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Endless rayon fibres (Cordenka®) were used to reinforce polyhydroxybutyrate (PHB) nanocomposites
containing 2.5 wt.% nanofibrillated cellulose (NFC) to create truly green hierarchical composites.
Unidirectional (UD) composites with 50-55% fibre volume fraction were produced using a solvent-free
continuous wet powder impregnation method. The composites exhibit ductile failure behaviour with a
strain-to-failure of more than 10% albeit using a very brittle matrix. Improvements at a model composite
level were translated into higher mechanical properties of UD hierarchical composites. The Young’s mod-

Key ",Vords" . uli of rayon fibre-reinforced (NFC-reinforced) PHB composites were about 15 GPa. The tensile and flexural
A. Biocomposite . . . . o o

A Cellulose strength of hierarchical PHB composites increased by 15% and 33% as compared to the rayon fibre-
B. Adhesion reinforced neat PHB composites. This suggests that incorporation of NFC into the PHB matrix binds the

rayon fibres, which does affect the load transfer between the constituents resulting in composites with
better mechanical properties.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
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creativecommons.org/licenses/by/4.0/).

1. Introduction

Numerous research efforts have been directed towards the syn-
thesis of commodity or engineering polymers derived from renew-
able resources. However, the commercial applications of
renewable thermoplastics are still somewhat limited compared
to standard commodity polymers. Polylactide (PLA), for instance,
is a commercially available biodegradable thermoplastic derived
fully from renewable resources with high tensile stiffness and
strength of up to 3.5 GPa and 52 + 4 MPa, respectively [1]. PLA pos-
sesses low melt strength and heat deflection temperature, which
limits its service temperature to below 58 °C [2]. Poly(hydroxybu-
tyrate) (PHB) is another biodegradable polyester that has been
extensively studied. PHB possesses relatively low melting temper-
ature (~180 °C) but high degree of crystallinity [3]. Due to PHB’s
high crystallinity [4], PHB is very brittle and not well suited for
processing using conventional polymer processing techniques.

For renewable polymers to compete with commodity polymers,
a composite approach, i.e. combining renewable reinforcements
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with renewable polymers, can be taken. In this context, natural
fibres are the prime candidate renewable reinforcements due to
their cost and wide availability [5]. In fact, natural fibre-
reinforced polymer composites are extensively being used in the
automotive industry [6,7]. Nevertheless, there are still drawbacks
associated with the use of natural fibres. The mechanical proper-
ties of natural fibres vary along the fibre length and depend on
the harvesting time and method used to extract the fibres [8,9].
They are susceptible to seasonal changes resulting in batch-to-
batch variability [5,10]. Natural fibres also possess defects, such
as dislocations, micro-compressions, curls, crimps and kinks,
which affect fibre properties [10]. It is not clear as to where these
fibre defects originate from but defects have been observed in cau-
tiously extracted hemp fibres grown under wind-free conditions.
The number and severity of the defects increase when the fibres
were grown in windy condition [11].

Synthetic or regenerated cellulose fibres are another class of
renewable reinforcements for polymers. Regenerated cellulose
fibres offer similar advantages to natural fibres, i.e. wide availabil-
ity and biodegradability, with the additional advantages of a uni-
form fibre quality and high strain-to-failure. Adusumali et al. [9]
characterised and compared tensile properties of regenerated cel-
lulose fibres with those of natural fibres (flax fibres). The authors
concluded that both types of fibres performed in a similar manner
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with regards to the tensile strength and elastic modulus, because
of the significant variability of the tensile results of flax fibres.
However, it was highlighted that the elastic modulus and work
of fracture of regenerated cellulose fibres are superior to that of
natural fibres. The high strain-to-failure of regenerated cellulose
fibres offers a method to absorb large amounts of energy and pro-
vide toughening qualities when incorporated into polymers [12-
14]. Furthermore, regenerated cellulose fibres are also available
as continuous filaments or cords, which should allow to utilise
the full tensile stiffness and strength of regenerated cellulose fibres
when used in unidirectional (UD) continuous cellulose fibre-
reinforced polymers. UD continuous regenerated cellulose fibre
(Lyocell)'-reinforced  poly(3-hydroxybutyrate-co-3-hydroxy-vale
rate) (PHBV) was manufactured by Bourban et al. [15]. The compos-
ites were manufactured by first impregnating regenerated cellulose
fibres in-line with PHBV powders in a fluidisation chamber (based
on electrostatic interaction), followed by a blower to remove excess
powders. The impregnated fibres were then heat consolidated to
produce UD continuous PHBV thermoplastic prepregs. The prepregs
were then stacked and hot-pressed to produce the final UD compos-
ites. The authors reported tensile moduli, strengths and strain-to-
failures of up to 11.4 GPa, 278 MPa and 4%, respectively, for compos-
ites with a fibre volume fraction () of 26.5 vol.%. This study clearly
shows the potential of continuous regenerated cellulose fibres to be
used as reinforcement to produce high performance UD fibre-
reinforced polymers. Seavey et al. [16,17] manufactured UD Lyocell
fibre-reinforced cellulose acetate butyrate (CAB) composites. Instead
of dry powder impregnation, the authors used a solution impregna-
tion route; Lyocell fibres were impregnated with CAB powders by
pulling them through a solvent bath (acetone or methyl ethyl
ketone) containing CAB powders and surfactants. The CAB powder
impregnated fibres, were dried in an oven followed by consolidation
into UD Lyocell fibre-reinforced CAB composites. The authors
reported tensile moduli, strength and strain-to-failure for their UD
Lyocell fibre-composites of up to 22 GPa, 250 MPa and 2%, respec-
tively for composites with a fibre volume fraction () of 60%.

Even though high performance composites can be produced
using Lyocell fibres as reinforcement, these composites possess a
rather low strain-to-failure of 2-4%. Whilst the reason behind the
low strain-to-failure of the UD composites reinforced by Lyocell
fibres is not known, it was shown that UD rayon fibre-reinforced
CAB possess higher strain-to-failure of up to 6% compared to the
same UD composite reinforced with Lyocell fibres. Rozite et al.
[18] produced UD rayon fibre-reinforced thermosets with z¢=40-
50% and tensile modulus, strength and strain-to-failure of up to
17 GPa, 250 MPa and 7%, respectively. Inspired by these studies,
we discuss the use of rayon fibres as reinforcement for a brittle
PHB matrix to produce high performance UD continuous rayon
fibre-reinforced PHB composites with enhanced ductility. Hierar-
chical composite structures are not new to the composite commu-
nity. The combination of micro- and nanometre sized
reinforcements, which form a hierarchical structure have been
shown to improve mechanical properties of composites. Recent
studies of us [20-23] have shown that nanocellulose improves
the mechanical performance of conventional natural fibre-
reinforced polymer composites. Furthermore, Hajlane et al. [19]
showed that cellulose nanowhiskers (CNW) grafted rayon fibre
reinforced epoxy enhanced the transverse tensile strength and
modulus by 5% and 44%, respectively as compared to neat rayon
reinforced epoxy composites. However, these improvements seen
for hierarchical composites are still far below the tensile strength
of the epoxy matrix used. Furthermore, the authors used a rather

! An independent publication by Seavey et al. [16] disclosed that the regenerated
cellulose fibres used in the study of Savage and Evans [14] were Lyocell fibres.

tedious fibre modification method to graft the CNW. Therefore in
this work, we further investigate the possibility of using nanocellu-
lose by means of an easier production route for manufacturing con-
tinuous UD rayon fibre-reinforced PHB hierarchical composites
with enhanced properties.

2. Materials and methods
2.1. Materials

Two types of regenerated cellulose fibres, kindly supplied as
continuous fibres by Cordenka GmbH (Obernburg, Germany), were
used in this study; sized and unsized Cordenka® rayon fibres with a
linear mass density of 2440 dtex and density of 1.6 gcm™>. PHB
(P226, My = 460 kDa, density = 1.25 g cm 3, Biomer, Krailling, Ger-
many) was used as matrix in powder form with a measured parti-
cle diameter dsg of 33 + 2 um. Never-dried, (2, 2, 6, 6-tetramethyl-
piperidin-1-yl)oxy (TEMPO) oxidised nanofibrillated cellulose
(NFC) in an aqueous dispersion with a consistency of 2.5 wt.%
was kindly supplied by UPM-Kymmene Corporation (Helsinki, Fin-
land). Cremophor A25 (BASF, Ludswighafen, GmbH) was used as
surfactant to aid the dispersion and prevent irreversible aggrega-
tion of PHB powder in water for the UD composite manufacturing
process. Ethanol (99% purity) was purchased from VWR Interna-
tional Ltd., West Sussex, UK and n-dodecane (99% purity) was pur-
chased from Fisher Scientific (Leicestershire, UK).

2.2. Manufacturing UD rayon fibre-reinforced (NFC-reinforced) PHB
composites

UD rayon fibre-reinforced PHB composites were manufactured
by wet powder impregnation using our laboratory scale composite
production line [24]. Four spools of continuous rayon fibres were
fixed on a tension let-off unit (Izumi International, Greenville, SC,
USA) and drawn through the impregnation bath containing 5 wt.
% PHB dispersed in an aqueous solution containing 2 wt.% (with
respect to PHB powder) surfactant. The impregnation bath was
equipped with a series of pins at various positions to increase
the fibre pre-tension to enhance fibre spreading. The bath was con-
tinuously stirred and constantly topped-up (at 15 min intervals)
with fresh concentrated PHB slurry (20 wt.%) to maintain the bath
concentration throughout the manufacturing process. To produce
continuous UD rayon fibre-reinforced (NFC-reinforced) PHB hierar-
chical composites, 2.5 wt.% of NFC relative to PHB was added to the
powder impregnation bath.

The powder-impregnated fibres exiting the bath were passed
through an infrared heated oven operated at 110 °C to dry the
fibres and then a second infrared heated oven at 175 °C to melt
the PHB powder on the fibres. The melt impregnated fibres then
passed through three heated shear pins to provide a smooth sur-
face finish of the composite tape. The manufacturing speed was
set to 1 m min~'. The manufactured composite tapes were endless
with a width of 12 mm and thickness of 0.15 mm. The fibre volume
fraction, v, of the produced composites was controlled by adjust-
ing the concentration of PHB powder in the impregnation bath. v
was determined gravimetrically and calculated as follows:

w;
b P M
PrWm + Py Wr
Wm = Weomposite tape — Wf (2)

where p is the density of the constituents, w the linear weight of the
constituents (g/m), subscripts m and f denote matrix and fibre,
respectively. ur of the produced composite tapes was controlled to
be 50-55%.
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2.3. Preparation of mechanical test specimens

The resulting UD rayon fibre-reinforced (NFC-reinforced) PHB
composite tapes were cut into 200 mm long strips. Individual cut
tapes were cleaned with ethanol and left to dry. For tensile speci-
mens, 11 tapes were laid on top each other into a steel mould with
a cavity of 200 mm x 12 mm x 10 mm. A steel bar was placed on
top of the tapes and the mould was placed into a hydraulic press
(Carver Inc, Indiana, USA) operated at 165 °C and pre-heated for
8 min. The pressure was increased slowly to 0.5 t and kept constant
for 3 min. The mould was then transferred to a cooler hydraulic
press operated at 70 °C (crystallisation temperature of PHB) and
pressed again at 0.5 t weight for 10 min to anneal the PHB. After
this stage, the mould was removed from the press and left to cool
at ambient temperature for 15 min before the specimen was
demoulded. For the preparation of flexural and short beam speci-
mens, a total of 21 tapes was used in the same process described.
The test specimens were then cut into the required dimensions
(1 mm for tensile and 2 mm thick for flexural and short beam spec-
imens) for mechanical testing using a diamond blade cutter (Dia-
disc 4200, Mutronic GmbH, Rieden am Forggensee, Germany).

2.4. Characterisation of the rayon fibres

2.4.1. Morphology of the fibres

The morphology of both sized and unsized fibres was analysed
using scanning electron microscopy (JEOL JSM 5610 LV (0.5-35 kV)
JEOL, Hertfordshire, UK). The accelerating voltage was set to 5 kV.
Loose fibres were glued onto aluminium SEM stubs using carbon
tabs. Prior to the SEM, the specimens were coated with Cr (K550
sputter coater, Emitech Ltd., Ashford, Kent, UK) for 1 min at a coat-
ing current of 75 mA.

2.4.2. Determination of equivalent fibre diameters

The equivalent fibre diameter of single rayon fibres was deter-
mined using two techniques; by microscope image analysis and
using the modified Wilhelmy method. For the microscopic analy-
sis, a few strands of dry fibres were placed between two micro-
scope slides (VWR International Ltd., West Sussex, UK). The
microscope slides were then embedded in a polishing epoxy/hard-
ener solution with ratio of 100:20 (EpoKwick® Resin 20-80136-128
and EpoKwick® 20-8138-032 Hardener, from Buehler GmbH,
Diisseldorf, Germany) and cured for 3 h. The cured epoxy contain-
ing the embedded fibres was polished using a polishing machine
(Metaserv Motopol 12, Buehler GmbH, Diisseldorf, Germany). The
machine was operated at a speed of 150 rpm. The specimens were
polished using a series of progressively finer sandpapers (P120,
P320, P800, P1200) and finally with diamond suspensions to pro-
duce flat surface. The polished specimens were then inspected
using an optical microscope (Olympus BX41M, Essex, UK)
equipped with an XY stage (Prior Scientific, Cambridge, UK) and
CCD camera (AVT Marlin, Burnaby, Canada), which was used to
capture images. The diameter of the fibres was analysed using
Image-].

Modified Wilhelmy method is a gravimetrical method used to
determine fibre diameters. Individual fibres were immersed and
withdrawn from n-dodecane, which completely wets the fibres
(as indicated by the absence of any contact angle hysteresis). The
equivalent fibre diameter d; can be determined (based on the
assumption that the fibres are spherical):

m-g
dr = 3)
d TV
where m is the mass change recorded during the immersion or
emersion of the fibres, g the acceleration due to gravity
(9.81ms2) and 7y, the surface tension of the test liquid (n-

dodecane, 25.4 mN m™~'). The equivalent fibre diameter was deter-
mined from at least 25 individual fibres. The results presented are
the average values. The errors are standard deviations. A detailed
explanation of the experimental setup and procedures can be found
in [25].

2.4.3. Tensile properties of single rayon fibres

Single fibre tensile tests were carried out according to BS ISO
11566:1996. Individual fibres were mounted onto a paper frame
of 3 cm x 2 cm with various gauge lengths. The gauge lengths were
set to be 15, 25 and 30 mm. Cyanoacrylate (CN) adhesive (Tokyo
Sokki Kenkyujo Co. Ltd, Japan) was used to fix the fibres in position
on a paper frame. The single-fibre test specimens were then placed
into the testing frame (Deben Microtest, DEBEN, Suffolk, UK)
equipped with 200N load cell. The test speed was set to
1 mm min~! and the specimen loaded until failure. A minimum
of 15 specimens were prepared and tested. The Young’s modulus
of the fibres was corrected by subtracting the machine’s compli-
ance C from the overall stiffness given by the load vs. displacement
plot according to BS ISO 11566:1996 Method B:

E

T @

where E* is the apparent stiffness calculated from the stress-strain
curve, A the equivalent fibre area (i.e. gdfz) and L the gauge length.
10 specimens were tested for every gauge lengths. The results pre-
sented are the average values and errors are from standard devia-
tion from the average.

2.5. {-potential measurements of rayon fibres and unreinforced PHB

The surface properties of as-received sized and unsized rayon
fibres and unreinforced PHB were characterised by streaming
potential measurements in 1 mM KCI electrolyte solution using
the electrokinetic analyser (EKA, Anton Paar KG, Graz, Austria). ¢-
potential of the fibres was measured as a function of pH starting
from pH5.7 to pH2 by adding 0.1 M HCl and from pH5.7 to
pH 10 by adding 0.1 M KOH using an auto-titrating unit (RTU,
Anton Paar KG, Graz, Austria). Prior to the measurement the fibres
were equilibrated in the electrolyte solution. The pH was measured
using a pH probe and the results were logged. A similar approach
was made to determine the {-potential of unreinforced PHB pow-
ders to understand the surface characters of all constituents used
in this study.

2.6. Characterisation of rayon fibre-reinforced (NFC-reinforced) PHB
composites

2.6.1. Fibre-matrix interface between rayon fibres and PHB

The interfacial adhesion between rayon fibres and PHB was
characterised using single fibre pull out tests. Single fibre model
composites were prepared by embedding a single rayon fibre into
a PHB melt droplet at 175 °C using an embedding apparatus [26].
The PHB melt droplet was left to cool to room temperature. The
single fibre model composite was then placed into a testing frame
equipped with 50 N load cell and piezo drive. The fibre was pulled
out of PHB at a speed of 0.2 um s~ '. During the test, the load and
displacement were recorded. The apparent interfacial shear
strength Trss was calculated using:

F,
TiFss = #;2 (5)

where F,.x is the maximum force required to debond the fibre from
PHB, dy the fibre diameter, and L the embedded length. The test was
repeated using (NFC-reinforced) PHB as matrix for single rayon fibre
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model composite. A powder slurry containing 10 g of PHB was pre-
pared the same way as the PHB slurry used in the impregnation
bath of the composite line (Section 2.2). 2.5 wt.% of NFC was
weighed and added to the polymer slurry. The solution was dried
overnight in a vacuum oven to obtain a NFC coated PHB powder.
This powder was then used and melted at 175 °C in an embedding
apparatus as mentioned previously. The results presented are aver-
age values of the 6 measurements.

2.6.2. Thermal behaviour of rayon fibre-reinforced (NFC-reinforced)
PHB composites

The thermal behaviour of rayon fibre-reinforced (NFC-
reinforced) PHB composites was characterised using differential
scanning calorimetry (Discovery DSC, TA Instruments, Eschborn,
Germany). Approximately 10 mg of samples were placed and
sealed in a Tzero-aluminium pan. N, was used as the carrier gas
in the chamber. A heat-cool-heat regime was employed; samples
were heated from —70 to 200 °C at a heating rate of 10 °C min~!,
followed by cooling and re-heating. Heat of melting AH,, and melt-
ing temperature T,, were obtained from the heat flow curves. The
degree of cystallinity X. of PHB was calculated using the Eq. (4):

_ AH, .
XC_WXIOOA) (6)

where wy is the weight fraction of fibres in the composites and H;
the heat of fusion of 100% crystalline PHB (146 ] g~ ') [27].

2.6.3. Density of rayon fibre-reinforced (NFC-reinforced) PHB

The true density of sized and unsized rayon fibre-reinforced
neat and (NFC-reinforced) PHB was measured using a pycnometry
(Accupyc 1330, Micromeritrics Ltd., Dunstable, UK). Approximately
0.8 g of composite specimen were cut and placed into a measuring
cell and placed into the equipment. The measurement was con-
ducted at room temperature. A total of up to ten runs were con-
ducted for each specimen to obtain a statistically significant
average. The void content y, of the manufactured composites were
determined using:

2y =2 =P 100% (7)
T

where p is the true composite density and pr is the apparent theo-

retical composite density based on Eq. (1).

2.6.4. Mechanical properties of rayon fibre-reinforced (NFC-reinforced)
PHB composites

The (hierarchical) UD rayon-reinforced (NFC-reinforced) PHB
composite laminates were tested in tension and 3-point bending
along the fibre length in accordance to ASTM D3039, ASTM
D7264 and ASTM 2344, respectively, using an Instron universal
tester (Model 4505, High Wycombe, Buckinghamshire, UK)
equipped with 100 kN load cell. The tensile test specimens pos-
sessed dimensions of 200 mm x 12 mm x 1.0 mm. Prior to the
test, glass fibre-reinforced polyester end tabs of 50 mm x 12 mm
were glued to the specimens using CN adhesives (Tokyo Sokki
Kenkyoujo Co. Ltd, Japan). The distance between the end tabs
was 100 mm. Strain gauges (FLA 2-11, Tokyo Sokki Kenkyoujo
Co. Ltd., Japan) were glued onto the centre of the test specimens
using CN adhesives. The tensile tests were conducted at a cross-
head speed of 1 mm min~'. Flexural test was conducted on the
same Instron but equipped with 1 kN load cell. The flexural speci-
mens possessed dimensions of 100 mm x 10 mm x 2 mm. A span-
to-thickness of ratio and crosshead speed of 32 and a 1 mm min~!,
respectively, were used for this test. Short beam tests are similar to
flexural tests except that the span-to-thickness ratio is much smal-
ler to generate shear failure within the specimens. The specimens

with dimensions of 20 mm x 10 mm x 2 mm were mounted onto
a 3-point bending rig having a span to thickness ratio of 6. The test
was carried out with a crosshead speed of 1 mm min~'. A total of 8
specimens were tested for each mechanical test to attain statisti-
cally significant values. The results presented are the average val-
ues and the errors quoted are standard deviations.

3. Results and discussion
3.1. Morphology and tensile properties of rayon fibres

The SEM images of sized and unsized rayon fibres are shown in
Fig. 1(a) and (b). Both types of fibres possess a smooth fibre surface.
The cross-sections of the fibres were not spherical instead they had
a ‘kidney bean’ shape (Fig. 1(c)). The equivalent fibre diameters are
tabulated in Table 1. It can be seen that the fibre diameters mea-
sured by both techniques are very similar. For the purpose of this
study, the equivalent fibre diameter calculated from the wetted
length of the fibre determined using the modified Wilhelmy
method was used for subsequent analysis.

Single fibre tensile tests revealed that the fibres exhibited a
rather non-linear, ductile tensile behaviour having a strain to fail-
ure of 12 £ 0.7%. These results agree with those reported previously
in the literature [18,28-30]. The strain-to-failure was much higher
as compared to stiffer fibres, such as AS4 carbon and S2 glass fibres
having strain to failure of 1.7%> and 5.7%,> respectively. This fibre
characteristic renders them favourable for use as reinforcement for
rubbers used for manufacturing high performance tyres and hoses.*
The tensile strength of sized and unsized rayon fibres was similar
(943 £ 0.6 MPa) and the Young's moduli were 27 +4 GPa and
29 + 3 GPa, respectively (Table 1). These results are expected as both
sized and unsized fibres are essentially the same, except for the
sizing.

3.2. {-potential of rayon fibres and PHB

According to Jacobasch [31] the adhesion between composite
constituents can be predicted by the difference between the (-
potential plateau values of the function ¢ = f(pH). He proposed that
the dispersion, acid-base and electrical double-layer forces are the
main causes to promote adhesion between polymers and other
materials. Therefore, streaming (-potential measurements were
conducted to study the surface character of sized and unsized
rayon fibres as well as PHB. The pH dependent (-potential ({=f
(pH)) showed that both fibres have an acidic surface character;
their isoelectric point (IEP) was 4.1 and 5.0 for sized and unsized
rayon fibres, respectively (Fig. 2). This shows that the presence of
—COOH groups was the dominant mechanism for the formation
of the electrochemical double layer [32-34]. The {-potential pla-
teau values of the sized and unsized rayon fibres were negative
and very similar at —14.8 mV and —-15.4 mV, respectively. This
behaviour is comparable to that reported by Stana-Kleinsheck
et al. [33], who measured the { = f(pH) of three types of regener-
ated cellulose fibres, namely Viscose, Modal and Lyocell. They
reported that all fibres exhibited a {-plateau at pH7 with ¢-
potential plateau values of approximately -7.5 mV. Unfortunately,
the authors did not report the IEP values.

2 Hexcel Product data of AS4 carbon fibres. Link in: http://www.hexcel.com/
resources/datasheets/carbon-fibre-data-sheets/as4.pdf. Last accessed on 06.08.2015.

3 AGY Product data of S2 glass fibres. Link in: http://www.agy.com/wp-content/
uploads/2014/03/High_Strength_Glass_Fibers-Technical.pdf. Last accessed on
06.08.2015.

4 Cordenka GmbH Products and Applications. Link in: http://www.cordenka.com/
products_applications.php. Last accessed on 06.08.2015.
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Fig. 1. Scanning electron micrographs of (a) sized, (b) unsized rayon fibres and (c) microscope image of rayon fibre (image taken at 100 x magnification). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Rayon fibre diameter and tensile properties.

Sample Fibre diameter Tensile properties

dpwilhelmy (1M) dfoptical (M) ar (MPa) Er (GPa) € (%)
Sized rayon 14.0+04 144+0.5 943.8 +22 274+4 10.2
Unsized rayon 126£15 13.5+£0.2 943.0+94 2883 10.4

20k A Sized rayon fibres
®  Unsized rayon fibres
10} ® PHB
& NFC*
> 0
E ol * % A
% e ﬂ mAZX 3z 2L " Emmm
£ 200 s 241 1111
1
] ]
g -30f *
N ¢ *
-401 § F
ETRE
3
1 1 1 1 1 1
2 4 6 8 10 12

pH

Fig. 2. {-potential as a function of pH for sized and unsized rayon fibres, neat PHB
and NFC (Values of zeta potential = f[pH] of NFC was taken with permission from
Ref. [33]). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

The ¢ =f(pH) curve of pure PHB also indicated that it has an
acidic surface character with an IEP of pH 2.4 (Fig. 2), which is
expected as one of the end groups of PHB is a carboxylic acid.

Cplateau Was determined to be —55 mV. Asran et al. [35] reported
a much higher IEP for PHB at pH 6.9 with (pjateau Of —42.0 mV.
The {-potential plateau of the same NFC was measured by elec-
trophoresis and reported previously to be —41 mV (Fig. 4) [36].
This shows that all the constituents used in this study have an
acidic surface character. All of them possess negatively charged
surface possibly from abundant carboxylic acid groups on the
surface.

3.3. Adhesion between rayon fibres and PHB

In order to use rayon fibres in composite applications, it is
important to understand the compatibility of these fibres to poten-
tial matrices. The apparent interfacial shear strength 7;z55 between
sized and unsized fibres, and neat PHB was only 6.8 + 0.3 MPa and
7.0 £ 0.3 MPa, respectively. This shows that both fibres adhere
poorly to PHB. The low interfacial adhesion could be due to both
constituents having similar surface character according to the ¢-
potential measurements. The differences in the {piateau between
both constituents are also very small, which led to poor adhesion.
Tirss depends on the embedded fibre length; it decreases with
increasing embedded length (Fig. 3) indicating a brittle fracture
behaviour of the model composites during single fibre pull-out
[26]. This is expected since PHB is a very brittle matrix having a
strain to failure of only 1.0% [37]. Therefore, to improve the inter-
face between rayon fibres and PHB, we introduced NFC into the
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Fig. 3. Apparent interfacial shear stress 7jss as a function of embedded length for
sized and unsized rayon fibre-reinforced neat and (NFC-reinforced) PHB single fibre
model composites. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

PHB matrix. The 75 between sized and unsized rayon fibres and
(NFC-reinforced) PHB improved by 24% and 41.4% to
8.4+0.8 MPa and 9.9 + 0.5 MPa, respectively. Nevertheless, 7ss
still depends on the embedded fibre length as shown in Fig. 3.
The improvement at a single fibre model composite level shows
that addition of NFC enhances the interface properties between
rayon fibres and NFC-reinforced PHB. We hypothesise that NFC
adsorbs to the fibres and stiffens the surrounding matrix resulting
in the increased Tjgss.

3.4. Thermal properties of rayon fibre-reinforced (NFC-reinforced) PHB
composites

The DSC curves of both rayon fibre-reinforced (NFC-reinforced)
PHB composites are shown in Fig. 4. Two melting peaks were
observed in the second heating curve for all the composites, one
at about 150 °C and one at 162 °C (Fig. 4A). The two melting peaks
with different intensities observed in PHB could be due to (i) the
first melting and further re-crystallisation of PHB crystals, which
may influence the reorganisation of these crystals during the sec-
ond heating or (ii) the existence of two lamella structures within
PHB crystals [38,39]. During cooling however only one re-
crystallisation peak at about 79 °C was observed for unreinforced
PHB and both rayon fibre-reinforced (NFC-reinforced) PHB com-
posites (Fig. 4B). It is also evident that the upper melting peaks
were more dominant which suggest that the PHB contains stable
crystals and a small portion of unstable crystals [39]. Therefore,
the two melting peaks could be associated with the reorganisation
of these crystals during second heating. The melting temperature
of all composites manufactured also shifted by upwards about
8 °C compared to the unreinforced PHB.

The DSC results of the composites normalised to the weight
fraction of PHB in the composites of the second heating curves
are tabulated in Table 2. The crystallinity of neat PHB was found
to be 55%. The crystallinity of the composites studied decreased
by about 10% as compared to the unreinforced PHB with an excep-
tion of the unsized rayon fibre-reinforced (NFC-reinforced) PHB
which exhibited the lowest crystallinity (44%). The heat of melting
AHp, for rayon fibre-reinforced (NFC-reinforced) PHB did also
decrease as compared to the neat composites. This could imply
that incorporation of NFC into the composite reduced the number
of nucleation sites for crystallisation, thus reducing the overall the
crystallinity of the composites.
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Fig. 4. 2" Heating (A) and cooling (B) curves of rayon fibre-reinforced neat and
(NFC-reinforced) PHB composites observed during DSC scan. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

3.5. Mechanical properties of rayon fibre-reinforced (NFC-reinforced)
PHB composites

Unidirectional rayon reinforced neat PHB and rayon reinforced
(NFC-reinforced) PHB composites with vy=50-55% were success-
fully manufactured. The composite densities were characterised
and tabulated in Table 2. The increased density of the hierarchical
composites suggests that NFC was picked-up by the rayon fibres
during the fibre impregnation step. To illustrate this, rayon fibres
were dipped into a water bath containing 2.5 wt.% NFC and dried
prior to taking SEM images. We observed a thin membrane-like
nanocellulose paper sheet surrounding the fibres (Fig. 5). Similarly,
we also dipped rayon fibres into a water bath without NFC and
dried and SEM images were taken. The SEM images of the latter
fibres are very similar to those shown in Fig. 1(a) and (b). There-
fore, it is evident from Fig. 5 that NFC does act as a binder holding
the rayon fibres together, which could enhance the load transfer
between the fibres in the composites.

Typical stress-strain curves of rayon fibre-reinforced (NFC-
reinforced) PHB composites are presented in Fig. 6. The strength
of sized rayon fibre-reinforced neat PHB was determined to be
221.7 +£12.1 MPa (Table 3). With the addition of 2.5 wt.% NFC into
the composite, the tensile strength of the composite improved by
14.5% to 253.9 + 8.5 MPa. Similarly, the tensile strength of unsized
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Table 2

Density (pcomp), void content (), melting temperature (Ty), crystallisation temperature (T.), enthalpy of melting (AH,,) and crystallinity (X.) of unreinforced PHB, sized and
unsized rayon fibre-reinforced (NFC-reinforced) PHB composite (normalised to the weight fraction of PHB in the composites) based on 2nd heating.

Sample pcamp (g Cm73) VOid, Xv (%) Tm, 1 (OC) Tm, 2 (OC) Tc (OC) AHm (.] gil) Xc (%)
Unreinforced PHB - - 140 155 72 79.7 54.6
Sized rayon/neat PHB 1.42 +£0.02 0.6 153 166 78 30.2 52.5
Sized rayon/(NFC-reinforced) PHB 1.56 £0.01 6.1 139 163 79 274 47.9
Unsized rayon/neat PHB 1.52 +0.00 6.0 149 162 78 28.6 48.5
Unsized rayon/(NFC reinforced) PHB 1.54+0.01 4.7 138 165 76 25.8 444
40— Sized rayon/PHB
350 Sized rayon/(NFC-reinforced) PHB
————— Unsized rayon/PHB
300 l.——Unsized rayon/(NFC-reinforced) PHB
250
g
S 200
© 150
/ o
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50
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Fig. 5. Scanning electron micrographs of (A) sized and (B) unsized rayon fibres
when dipped in in a bath of water containing 2.5 wt.% of NFC. The NFC binds the
fibres creating a bridge from fibre-to-fibre. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

rayon fibre-reinforced neat PHB was found to be 235.5 + 11.1 MPa
and the addition of 2.5 wt.% of NFC leads to an improvement in the
tensile strength of up to 15.7% to 273.2 = 5.8 MPa. These values are
comparable to the ones reported by Rozite et al. [18] for Cordenka
reinforced acrylated epoxidised soy oil resin (Tribest) (Table 4) and
Cordenka reinforced epoxidised pine oil resin (EpoBioX) having
vy=40-50%. The Young’s modulus of both neat and (NFC-
reinforced) PHB composites remained the same ~14-15GPa. A
Young’s modulus of 15.4 GPa was predicted using the rule of
mixture.

Comparison with various literature reports on tensile properties
of UD regenerated cellulose fibre-composites are tabulated in
Table 4. The tensile strength of Lyocell reinforced PHBV as reported
by Bourban et al. [15] was extraordinary but no other researchers
were able to achieve this performance despite using the same rein-
forcing fibres [16,40]. When comparing the literature results with

-0.02 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
£

Fig. 6. Typical stress (¢) - strain (&) curves for sized rayon fibre-reinforced neat and
(NFC-reinforced) PHB composites and unsized rayon fibre-reinforced neat and
(NFC-reinforced) PHB composites. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

ours; the most significant result is the enhanced strain to failure
of our composites. Despite using a very brittle matrix, the compos-
ites failed at ~12%, which corresponds to the strain-to-failure of
rayon fibres. Previous attempts have focused on improving the
strain-to-failure of PHB by blending it with other polymers and/
or plasticisers; Parra et al. [41] studied the mechanical properties
of PHB polyethylene glycol (PEG) blends. They reported an
improvement in the strain-to-failure of the blend by about five
times upon the addition of 40 wt.% of PEG however, the tensile
strength of the polymer was reduced by half. Wang et al. [42]
reported a strain-to-failure of 7% for 50:50 PHB cellulose acetate
butyrate (CAB) blends, but yet again the tensile strength of the
polymer blend decrease by almost half. El Taweel et al. [43]
reported blending of PHB with polyvinylacetate (PVAC). Two plas-
ticisers, atactic synthetic PHB [P(R,S-3HB)] and atactic R,S-PHB-OH,
were used in the blend. The authors reported strain-to-failures of
up to 5% for blends of PHB, PVAC and the atactic R,S-PHB-OH with
40:30:30 ratio, but the tensile strength and modulus was signifi-
cantly reduced by 74% and 98%, respectively. All of these attempts
to improve the ductility of PHB were successful but at the expense
of the polymer’s tensile strength and modulus. In this work, we
demonstrated that ductile composites can be produced even when
the composite contained 45-50 vol.% brittle polymer matrix (e.g.
PHB).

The flexural strength and modulus of sized rayon fibre-
reinforced neat PHB was measured to be 132+5MPa and
9.9 + 0.4 GPa, respectively (Table 3). With the addition of 2.5 wt.%
of NFC into the composites, the flexural strength and modulus
improved 32% and 30% to 175 £ 6 MPa and 12.9 + 0.3 GPa, respec-
tively. On the other hand, the flexural strength and modulus of
unsized rayon fibre-reinforced neat PHB were found to be
156 £ 5 MPa and 11.7 £ 0.3 GPa. The flexural strength and modulus
improved 14.8% and 5% to 179 + 7 MPa and 12.3 + 0.3 GPa, respec-
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Table 3

Tensile strength (o), Young's modulus (Er), strain-to-failure (¢), flexural strength (o), flexural modulus (E) and Interlaminar shear stress (ILSS) of unreinforced PHB, UD rayon
fibre-reinforced (NFC-reinforced) PHB composites. 7;ss denote the apparent interfacial shear strength between rayon fibres and PHB (nanocellulose composites) measured using
single fibre pull-out and ILSS denotes the interlaminar shear strength of rayon from short beam test.

Sample or (MPa) Er (GPa) & (%) or (MPa) Er (GPa) ILSS (MPa) Tirss (MPa)
Unreinforced PHB 21.0+2° 0.9 +0.08° 1.01° - - - -

Sized rayon/neat PHB 222 +12 15.6+0.9 11.7 1325 99+04 44+0.1 6.8+0.3
Sized rayon/(NFC-reinforced) PHB 254+8 15.5%0.1 12.2 1756 129+03 6.8+0.2 84+038
Unsized rayon/neat PHB 236+11 15.1+£0.3 11.6 1565 11.7+03 7.0+0.1 7.0+0.3
Unsized rayon/(NFC-reinforced) PHB 2736 14603 12.7 179+7 123103 7.8+0.2 9.9+0.5

4 Values from Ref. [25].
b values from Ref. [34].

Table 4

Tensile strength (o), Young’s modulus (Er), strain-to-failure (&), fibre volume fraction () of various UD regenerated cellulose fibre-composites reported in literature.
Composite type v ot (MPa) Er (GPa) e (%) Refs.
Lyocell/PHB-V 27 278 114 4 [14]
Lyocell/CAB 60 250 22.0 2 [15]
Rayon/Tribest 40-50 250 15.0 7 [17]
Rayon/PHB 50-55 222-236 15.1-15.6 11.6 This study

tively, when 2.5 wt.% of NFC were introduced into the unsized
rayon fibre-reinforced PHB composites. All of these composites
failed via buckling under the loading point, regardless of its void
content (Table 2), which again showed the ductility of the material.
Conventional stiffer and low strain to failure composites such as
carbon fibre-reinforced polymers usually exhibit a tensile beha-
viour when the composite is strained excessively in the test config-
uration. Similar results were obtained for short beam shear. The
interlaminar shear strength (ILSS) of sized rayon fibre reinforced
PHB composites was measured to be 4.4 + 0.1 MPa. With the addi-
tion of 2.5 wt.% of NFC, the ILSS improved by 55% to 6.8 + 0.2 MPa.
As for the unsized rayon fibre-reinforced PHB composites, the ILSS
was measured to be 7.0+0.1 MPa while the incorporation of
2.5 wt.% NFC into the composites improved the ILSS by 11%. These
measured improvements in ILSS confirm the IFSS of the model
composites. All the results presented demonstrate improvements
in the mechanical properties of the hierarchical composites con-
taining 2.5 wt.% NFC, which may be attributed to the better stress
transfer between the fibres due to the presence of a 3D NFC net-
work in the composites.

4. Conclusions

We demonstrated that the wet impregnation method, which is
commonly used to manufacture high performance thermoplastic
composites, can also be used to produce rayon fibre reinforced
PHB with control over the fibre volume fraction of the composites.
We successfully produced hierarchical rayon fibre reinforced PHB
by incorporating 2.5 wt.% with respect to PHB of NFC into the com-
posites. The presence of NFC in the hierarchical composites is evi-
dent from the increased density of the composites. From the
measured {-potentials, it was concluded that both reinforcements
(rayon fibres and NFC) and PHB have acidic surface characters with
PHB having the most negative {-potential. Furthermore, single
fibre pull out tests indicated that rayon fibre reinforced NFC/PHB
nanocomposites had higher apparent interfacial shear strength as
compared to model composites with neat PHB, which showed that
the presence of NFC improves the fibre-matrix interface properties,
which was also confirmed by ILSS measured by short beam shear
tests. The increased adhesion leads to better stress transfer
between the fibres and, therefore, better composite properties of
rayon fibre-reinforced (NFC-reinforced) PHB with a high strain to
failure and up to 16%, 33% and 55% higher tensile, flexural and

interlaminar shear strengths, respectively, as compared to rayon
fibre-reinforced neat PHB.

Acknowledgements

The authors acknowledge the UK Engineering and Physical
Science Research Council (EPSRC) (EP/J013390/1) and (EP/
MO012247/1) for funding. We also like to thank UPM-Kymmene
Corporation for supplying the nanofibrillated cellulose and Cor-
denka® GmbH for their fibres. Last but not least, we would like
to thank Marta Fortea-Verdajo (PaCE) for her help in imaging the
fibre cross-section and carrying out the {-potential measurements,
as well as Peter Dean for assisting with the tensile tests of rayon
fibres. The Nuffield Research Foundation is acknowledged for fund-
ing PD during his placement.

References

[1] Gupta AP, Kumar V. New emerging trends in synthetic biodegradable polymers
- polylactide: a critique. Eur Polymer ] 2007;43(10):4053-74.

[2] Dorgan JR, Braun B, Wegner JR, Knauss DM. Poly(lactic acids): a brief review.
degradable polymers and materials. American Chemical Society; 2006. p.
102-25.

[3] Dawes EA. Polyhydroxybutyrate: an intriguing biopolymer. Biosci Rep 1988;8
(6):537-47.

[4] Furukawa T, Sato H, Murakami R, Zhang J, Duan Y-X, Noda [, et al. Structure,
dispersibility, and crystallinity of poly(hydroxybutyrate)/poly(l-lactic acid)
blends studied by FT-IR microspectroscopy and differential scanning
calorimetry. Macromolecules 2005;38(15):6445-54.

[5] Bismarck A, Mishra S, Lampke T. Plant fibers as reinforcement for green
composites. Nat Fibers Biopolym Biocompos 2005:37-108.

[6] Holbery ], Houston D. Natural-fiber-reinforced polymer composites in
automotive applications. JOM 2006;58(11):80-6.

[7] Mohanty AK, Misra M, Drzal LT, Selke SE, Harte BR, Hinrichsen G. Natural
fibers, biopolymers, and biocomposites: an introduction. Boca Raton: CRC
Press-Taylor & Francis Group; 2005.

[8] Faruk O, Bledzki AK, Fink H-P, Sain M. Progress report on natural fiber
reinforced composites. Macromol Mater Eng 2014;299(1):9-26.

[9] Adusumali RB, Reifferscheid M, Weber H, Roeder T, Sixta H, Gindl W.
Mechanical properties of regenerated cellulose fibres for composites.
Macromol Symp 2006;244:119-25.

[10] Hughes M. Defects in natural fibres: their origin, characteristics and
implications for natural fibre-reinforced composites. ] Mater Sci 2012;47
(2):599-609.

[11] Thygesen LG, Asgharipour MR. The effects of growth and storage conditions on
dislocations in hemp fibres. ] Mater Sci 2008;43(10):3670-3.

[12] Ganster ], Fink H-P. Novel cellulose fibre reinforced thermoplastic materials.
Cellulose 2006;13(3):271-80.

[13] Bax B, Miissig J. Impact and tensile properties of PLA/Cordenka and PLA/flax
composites. Compos Sci Technol 2008;68(7-8):1601-7.

[14] Savage L, Evans K. The importance of the mesostructure in toughening
cellulosic short fibre composites. Compos Sci Technol 2014;93:97-105.


http://refhub.elsevier.com/S1359-835X(16)30277-9/h0005
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0005
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0010
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0010
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0010
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0015
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0015
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0020
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0020
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0020
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0020
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0025
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0025
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0030
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0030
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0035
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0035
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0035
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0040
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0040
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0045
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0045
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0045
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0050
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0050
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0050
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0055
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0055
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0060
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0060
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0065
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0065
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0070
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0070

S.-R. Shamsuddin et al./ Composites: Part A 90 (2016) 633-641 641

[15] Bourban C, Karamuk E, de Fondaumiére M], Ruffieux K, Mayer J, Wintermantel
E. Processing and characterization of a new biodegradable composite made of
a PHB/V matrix and regenerated cellulosic fibers. ] Environ Polym Degr 1997;5
(3):159-66.

[16] Seavey KC, Ghosh I, Davis RM, Glasser WG. Continuous cellulose fiber-
reinforced cellulose ester composites. I. Manufacturing options. Cellulose
2001;8(2):149-59.

[17] Seavey KC, Glasser WG. Continuous cellulose fiber-reinforced cellulose ester
composites. II. Fiber surface modification and consolidation conditions.
Cellulose 2001;8(2):161-9.

[18] Rozite L, Joffe R, Varna ], Nystrom B. Characterization and modeling of
performance of polymer composites reinforced with highly non-linear
cellulosic fibers. IOP conference series: materials science and engineering.
2012;31(1):012005.

[19] Hajlane A, Kaddami H, Joffe R, Wallstrom L. Design and characterization of
cellulose fibers with hierarchical structure for polymer reinforcement.
Cellulose 2013;20(6):2765-78.

[20] Juntaro J, Pommet M, Kalinka G, Mantalaris A, Shaffer MSP, Bismarck A.
Creating hierarchical structures in renewable composites by attaching
bacterial cellulose onto sisal fibers. Adv Mater 2008;20(16):3122-6.

[21] Lee KY, Bharadia P, Blaker JJ, Bismarck A. Short sisal fibre reinforced bacterial
cellulose polylactide nanocomposites using hairy sisal fibres as reinforcement.
Compos Part A-Appl Sci Manuf 2012;43(11):2065-74.

[22] Lee KY, Ho KKC, Schlufter K, Bismarck A. Hierarchical composites reinforced
with robust short sisal fibre preforms utilising bacterial cellulose as binder.
Compos Sci Technol 2012;72(13):1479-86.

[23] Pommet M, Juntaro J, Heng JYY, Mantalaris A, Lee AF, Wilson K, et al. Surface
modification of natural fibers using bacteria: depositing bacterial cellulose
onto natural fibers to create hierarchical fiber reinforced nanocomposites.
Biomacromolecules 2008;9(6):1643-51.

[24] Ho KKC, Shamsuddin SR, Riaz S, Lamorinere S, Tran MQ, Javaid A, et al. Wet
impregnation as route to unidirectional carbon fibre reinforced thermoplastic
composites manufacturing. Plast Rubber Compos 2011;40(2):100-7.

[25] Shamsuddin S-R, Ho KKC, Lee K-Y, Hodgkinson JM, Bismarck A, Nicolais L.
Carbon fiber: properties, testing, and analysis. Wiley Encyclopedia of
Composites: John Wiley & Sons, Inc.; 2011.

[26] Meretz S, Auersch W, Marotzke C, Schulz E, Hampe A. Investigation of
morphology-dependent fracture behaviour with the single-fibre pull-out test.
Compos Sci Technol 1993;48(1-4):285-90.

[27] Barham PJ, Keller A, Otun EL, Holmes PA. Crystallization and morphology of a
bacterial thermoplastic: poly-3-hydroxybutyrate. ] Mater Sci 1984;19
(9):2781-94.

[28] Northolt MG. Are stronger cellulose fibres feasible? Lenzinger Berichte
1985;59:71-8.

[29] Klemm D, Heublein B, Fink HP, Bohn A. Cellulose: fascinating biopolymer and
sustainable raw material. Angew Chem Int Ed Engl 2005;44(22):3358-93.

[30] Eichhorn SJ, Baillie CA, Zafeiropoulos N, Mwaikambo LY, Ansell MP, Dufresne
A, et al. Review: current international research into cellulosic fibres and
composites. ] Mater Sci 2001;36(9):2107-31.

[31] Jacobasch H-]. Characterization of the adhesion properties of polymers by
electrokinetic measurements. Die Angewandte Makromolekulare Chemie
1984;128(1):47-69.

[32] Campagne C, Devaux E, Perwuelz A, Cazé C. Electrokinetic approach of
adhesion between polyester fibres and latex matrices. Polymer 2002;43
(25):6669-76.

[33] Stana-Kleinschek K, Kreze T, Ribitsch V, Strnad S. Reactivity and
electrokinetical properties of different types of regenerated cellulose fibres.
Colloids Surf, A 2001;195(1-3):275-84.

[34] Stana-Kleinschek K, Ribitsch V. Electrokinetic properties of processed cellulose
fibers. Colloids Surf, A: Physicochem Eng Asp 1998;140(1-3):127-38.

[35] Ashraf ShA, Khashayar R, Neha A, Michler GH, Groth T. Nanofibers from blends
of polyvinyl alcohol and polyhydroxy butyrate as potential scaffold material
for tissue engineering of skin. Biomacromolecules 2010;11(12):3413-21.

[36] Mautner A, Lee K-Y, Tammelin T, Mathew AP, Nedoma AJ, Li K, et al. Cellulose
nanopapers as tight aqueous ultra-filtration membranes. React Funct Polym
2015;86:209-14.

[37] El-Taweel SH, Stoll B, Hohne GWH, Mansour AA, Seliger H. Stress-strain
behavior of blends of bacterial polyhydroxybutyrate. ] Appl Polym Sci 2004;94
(6):2528-37.

[38] Sato H, Padermshoke A, Nakamura M, Murakami R, Hirose F, Senda K, et al.
Infrared spectroscopy and X-ray diffraction studies on the structure and
thermal behavior of biodegradable polyhydroxyalkanoates. Macromol Symp
2005;220(1):123-38.

[39] Owen A], Heinzel ], Skrbi¢ Z, Divjakovi¢ V. Crystallization and melting
behaviour of PHB and PHB/HV copolymer. Polymer 1992;33(7):1563-7.

[40] Franko A, Seavey KC, Gumaer ], Glasser WG. Continuous cellulose fiber-
reinforced cellulose ester composites Ill. Commercial matrix and fiber options.
Cellulose 2001;8(2):171-9.

[41] Parra DF, Fusaro ], Gaboardi F, Rosa DS. Influence of poly (ethylene glycol) on
the thermal, mechanical, morphological, physical-chemical and
biodegradation properties of poly (3-hydroxybutyrate). Polym Degrad Stab
2006;91(9):1954-9.

[42] Wang TZ, Cheng GX, Ma SH, Cai Z], Zhang LU. Crystallization behavior,
mechanical properties, and environmental biodegradability of poly(beta-
hydroxybutyrate)/cellulose acetate butyrate blends. ] Appl Polym Sci
2003;89(8):2116-22.

[43] El-Taweel SH, Stoll B, Hohne GWH, Mansour AA, Seliger H. Stress-strain
behavior of blends of bacteria polyhydroxybutyrate. ] Appl Polym Sci 2004;94
(6):2528-37.


http://refhub.elsevier.com/S1359-835X(16)30277-9/h0075
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0075
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0075
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0075
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0080
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0080
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0080
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0085
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0085
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0085
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0090
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0090
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0090
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0090
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0095
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0095
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0095
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0100
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0100
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0100
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0105
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0105
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0105
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0110
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0110
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0110
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0115
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0115
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0115
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0115
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0120
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0120
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0120
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0125
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0125
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0125
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0130
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0130
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0130
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0135
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0135
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0135
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0140
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0140
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0145
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0145
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0150
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0150
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0150
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0155
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0155
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0155
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0160
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0160
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0160
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0165
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0165
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0165
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0170
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0170
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0175
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0175
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0175
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0180
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0180
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0180
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0185
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0185
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0185
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0190
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0190
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0190
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0190
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0195
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0195
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0200
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0200
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0200
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0205
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0205
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0205
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0205
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0210
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0210
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0210
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0210
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0215
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0215
http://refhub.elsevier.com/S1359-835X(16)30277-9/h0215

	Ductile unidirectional continuous rayon fibre-reinforced hierarchical composites
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Manufacturing UD rayon fibre-reinforced (NFC-reinforced) PHB composites
	2.3 Preparation of mechanical test specimens
	2.4 Characterisation of the rayon fibres
	2.4.1 Morphology of the fibres
	2.4.2 Determination of equivalent fibre diameters
	2.4.3 Tensile properties of single rayon fibres

	2.5 ζ-potential measurements of rayon fibres and unreinforced PHB
	2.6 Characterisation of rayon fibre-reinforced (NFC-reinforced) PHB composites
	2.6.1 Fibre-matrix interface between rayon fibres and PHB
	2.6.2 Thermal behaviour of rayon fibre-reinforced (NFC-reinforced) PHB composites
	2.6.3 Density of rayon fibre-reinforced (NFC-reinforced) PHB
	2.6.4 Mechanical properties of rayon fibre-reinforced (NFC-reinforced) PHB composites


	3 Results and discussion
	3.1 Morphology and tensile properties of rayon fibres
	3.2 ζ-potential of rayon fibres and PHB
	3.3 Adhesion between rayon fibres and PHB
	3.4 Thermal properties of rayon fibre-reinforced (NFC-reinforced) PHB composites
	3.5 Mechanical properties of rayon fibre-reinforced (NFC-reinforced) PHB composites

	4 Conclusions
	Acknowledgements
	References


