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Abstract

Biodegradable and ecologically friendly polymer materials attract great attention of many scientific groups in the world
as they fit well in the sustainable development policy and are considered to be “a right thing to do” by the general public.
Such polymers can be modified by the addition of different fillers, favorably of natural origin. In the paper we provide a
comparison between composites based on two biodegradable polymers: poly(lactic acid)—biodegradable, natural stock
polymer and poly(butylene succinate)—biodegradable polymer produced from fossil based materials. For each polymer we
have prepared a series of composites with different fibres (natural: hemp and flax, and manmade: Cordenka) and different
filler loadings. To fully characterize obtained materials thermal, mechanical and surface free energy measurements were
performed, completed with morphology observations and an attempt to compare the experimental data for tensile measure-
ments with values obtained using the modified rule of mixtures. The tensile results calculated using the modified rule of
mixture for below 30% fibre loading are found to be fitting the experimental data. Composites mechanical properties and
morphology were strongly affected by the type of fibre used and its loading, however thermal properties remained almost
unchanged. In specific, Cordenka fibres tend to form bunches which presence greatly influences the mechanical properties
but still our studies have shown clear advantage of manmade Cordenka fibres over the hemp and flax fibres when considering
distribution and fibre—polymer interaction.
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Introduction

During the last few decades natural fibres have gained a
strong focus in the field of polymer composites fillers [1-4].
Their potential derivates from low density, low price, rela-
tively high mechanical strength, biodegradability, and natu-
ral feel-like which is important for the end customer as we
tend to select products that remind us nature made objects
(i.e. wood, wool etc.) [5].

Of course, there are some drawbacks like low moisture
resistance, problems with compatibility when compound-
ing with a hydrophobic polymer matrix or inconsistence in
chemical composition. Like most of the fibres used in poly-
mer composites manufacturing, natural fibres are also prone
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to forming aggregates and have to be modified accordingly
in order to prevent that phenomena. One other drawback that
is specific to natural fibres is the influence of their origin
on the fibres properties. As they are not manufactured, but
rather grown, there are some farming related factors having
an impact on crop end properties [6—8]. For now also the
cost effectiveness of natural fibres when compared to syn-
thetic equivalents is rather low but recent life cycle analyses
have proven natural composites more ecologically favorable
as they require 30% less energy when compared to their syn-
thetic counterparts [9].

In the past few years man made natural fibres have
attracted attention as a polymer composite fillers, since
they are of similar quality as a conventional natural
fibres, but their drawbacks are in most part decreased
[10-16]. One of such fibres, with excellent properties
recurrence is Cordenka. It is produced by a type of
viscose process, where natural cellulose pulp is being
dissolved in a sodium hydroxide and carbon disulphide
solution. Then after some mechanical treatment (ripping,
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filtration) is extruded into a final fibre form. It has high
thermal stability, good adhesion and a very high quality
dimension stability [17]. The comparison between two
general types of fibres, manmade Cordenka and naturally
occurring hemp and flax fibres in biodegradable poly-
mer such as PLA was needed. There are many examples
in the literature of composites based on polymers from
non-renewable resources, PE or PP for example. Natural
fibres with their hydrophilicity and thusly poor adhesion
to hydrophobic polymers should have a better interaction
with the hydrophilic PLA. On the other hand, more stable
and repeatable properties of Cordenka fibres could prove
to be of better quality as a composite filler.

Basing on the different hydrophilic character of those two
type of fillers there was a curiosity to compare resulting
hydrophilic character of polymer composites filled in three
different filling ratio. Interactions in polymer matrix-fibred
material systems are mainly of chemical nature but they
can modify physical side (surface morphology) of polymer
systems as well. It is well known fact, that surface of com-
posites filled with high ratio of modifier differ substantially
from those filled with minor level. Performing wettability
measurements on different surfaces of composites gives an
insight into chemical nature of modified polymer system as
well their morphology and allow to conclude in a quantita-
tive way.

Also, surface free energy measurements were performed
to add the overall knowledge to the paper as polymer sur-
faces are often difficult to wet and bond, which is caused
by incompatibility, presence of contaminants, factors con-
nected with weak boundary layers etc. The knowledge of
polymer composite surface properties plays a crucial role
in preparing processes like coating, joining, printing and
other. Determining surface energy properties for polymer-
fibre compositions is very important as such materials have
broad area of applications (engineering, automotive industry,
construction) in many cases coated, printed on or joined with
other materials.

In this paper we evaluate and compare properties of
different fully biodegradable polymer composites based
on two different matrixes, poly(lactic acid) biodegrad-
able, natural stock polymer and poly(butylene succi-
nate), biodegradable polymer produced from fossil based
materials.

Experimental
Materials and Composites Preparation
Composites were prepared by melt mixing of polymer

matrices, polylactic acid PLA 3052D from NatureWorks
and poly(butylene succinate) PBE 003 BB from NaturePlast

with fibres. Hemp and flax were 4 mm long, kindly supplied
by EKOTEX Poland. Their processing was narrowed down
only to number of processes necessary for their extraction
from the plant. No additional treatment (in particular surface
activation) was applied to filler material.

Viscose fibres were supplied by Cordenka GmbH under
the commercial name Cordenka®.

Samples Preparation

Composites were prepared by melt mixing of polymer
matrix (PLA and PBS) with hemp, flax and Cordenka fibres.
Mixing was performed using a Thermo Scientific Polylab
QC equipped with internal mixer (roller rotors) with a
chamber temperature of 180 °C and rotor speed of 50 rpm.
Filler concentration was 10; 30; 50 wt%. Mixing time varied
from 5 to 6 min, as derived from the on-line torque meas-
urements. Each composite was processed until the torque
reached a stable value, which depended on the filler type
and concentration.

Samples for mechanical testing were prepared using
injection molding machine (Proma) at 180 °C. Samples
dimensions were 120X 10 x4 mm, respectively.

Mechanical Testing

All mechanical tests were performed at relative humidity
of 50% and room temperature. The specimens had been
conditioned under the same circumstances for at least 24 h
before testing. The tensile strength and the Young’s modu-
lus were determined according to ISO 527 standard using
Lloyd LR10K test machine operated at a crosshead speed of
10 mm/min. Samples used were dogbone-shaped with gauge
length of 35 mm. The Charpy impact strength of the com-
posites was tested according to ISO 179 standard using Resil
5.5 CEAST testing machine with a pendulum of 4 J energy.
The specimens were rectangular in shape, unnotched.

Dynamic Scanning Calorimetry

Dynamic scanning calorimetry measurements were per-
formed on the 5-10 mg samples in heat-cool-heat mode
using DSC Q20 (TA Instruments) apparatus. All experi-
ments were conducted at the heating rate of 10 °C/min, in
the temperature range 20 up to 180 °C. Temperatures charac-
teristic for thermal transitions of the material were read out
from the second heating scan. Samples were not additionally
processed prior to DSC measurement.
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Scanning Electron Microscopy

Scanning electron microscopy examination was performed
to characterize surface morphology. Fractured samples (in
liquid nitrogen) were gold sputtered prior to experiment.
SEM observations and sputtering were performed using
VEGA TESCAN microscope and Kressington 108 sputter-
ing device (respectively). All images were collected at the
same magnification rate—x400.

Surface Free Energy

Wettability of the samples was measured by means of
three liquids system: distilled water, formamide and
diiodomethane. All chemicals were at least 99.5% pure
and supplied from Sigma Aldrich. At least five points
were taken into consideration when calculating contact
angle mean value and its standard deviation. Surface free
energy was calculated in terms of van Oss-Chaudhury-
Good model [18-20].

Results and Discussion
Tensile Strength

In order to evaluate mechanical properties of obtained
materials, tensile tests were performed. Since the middle
of twentieth century, many theoretical models were devel-
oped with the aim of modeling the mechanical properties
of fibre reinforced composites (FRC). The most common
and simplest ones are the rule of mixtures based equations.
However, due to incompatibility between the fibres and the
polymer matrix, rule of mixtures tends to fail in modeling
the composites mechanical properties. By definition, the rule
of mixtures describes a rather idealized situation, where it is
assumed that uniform strain condition exist in both matrix
and the fibre. For most FRC that is not the case. After con-
sidering other parameters, such as fibre orientation and fibre
length a proper model that will reflect the experimental data
can be applied.

Modification of rule of mixture equation was first consid-
ered by Cox who showed that for aligned fibres composite
modulus is given by:

Yc = (nl”OYf - Ym)Vf + Ym

where Y. Y, Yy are modulus of the composite, matrix and
the fibre respectively, V;is the fibre volume, 1, is the orien-
tation efficiency factor and n, is the length efficiency factor.

The length efficiency factor tends to approach 1 at
high (above 10) I/D ratio. In our paper only long fibres
were used, with 1/D ratio considerably above that value.
As for the fibre alignment, no orientation techniques

@ Springer
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Fig.2 Young modulus of PBS based composites

were introduced during composite preparation process,
therefore based on literature data 1, was fixed at value
of 0.2 as for randomly oriented fibres [21]. Fibres mod-
ulus used in calculations (flax 3.49 x 10* MPa, hemp
3.56 x 10* MPa, Cordenka 2.86 x 10* MPa) was estimated
based on literature data [22].

Comparison of Young modulus calculated versus
experimental values for PLA and PBS based composites
is presented on Figs. 1 and 2. In terms of composites’
stiffness the highest values were achieved by addition of
flax fibres, 3100 MPa and 5050 MPa for PLA and PBS
based composite respectively. Lower modulus values
were obtained for hemp and Cordenka filled composites.
The results obtained from a modified rule of mixture
calculation fit experimental results well at lower fibre
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Fig.3 Tensile strength of PLA and PBS based composites
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Fig.4 Impact strength of PLA and PBS based composites filled with
different natural fibres

loadings but tend to overestimate modulus values at 50%
loading. Such tendency is known and it is mostly due to
not taking into account the defects of the fibre—poly-
mer adhesion area which plays an important role in the
transmission of stress from matrix to the fibre and thus
contributes toward the performance of the composite.
Tensile strength (o) values for obtained composites
are presented on Fig. 3. Pristine polymers were also

added for comparison purpose. As expected, one can
observe general improvement in tensile strength for all
of the implemented fibre types. Neat PLA o, value of
65 MPa increased up to 76 MPa with flax fibre, 78 MPa
with hemp fibre and 88 MPa with Cordenka. For PBS
based composites (o, of 40 MPa) the tensile strength
achieved values of 52 MPa, 51 MPa and 72 MPa at 50%
loading of flax, hemp and Cordenka fibre respectively.
Therefore it can be said that Cordenka filled composites
gained most efficiently on tensile strength properties in
comparison with hemp and flax.

Impact Properties

Impact strength of evaluated polymer/fibre systems
decreases with the increasing fibre volume, except for PLA/
Cordenka (Fig. 4). PBS based composites impact strength
was decreased from 63 to 10; 12; 13 kJ/m? for flax, hemp
and Cordenka fibre respectively.

As for PLA/flax composite the impact strength was
decreased from 17.5 to 11 kJ/m* and PLA/hemp to 12.1 kJ/
m?. The impact strength of Cordenka filled PLA increases
significantly and reaches 36.7 kJ/m* which doubles the
impact strength of pristine PLA.

The results suggest that PBS which has higher impact
strength when compared to PLA, is being weakened by
the addition of fibres. Although it has to be underlined
that for flax and hemp fibre the decrease in PBS impact
strength is steady, for Cordenka one can observe a criti-
cal fibre volume value of 30% at which impact strength
is 52 kJ/m”.

For low impact resistant polymer, such as PLA, addition
of Cordenka led to obtaining of a reinforced composite.
Thus, the impact strength of the PLA/Cordenka composite
is more promising than all other biodegradable composites.
Such behavior can be explained when considering the fact
that the impact strength in fibre reinforced composites is
dependent mainly on three factors—fibre fracture, debond-
ing and pull-out. In case of PLA/Cordenka it is assumed
that the strain energy which is released by fibre debond-
ing and fracture is proportional to the debonded length. In
other words, during impact, part of the energy is absorbed
by fibres being pulled out of the polymer matrix due to poor
adhesion.

Similar observations were reported by Fink and Hoff-
man [23] who measured mechanical properties of PLA
composites including PLA—Cordenka reinforced polymer
systems. Although the main part of their research were
provided to reveal the influence of coupling agent on
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Table 1 DSC results

Sample T,(°C) T,(°C) T,,(°C) T, (°C) T,,(°C)
PBS —-29.0 764 100.4 114.9 -
PBS+10% Cordenka —29.1 834 - 105.1 119.5
PBS+30% Cordenka —28.9 83.8 — 105.5 118.8
PBS +50% Cordenka —28.8 839 - 105.7 118.9
PBS + 10% flax -30.2 852 - 103.4 115.1
PBS +30% flax -30.1 87.5 - 105.4 116.6
PBS +50% flax -30.1 87.9 - 105.9 117.0
PBS +10% hemp -30.7 83.9 - 102.2 115.1
PBS +30% hemp —-31.5 84.6 - 102.9 115.1
PBS +50% hemp -30.9 85.1 - 103.4 115.2
PLA 623 - 1149 - 155.2
PLA+10% Cordenka  61.0 - 116.3 149.0 155.1
PLA+30% Cordenka  62.1 — 112.3 150.9 158.0
PLA+50% Cordenka  62.8 — 114.1 151.2 159.1
PLA +10% flax 61.8 - 115.8 149.8 155.8
PLA +30% flax 61.8 - 115.2 150.6 156.7
PLA +50% flax 619 - 115.7 151.1 157.7
PLA +10% hemp 61.7 - 114.7 149.8 155.3
PLA +30% hemp 619 - 114.9 150.6 157.0
PLA +50% hemp 62.1 - 114.9 151.3 158.1

increasing tensile strength, authors described interactions
in unmodified polymer—Cordenka systems.

Dynamic Scanning Calorimetry

DSC results are presented in Table 1. No significant
changes may be observed in the PLA samples. Most of
the parameters, 7, =62 °C (glass transition temperature),
T..=115 °C (cold crystallization temperature), do not
change at all or slightly differ in an unordered manner
and the observed differences are equal or less than exper-
imental error. Some dependencies may be attributed to
melting (7,,) and crystallization (7,) temperatures which
both increase their value with the filler loading ratio. The
change is rather a general observation. For all PLA com-
posites double signals related to melting were observed.
According to the literature such a behaviour indicates the
coexistence of different crystalline phases of the same
material [24, 25]. Low-temperature signal may be attrib-
uted to forms formed during cold crystallization process
while primarily crystallized species undergo melting
indicated by the signal at higher temperature.

A bigger differences were observed for PBS and
PBS filled with fibres. PBS is characterized by a 7, of
-29°C, T,=76 °C, T,.,=100 °C and T,,=115 °C. All
composites PBS/fibres have a similar 7,, while the higher

@ Springer

T. (84-88 °C) as compared to the polymer matrix was
observed. DSC curves show two melting peaks for com-
posites, the first at a lower temperature (102—-106 °C) and
a second at a higher temperature (115-119 °C) (Table 1).

Surface Morphology Characterization

Presented on the Fig. 5 SEM images of fibrous compos-
ites, bring an additional prove of the discussed dependen-
cies observed in mechanical properties examination when
analysing the residual fractured surface. Cordenka filled
sample present a similar behaviour to two other compos-
ites. It is clearly seen that Cordenka fibres are extensively
pulled out from the polymer matrix. Therefore part of the
impact energy during impact is being absorbed by fibres
being pulled out of the polymer matrix (Fig. 6).

Another hint coming out from the micrographs is
rather qualitative description than quantitative conclu-
sion. As it comes out from figures depicting fractured
Cordenka composites, the number of fibres outreaching
from the material’s bulk is much greater comparing to
natural fibres composites. Being aware of the fact that the
volume of all fibres (disregarding the type) added to the
polymer matrix during the preparation process remains
the same (in the same typeseries), observed phenomenon
might be attributed to the matrix behaviour. To clarify the
thought: the surface of moulded PLA composite samples
appealed a way more smooth character comparing to PBS
matrix. Thus fibres behaved as being fluffed (we called
it: “Cordenka bunch”) although their volume fraction
remained unchanged. That observation was also reflected
in wetting experiment.

When analysing the polarity character of the PBS
based composites, one can notice that in flax and hemp
filled samples the polarity increases with the filler ratio
(Fig. 7). Both Figs. 7 and 8 represent polar (group of
first three bars) and apolar (second triplet) contribution
to total SFE.

The explanation relates to the probability of fibres
physical presence on the material’s surface. The more
fibres are embedded within the polymer matrix, more
of them are also present on the composite’s outer sur-
face increasing in turn composite’s polar character (as
the fibres are polar). Contrary to that, in Cordenka filled
samples the polar character as well as total SFE decreases
with the filler ratio. Such a behaviour cannot be simply
explained only by physical presence of polar fibres on
the composite’s surface. SFE is an average parameter
describing chemical nature of the investigated material
which is reflected by contact angle value. The latter one
is an outcome of chemical (e.g.: the polarity) and physi-
cal (e.g.: surface porosity) factors. Presence of Cordenka
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Fig.5 SEM images of PBS based composites filled with increasing load of Cordenka fibres (a—10%, b—30%, ¢—50%), flax fibres (d, e, f) and

hemp fibres (g, h, i)

bunch affects vastly physically composites surface. That
in turn influences the contact angle of measuring liquids
making it an apparent one. As an effect, although Cord-
enka fibres reveal polar character it is their 3D arrange-
ment affecting vastly measured contact angle. This fact
is broadly recognized in the literature [26, 27]. In turn
measured, apparent, contact angle may indicate that

investigated surface reveals more non-polar character
than other samples.

The behaviour of PLA based composites is a way differ-
ent from the discussed PBS samples. The polar character is
decreasing with increasing fibre ratio (Fig. 8).
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Fig.6 SEM images of PLA based composites filled with increasing load of Cordenka fibres (a—10%, b—30%, ¢—50%), flax fibres (d, e, f) and

hemp fibres (g, h, i)

Conclusions

Composite materials based on two biodegradable poly-
mer matrices, PLA and PBS, containing different type and
amount of natural fibres were produced. Obtained mate-
rials were characterized for tensile, impact and thermal
properties.

Tensile results were calculated using the modified rule of
mixture and the experimental results fit well at lower (below
30%) fibre loadings.

@ Springer

Composites mechanical properties and morphol-
ogy are strongly affected by the type of fibre used and
its loading when the thermal properties remain almost
unaffected.

Morphology characterization with SEM confirms well fibre
distribution and the advantage of manmade Cordenka fibres
over the hemp and flax fibres when considering distribution
and fibre—polymer interaction.
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