POLIMERY 2013, 58, nr 6

435

ADAM JASZKIEWICZY, ANDRZE]J K. BLEDZKI"?, PIOTR FRANCISZCZAK?>""

Improving the mechanical performance of PLA composites with
natural, man-made cellulose and glass fibers — a comparison to
PP counterparts

Summary — In the first part of this study, the improvement of mechanical performance of compo-
sites based on polylactide in comparison to petrochemical polypropylene is presented. This ap-
proach focuses on understanding the micromechanical aspects of brittle and ductile failure mecha-
nisms of composites with natural fiber abaca, man-made cellulose and glass fiber. The basic princi-
pal is hereby the utilization of cellulosic fibers in a biogenic matrix polymer and the comparison to
PP-based composites. The findings obtained in the first sections are the main essentials for the
second part of this paper: further improvement of crash resistance of PLA composites. The main
objective is to improve the mechanical parameters while the primarily targeting is on the impact
strength of the brittle polylactide composites. In the course of this thesis, the ultimate proof of the
reinforcing effects of cellulosic fibers was provided. Finally, a selective modification of the inter-
phase was accomplished and accordingly, the highest known values of impact strength for PLA
composites were achieved.

Keywords: biocomposites, natural fiber, man-made cellulose, glass fiber, polylactide, polypropy-
lene.

WEASCIWOSCI MECHANICZNE KOMPOZYTOW PLA WZMACNIANYCH WEOKNAMI
NATURALNYMI, WEOKNAMI REGENEROWANE] CELULOZY LUB WEOKNAMI SZKLA-
NYMI

Streszczenie — W artykule zaprezentowano biokompozyty do zastosowan technicznych, charak-
teryzujace sie¢ wlasciwo$ciami pozwalajacymi na zastapienie nimi klasycznych kompozytéw poli-
propylen/wtdkno szklane (PP/GF) i spetniajacych nastepujace warunki: zaréwno wzmocnienie,
jak i osnowa sa pochodzenia naturalnego, kompozyt ma maty ciezar wtasciwy, a jednoczesnie
zachowuje korzystne wlasciwosci mechaniczne. W charakterze wzmocnienia zastosowano
widkna abaki oraz regenerowanej celulozy (Cell). Polilaktyd PLA postuzyt jako osnowa kompo-
zytu termoplastycznego, w calosci wytworzonego z surowcow pozyskiwanych ze zrédel odna-
wialnych. W celach poréwnawczych otrzymano kompozyty na bazie surowca petrochemicznego
— polipropylenu (PP), a takze kompozyty na osnowie PLA wzmocnione widéknem szklanym (GF).
Ponadto, za pomoca odpowiednich dodatkéw modyfikowano warstwe graniczna widkno/os-
nowa. Szczegdtowa ocena wilasciwosci mechanicznych, wykraczajaca poza standardowe badania
quasi-statyczne w kierunku analizy mikromechaniki pgkania oraz mikrostruktury, pozwolita na
oszacowanie cech uzytkowych opracowanych biokompozytéow. Wyniki badan udarnosciowych
i odksztalcalnosci kompozytu PLA/Cell wskazuja, ze materialy takie doréwnuja, a w zakresie
wlasciwosci quasi-statycznych znacznie przewyzszaja PP/GF. Modyfikowane powierzchniowo
wldkna celulozowe wptywaja na znaczne zwiekszenie odpornosci PLA na kruche pekanie, umo-
zliwiajac tym samym zastosowanie tego biopolimeru do produkcji tworzyw konstrukcyjnych.
Udarno$¢ z karbem kompozytéw PLA/Cell osiaga wyraznie wigksze wartosci niz w przypadku
analogéw na osnowie PP. Dodatek widkien abaki wptywa na poprawe sztywnosci PLA, ale w nie-
wielkim tylko stopniu zmienia wlasciwosci wytrzymatosciowe i odpornos¢ na kruche pekanie.
Stowa kluczowe: biokompozyty, widkna naturalne, regenerowana celuloza, widkno szklane, poli-
laktyd, polipropylen.

D Universitat Kassel, Institut fiir Werkstofftechnik, Monchebergstr. 3, 34125 Kassel.

2) West Pomeranian University of Technology, Szczecin, Institute of Materials and Engineering, Department of Mechanics and
Machine Elements, Al. Piastéw 19, 70-310 Szczecin, Poland.

*) Author for correspondence; e-mail: piotr.franciszczak@zut.edu.pl



436

POLIMERY 2013, 58, nr 6

INTRODUCTION

In long-established technical areas, the major engi-
neering resin employed is still a PP-based composite,
which is mainly reinforced with glass fibers or filled with
minerals. Due to the high density and insufficient
recyclability of glass fiber reinforced plastics, composites
reinforced with natural fibers are beginning to find de-
mand on the market, as well as consumer acceptance for
a wide range of technical applications [1—3].

Biobased composites consist of at least two different
structural components: reinforcing fibers and a compo-
site matrix. Preferably, both of them are of natural origin.
When considering application in technical areas, some
basic material properties must be tailored to already
existing petrochemical equivalents. For this reason, the
entire spectrum of the material performance must be ex-
tensively characterized. The processability, and later on,
the composite’s mechanical feasibility are the essential
material data that have to be well defined when consider-
ing engineering applications. However, the best possible
values can only be achieved by means of optimized pro-
cessing, and subsequently, with reliable composite pro-
perties. The optimization of processing represents a ma-
jor area of research, and is described in [4]. The second
matter, namely composite properties, constitutes the
main focus of interest of this research study.

Furthermore, only tailor-made technical cellulosic and
glass fibers were used in this study, in order to ensure a reli-
able analysis of all tested properties. A comparison of
a fully and partially biobased composite to a petrochemical
equivalent on a PP-basis contributes to establishing fully
,green composites” as engineering materials.

EXPERIMENTAL
Materials

Biobased polylactide type PLA 3051D is produced by
NatureWorks/USA and is characterized by its low D-Lac-
tide content. A polypropylene from Sabic Europe, type
PP 575P (homopolymer), was used as the petrochemical
counterpart. Both polymers are predestined for injection
molded applications. Detailed information on the poly-
mers used in the study is shown in Table 1.

Table 1. Characterization of polymers used

Parameter PLA 3051D PP 575P
Melting temperature (DSC), °C 150—165 150—175
MEFR (210/2,16), g/10 min 13 7
Density, g/cm? 1.250 0.905
D-Lactide content, % 3.7—4.6 —
Residue monomer, % 0.3 (max) n.s.
Average molecular weight (M,,) 171 000 509 000
Polydispersity 2.3 5.9

The following fibers were used for the reinforcement
of composites:

Abaca: manufactured by Manila Cordage; diameter
150 + 50 um, density 1.5 g/cm’, elementary fiber 10—
30 pm in diameter, tensile strength approx. 800 + 150 MPa
[4, 5]. The fiber quality, according to the FIDA (Fibre
Industry Development Authority), is S3. The abaca was
provided by Rieter Automotive Systems. Advantages of
abaca include the possibility to precisely control its
growth and preparation (in cooperation with the fiber
manufacturer Manila Cordage), as well as an array of im-
proved mechanical properties compared to other natural
fibers [6]. Abaca was provided in the form of a quasi-end-
less fiber spooled on 20 kg bobbins.

Man-made cellulose; manufactured by Cordenka
GmbH, fiber type Cordenka® 700 Super3, dtex = 2440,
number of monofilaments = 1350, tensile strength
approx. 900 MPa, elementary fiber diameter 12 um [4].
Man-made cellulose is a chemical fiber of natural origin.
The source of the fiber is cellulose pulp from various
wood species [7]. The fibers were delivered on 10 kg
spools.

Glass fiber: for both PP and PLA an ,electrical” glass
fiber type was used. With regard to the matrix, different
sizing chemistry was applied. PP based composites were
reinforced with E-GF from Owens Corning, type OCV
968-13C with a monofilament diameter of 13 um and PLA
based materials with E-GF from PPG Industries, type
HP 3786 with a monofilament diameter of 10 um. Both
glass fiber grades were delivered as chopped fibers with
a 4.5 mm nominal length, and processed as described be-
low. Maleic acid anhydride grafted PP (MAH-g-PP) from
Clariant (TP Licocene PP MA 6452) was applied to PP
composites with cellulose and abaca (5 wt. %). The con-
tent of MAH-g-PPis related to the fiber load. No coupling
agent was added to the PLA composites.

A matrix to fiber weight ratio of 70/30 was used for
these composites.

Additionally, compositions of PLA with 20 wt. % cel-
lulose modified with maleinated chain extender Joncryl
ADR 3229, delivered by BASF, were investigated. The
composites containing 0—5 wt. % of Joncryl 3229 were
manufactured using the same procedure as described
below. The corresponding results are presented in the last
section on further improvement of the impact resistance.

Composite processing

PLA was pre-dried in a convection oven with recircu-
lating air (16 h at 110 °C, moisture content <150 ppm),
whereas PP was processed without drying. Approxi-
mately 12 hours prior to processing, cellulosic fibers were
placed in a convection oven and dried at 90 °C. In con-
trast, glass fibers were used as delivered.

Afterwards, the composites with cellulosic fibers were
processed using a special coating technique that was
adopted from cable isolation industry. In the first step,
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Fig. 1. Exemplary depiction of PLA abaca pellets after first — a and second — b compounding step; fiber content 30 wt. %

the polymers were compounded together with fibers Methods of testing

drawn off from an oven. The fiber cord was additionally
pre-dried using IR-radiator in a closed chamber (for a
couple of seconds at 150 °C). The dried fibers were then
immediately introduced into a coating nozzle and co-
vered with melted polymer (using twin-screw extruder
from Haake, Rheomex PTW 25/32, /D =32, D =25 mm).
Then the coated cord was cooled in line to the ambient
temperature using a fan, and cut to 15 mm long pellets on
a granulator. Finally, the pellets were dried for 12 h at
110 °C, compounded on a single-screw extruder (Schwa-
benthan, Polytest 30, L/D =25, D =30 mm) and processed
to final shape into pellets (cut length approx. 3.0 mm)
(Fig. 1). The glass fiber pellets were processed by feeding
chopped fibers directly into the single screw extruder,

Scanning electron microscopy

In order to test the fiber/matrix adhesion and composite
morphology, micrographs were taken using scanning elec-
tron microscopy (SEM). The SEM fracture surfaces were
prepared by using cryo-break fracture. The specimens
were at first stored in liquid nitrogen for at least 10 minutes,
then removed and immediately broken. A CamScan MV
2300 scanning electron microscope with a wolfram cathode

emission gun with 10 kV acceleration voltage was used.

Tensile test

The manufactured test specimens were analyzed in a

and then proceeding as described for cellulosic fibers.
The second compounding step does not influence the
polymer structure significantly [4] and allows trouble-
-free processing in the following injection molding proce-
dure. Here, the crucial criterion was the improvement of
the free flowing property of pellets and their final bulk
density. Both parameters are critical regarding to com-
posites with cellulosic fibers, and, if processed incor-

tensile test according to DIN EN ISO 527. The test was
carried out on a Zwick/Roell UPM 1446 universal testing
machine. The testing parameters were as follows:
1 mm/min for the estimation of the tensile modulus (E),
and 5 mm/min for the estimation of the tensile strength.
The test results were summarized using the software
testXpert®. The values given below represent the average

of 10 separate measurements.

rectly, stable processing is often disturbed [4]. The exem-
plary pellets obtained after each processing step are
depicted in Fig. 1.
The melt temperature during coating was 200 °C at
100 rpm, and 190 °C at approx. 20—30 rpm during the
shaping process. The standard test specimens were pro-
duced according to DIN EN ISO 527 type 1A using an in-
jection molding machine, Klockner Ferromatik FM 85
(clamping force 850 kN, screw diameter 40 mm). Melt
temperatures of approximately 190 °C for abaca and
200 °C for cellulose and glass fibers were used. The injec-
tion pressure was set between 40 and 60 MPa, depending
on the constant injection speed of 200 mm/s, which was
calculated for the gauge length for all composites sepa-
rately. The test specimens according to DIN EN ISO 178
and 179 (flexural and Charpy impact tests) were cut out
from the gauge length of injection molded parts.

A-notch impact strength

The impact strength was tested in an instrumented

A-notch Charpy impact test, in accordance with DIN EN
ISO 179/2eA. The force was measured by a piezoelectric
sensor, and the displacement was calculated using a dou-
ble integral formula, as described in the ISO standard.
The fracture energy (impact strength) was calculated as
the area under the force-displacement curve. Beforehand,
the test specimen had been cut out of the parallel gauge
length of the test bar. The A-notch was made with the
specimen notching machine NOTCHVIS by CEAST. All
composites were tested at ambient temperature (23 °C)
with a normalized climate of 50 % relative humidity. For
each composite at least 10 repetitions were carried out.
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RESULTS AND DISCUSSION
Analysis of SEM micrographs

Due to the influence of the fiber/matrix interfacial
properties on the mechanical response, the composites
were qualitatively characterized using scanning electron
microscopy (Fig. 2). It can be observed that PLA compo-
sites with man-made cellulose display a higher number
of fiber fractures across the surface. This indicates to-
wards relatively good interfacial bonding in contrast to
PP Cell composites, and can be explained by the favor-
able polarity of polyester vs. polyolefin, despite the fact
that a coupling agent was used for PP. Furthermore, the
fracture surface of PP is apparently more ductile than in
the case of PLA. This becomes evident, since PLA dis-

plays material failure in the form of micro-cracking,
which is typical for amorphous and brittle polyesters.
Both effects, noticeable fiber pull-out and weaker
interfacial bonding in PP Cell, are also visible in PP GF
composites. Despite the fact that the fibers had been sized
with adopted finish for each polymer, glass fibers bond
obviously better with polylactide than with polypropy-
lene. This once again confirms the improved chemical
affinity of polyesters. These elementary fracture mecha-
nisms forecast a significant improvement of the quasi-sta-
tic properties of PLA due to a stronger interphase, and, in
addition, favorable shear stress conditions along the
fiber. Moreover, the lower shear viscosity of PLA reduces
fiber damage during processing. This effect can espe-
cially be seen for the ductile cellulose fibers compared to
the brittle glass fibers [4]. In contrast, the properties of PP

Fig. 2. SEM micrographs of composites with 30 wt. % of fiber content: PLA — left column, PP — right column
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composites should result in enhanced impact toughness
as the fiber pull-out is the dominating failure mode. Fi-
nally, polypropylene shows higher ductility. That is why
it can deform considerably more than PLA without
cracks, and in the end, absorbs a higher amount of impact
energy. In conclusion, the low impact strength of
PLA-based composites is one of the main issues which
limit the market penetrance of such materials as engi-
neering compounds.

When examining abaca composites, one crucial obser-
vation can be made; the fibers are rough-textured and
possess a larger fiber diameter. The fibers are subjected to
visible damage during processing, so that fracturing oc-
curs both longitudinal and perpendicular to the fiber
axis. Hence, a lower strength, which is directly related to
the fiber aspect ratio [8—10], and earlier fracturing of
these composites can be expected.

Tensile test

Figure 3 illustrates the stress-strain curves measured
in the tensile test; the values of the E modulus are de-
picted in the key. Besides a somewhat lower E modulus,
man-made cellulose composites achieve almost the same
tensile strength as their GF equivalents. Furthermore,
PLA composites display a noticeably higher performance
than their PP counterparts. As a consequence of higher
initial values for the E modulus of native PLA, all com-
posites based on polylactide possess an improved stiff-
ness in comparison to PP. It is also interesting that rein-
forcement with man-made cellulose increases not only
the stress related properties, like stiffness and strength,
but, at the same time, allows larger deformations. Due to
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1604 © PLA Abaca30  E,=7.6 GPa
1404 Aﬁ
< <
a0
= =
w2 wn

Strain, %

Fig. 3. Stress-strain curves of PLA — a and PP — b composites

the evident longer fiber length of man-made cellulose in
the specimen [4], the pulling-out takes longer, and there-
fore guarantees improved composite’s coherence than
with GF composites. Especially the extremely high
strain-at-break of those materials contributes to the
increased toughness, finally ensuring a superior crash
performance.

The obvious reinforcing effect of man-made cellulose
and glass fibers is caused by their performance and their
geometry. Besides the much finer fiber diameter of both
cellulose and glass fibers, they are characterized by
higher breaking tenacity than abaca [4]. Reinforcing with
this natural fiber leads to an improvement in the tensile
strength by factors of 1.2 and 1.5, for PLA and PP, respec-
tively. Due to the extraordinary fiber stiffness, all abaca
composites show visibly higher E modules than poly-
mers with man-made cellulose. Until now, only very few
authors published similar studies on abaca reinforced
composites. Most of them report an increase only in stiff-
ness, whereas the composite strength remains un-
changed or has even deteriorated [11]. Regarding papers
published by Miissig [12], Fink and Ganster [13—15], or
Einsidel [16], the realized tensile strength enhancement
in man-made cellulose composites by factor 1.9 for PLA
and 2.5 for PP contribute to further achievements within
the course of this study.

Finally, the authors optimized the compounding pro-
cess by selectively modifying the extrusion line and peri-
pheral devices, as well as adopting relevant processing
parameters [4]. As a result, a significant improvement in
the mechanical performance was achieved compared to
the paper published by Bledzki and Jaszkiewicz in 2008
[17].
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In conclusion, when considering the significantly
lower density of the composites with cellulosic fibers,
most of the presented mechanical properties exceed those
of materials reinforced with short glass fibers.

Impact strength

Merely consideration of mean energy values by inves-
tigating the fracture behavior of composites under dy-
namic load is not sufficient for the correct prediction of
the structural properties in the load-bearing part [18].
The main problems are very often a simplification of
average energies and the conclusion that , the higher the
impact energy the better impact strength”. However, the
crash behavior always depends on both force and deflec-
tion at the same time. Indeed, these two parameters con-
tribute to the mean impact energy, but they must always
be considered separately. Due to the high maximum force
occurring during crashes, brittle and stiff materials can
achieve exact the same impact energies as some very
ductile and weak composites, because of their high
deflection.

The experimental work in this study encompassed a
comprehensive analysis of the fracture mechanic under
dynamical load. The results of the material resistance
against unstable crack propagation are depicted by
load-deflection curves obtained from the instrumented
Charpy impact test (Fig. 4). Besides the typical initial
stage, in which the obvious elastic material behavior
dominates, a somehow plastic deformation can margin-
ally be seen in PP Cell composites. Apart from that, all
composites fail with brittle fracture either with splitting
(PLA) or without splitting (PP). The characteristic zig-zag
bands are related to the resonance frequency of the inves-
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PLA Abaca 30
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0.0 05 1.5 25 3.0 35

tigated system. A further reason for the occurrence of this
phenomenon is the test execution procedure. Here, the
sample is hit at the moment of the first contact with the
pendulum and accelerated to a higher velocity than the
testing velocity. As a result, the contact is broken, and the
force signal from the piezoelectric sensors decreases
rapidly. In an instant, the pendulum hits the specimen
again, and the second force signal is registered. This
effect usually disappears after a short period of time,
depending on damping properties of the tested material.

The PLA Cell composites are characterized by a signi-
ficantly more brittle performance than PP Cell. In the case
of PLA, the reinforcing fibers primarily contribute to the
improvement of the breaking force, and, due to the fric-
tion on the interphase and pull-out effects, the deforma-
tion increases slightly. PLA composites achieve an appa-
rently higher maximum force at a lower deforma-
tion-at-break value. However, in comparison to their PP
equivalents they do not show any crack propagation re-
gions. Thus, the impact energy is a function of only the
first constituent, namely the elastic material behavior. For
this reason, its average is lower than that of PP Cell com-
posites (Table 2). Glass fibers increase the maximum force
for both composites. However, the change in deflection
takes place in PP GF only. It is certainly an effect resulting
from extraordinary pull-out mechanisms, which are re-
flected in the SEM micrographs (Fig. 2). Consequently, an
extended crack propagation region occurs, compensating
the considerably lower force at the maximum level.
Hence, the total impact energy (impact strength) equals
nearly that of PLA GF (see Table 2).

In relation to tensile test, the abaca fiber composites
demonstrate an improvement in their maximum force at
anegligible increase of the deformation. The main reason

b
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Fig. 4. Load-displacement diagrams from A-notch Charpy impact test (PLA — a, PP — b composites)
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for this specific material behavior is the fiber mechanical
performance combined with the non-favorable fiber as-
pect ratio, and visible fiber damage during processing
[4]. Nevertheless, the impact strength can be enhanced by
the factor 2, providing proof-of-concept with regard to
the mechanical properties of natural fiber reinforced
composites.

Table 2. Mean values of A-notch Charpy impact strength (fiber
content 30 wt. %)

PLA PP

— | Cell | Abaca| GF — | Cell | Abaca| GF
Mean value
of aa Kym2 | 16| 82 | 37 101119 [161| 37 | 86
Standard | 151 690 | 030 | 030|030 | 235 | 040 | 0.50
deviation

Further improvement in the crash resistance

As described above, one of the foreground failure
mechanisms, which leads to an increase in the impact
strength of short fiber composites, takes place when
drawing the fiber out of the matrix. The reason for this is
an enlarged path of initiated cracks that enables the
cracking to be stopped better via energy dissipation, and
higher energy consuming friction in the fiber/matrix
boundary region [19]. Tailoring the interphase in this way
leads to more frequent fiber pull-outs (weakening the in-
terfacial bonding). Therefore, the impact strength must
rise simultaneously. On the contrary, other mechanical
properties, like strength and stiffness, will suffer a loss.
Taking this into account, any modification of interphase
must be carried out extremely carefully.

A very first example of this innovative approach con-
tributes to the final focus of the presented study. The
modifier used is a reactive additive from the BASF com-
pany. Joncryl ADR 3229 is an originally maleinated chain
extender based on styrenic-acrylic copolymers with mo-
derate polarity. The number of functionalities is 6. It has
no significant impact on the processing or structural pro-

perties of PLA [4]. The additive was added during the
first compounding step. The quantity was between 1 and
5 wt. % in relation to the fiber content. In contrast to the
earlier part of this paper, the following section will de-
scribe PLA composites with only 20 wt. % of man-made
cellulose.

The authors assume that the maleinated groups of
Joncryl 3229 react chemically with the hydroxyl groups
of the cellulosic fibers, and develop a thin additional film
on the fiber surface. Therefore, the reaction leads to a
closing of fiber-surface imperfections, making the fibers
smoother and more slippery. Besides this, the presence of
the new moderate polar layer on the surface disturbs the
bonding with polyester. Both mechanisms induce a mas-
sive fiber pull-out, which can be seen in Fig. 5.

500
400 |
1 PLA Cell 20 Joneryl 5 wt.%
300
Z.\
"{‘g PLA Cell 20 Joncryl 3 wt.%
— 200 -
PLA Cell 20 Joncryl 1wt.%
100
PLA Cell 20
0 -

00 05 10 15 20 25 40

Displacement, mm

Fig. 6. Load-displacement curves for PLA 20 Cell modified with
Joncryl 3229

Analyses of the load-displacement curves of those
composites reveal a visible change in the material beha-
vior compared to unmodified PLA (Fig. 6). The major dif-
ference is the somewhat increased maximum force, and
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an increased deflection with a higher Joncryl content. The
strain doubles as early as at the content of 3 % Joncryl,
whereas further increase of the additive content does not
change the behavior significantly. Finally, the values of
the impact strength have been improved from 6.7 kJ/m? to
9.1, 12.7 and 12.8 kJ/m? for 0, 1, 3 and 5 wt. % of Joncryl
3229, respectively. All in all, this equals an additional
enhancement by approx. factor 2.

By means of this method, the impact strength of the
brittle PLA man-made cellulose composites exceeded the
impact resistance of its PP counterparts noticeably. In
comparison, PP with 20 wt. % of man-made cellulose
achieves the Charpy impact strength of merely 9 kJ/m?.

CONCLUSIONS

In order to improve the mechanical properties of cel-
lulosic fiber reinforced polymers, the combination of op-
timized processing conditions and customized additives
is of significant importance. This compromised the main
focus of the experimental work in this study. As shown in
the paper, the majority of the investigated mechanical
properties of biobased composites achieves or indeed ex-
ceeds the level of their petrochemical equivalents. The
essential matter is the complex approach, including not
only the discussion on mean values obtained in quasi-sta-
tic tests, but a detailed analysis of the micro-mechanical
material behavior. Thus, combining the analysis of the
microstructure, the load-displacement curves, and final-
ly, concluding the resulting impact on the macro-proper-
ties.

This study also proved that biogenic man-made cellu-
lose can successfully be used as a reinforcing fiber. The
performance of such composites corresponds to GF coun-
terparts, while simultaneously leading to much higher
impact strengths. Abaca fiber, here as an example of a
fully natural fiber, is a great constituent adjusting posi-
tively the CO, footprint and, in some way, improving the
mechanical performance. The most significant impact of
abaca is on composite’s stiffness. Nevertheless, further
mechanical properties, such as the tensile or impact
strength, can also be considerably enhanced if the
appropriate processing parameters are provided.

The poor impact strength of the brittle PLA compo-
sites is still an issue, unlike for the PP equivalents, but can
easily be avoided by tailoring the interphase. It has been
proven that the maleinated additive Joncryl 3229 influen-
ces the interfacial region so that fiber pull-outs become
the dominant mode of failure. As a consequence, the
impact energy increases extraordinarily. The impact
strength can be doubled already at a low additive con-
tent, evidently exceeding the impact resistance of
PP-based composites.

10.
11.

12.
13.

14.

15.
16.

17.
18.

19.

REFERENCES

Bledzki A. K., Faruk O., Sperber V. E.: Macromol. Mater. Eng.
2006, 291, 449.
Bledzki A. K., Jaszkiewicz A., Scherzer D.: Bioplastics Maga-
zine 2008, 3(02), 12.
Bledzki A. K., Jaszkiewicz A., Murr M., Sperber V. E.: , Pro-
cessing techniques for natural- and wood-fibre composites”
in ,Properties and performance of natural-fibre compo-
sites” (Ed. Pickering K. L.), Woodhead Publishing Ltd, Cam-
bridge 2008, pp. 163—192.
Jaszkiewicz A.: ,Gegeniiberstellung von biobasierten Poly-
lactid- und Polypropylen-Compositen — Funktionsaddi-
tive, Cellulose- und Glasfasern, Prozessfiihrung”, Kassel
2011, ISBN 978-83-7815-404-4.
Kozlowski R., Wladyka-Przybylak M., Kicinska Jakubow-
ska A.: ,State of art in the research on natural fibres and
their properties used in composites”, in Proc.: 7th Global
WPC and Natural Fibre Composites Congress, June 18 —19,
2008, Kassel, Germany.
Schertibl B.: ,An Innovative Composite Solution in the New
Mercedes A Class — A Successful Story about the Natural
Fibre ABACA”, 6th Global Wood and Natural Fibre Com-
posites Symposium, April 5—6, 2006, Kassel/Germany.
Klemm D., Heublein B., Fink H.-P., Bohn A.: ,,Cellulose: Fas-
cinating Biopolymer and Sustainable Raw Material”,
Angewandte Chemie International 2005, 44, pp. 3358 —3393.
N/N: Rohstoffe im Wandel, Positionspapier von DECHE-
MA, GDCh, DGMK, VCI, Frankfurt, 2010.
Hafellner R., Pichler M., Worndle R., Steinbichler G.: Kunst-
stoffe 2000, 90(3), 44.
Biirkle E., Sieverding M., Mitzler J.: Kunststoffe 2003, 93(3),
47.
Plackett D.: J. Polym. Environ. 2004, 12(3), 131.
Bax B., Miissig J.: Compos. Sci. Technol. 2008, 68(7—8), 1601.
Fink H.-P,, Ganster J.: ,Novel Commodity Composites with
Man-Made Cellulose Fibres”, Konferenzmaterialien: 6th
Global Wood and Natural Fibre Composites Symposium,
April 05—06, 2006, Kassel, Germany.
Fink H.-P, Ganster J.: ,Novel Thermoplastic Composites
from Commodity Polymers and Man-Made Cellulose
Fibres”, Macromolecular Symposia 244, 2006, 1, pp.
107—118.
Ganster J., Fink H.-P.: Cellulose 2006, 13(3), 271.
Einsidel R., Uihlein K., Ganster J., Rihm R.: ,,Cordenka Rein-
forced PLA — Advanced Bio-Derived Composite Material”,
Konferenzmaterialien: Annual Technical Conference, May
16—20 2010, Orlando, FL, USA.
Jaszkiewicz A., Bledzki A. K.: Polimery 2008, 53, 564.
SchofSig M., Grellmann W., Mecklenburg T.: . Appl. Polym.
Sci. 2010, 115(4), 2093.
Bledzki A. K., Jaszkiewicz A., Scherzer D.: Composites Part A
2009, 40(4), 404.

Received 26 VIII 2012.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /PLK ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


