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a b s t r a c t

Self-reinforced polylactic acid (SR PLA) composites incorporating cellulose nanowhiskers (CNWs) were
produced by coating orientated PLA fibres with a polyvinyl acetate (PVAc)–CNW mixture as a binder prior
to hot compaction at 95 �C. PLA fibres were produced with an average diameter of 11 (±0.9) lm via a
melt-drawing process at 180 �C. Scanning electron microscopy (SEM) images revealed that the CNWs
imparted roughness to the PLA fibre surface. Cross-sectional examination of the SR PLA composites after
hot-pressing confirmed that the PLA fibres had maintained their morphology. Incorporation of 8 wt%
CNWs within the SR-PLA composites revealed an increase in their flexural strength (48%) and modulus
(39%) compared to the control composite (flexural strength �82 MPa and modulus �3.9 GPa). In addition,
whilst the control SR-PLA composite revealed quite brittle characteristics, the addition of CNWs and PVAc
gave the self-reinforced composite a more ductile behaviour.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Self-reinforced composites (SRCs) have found widespread use
for applications in the biomedical, construction and packaging
industries [1,2]. The concept of self-reinforced composites was first
developed by Capiati and Porter [3] who demonstrated that the ori-
entation of aligned chains within the same polymer significantly
improved their initial mechanical and fracture failure properties.
In this process, fibres derived from the same polymer were heated
above the glass transition (Tg) temperature but below their melting
temperature (Tm) and compressed to produce composite plates
using high pressure where the ultimate mechanical properties of
the prepared composites depended on the molecular weight of
the polymer and the fraction of aligned chains within the self-
reinforced composites [4,5]. The selection of temperature, pressure
and time are very important in order to maintain optimum reinforc-
ing effect of the fibres in SRC processing [6]. Various techniques
such as hot compaction [7], partial dissolution [8], cool drawing
[9] and chemical modification [10] have been employed to

manufacture self-reinforced composites. Several studies have
reported on the successful production of SRCs using a wide variety
of polymer fibres, including polyethylene (PE) [11–14], polypropyl-
ene (PP) [15,16], polyethylene terephthalate (PET) [17], polyamides
[18,19], polylactic acid (PLA) [4,20,21], polyglycolic acid (PGA)
[22,23] and polymethylmethacrylate (PMMA) [24,25].

For biomedical applications, fibres derived from biopolymers
such as polylactic acid (PLA), polyglycolic acid (PGA), and their
copolymer PLGA have been the most widely investigated for
SRC processing [21–23]. Amongst them, PLA is one of the most
common bioresorbable polymers utilised for internal bone
fixation implants due to its favourable degradation and mechan-
ical properties, and availability with different lactide contents
(i.e. L/D ratio) [26,27]. In order to produce SRCs with superior
mechanical properties, it is desirable to develop high modulus
and high strength fibres. The mechanical properties of PLA fibres
have been shown to be improved with aligning/orientation of the
molecular chains during fibre spinning [28] and drawing pro-
cesses [29–31]. For example, Mezghani and Spruiell [28] reported
increased tensile strength and modulus of as-spun Poly(L-lactic
acid) (PLLA) filaments from 80 MPa to 385 MPa and from
3.7 GPa to 6 GPa respectively, by decreasing the fibre diameter
from 67 lm to 13 lm utilising a high speed winder drum
(100–4700 m min�1). They suggested that the improvement of
tensile properties was attributed to an increase in crystallinity
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from 5% to 43% as a result of strain induced chain orientation
within the polymer fibres.

For self-reinforced PLA composite processing, use of highly
crystalline PLA filaments also showed significantly improved inter-
facial bonding due to the similar chemical structure of both matrix
and reinforcing elements [32]. For example, Li and Yao [33] pro-
duced 0.5 mm thick single PLA composites using amorphous PLA
sheets (5% crystallinity) and crystalline PLA yarn (40% crystallinity)
via a compression moulding process at 140 �C, and reported that
the self-reinforced PLA composite containing 25 wt% unidirectional
PLA yarns (consisting of 135 continuous fibres with average diam-
eter of around 20 lm) had improved the tensile strength by 31%
and modulus by 48% when compared to the control PLA sheet (ten-
sile strength �44.8 MPa and modulus �2.5 GPa). The flexural prop-
erties of a 3.2 mm thick self-reinforced PLLA composite produced
via a hot compaction process at 95 �C were investigated by
Wright-Charlesworth et al. [20] and reported that SR-PLLA had
higher initial flexural properties (strength �139.2 MPa and modu-
lus �5.4 GPa) when compared to non-reinforced PLLA (strength
�110.8 MPa and modulus �3.9 GPa).

Although SRCs have shown a higher strength and modulus com-
pared to the non-reinforced polymer, recent studies have also
focused on the enhancement of the material properties through
modification of the processing techniques [7] as well as through
the incorporation of fillers [34–36]. For instance, Foster et al. [35]
investigated the incorporation of carbon nanofibres (CNF) into hot
compacted polypropylene (PP) woven tapes and also the addition
of other nano and micro-sized fillers, such as talc, nanoclay, fly
ash and carbon black. It was reported that all of the fillers improved
the interlayer adhesion properties compared to the pure PP tape/
film, which was confirmed via SEM images and peel testing.

Natural polymers such as chitosan [38], alginate [39] and cellu-
lose [40,41] both in nano and microfibre form have also been incor-
porated in PLA for use in tissue engineering and biomedical
applications. Cellulose nanowhiskers (CNWs) have widely been
investigated in nanocomposites [40–44] processing due to their
biodegradability [45–47], biocompatibility [48,49] and superior
mechanical properties (tensile modulus �105 GPa for cotton based
nanocellulose) [50].

In this study, PLA fibre mats were prepared using melt-spun
PLA fibres coated with a blend of cellulose nanowhiskers (CNWs)

and polyvinyl acetate (PVAc). Recently, we investigated the blend
of CNWs and PVAc as a coating material on individual PLA fibre
surfaces, which demonstrated that a PVAc/CNW blend was benefi-
cial by imparting surface roughness as well as increasing the
mechanical properties of the fibre [51]. A composition of 75 wt%
CNW and 25 wt% PVAc was found to have the greatest improve-
ments, and this blend was used in the work presented here. The
attachment of nanowhiskers onto the fibre mats was examined
via scanning electron microscopy (SEM). The self-reinforced com-
posites investigated in this study were produced via a hot com-
pression process by laminate stacking the PLA fibre mats and the
effect of CNWs and PVAc on the structural and mechanical proper-
ties of the composites are reported.

2. Materials and methodology

2.1. PLA fibre drawing

PLA fibres were produced via a melt-drawing process [52].
Briefly, vacuum dried (at 50 �C for 48 h) PLA beads (NatureWorks
LLC, Ingeo™ Grade 3251D, average Mw �90,000–120,000 g mol�1,
Density = 1.24 g cm�3) were melted at 180 �C in air using a steel
mould, which was heated with a band heater, and comprising a
2 mm hole at its base. Molten polymer exited through the base
of the mould via the hole under the effect of gravity and was drawn
downwards and collected on a drum using traverse mode at
0.025 mm spacing and rotating at 400 m min�1, which was found
optimal for the production of higher strength PLA fibres (Table 1)
[51,52]. The drum had a diameter of 1 m with a collector distance
of 50 cm from the steel mould.

2.2. Preparation of cellulose nanowhiskers (CNW)

CNWs were produced via acid hydrolysis of cotton (purchased
from Fisher Scientific, UK) in aqueous H2SO4 (64 wt%) (Fisher Sci-
entific, UK) for 45 min at 45 �C [40,53]. The hydrolysed cotton
was washed with de-ionised water followed by centrifugation at
10 �C (three cycles, each at 10,000 rpm for 15 min) and then
dialysed under running tap water for 48 h to ensure removal of free
acid. Sonication was then carried out to homogenise the

Fig. 1. Schematic of PLA fibre drawing and coating procedure employed to produce aligned fibre mat.
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