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The present paper focuses on short flax fibre reinforced composites based on polyhydroxybutyrate (PHB)
and its copolymer with hydroxyvalerate (HV). The effect of the fibre and copolymer content on the
mechanical properties of the composites is being discussed. Furthermore, the influence of manufacturing
method (compression moulding of non-woven mats and injection moulding of short fibre compounds)
and processing conditions (cooling temperature and annealing) on the mechanical properties of the com-
posites is being investigated. Finally, the biodegradability of the aforementioned composites expressed as
weight, stiffness and strength loss as a function of burrier time is presented on the example of injection
hort fibre composites
lax fibres
HB
V copolymer
ompression moulding

njection moulding

moulded flax/PHB/HV composites. It can be concluded that the addition of flax fibres along with con-
trolled processing conditions seems to be a convenient way of toughening of the PHB matrix. Composites
manufactured through injection moulding exhibited lower impact strength than those manufactured
through compression moulding. Based on the biodegradation study of PHB/HV composites it can be con-
cluded that the tensile properties drop significantly in the initial stage of degradation. The drop in tensile

l in t
iodegradability properties is more gradua

. Introduction

Sustainability and eco-efficiency in technical applications has
ecome quite important during the last two decades resulting from
cological concern, environmental awareness and new rules and
egulations. In the area of polymer matrix composite materials,
ost work during the 1990s focused on replacing conventional

bres, like glass fibres with more environmentally friendly ones,
ike natural fibres (Peijs et al., 1998; Peijs, 2000; Joshi et al., 2004).
P undoubtedly has been one of the best candidates as matrix
aterial for natural fibre reinforced composites because of its low

rice, thermal stability, and widespread use in technical applica-
ions, e.g. in the automotive industry. Numerous publications can
e found on the effect of addition of natural fibres on the physi-
al and mechanical properties of polymer matrix composites with

ocus on PP matrices (Heijenrath and Peijs, 1996; Peijs et al., 1998;
arkhail et al., 2000; Peijs, 2000; Stamboulis et al., 2000; George et
l., 2001; Stamboulis et al., 2001; Singleton et al., 2003; Garkhail
t al., 2009; Barkoula et al., 2009). The comparison of conven-
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eering and Materials Science, Queen Mary University of London, Mile End Road, E1
NS London, UK.
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he later stages of biodegradation.
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tional glass fibre reinforced plastics with natural fibre reinforced
ones has shown that the latter are competitive in both mechan-
ical performance and price. This has led to the use of polyolefin
based composites reinforced with natural fibres in the automobile
industry (Eisele, 1994; Brouwer, 2001; Singleton et al., 2003; Karus
et al., 2005). However, in terms of eco-efficiency polyolefins do
not degrade via normal biodegradation process therefore its dis-
posal requires dumping, recycling or incineration methods. Next
to that, thermal degradation of the natural fibres during repro-
cessing makes mechanical recycling a less favourable option for
natural fibre composites. For ultimate recyclability, recently sin-
gle polymer composites based entirely on PP have been introduced
(Alcock et al., 2006a,b, 2007). On the other hand, where recycling
is not an option, biodegradability could be an eco-efficient solu-
tion for end-of-life disposal of polymer products. This has led to a
shift in interest during the last decade towards composites where
natural fibres are combined with biopolymers, which originate
from renewable raw materials. Such composites are completely
biodegradable and are often called “green composites” because of
their environmentally beneficial properties (Mohanty et al., 2002;

Oksman et al., 2005; Bax and Muessig, 2008; Vila et al., 2008). Gen-
erally, biopolymers are thermoplastic materials therefore offering
advantages like low processing time, recyclability along with a
feature of biodegradability. Apart from re-use or recycling, biocom-
posites offer additional recovery options, like composting. Being

ghts reserved.
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ully integrated into natural cycles or carbon dioxide (CO2) neu-
ral combustion, biocomposites also meet the steadily increasing
nvironmental demands of legislative authorities.

Polymers from renewable resources can be classified into three
roups: (1) natural polymers, such as starch, protein and cellulose;
2) synthetic polymers from natural monomers, such as polylac-
ic acid (PLA); (3) polymers from microbial fermentation, such as
olyhydroxybutyrate (PHB) (Yu et al., 2006). Recent review articles
ave been published on the potential of these materials in various
pplications (Gatenholm et al., 1992; Gatenholm and Mathiasson,
994; Mohanty et al., 2000a, 2002; Velde and Kiekens, 2002; Shanks
t al., 2004; Chiellini et al., 2004; Yu et al., 2006; Philip et al., 2007).
mong other biodegradable polymers, PHB and its copolymers are
f special interest, since PHB is highly crystalline polymer and has
melting point, strength and modulus comparable to those of iso-

actic polypropylene (Jiang et al., 2008).

. Composites based on PHB and its copolymers

One of the major advantages of PHB is its biodegradability as
t can be degraded to water and carbon dioxide under environ-

ental conditions. Next to that, due to its polar nature, PHB shows
etter adhesion to natural fibres compared to polyolefins (Shanks
t al., 2004). However, PHB is brittle and thermally instable dur-
ng melt processing just above its melting point (Marchessault and
oulombe, 1981; Barham et al., 1984; Koning and Lemstra, 1993;

iang et al., 2008). This is a major drawback for PHB, as careful con-
rol during processing is required to maintain its original molecular
eight and properties (Marchessault and Coulombe, 1981). In order

o reduce the thermal instability and brittleness of PHB, copolymers
ith hydroxyvalerate (HV) have been developed (Holmes, 1988;
ohanty et al., 2000a; Shanks et al., 2004; Yu et al., 2006; Philip

t al., 2007; Jiang et al., 2008). It has also been shown that heat
reatments (annealing) can be used to reduce the brittleness of PHB
Koning and Lemstra, 1993).

The addition of natural fibres and fillers has been also proposed
s a solution for increased mechanical performance and tough-
ess of PHB and its copolymers, as well as for lowering the price
f otherwise expensive biodegradable polyester (Gatenholm et al.,
992; Avella et al., 1993, 2000; Gatenholm and Mathiasson, 1994;
ourban et al., 1997; Funke et al., 1998; Mohanty et al., 2000a,b,c;
hibata et al., 2002; Wong et al., 2002, 2007, 2004; Digabel et al.,
004; Fernandes et al., 2004; Shanks et al., 2004; Wu, 2006; Yu et
l., 2006; Bodros et al., 2007; Buzarovska et al., 2007; Cyras et al.,
007; Jiang et al., 2008). These studies mostly discuss the effect
f the fibre and/or HV addition on the crystallization and thermal
ehaviour as well as on the mechanical performance of the PHB
ased composites.

In terms of crystallization and thermal behaviour, no signifi-
ant effect of cellulose on PHB polymer crystallinity was reported
Gatenholm et al., 1992; Avella et al., 1993; Luo and Netravali, 1999;
uzarovska et al., 2007). A slight increase of Tg (glass-transition
emperature) and delay in the crystallization process (Avella et al.,
993) was observed. The presence of wheat straw fibres increased
he rate of PHB/HV crystallization, due to a nucleating effect, while
he thermal parameters such as crystallinity remained unchanged
Avella et al., 2000). Similarly, Reinsch and Kelley (1997) reported
ncreased crystallization in the presence of wood fibre in PHB/HV
opolymers. Furthermore, recent studies on the crystallization
ehaviour of PHB/kenaf fibre model composites confirmed that

he nucleation activity of kenaf fibres affected the crystallization
inetics of the PHB matrix (Avella et al., 2007). However, pro-
essing conditions practically did not influence the crystallization
rocess, suggesting that certain processing conditions did not lead
o degradation processes (Buzarovska et al., 2007). Differences in
and Products 31 (2010) 34–42 35

the effect of cellulose fibres on the crystallization process have been
attributed to the presence or not of lignin in the cellulose fibre (Luo
and Netravali, 1999).

Addition of HV, compatibilizers and natural fibres on PHB based
composites, influenced the mechanical performance of the com-
posites. The addition of cellulose fibres without the application of
HV in the PHB led to some improvement in tensile strength and
stiffness, but the composites remained brittle (Gatenholm et al.,
1992). All composites were prepared with a co-kneader followed
by injection moulding. The incorporation of cellulose fibres at low
content lowered the stiffness, however higher amounts of cellu-
lose fibres greatly improved the mechanical properties of PHB. The
addition of HV led to a reduction in the stiffness of the PHB but
to increased elongation at break. In PHB/HV reinforced with jute
observations of 50–150% enhancement in tensile strength, 30–50%
in bending strength and 90% in impact strength have been reported
(Mohanty et al., 2000a,b). For short abaca fibres PHB composites the
effect of fibre length, surface modification on the tensile and flex-
ural properties has been investigated. Improved flexural strength
and modulus with fibre content, especially in treated abaca fibres
and direct comparison with GF/PHB composites were reported
(Shibata et al., 2002). The surface treatment of abaca fibre was,
however, not that effective for the improvement of tensile prop-
erties. Results on PHB reinforced with straw fibres have also been
published (Avella et al., 1993). Fracture toughness values of com-
posite materials containing 10 or 20 wt.% straw fibres were higher
than those of neat PHB, while composite materials containing 30
and 50 wt.% straw fibres presented about the same values as neat
PHB.

The addition of varying HV content to PHB polymers improved
the toughness of the natural fibre composites and increased the
ductility, but lowered the crystallization rate. It has been suggested
however, that the combination of coupling agents and HV improved
the storage modulus and let to a reduction in the tan ı (Shanks
et al., 2004; Wong et al., 2004), due to an improvement in the
interfacial bonding between PHB and the fibres and an increase
in trancrystallinity near the fibre interfaces. The interfacial shear
strength has been also improved with the addition of interface
modifiers (Wong et al., 2007). PHB with 10–25 wt.% wood flour and
plasticizers, presented modest increase in tensile strength, while
some improvement in terms of thermal stability was demonstrated
(Fernandes et al., 2004). Finally, the addition of natural fibres did not
have a negative influence on the diodegradability of the composites
(Bourban et al., 1997).

Since PP reinforced with flax is widely used in technical appli-
cations, it would be of special interest to replace this material with
PHB reinforced with flax in the same application areas as the for-
mer. The literature found on flax/PP composites refers mainly on
two manufacturing routes, (i) mat technology, where non-woven
flax mats are compression moulded with PP to produce ran-
dom natural fibre mat composites (NMTs) and (ii) the compound
technology where flax fibre reinforced PP granules are injection
moulded to produce short fibre reinforced composites. It is well
known that the manufacturing method has a great influence on
the remaining flax fibre length and length distribution, which in
turn influences greatly the mechanical performance of the com-
posite materials (Garkhail et al., 2000; Joshi et al., 2004; Barkoula
et al., 2009). In the present study the influence of addition of flax
fibres on the mechanical properties of PHB and PHB/HV copolymer
are discussed and analysed. The effect of fibre and copolymer con-
tent as well as the processing conditions (cooling temperature and

annealing) and processing methods (injection moulding and com-
pression moulding) are being reported here on the aforementioned
composite systems. Finally, the biodegradability of these compos-
ites is presented on the example of injection moulded flax/PHB/HV
composites.
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Table 1
Matrix materials used for the compounding of flax fibre composites and their basic
properties.

Material Melting temperature (◦C) Molecular weight (g/mol)
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PHB 177 648,000
PHB 8 wt.% HV 153 553,000
PHB 12 wt.% HV 143 453,000

. Experimental

.1. Materials

In the current study, PHB in powder form and PHB/HV copoly-
ers (BiopolTM) in granule form both kindly supplied by Monsanto,

elgium, were used as matrix materials. Table 1 gives an overview
f the basic properties of three different grades of PHB used. Flax
bres were kindly delivered by Ceres BV, Wageningen, The Nether-

ands. The fibres were in random mat form (650 g/m2) with a length
f approx. 25 mm and short chopped fibres with a length of approx.
0 mm.

.2. Manufacturing

Two manufacturing routes, i.e. compression moulding and
njection moulding were used to study the effect of manufacturing
echnology on the performance of the composites.

.2.1. Compression moulding
Natural-fibre-mat-reinforced thermoplastics (NMT) composite

lates, with different fibre contents (0, 20, 30, 40 vol.%), were
anufactured using the film-stacking method. Films having thick-

ess of approx. 1 mm were made in a temperature-controlled
ydraulic press (Fontijne Holland, type TP400) by heating and
ompressing the copolymer granules for 5 min at 180 ◦C and a
aximum pressure of 1.5 MPa. In this film-stacking method, pre-

ried randomly oriented, non-woven, flax fibre mats were stacked
lternately with PHB or PHB/HV copolymer films to obtain a good
bre impregnation. All composite plates were heated for 12.5 min
t a temperature of 180 ◦C and pressure of approx. 8.0 MPa. The
ressure was increased in steps to avoid the presence of voids. To
bserve the effect of cooling temperatures the mould was cooled
t two different temperatures, i.e. 20 ◦C and 60 ◦C. To reduce the
nfluence of moisture, all materials were dried in an oven at 80 ◦C
or at least 24 h before moulding.

.2.2. Injection moulding
For the injection moulded samples, copolymer granules and

hort chopped flax fibres were used. The polymer granules and
bres were blended in a laboratory scale (60 cm3) Haake Kneader
model-HBI System-90). Compounding was done at 30 rpm for

5 min at 170 ◦C. The mixed compound was granulated and injec-
ion moulded using an Arburg M270 injection moulding machine.
arameters used for the injection moulding of flax/PHB/HV are
iven in Table 2.

Table 2
Injection moulding process parameters for flax/PHB/HV.

Temp. zone 1 (◦C) 160
Temp. zone 2 (◦C) 165
Temp. zone 3 (◦C) 170
Temp. zone 4 (◦C) 175
Temp. zone 5 (◦C) 180
Injection pressure (bar) 750
Cooling time (s) 12
Temp. of the mould (◦C) 60
and Products 31 (2010) 34–42

3.3. Testing methods

3.3.1. Tensile testing
Tensile tests were performed on a Frank 81565 tensile testing

machine at a cross-head speed of 4.8 mm/min according to ASTM
D 638 method. Tensile property evaluations were carried out at
ambient temperature. All samples were stored for at least 24 h
before testing. In the case of NMT samples, the tensile tests were
performed on test bars with rectangular cross-section and dimen-
sions of 150 mm × 20 mm × 2 mm. For injection moulded samples
the test bars were dumbbell shaped with dimensions according to
standard ASTM D638 (150 mm × 10 mm × 3.5 mm). An extensome-
ter was used to monitor the elongation of all tested specimens.

3.3.2. Impact testing
Izod impact tests were conducted on notched samples having

dimensions of approx. 60 mm × 12.7 mm × 2 mm and notch dimen-
sions according to the American standard ASTM D256. At least five
specimens were tested for each composition and fibre content.

3.3.3. Fracture surface analysis
The fractured surface of the composites was observed through

scanning electron microscope (SEM), Cambridge Stereoscan 200.
For the same, the samples were coated with gold/palladium.

3.3.4. Dynamic mechanical thermal analysis (DMTA)
DMTA (Polymer Laboratories DMTA, MK III) tests were per-

formed on compression moulded specimens in order to investigate
the effect of the cooling temperature on the glass-transition tem-
perature. The samples were analysed in tensile mode at a frequency
of 1 Hz, a heating rate of 2 ◦C/min and temperature range between
−20 ◦C and 100 ◦C.

3.3.5. Biodegradation
Injection moulded samples of flax/PHB/HV (8 wt.% HV) rein-

forced with 20 vol.% flax were buried in open soil at a depth of
approximately 25 cm. Prior to burying the weight of each speci-
men was determined. At regular intervals of 4 weeks a tensile bar
was dug up, cleaned, dried for 3 days at 80 ◦C and stored at room
temperature for another 3 days. After that the weight of the bar was
determined. Finally a tensile test was performed on the sample at
a cross-head speed of 4.8 mm/min.

4. Results and discussions

4.1. Mechanical properties of flax/PHB NMT composites

Fig. 1a–d shows the mechanical properties of the flax/PHB NMT
composites manufactured through compression moulding process,
as a function of the fibre volume fraction. For comparison, the ten-
sile stiffness and strength data of short fibre flax/PP (Garkhail et al.,
2000) and glass-mat-reinforced thermoplastic (GMT) (Garkhail et
al., 2000) composites are also plotted.

As can be seen in Fig. 1a the stiffness of the composite mate-
rials increases with the fibre content. Although the stiffness of the
flax/PHB composites is lower than that of the flax/PP and GMT com-
posites at low fibre contents (<30 vol.%), for higher fibre contents,
flax/PHB composites compete quite well with the aforementioned
commercially available polyolefin based composites. Upon fibre
addition, a small reduction in the flax/PHB composite strength was
followed by a small increase at higher volume fractions (Fig. 1b).

Overall, it should be noted that this effect is not significant.

It is well known that the fibre diameter, fibre length and
fibre/matrix adhesion are of key importance in discontinuous fibre
reinforced composites, for effective use of the fibre intrinsic prop-
erties (Oever and Bos, 1998). The interrelation between these
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ig. 1. (a) Young’s modulus, (b) tensile strength, (c) elongation at break and (d) Izo
nd b: comparison with flax/PP NMT and GF/PP (GMT) composites; Garkhail et al.,

arameters has been already described by several micromechanical
odels and is different for stiffness, strength and impact properties.

horough analysis on the influence of fibre length and concentra-
ion on the stiffness and strength of GF/PP (Oever and Peijs, 1998;
homason and Vlug, 1996; Thomason et al., 1996) and flax/PP com-
osites (Nechwatal et al., 2005; Barkoula et al., 2009) has shown
hat the required fibre length to reach maximum stiffness is much
ower than that required for maximum strength. A similar anal-
sis (Vila et al., 2008) showed that the required fibre length for
ptimum stiffness is approx. 1 mm, while the respective length for
ptimum strength is app. 8 mm (8× higher fibre length needed for
trength improvement). This might explain why the addition of
ax fibre influences the stiffness of the composite systems, while
he strength remains almost unchanged. Another reason for the
bserved trend could be imperfect bonding between fibre and
atrix and therefore fibres may act as crack initiators. Finally, the

resence of woody parts in flax fibre mats or transverse splitting
f the technical fibre bundles, might act as crack initiator leading
o a reduction in strength which is probably compensated for an
ncrease in reinforcement at higher volume fractions of fibres.

Fig. 1c shows the elongation at break of flax/PHB NMT compos-
tes as a function of fibre volume fraction. Addition of flax results in
lower elongation at break of the composites, i.e. approx. 1.5% for
ll fibre volume fractions. Flax fibres have low elongation at break
f approx. 1.7% (Peijs et al., 1998) therefore addition of these fibres
onstrains the elongation of the plastic matrix.
Finally, Fig. 1d shows the influence of fibre content on the
otched Izod impact strength of flax/PHB NMT composites. The

mpact energy absorption increases with increasing flax fibre con-
ent leading to toughening of the brittle PHB. The increase is most
robably due to fibre debonding and fibre pull-out mechanisms,
act resistance of flax/PHB NMT composites as a function of fibre volume fraction (a

which are prominent in systems with weak bonding between fibre
and matrix. This is also observed through the SEM pictures of the
fracture surface of the tensile specimen, as shown in Fig. 2. The phe-
nomenon of PHB toughening through addition of flax fibres is quite
an interesting approach as far as cost-performance of this polymer
is concerned. Addition of cheaper fibres not only reduces the cost of
the polymer but also improves the impact properties of PHB, which
is quite important considering the brittle nature of the polymer.

4.2. Influence of HV and fibre content on the mechanical
performance of flax/PHB based NMT composites

Fig. 3a–d shows the mechanical response of different grades of
PHB/HV as a function of fibre volume fraction. All composites were
manufactured by the compression moulding method.

As can been seen in Fig. 3a, the addition of HV copolymer lowers
the stiffness of the composite systems since the increase in the HV
content leads to lower crystallinity. The increase in fibre content
leads to a rapid increase of the E-modulus. The effect of HV content
on copolymer stiffness is also reflected in the composite proper-
ties as copolymer based composites exhibit lower stiffness when
compared with the stiffness of the native flax/PHB composites.

Similar observations are made when the strength of the tested
systems is considered (Fig. 3b). In comparison with native PHB
the copolymer based composites have a somewhat lower strength,
around 30 MPa. Similar to previous observations, the strength of the

flax/PHB/HV composites is almost constant with increasing fibre
volume fraction.

Fig. 3c shows the effect of HV content on the elongation at break
of the flax/PHB/HV composites. At low fibre contents (<20 vol%.)
the elongation at break of the copolymer based composites is
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Fig. 2. SEM pictures of impact fracture surface of flax/P

igher than that of native PHB based systems. The initial value
f elongation at break of neat PHB is 3.4% whereas the copoly-
ers have an elongation at break of around 10%. The higher

longation of the copolymers can be explained through the lower
rystallinity with the increased amount of HV. Further addition
f flax is masking the benefit of the HV copolymers and reduces
he elongation at break to approximately 1.5% for all flax/PHB sys-
ems.

Finally, Fig. 3d shows the notched Izod impact resistance of

ax/PHB/HV NMT composites. At low fibre contents (<30 vol.%) the

mpact resistance of the flax/PHB composites improved with the
ddition of HV copolymers. PHB is more crystalline than the copoly-
ers therefore it is more brittle than the latter. The addition of

bre however reverses this trend, i.e. at fibre contents >30 vol.%

Fig. 3. Effect of fibre and HV content on (a) Young’s modulus, (b) tensile strength, (c)
MT composites, showing pull-out of flax fibre bundles.

composites based on pure PHB have higher impact resistance than
composites based on copolymers. The difference in impact strength
of composites based on PHB and copolymer is probably due to the
differences in the wetting between fibres and the matrix. Since
copolymers have a lower melting point they might have a lower
viscosity leading to improved wetting of the flax fibres at the pro-
cessing temperature of PHB. This improved wetting for copolymers
might lead to lower impact strengths when compared to PHB based
composites. As the fibre volume fraction increases the effect of wet-

ting also increased, which might have led to higher impact strength
of PHB based composites as compared to copolymer based compos-
ites.

Based on the above results it can be said that the addition of
cheap flax fibres (approx. 0.15D /kg; Mackiewicz-Talarczyk et al.,

elongation at break and (d) Izod impact resistance of flax/PHB/HV composites.
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ig. 4. Elongation at break of flax/PHB NMT composites as a function of fibre volume
raction and cooling temperature during compression moulding.

008) to a fairly expensive and brittle PHB/HV composite (approx.
D /kg; Lemstra, 2009) leads to enhanced toughness of the com-
osites, while at the same time reducing its cost by approx. 40%
for 40 wt.% fibre reinforcement). It should be noted however, that
his analysis considers purely materials costs and does not incor-

orate any processing costs. It costs definitively more to process
he composite systems than the neat PHB/HV systems. However,
his cost can be reduced upon selection of the right manufacturing
echnology, production size and rate.

ig. 6. (a) Young’s modulus, (b) tensile strength, (c) elongation at break and (d) Izod im
anufacturing method.
Fig. 5. Dynamic mechanical characteristics versus temperature for compression
moulded flax/PHB samples, which were cooled at 20 ◦C and 60 ◦C (mould tempera-
ture).

4.3. Effect of processing conditions on the mechanical
performance of flax/PHB based NMT composites

Fig. 4 shows the elongation at break of compression moulded
flax/PHB NMT composites with different fibre content at different
cooling temperatures. As seen in this graph, the elongation at break

◦

60 ◦C. Dynamic mechanical thermal analysis (DMTA) was carried
out to determine the differences in dynamic mechanical properties
and loss factor. Fig. 5 shows the dynamic mechanical characteris-
tics of PHB samples cooled at 60 ◦C and 20 ◦C. The samples cooled

pact resistance of flax/PHB composites as a function of fibre volume fraction and
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tion moulded composites reduces to lengths close to or below the
ig. 7. Pictures of different stages of biodegradation of flax/PHB/HV (8 wt.%) com-
osites with 20 vol.% fibre after burial in soil.

t 60 ◦C show a higher loss factor (tan ı) which could be either
own to a higher amorphous content (lower crystallinity) or higher
elaxation of the amorphous zone. From these results it can be men-
ioned that relaxation of the amorphous zone due to cooling at 60 ◦C
lays a dominant role in enhancing the elongation of the polymer
s well as composites. Similar results were reported by Koning and
emstra (1993) where annealing of PHB not only enhanced the
rystallinity but also improved the toughness through increased
elaxation of the amorphous phase.

.4. Effect of manufacturing technology on the mechanical
erformance of flax/PHB based composites

As aforementioned, the manufacturing method employed is
xpected to influence the performance of flax/PHB based compos-
tes, since it influences the remaining fibre length and fibre length

istribution in the composite systems. Next to fibre breakage, com-
ounding may also separate the technical cellulose fibres into finer
lementary fibres (Snijder et al., 2003) through fibre opening mech-
nisms, which can lead to higher fibre aspect-ratios and improved
bre efficiency.

Fig. 8. Normalised (a) Young’s modulus and strength and (b) we
and Products 31 (2010) 34–42

Fig. 6a–c illustrates this effect on the stiffness, strength and elon-
gation at break of compression moulded and injection moulded
samples. As shown in Fig. 6a–c, no significant effect of processing
methods, on the stiffness, strength and elongation of the compos-
ites is being observed. These results are similar to the ones shown in
a recent publication (Barkoula et al., 2009) where no effect of fibre
length reduction, through injection moulding, on the strength and
stiffness of flax/PP composite was observed.

For better understanding of these results, the critical fibre length
(Lc) based on the Kelly–Tyson theory (Kelly and Tyson, 1965) is
being calculated:

Lc = �fd

2�

where �f is the fibre strength, d is the fibre diameter, and � is the
interfacial bond strength. For the critical fibre length calculations
the following data are being used based on literature: the strength
of the technical flax fibre is 800 MPa (Heijenrath and Peijs, 1996;
Bos et al., 2002), while that of an elementary fibre is 1500 MPa
(Singleton et al., 2003; Yu et al., 2006), for fibres with 80 �m and
12.5 �m diameter, respectively. In a separate study Lee et al. (2003)
studied the effect of surface modification on the interfacial shear
strength of flax/PHB composites and reported data on the interfa-
cial shear strength equal to 8.8 MPa in the case of the untreated flax
fibre PHB composites. Based on these values a critical fibre length
of 3.6 mm for the technical fibre and of 1.1 mm for the elementary
fibre is calculated.

It was demonstrated recently on flax/PP composites that
kneader compounding followed by injection moulding reduced
the average fibre length from ∼10 mm to ∼1 mm, with compres-
sion moulded samples having fibre length ∼25 mm (Barkoula et al.,
2009). The results presented in Fig. 6a–c indicate that in case of
injection moulded samples, technical fibres have been separated
into elementary fibres (smaller diameter), which led into a much
smaller critical fibre length required for a reinforcing effect. Injec-
tion moulding has some advantages like lower production time
and higher reproducibility along with a disadvantage of reduced
composite fracture toughness. As shown in Fig. 6d, samples made
through injection moulding showed lower impact resistance which
is probably due to the reduced amount of fibre pull-out and energy
absorption through fibre fracture. As the fibre length in injec-
critical fibre length (Barkoula et al., 2009), the energy absorption
through fibre fracture is also reduced, as compared to compres-
sion moulded composites with fibre lengths well above the critical
length (Fig. 6d).

ight of flax/PHB/HV (8 wt.%) composites after burial in soil.
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.5. Biodegradation

Tensile bars of flax/PHB/HV (8 wt.%) composites, manufactured
y injection moulding and having dog-bone shape, were buried

n open soil to study the effect of biodegradation on composite
roperties. Fig. 7 shows the pictures of tensile bars after several
eeks of burying in the open soil. During the first 2 weeks after

urial both tensile modulus and tensile strength decreased sharply,
hereas beyond this period the properties of the composite seemed

o stabilise. The observed trend is shown in Fig. 8a. In contrast to
his the mass decreased continuously during the first 20 weeks
f burial, indicating biodegradation of the material, even in these
on-optimised conditions. The effect of burial (degradation) on the
ormalised weight of flax/PHB/HV (8 wt.%) composites is shown in
ig. 8b. The observed differences in the effect of burial on tensile
roperties (Fig. 8a) and normalised weight (Fig. 8b) indicate that
he initial drop, in modulus and strength of the composites, is not
ue to biodegradation or weight loss. The initial drop in modulus
nd strength may result from debonding due to moisture absorp-
ion in the first 2 weeks. After this initial drop in tensile properties
he further effect on the tensile properties due to degradation was

ore gradual.

. Conclusions

The present paper studied the mechanical behaviour of flax fibre
einforced composites based on PHB and its copolymer with HV.
he effect of the fibre and copolymer content on the mechanical
roperties of these composites was investigated and presented.
urthermore, the influence of the manufacturing technology (com-
ression moulding of non-woven mats and injection moulding of
hort fibre compounds) and that of processing conditions (cooling
emperature and annealing) on the mechanical properties of the
omposites was also analysed.

Although an increase in stiffness with the addition of fibres
as documented, no significant influence was observed on the

trength of the composites. This needs to be further optimised
hrough modifications in fibre opening process (cleaning through
arding and combing processes) and/or through modification of
he fibre–matrix interface. Furthermore, optimisation of process-
ng conditions like cooling temperature can improve the properties
f flax/PHB composites through increased relaxation of the amor-
hous phase. Addition of HV has been considered as one of the
ays to overcome the brittleness of PHB. However, this comes at
cost as these copolymers are more expensive than homopoly-
er PHB. Keeping in view the above mentioned shortcoming of

HB and its copolymer PHB/HV, addition of flax fibres along with
ontrolled processing conditions seems to be a convenient and cost-
ffective way of toughening of native PHB. In terms of the effect of
he manufacturing method on the end properties, it was shown
hat injection moulding may be advantageous over compression

oulding because of shorter cycle times and higher reproducibility.
owever, composites manufactured through injection moulding
xhibited lower impact strength than those manufactured through
ompression moulding because of the shorter fibre lengths. Finally,
ased on the biodegradation study of PHB/HV composites it can be
oncluded that the tensile properties drop significantly in the initial
tage of degradation, which could be due to fibre debonding.
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Avella, M., Bogoeva-Gaceva, G., Bužarovska, A., Errico, M.E., Gentile, G., Grozdanov,
A., 2007. Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)-based biocomposites
reinforced with kenaf fibers. J. Appl. Polym. Sci. 104, 3192–3200.

Barham, P.J., Keller, A., Otun, E.L., Holmes, P.A., 1984. Crystallization and morphol-
ogy of a bacterial thermoplastic: poly-3-hydroxybutyrate. J. Mater. Sci. 19 (9),
2781–2794.

Barkoula, N.M., Garkhail, S.K., Peijs, T., 2009. Effect of compounding and injection
moulding on the mechanical properties of flax fibre polypropylene composites.
J. Reinf. Plast. Compos., published online doi:10.1177/0731684409104465.

Bax, B., Muessig, J., 2008. Review: impact and tensile properties of PLA/Cordenka
and PLA/flax composites. Compos. Sci. Technol. 68, 1601–1607.

Bodros, E., Pillin, I., Montrelay, N., Baley, C., 2007. Could biopolymers reinforced by
randomly scattered flax fibre be used in structural applications? Compos. Sci.
Technol. 67, 462–470.

Bos, H.L., van den Oever, M.J.A., Peters, O.C.J.J., 2002. Tensile and compressive prop-
erties of flax fibres for natural fibre reinforced composites. J. Mater. Sci. 37,
1683–1692.

Bourban, Ch., Karamuk, E., DeFondaumiere, M.J., Ruffieux, K., Mayer, J., Winterman-
tel, E., 1997. Processing and characterization of a new biodegradable composite
made of a PHB/V matrix and regenerated cellulosic fibers. J. Polym. Environ. 5
(3), 159–166.

Buzarovska, A., Bogoeva-Gaceva, G., Grozdanov, A., Avella, M., Gentile, G., Errico, M.,
2007. Crystallization behavior of poly(hydroxybutyrate-co-valerate) in model
and bulk PHBV/kenaf fiber composites. J. Mater. Sci. 42, 6501–6509.

Brouwer, W.D., 2001. Natural fibre composites, saving weight and cost with renew-
able materials. BD-1414. In: Thirteenth International Conference on Composite
Materials, Beijing, China.

Chiellini, E., Cinelli, P., Chiellini, F., Iman, S.H., 2004. Environmentally degradable
bio-based polymeric blends and composites. Macromol. Biosci. 4, 218–231.

Cyras, V.P., Commisso, M.S., Mauri, A., Vazquez, A., 2007. Biodegradable double-layer
films based on biological resources: polyhydroxybutyrate and cellulose. J. Appl.
Polym. Sci. 106, 749–756.

Digabel, F.Le, Boquillon, N., Dole, P., Monties, B., Averous, L., 2004. Properties of
thermoplastic composites based on wheat-straw lignocellulosic fillers. J. Appl.
Polym. Sci. 93, 428–436.

Eisele, D., 1994. Faserhaltige Bauteile für die Automobilausstattung Zur Leistungs-
fähigkeit von Naturfasern. Textil Praxis International 49 (1/2), 68–76.

Fernandes, E.G., Pietrini, M., Chiellini, E., 2004. Bio-based polymeric composites
comprising wood flour as filler. Biomacromolecules 5, 1200–1205.

Funke, U., Bergthaller, W., Lindhauer, M.G., 1998. Processing and characterization of
biodegradable products based on starch. Polym. Degrad. Stabil. 59, 293–296.

Garkhail, S.K., Heijenrath, R.W.H., Peijs, T., 2000. Mechanical properties of natural-
fibre-mat-reinforced thermoplastics based on flax fibres and polypropylene.
Appl. Compos. Mater. 7 (5/6), 351–372.

Garkhail, S., Wieland, B., George, J., Soykeabkaew, N., Peijs, T., 2009. Transcrystallisa-
tion in PP/flax composites and its effect on interfacial and mechanical properties.
J. Mater. Sci. 4 (2), 510–519.

Gatenholm, P., Kubat, J., Mathiasson, A., 1992. Biodegradable natural composites. I.
Processing and properties. J. Appl. Polym. Sci. 45, 1667–1677.

Gatenholm, P., Mathiasson, A., 1994. Biodegradable natural composites. II. Synergis-
tic effects of processing cellulose with PHB. J. Appl. Polym. Sci. 51, 1231–1237.

George, J., Klompen, E.T.J., Peijs, T., 2001. Thermal degradation of green and upgraded
flax fibres. ACL 10 (2), 81–88.

Heijenrath, R., Peijs, T., 1996. Natural-fibre-mat-reinforced thermoplastic compos-
ites based on flax fibres and polypropylene. ACL 5 (3), 81–85.

Holmes, P.A., 1988. Development in Crystalline Polymers. Elsevier Applied Science
Publishers, London.

Jiang, L., Morelius, E., Zhang, J., Wolcott, M., Holbery, J., 2008. Study of the
poly(3-hydroxybutyrate-co-3-hydroxyvalerate)/cellulose nanowhisker com-
posites prepared by solution casting and melt processing. J. Compos. Mater. 42,
2629–2645.

Joshi, S.V., Drzal, L.T., Mohanty, A.K., Arora, S., 2004. Are natural fiber composites
environmentally superior to glass fiber reinforced composites? Compos. A: Appl.
Sci. Manuf. 35, 371–376.

Karus, M., Ortmann, S., Vogt, D., 2005. All natural on the inside? Natural fibre in
automotive interiors. Kunstst. Plast Eur. 7, 1–3.

Kelly, A., Tyson, W.R., 1965. Tensile properties of fibre-reinforced metals: cop-
per/tungsten and copper/molybdenum. J. Mech. Phys. Solids 13 (6), 329–350.

De Koning, G.J.M., Lemstra, P.J., 1993. Crystallization phenomena in bacterial

poly[(R)-3-hydroxybutyrate]. 2. Embrittlement and rejuvenation. Polymer 34,
4089–4094.

Lee, S.G., Choi, S.S., Park, W.H., Cho, D., 2003. Characterization of surface modified
flax fibers and their biocomposites with PHB. Macromol. Symp. 197 (1), 89–99.

Lemstra, P.J., 2009. What is haalbaar en wat niet? Petroplastics versus bioplastics.
Kunststof en Rubber 2, 22–25.

http://dx.doi.org/10.1177/0731684409104465


4 Crops

L

M

M

M

M

M

M

N

V

V

O

P
P

P

R

S

2 N.M. Barkoula et al. / Industrial

uo, S., Netravali, A.N., 1999. Interfacial and mechanical properties of
environment-friendly “green” composites made from pineapple fibers
and poly(hydroxybutyrate-co-valerate) resin. J. Mater. Sci. 34, 3709–3719.

ackiewicz-Talarczyk, M., Barriga-Bedoya, J., Mankowski, J., Pniewska, I., 2008.
Global Flax Market Situation. International Conference on Flax and Other Bast
Plants Paper ID 97, Saskatchewan, Canada.

archessault, R.H., Coulombe, S., 1981. Solid state properties of poly-B-
hydroxybutyrate and its oligomers. Can. J. Chem.: Rev. Can. Chim. 59 (1), 38–44.

ohanty, A.K., Misra, M., Hinrichsen, G., 2000a. Biofibres, biodegradable polymers
and biocomposites: an overview. Macromol. Mater. Eng. 276/277, 1–24.

ohanty, A.K., Khan, M.A., Hinrichsen, G., 2000b. Surface modification of jute and
its influence on performance of biodegradable jute-fabric/biopol composites.
Compos. Sci. Technol. 60, 1115–1124.

ohanty, A.K., Khan, M.A., Sahoo, S., Hinrichsen, G., 2000c. Effect of chemical mod-
ification on the performance of biodegradable jute yarn-biopol composites. J.
Mater. Sci. 35, 2589–2595.

ohanty, A.K., Misra, M., Drzal, L.T., 2002. Sustainable bio-composites from renew-
able recourses: opportunities and challenges in the green materials world. J.
Polym. Environ. 10 (1/2), 19–26.

echwatal, A., Reussmann, T., Böhm, S., Richter, E., 2005. The dependence between
the process technologies and the effect of MAH-PP-adhesives in natural fibre
reinforce thermoplastic composites. Adv. Eng. Mater. 7 (1/2), 68–73.

an De Oever, M., Bos, H.L., 1998. Critical fibre length and apparent interfacial shear
strength of single flax fibre polypropylene composites. ACL 7 (3), 81–86.

an De Oever, M., Peijs, T., 1998. Continuous-glass-fibre-reinforced polypropylene
composites. II. Influence of maleic-anhydride modified polypropylene on fatigue
behaviour. Compos. A: Appl. Sci. Manuf. 29 (3), 227–239.

ksman, K., Gatenholm, P., Bengtsson, M., Dammstrom, S., 2005. Green composites:
the latest development from micro to nanoscale. In: Proceedings of the 229th
ACS National Meeting, March 13–17, San Diego, CA, p. 938.

eijs, T., 2000. Natural fiber based composites. Mater. Technol. 15 (4), 281–285.
eijs, T., Garkhail, S., Heijenrath, R., Van Den Oever, M., Bos, H., 1998. Thermoplastic

composites based on flax fibres and polypropylene: influence of fibre length and
fibre volume fraction on mechanical properties. Macromol. Symp. 127, 193–203.

hilip, S., Keshavarz, T., Roy, I., 2007. Review. Polyhydroxyalkanoates: biodegradable

polymers with a range of applications. J. Chem. Technol. Biotechnol. 82, 233–247.

einsch, V., Kelley, S., 1997. Crystallization of poly(hydroxybutyrate-co-
hydroxyvalerate) in wood fiber-reinforced composites. J. Appl. Polym.
Sci. 64 (9), 1785–1796.

hanks, R.A., Hodzic, A., Wong, S., 2004. Thermoplastic biopolyester natural fiber
composites. J. Appl. Polym. Sci. 91, 2114–2121.
and Products 31 (2010) 34–42

Shibata, M., Takachiyo, K.-I., Ozawa, K., Yosomiya, R., Takeishi, H., 2002. Biodegrad-
able polyester composites reinforced with short abaca fiber. J. Appl. Polym. Sci.
85, 129–138.

Singleton, A.C.N., Baillie, C.A., Beaumont, P.W.R., Peijs, T., 2003. On the mechan-
ical properties, deformation and fracture of a natural fibre/recycled polymer
composite. Compos. B: Eng. 34, 519–526.

Snijder, M.H.B., Bos, H.L., van Kemenade, M.J.J.M., 2003. Extruder for continu-
ously manufacturing composites of polymer and cellulosic fibres. US Patent US
6,565,348 B1.

Stamboulis, A., Baillie, C.A., Garkhail, S.K., van Melick, H.G.H., Peijs, T., 2000. Envi-
ronmental durability of flax fibres and their composites based on polypropylene
matrix. Appl. Compos. Mater. 7, 273–294.

Stamboulis, A., Baillie, C.A., Peijs, T., 2001. Effects of environmental conditions on
mechanical and physical properties of flax fibres. Compos. A: Appl. Sci. Manuf.
32, 1105–1115.

Thomason, J.L., Vlug, M.A., 1996. Influence of fibre length and concentration on
the properties of glass fibre-reinforced polypropylene. 1. Tensile and flexular
modulus. Compos. A: Appl. Sci. Manuf. 27, 477–484.

Thomason, J.L., Vlug, M.A., Schipper, G., Krikor, H.G.L.T., 1996. Influence of fibre
length and concentration on the properties of glass fibre-reinforced polypropy-
lene. Part 3. Strength and strain at failure. Compos. A: Appl. Sci. Manuf. 27,
1075–1084.

Van De Velde, K., Kiekens, P., 2002. Biopolymers: overview of several properties and
consequences on their applications. Polym. Test. 1, 433–442.

Vila, C., Campos, A.R., Cristovao, C., Cunha, A.M., Santos, V., Parajo, J.C., 2008. Sus-
tainable biocomposites based on autohydrolysis of lignocellulosic substrates.
Compos. Sci. Technol. 68, 944–952.

Wong, S., Shanks, R., Hodzic, A., 2002. Properties of poly(3-hydroxybutyric acid)
composites with flax fibres modified by plasticiser absorption. Macromol. Mater.
Eng. 287, 647–655.

Wong, S., Shanks, R., Hodzic, A., 2004. Interfacial improvements in poly(3-
hydroxybutyrate)-flax fibre composites with hydrogen bonding additives.
Compos. Sci. Technol. 64, 1321–1330.

Wong, S., Shanks, R.A., Hodzic, A., 2007. Effect of additives on the interfacial strength
of poly(l-lactic acid) and poly(3-hydroxy butyric acid)-flax fibre composites.

Compos. Sci. Technol. 67, 2478–2484.

Wu, C.-S., 2006. Assessing biodegradability and mechanical, thermal, and mor-
phological properties on an acrylic acid-modified poly(3-hydroxybutyric
acid)/wood flours biocomposites. J. Appl. Polym. Sci. 102, 3565–3574.

Yu, L., Dean, K., Li, L., 2006. Polymer blends and composites from renewable
resources. Prog. Polym. Sci. 31, 576–602.


	Biodegradable composites based on flax/polyhydroxybutyrate and its copolymer with hydroxyvalerate
	Introduction
	Composites based on PHB and its copolymers
	Experimental
	Materials
	Manufacturing
	Compression moulding
	Injection moulding

	Testing methods
	Tensile testing
	Impact testing
	Fracture surface analysis
	Dynamic mechanical thermal analysis (DMTA)
	Biodegradation


	Results and discussions
	Mechanical properties of flax/PHB NMT composites
	Influence of HV and fibre content on the mechanical performance of flax/PHB based NMT composites
	Effect of processing conditions on the mechanical performance of flax/PHB based NMT composites
	Effect of manufacturing technology on the mechanical performance of flax/PHB based composites
	Biodegradation

	Conclusions
	References


