape of the cumulative number of signal trace offers information about the
mechanism of local deformations. Stepwise curves approaching a plateau indicate
debonding [33,36], while the fracture of the fibers was assigned to such steeply increasing

traces as the one shown in Fig. 5 [15]. It is also obvious that acoustic events start to appear



above a certain deformation threshold, i.e. the mechanism is initiated by a critical load.
We can determine this critical deformation (eag) and the corresponding stress (cag) value,
which are characteristic for the dominating deformation process, in the way shown in the
figure. Changes in this value might offer further information about the effect of the
coupling agents on the behavior of the composite, and about the mechanism of
deformation and failure.

Cumulative number of signal traces are compared for three composites in Fig. 6,
for the one prepared with the neat wood and for those containing the two coupling agents.
The figure clearly shows that acoustic activity starts at larger deformation for the two
composites prepared with the coupling agents and also the corresponding stress vs. strain
traces prove the coupling effect. Larger deformation means that the dominating
deformation starts later and it is initiated at larger load, a conclusion which agrees well
with our earlier one about the suppression of the debonding of large particles.

Acoustic measurements were supported by SEM study. Micrographs were
recorded on the fracture surface of samples created during the tensile test. A representative
micrograph is presented in Fig. 7, which clearly demonstrates that debonding or fiber pull-
out hardly occurs and the dominating deformation mechanism is the fracture of the fibers.
Naturally, SEM micrographs cannot supply unassailable proof for the mechanism of

deformation and failure, but their evidence is completely in line with other results.

3.4. Discussion, consequences

All the results presented in previous sections indicate quite unambiguously that the
two coupling agents used in this study have positive effect on the strength of PLA/wood
composites. Stiffness, strength and even deformability increase in their presence and the

simultaneous increase of these properties clearly proves that coupling occurs indeed, even
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if the effect is rather small. The mechanism of coupling is unclear at the moment, we can
only speculate about the possible reactions taking place in the melt. Both compounds are
very reactive and it was recognized earlier that nucleophilic agents such as amines and
thiols could readily react with the double bonds of maleimides [37,38]. In our case,
hydroxyl groups in cellulose and on end of PLA chains must be considered as less reactive
species, nevertheless oxa-Michael reaction can take place under the severe conditions of

processing [39]. The proposed reaction mechanism is shown in Scheme 1.
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Scheme 1 Oxa-Michael reaction between the hydroxyl group of PLA or cellulose and BMI

Naturally further experiments are needed to prove the occurrence of the reaction, but if it
occurs, it would definitely lead to coupling and prevent debonding leading to the effect
shown in previous sections. Further, ring opening reactions may also occur, but no
evidence could be found in the literature for them. Understandingly, organic chemists
rarely carry out reactions under the conditions used by us (melt, high temperature, shear).
The apparently larger efficiency of DBMI can be explained with the larger flexibility of
the molecule, since otherwise the reactivity of the two compounds should be very similar.
Coupling and improved interfacial adhesion results in delayed initiation of the
dominating micromechanical process which leads to the failure of the composite.
Assuming such a close relationship between micromechanical processes and macroscopic
properties might seem doubtful, but Fig. 8 clearly proves the connection. Tensile strength

is plotted against the characteristic stress determined in the way indicated in Fig. 6. The
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close correlation proves that once the local process started, the composite fails. The
smaller initiation stresses and strengths of the composites not containing the coupling
agent (A) unambiguously prove the positive effect of the two coupling agents and the
slight superiority of DBMI (O).

Finally, we must refer to the small effect of coupling on composite properties.
Considerably larger increase was observed in PP composites upon the use of a
functionalized polymer (MAPP); composite strength increased from 17 MPa to about 41
MPa in a composite containing 47 vol% fiber [33]. However, if we accept the fact that in
PLA interfacial interaction is strong already in the uncoupled composite and only very
large particles debond, the small effect can be understood and accepted. The prevention of
the few debonding events occurring during deformation results in simultaneous
improvement of stiffness, strength and deformability. However, further improvement in
composite strength is possible only if we can increase the inherent strength of wood

particles by the proper selection of their size or by their chemical modification.

4. CONCLUSIONS

The two compounds applied as coupling agents in PLA/wood composites proved
to be effective; they improved the properties of the composites. Stiffness, strength and
deformability increased simultaneously supplying further proof for coupling. Because of
the flexibility of the molecule, DBMI is a more efficient coupling agent in the studied
composites. However, the effect of coupling is small, because only a few very large
particles debond under the effect of external load. Smaller particles seem to adhere
strongly to the matrix proving our earlier conclusion that interfacial adhesion is inherently
strong in PLA/wood composites. Accordingly, the effect must depend on the size of the

particles, increasing with increasing particle size. However, this tentative explanation
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needs further proof and the mechanism of coupling reactions must be also determined with
additional experiments.
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Table 1

Effect of coupling on the reinforcing effect of wood in PLA

Coupling

Matrix strength®
(MPa)

Parameter B

R2b

none

54.5

2.29

0.9968

BMI

61.0

2.54

0.9984

DBMI

61.2

2.62

0.9994
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a) calculated from the intersection of the Inoe VS. @ lines (measured value 56.1 MPa)

b) determination coefficient showing the goodness of the linear fit

7. CAPTIONS

Fig. 1 Effect of the amount of coupling agent on the tensile strength of PLA/wood
composites at 30 vol% fiber content. Symbols: (L1) BMI, (O) DBMI.

Fig. 2 Young's modulus of PLA/wood composites plotted against wood content;
effect of coupling. Symbols: (1) BMI, (O) DBMI, (A) no coupling.

Fig. 3 Effect of wood content and coupling on the tensile strength of PLA/wood
composites. Symbols: (L) BMI, (O) DBMI, (A) no coupling.

Fig. 4 Composition dependence of the reduced tensile strength of PLA/wood
composites (linear form of Eq. 1); effect of coupling on reinforcement.
Symbols: (1) BMI, (O) DBMI, (A) no coupling.

Fig. 5 Acoustic emission testing of a PLA/wood composite; volume fraction of
wood is 0.1, no coupling. Small circles are individual acoustic events.

Stress vs. strain trace is plotted for reference.

Fig. 6 Comparison of the effect of coupling on the cumulative number of signal
traces of PLA/wood composites containing 30 vol% fiber; BMI, ---
------- DBMI, -::-+-:-+-- no coupling.

Fig. 7 SEM micrograph taken from the fracture surface of a PLA/wood composite

with DBMI coupling at 30 vol% fiber content. Fracture of wood particles.
Fig. 8 Correlation  between the initiation stress of the dominating

micromechanical deformation process (mostly fiber fracture) and the

tensile strength of PLA/wood composites. Symbols: (LJ) BMI, (O) DBMI,

(A) no coupling.
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Faludi, Fig. 1
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Fig. 1 Effect of the amount of coupling agent on the tensile strength of PLA/wood
composites at 30 vol% fiber content. Symbols: (L) BMI, (O) DBMI.

Faludi, Fig. 2
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Fig. 2 Young's modulus of PLA/wood composites plotted against wood content; effect of

coupling. Symbols: (L1) BMI, (O) DBMI, (A) no coupling.
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Faludi, Fig. 3
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Fig. 3 Effect of wood content and coupling on the tensile strength of PLA/wood
composites. Symbols: (1) BMI, (O) DBMI, (A) no coupling.
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Fig. 4 Composition dependence of the reduced tensile strength of PLA/wood composites

(linear form of Eq. 1); effect of coupling on reinforcement. Symbols: (LJ) BMI, (O)
DBMI, (A) no coupling.

20



Faludi, Fig. 5

Stress (MPa)

60 1200

50 1000
O
c
=]
40 - 800 3
OAE =R
2.
<
30 4 o 600 %
o © o
O OO 9.7
20 o | @)9% 400 v
@ @) \=)
08 09 =
PP & =R
10 © Rl le) L 200 @

00 o ©
o 000 O acg?%
0 — . )
00 02 04 06 08¢, 1.0 1.2

Elongation (%)

Fig. 5 Acoustic emission testing of a PLA/wood composite; volume fraction of wood is
0.1, no coupling. Small circles are individual acoustic events. Stress vs. strain trace is

Faludi, Fig. 6

plotted for reference.
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Fig. 6 Comparison of the effect of coupling on the cumulative number of signal traces of

PLA/wood composites containing 30 vol% fiber, ——— BMI,
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Faludi, Fig. 7
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Fig. 7 SEM micrograph taken from the fracture surface of a PLA/wood composite
with DBMI coupling at 30 vol% fiber content. Fracture of wood particles.
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Fig. 8 Correlation between the initiation stress of the dominating micromechanical
deformation process (mostly fiber fracture) and the tensile strength of PLA/wood
composites. Symbols: (1) BMI, (O) DBMI, (A) no coupling.
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