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Effect of accelerated weathering on physico-mechanical properties of polylactide bio-composites
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Abstract In this work, injection moulded hemp fibre reinforced polylactide bio-composites of different
fibre contents (0, 10, 20 and 30 wt%) were subjected to accelerated weathering of 12 h cyclic exposures of UV-
light at 60°C, water spray and condensation at 50°C for 8, 16, 32, 48 and 64 cycles to study the changes in
properties such as crystallinity, tensile, flexural, plane-strain fracture toughness (K;.) and strain energy release
rate (G,.). The crystallinity of neat polylactide (PLA) was found to increase up to 50.6% after 64 cycles,
whereas the crystallinity of composites of different fibre contents was found to increase in the range of 30.6 to
34.5% for 8 to 64 cycles. The overall mechanical properties (tensile, flexural, K;. and G,.) of the composites
decreased as the number of cycles increased from 8 to 64. The crystallinity and the residual tensile strength,
tensile modulus, tensile strain, K. and G, of the composites of 20 wt% fibres were found to be the highest after
64 cycles. In contrast, the residual flexural strength and flexural modulus of the composites of 30 wt% fibres
were found to be the maximum after 64 cycles. Absorption of water, destruction of fibre integrity, degradation
of PLA matrix, formation of cracks and pores were found to be the main causes of reduction in the mechanical

properties of PLA bio-composites.
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Introduction

In recent years, PLA has received significant attention as sustainable alternative to petrochemical based polymers,
since the lactide from which it is ultimately synthesized can be produced economically on a mass scale by the
bacterial fermentation of carbohydrate rich substances such as corn and potato [1]. For long time PLA based
material is being used in biomedical and bioengineering applications such as controlled drug release systems,
orthopaedic implant devices and surgical sutures due to its characteristic of biodegradability and biocompatibility.
Therefore, a significant research works have been devoted on the study of PLA degradation by varying the
environmental factors such as humidity, temperature, pH and enzyme [2-7]. The rate of degradation of PLA also
depends on other factors such as molecular weight, crystallinity and crystalline morphology [8, 9].

Potentialities of PLA as a matrix for natural fibre (i.e. lignocellulosic fibre) reinforced bio-composites
have been well documented [10-22]. However, knowledge of the factors affecting the degradation mechanism is
critical to design the natural fibre reinforced PLA composites with desired life period for different applications.
For instance, the resistance to ultraviolet (UV) light is a key factor for most outdoor applications of polymeric
materials. The UV-light degradation, also known as photo-degradation, of the polymeric composites of natural
fibres ranges from surface discoloration to extensive loss in mechanical properties. The UV-light irradiation can
modify and/or degrade the chemical structure of polymer such as molecular chain scission, morphology
(breakdown of tie molecules and crystal) and crosslinking [23]. Natural fibre also degrades by UV-light irradiation
through free radicals formation and oxidation of phenolic-hydroxyls of lignin. The photo-degradation of
lignocellulosic fibre leads to the formation of chromophoric groups, for example carboxylic acids, quinones and
hydroperoxy radicals [24, 25].

Many research works have presented influence of various factors such as fibre types [10, 26-28], fibre
contents [15, 29, 30], fibre treatment [22, 31], and composite processing [15, 32, 33] on the properties of natural
fibre reinforced PLA bio-composites, and some works have reported on the water absorption and durability of
PLA bio-composites in different environmental conditions [8, 34-38]. However, very few researches have
reported on the accelerated weathering of PLA bio-composites [24, 39].

Testing of composites in real time and in-service environment is not practical because the time involved
would significantly delay the product development. Artificial weathering is a very useful technique to evaluate
degradation of the natural fibre reinforced composites in a reasonable timeframe. This can be done in an
accelerated weathering chamber, where the samples can be exposed to harsh weather conditions including UV -
light, condensation, humidity, elevated temperature and rain simulating water spray [24, 39-41]. The objective of
this report is to present the effect of accelerated weathering on various properties such as crystallinity, tensile,
flexural, K;. and G,. of injection moulded PLA composites of different fibre contents (0 to 30 wt%). For this
purpose, neat PLA and hemp fibre reinforced PLA composites were aged in an accelerated weathering chamber

using UV light, water spray, condensation and heat collectively.

Materials and method

Materials

Polylactide 4042D in the form of pellet was obtained from NatureWorks LLC, USA, and hemp fibre was obtained
from Hemcore Limited, UK. Chopped dried short hemp fibre (average length 4.9mm) and PLA pellet were
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compounded (0, 10, 20 and 30 wt% fibres) using a ThermoPrism TSE-16-TC twin screw extruder. The extruded
composites were pelletized and dried at 80°C for 24 h and then injection moulded using a BOY15-S injection

moulding machine.

Weathering

Accelerated weathering test was conducted using a QUV panel (Model QUV/spray with solar eye irradiance
control). The samples were subjected to 12 h cyclic exposures of UV light, water spray and condensation
according to the standard practice for operating fluorescent light apparatus for UV exposure of non-metallic
materials, ASTM G154. Each cycle of weathering was comprised of 8 h UV light (340 nm fluorescent UV lamp)
exposure at 60°C followed by 0.25 h water spray without light and 3.75 h condensation at 50°C. The samples were
exposed for 8, 16, 32, 48 and 64 cycles.

Differential scanning calorimetry (DSC)
The crystallinity of neat PLA and composites was measured using a DSC 2920-TA Instruments machine. All DSC
scans were carried out at a scan rate of 10 °C/min from room temperature to 200°C. The sample size was about
10-15 mg. Three repeats of each sample type were performed.
The percent crystallinity (Xps) of PLA was calculated using Eq. (1) [15]:
Xpsc(%) = [{(AH; — AH,;) * 100}/(AHP * w)] @)
where AH? = 93 J/g for 100% crystalline PLA, AH; is the enthalpy of melting, AH,, is the cold crystallisation

enthalpy and w is the weight fraction of PLA in the composite.

X-ray diffraction (XRD)
XRD test of the neat PLA and composites was carried out using a Philips X-ray diffractometer, employing CuKa.
(A =1.54 A) radiation source and a graphite monochromator with a current of 40 mA and a voltage of 40 mV was

used with variation of incidence angle from 12° to 45° by 0.030° steps.

Tensile test
Tensile test was carried out according to the standard test method for tensile properties of plastics, ASTM D683.
Four specimens of each batch were tested using an Instron 4042 universal test machine. The cross-head speed was

5 mm/min.

Flexural test

Flexural test was conducted using a LLOYD LR 100 K universal testing machine according to the standard test
methods for flexural properties of unreinforced and reinforced plastics and electrical insulating materials, ASTM
D790. The sample span-to-depth ratio was 16:1, and the cross-head speed was 1.5 mm/min. Four specimens of

each batch were flexural tested.

Fracture toughness test
Fracture toughness test was carried out using single-edge-notched-bend (SENB) specimen according to the

standard test methods for plane-strain fracture toughness and strain energy release rate of plastic materials, ASTM
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D5045. LLOYD LR 100 K universal testing machine was used for this purpose. The Length (L), Span length (S),
Width (W) and Thickness (B) of the specimens were 126, 56, 12.7 (x0.03) and 3.3 (x0.03) mm respectively,
which satisfies the condition 2B < W < 4B standardised for SENB specimens used in plane strain fracture
toughness of plastics [42]. The initial crack length was 6.35 mm (£0.005). The loading speed was 10 mm/min and
the notch root of the specimens was sharpened using a razor blade before testing. Four specimens of each batch
were tested.

Mode | plane-strain fracture toughness (K,.) of single-edge-notched-bend (SENB) specimen was
calculated using Eg. (2):

K, = (Po/BWY2)f(x) (2

where K, is the trial K., Py is the load, f(x) is the geometrical correction factor (0 < x < 1) expressed as a/W
and a is the initial crack length. P, can be measured from the load versus deformation curve. In this work, K,
was considered equal to K;,. as reported in [42].

Strain energy release rate (G,.) was derived from integration of the load versus displacement curve up to

the same load point as used for K.

Scanning electron microscopy
Hitachi S-4000 field emission scanning electron microscope was used to study the morphology of the composites.
Samples were mounted with carbon tape on aluminium stubs and then sputter coated with platinum and palladium

to make them conductive prior to SEM observation.

Optical light microscopy
A Nikon camera (Digital Sight DS-U1) attached to a WILD M3B stereo microscope was used to obtain

micrographs.

Results and discussion
DSC analysis
Typical DSC traces of the neat PLA and composites are presented in Fig. 1. The thermograms showed three main
successive transitions: (i) glass transition temperature (Tg), the temperature at which a transition between glassy
and rubbery states occurred in the amorphous region of PLA, (ii) cold crystallization temperature (Tc), the
temperature at which the process of rearrangement of PLA chains occurred to form highly ordered molecular
structures (crystallites) when reheated above Ty, (iii) melting temperature (Tm), the temperature at which the
crystallites of PLA were melted.

Fig. 2 shows the effect of weathering on the crystallinity (X,s.) and T4 of neat PLA and composites. In
Fig. 2a, the crystallinity of unconditioned neat PLA was found to be 7.5% which increased to 14%, a double, for
the unconditioned composites of 10 wt% fibres. This was because fibre acted as nucleation site for the
crystallisation of PLA [43]. The crystallinity further increased to about 18 and 19% for the unconditioned
composites of 20 and 30 wt% fibres, respectively. This was because nucleation sites increased with increased
fibre contents [13].

Again in Fig. 2a, the crystallinity of PLA and composites increased with increased number of cycles.

The crystallinity of neat PLA was found to increase in the range of 26.1 to 33.2% for 8 to 48 cycles followed by
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a sharp rise to 50.6% after 64 cycles. This increment in crystallinity of the neat PLA was attributed to
rearrangement of the amorphous PLA chains to highly ordered molecular structures (e.g. spherulites) during the
UV-light irradiation cycles at 60°C and condensation at 50°C resulted in cold crystallisation of PLA. Besides, the
significant increase in crystallinity could be due to reduction in molecular weight of PLA through degradation
upon accelerated ageing [39]. Since the low molecular weight PLA of shorter chains would be more mobile, then
the conformational requirement for the ordered crystalline structure would be easier [39]. Other researches [8, 44-
46] also showed an increase in crystallinity of neat PLA in the range of 30 to 60% after ageing in different
environmental conditions.

Whereas for the composites, the crystallinity increased in the range of 30.6 to 34.5% for 8 to 64 cycles
irrespective to fibre contents. Unlike the neat PLA, the crystallinity of composites did not increase significantly
from 48 to 64 cycles, which could be due to space limitation in the presence of fibres. After 64 cycles, the
crystallinity of composite of 20 wt% fibres was found to be the highest (34.5%). Almost a similar level of
increment in crystallinity (38%) of the compression moulded accelerated aged bio-composites of hemp fibre and
PLA was reported in other work [24].

In Fig. 2b, T, of the unconditioned neat PLA was found to be 57.8°C. The aforementioned increased in
the range of 61.7 to 64.8°C after weathering for 8 to 48 cycles, which was again due to annealing of amorphous
PLA chains during the weathering. Other research work has also reported an increase in T4 of neat PLA due to
hydrolytic degradation [47]. Again in Fig. 2b, Tg of the neat PLA disappeared after weathering for 64 cycles. This
finding ascribed to degradation of amorphous PLA chains to low molecular weight PLA chains that facilitated to
increase the crystallinity as mentioned previously. On the other hand, T4 of the unconditioned composites was
obtained in the range of 55.5 to 56.3°C irrespective to the fibre contents. T4 of the unconditioned composites was
found to be slightly lower (1.5-2.3°C) than the neat PLA. This decrease in T4 of the composites was due to
plasticising effect of the impurities (e.g. wax, pectin, mineral and ash) of hemp fibres [48, 49]. After weathering
for 8 to 64 cycles, Ty increased in the range of 59.7 to 62.7°C irrespective to the fibre contents. Above increment
in T4 was again due to annealing, and also due to anti-plasticisation phenomenon [50] as a result of leaching of
the impurities of hemp fibre during the weathering. Similar to the crystallinity, Ty of the composite of 20 wt%

fibres was also found to be the maximum (61.6°C) at 64 cycles.

XRD analysis
Typical XRD diffractograms of the neat PLA is presented in Fig. 3. A broad diffraction hump was observed at the
position 16 ° < 26 < 19° for the unconditioned neat PLA. This broad hump indicated that PLA chains were poorly
ordered (i.e. low degree in crystallinity), which was due to the rapid cooling of PLA during the injection moulding
[51]. However, two characteristic crystalline peaks for the neat PLA were observed at the positions 26 of 16.30°
and 18.65° after weathering, which was an indication of crystallisation in neat PLA under the influence of
weathering. According to the literatures [52], PLA crystallises as orthorhombic a phase. The 26 locations for the
a phase are established for two diffraction peaks of 16.3° and18.65° assigned to (200)/(110) and (203) planes,
respectively.

In the case of unconditioned composites, just one characteristic crystalline peak of PLA at the position
20 of 16.40° was observed as shown in Fig. 4a. This crystalline peak was associated to nucleation and

crystallisation of PLA in the presence of fibre as discussed in DSC findings. Another major peak was found at the
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position 26 of 22.05° for the composites, which was from the crystalline structure of the cellulose of hemp fibre
[53]. In the case of weathered composites in Fig. 4b, the characteristic crystalline peak of PLA at the position 260
of 18.65° was found once more. This particular finding of crystallites of PLA at the position 26 of 18.65° was
attributed to crystallisation of PLA under the influence of weathering. Other work [39] has also reported
crystallites of PLA almost at the same position (20 = 18.70°) after accelerated weathering of microcrystalline
cellulose reinforced PLA composite. Again in Fig. 4b, the characteristic crystalline peak of cellulose was slightly
shifted to the position 26 of 22.40°, which was due overlapping of the two diffraction peaks of cellulose and PLA
at the position 22° < 20 < 23° [22, 54].

Again in Figs. 3 and 4, the intensity of the peaks was found to be increased both for neat PLA and
composites after weathering, which was an indication of increase in the degree of crystallinity, a good agreement
with the DSC results.

Surface topography of the neat PLA and composites

Fig. 5 presents typical changes such as colour fading and deposition of chalky materials on the neat PLA and
composites after weathering. In the case of neat PLA, opacity increased rapidly from 0 to 64 cycles (Fig. 5a). In
addition, surface blistering was observed after weathering for 64 cycles (Fig. 5¢). The increase in opacity of PLA
was due to increase in crystallinity as confirmed through DSC and XRD findings. The surface blistering was a
consequence of breakdown of PLA chains through photo-oxidation and hydrolytic degradation. The degradation
process of PLA chains through photo-oxidation and hydrolytic reactions are presented schematically in Fig.6. The
degradation mechanism of photo-oxidation with UV-light irradiation (Fig. 6a) involves a hydrogen extraction on
the PLA chain backbone at the tertiary carbon in the a-position of the ester function followed by formation of
macro-radical through reacting with oxygen [55, 56]. The PLA macro-radical then transforms to hydroperoxide
by attracting with a labile hydrogen atom which propagates the chain oxidation reaction. Once formed, the
hydroperoxide macro-molecule decomposes through B-scission. In the case of hydrolytic degradation (Fig. 6b),
the process involves PLA chain cleavage of the ester linkage randomly in amorphous regions to form other
compounds such as acid and alcohol through the action of water [4]. This hydrolytic degradation of PLA also
leads to an increase in the crystallinity [57, 58].

In addition to blistering, craze and micro-crack were also observed when the neat PLA was weathered
for 64 cycles (Fig. 7). The thermal stresses developed as a result of repeated heating through weathering caused
to generate extensive multiple crazes, which led to the formation of interpenetrating micro-voids and small fibrils
on the surface of neat PLA as evident in Fig. 7a. These micro-voids eventually formed crack as can be seen in
Fig. 7b. In addition, erosion of small fibrils in PLA was also occurred as shown in Fig. 7a, which was again due
to hydrolytic degradation and photo-oxidation reactions. The formation of crazes in neat PLA as a result of
hydration and degradation was also reported in [59].

In Fig. 5b, the typical trend in colour fading from brown to white with respect to cycle number as can be
observed for composites. The whitening of composites was again attributed to increased crystallinity of PLA. The
colour fading of the composites was also due to UV-degradation of the lignin [60, 61] and leaching of impurities
from the hemp fibres. Unlike the neat PLA, surface blistering was not observed for the composites. However, fine
white powder was noticed onto the composites after 64 cycles, which was again due to hydrolytic and photo

degradations of PLA and hemp fibre.
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In Fig. 8, it is evident that the composite specimen did not deform similar to the neat PLA specimen as a
result of weathering, which was due to the presence of stiffer lignocellulosic hemp fibre in the PLA matrix. It is

well known that hemp fibre is stiffer than PLA matrix as reported in the previous works [15, 48].

Weight changes of the neat PLA and composites

As can be seen in Fig. 9, the weight of neat PLA decreased as the number of cycles increased. This decrease in
weight of the neat PLA was due to the loss of materials through erosion and blistering as shown previously. The
weight of neat PLA was found to decrease up to 0.33% after 64 cycles. Other works [47, 62, 63] also reported
weight loss of the neat PLA as a result of ageing and degradation in different environmental conditions.

Contrarily, the weight of composites initially increased with increased fibre contents as a result of
absorption of water during the water spray cycles. It is well known that lignocellulosic materials such as hemp
fibre absorbs water because of hydrophilic property [64]. In addition, the number of micro-cracks and debonding
in PLA matrix (Fig. 10) increased with increased fibre contents, which was due to differential swelling and
shrinkage of fibre and matrix [37, 65]. The micro-cracks facilitated to accumulate more water in the PLA
composites of high fibre contents.

Similar to the neat PLA, the weight of composites decreased with increased number of cycles. This
weight reduction was due to degradation and loss of materials as evident in Fig. 11 where PLA matrix and fibre
were wear out due to weathering. After 64 cycles, the weight of composites was found to increase up to 0.15%,
0.45% and 0.61% for the samples of 10, 20 and 30 wt% fibres, respectively. Other researchers [8, 24, 37, 38] have
also found an increase in weight of lignocellulosic fibre reinforced PLA composites due to ageing in wet

conditions.

Mechanical properties

The mechanical properties such as tensile, flexural, K;, and G, of the weathered composites are presented in the
following sections below. In the case of neat PLA, majority of the specimens was found to deform during the
weathering as shown in Fig. 8. So the mechanical properties of only the control neat PLA are presented in Table

1 as reference.

Tensile properties

Tensile properties such as tensile strength, tensile modulus and tensile strain of the composites with respect to the
number of cycles are presented in Fig. 12. As can be observed in Fig.12(a), tensile strength of the composites of
10 and 20 wt% fibres remained approximately stable from 0 to 32 cycles but later substantially decreased as the
number cycles increased. Although the load carrying capacity of the composites of 10 and 20 wt% fibres was
supposed to deteriorate to some extent due to absorption of water but above calmness in tensile strength at the
early stages of weathering was attributed to the greater crystallinity of composites as observed through DSC and
XRD findings. The decrease in tensile strength after 48 and 64 cycles was due to deterioration of fibre/matrix
interface as a result of degradation of PLA and fibres during the long term weathering. In the case of composite
of 30 wt% fibres, the tensile strength gradually decreased from 8 to 64 cycles, which was due to greater absorption
of water, degradation of PLA, leaching of materials from the fibre and formation of cracks and pores (Fig. 13).
After 64 cycles (i.e. 768 h), the residual tensile strength was found to be 36.8%, 71.3% and 11.86% for the
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composites of 10, 20 and 30 wt% fibres, respectively. The superior stability in tensile strength of the weathered
composites of 20 wt% fibres was attributed to greater crystallinity and lower water absorption. In the literature
[24], the tensile strength of compression moulded PLA and hemp fibre composite was found to be remained up
to 13% after accelerated ageing for 1000 h. In another work [39], the tensile strength of microcrystalline cellulose
reinforced PLA composite was remained up to 72.6% after accelerated ageing for 200 h. The discrepancies in
tensile strength reduction of the above weathered PLA composites were due to variation in reinforcement type
and content, degree in crystallinity of PLA, composite processing method and weathering condition.

As can be observed in Fig. 12b, tensile modulus of the composites decreased with increased number of
cycles. After 64 cycles, tensile modulus was found to be remained up to 47.3%, 67.2% and 66.7% for the
composites of 10, 20 and 30 wt% fibres, respectively. The reduction in tensile modulus was due to weakening in
the stiffness of hemp fibres as a result of swelling through absorption of water and destruction of fibre integrity
as a consequence of leaching of materials from fibres (Fig. 13). Like the tensile strength, the composite of 20 wt%
fibres had the maximum residual tensile modulus after 64 cycles. In Fig. 12c, the tensile strain of composites of
10 and 20 wt% fibres increased slightly in the early stage of weathering (i.e. 8 cycles), afterwards decreased
gradually with increased number of cycles. This small increase in tensile strain was attributed to (i) initial
steadiness in tensile strength and (ii) decrease in tensile modulus as seen in Fig. 12a and Fig. 12b, respectively. In
contrast, the composite of 30 wt% fibres showed a general trend in decrease in tensile strain as the number of
cycles increased from 0 to 64 cycles. After 64 cycles, the residual tensile strain was found to be 23.7%, 63.1%
and 15.3% for the composites of 10, 20 and 30 wt% fibres, respectively. Again, the composites of 20 wt% fibres
had the highest residual tensile strain after 64 cycles, which was consistent with the tensile strength and tensile

modulus findings.

Flexural properties

Fig. 14 presents flexural properties such as flexural strength and flexural modulus of the composites with respect
to the number of cycles. In Fig 14a, flexural strength of the control (i.e. O cycle) samples decreased with increased
fibre contents. This behaviour was ascribed to increased stress concentration points (i.e. kinks of fibres and fibre
ends) with increased fibre contents [66]. Unlike the tensile strength, flexural strength of the composites of 10 and
20 wt% fibres rapidly decreased just after 8 and 32 cycles, respectively. In the case of composites of 30 wt%
fibres, flexural strength decreased steadily from 8 to 64 cycles. After 64 cycles, the residual flexural strength was
found to be 31.6%, 41.9% and 69.1% for the composites of 10, 20 and 30 wt% fibres, respectively. In Fig. 14b,
flexural modulus of the composites, in general, steadily decreased with increased number of cycles. After 64
cycles, flexural modulus was found to be remained up to 73.7%, 72.6% and 75.4% for the composites of 10, 20
and 30 wt% fibres, respectively. The decrease in both flexural strength and flexural modulus was due to the
deterioration of fibre/matrix interface as discuss previously. After 64 cycles, the residual flexural strength and

flexural modulus were found to be the maximum for the composites of 30 wt% fibres.

Fracture toughness
K. and G, results as presented in Fig. 15 indicate the ability of the composites to resist initiation and growth of
cracks leading to facture. In Fig. 15a, K. of all the composites was found to increase from 0 to 8 cycles.

Afterwards, the composites of 10 and 30 wt% fibres decreased gradually from 8 to 64 cycles. In the case of
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composites of 20 wt% fibres, K. was remained approximately the same from 8 to 32 cycles and then gradually
decreased from 32 to 64 cycles. The initial increase in K;. was due to arresting of crack propagation as a result of
increased toughness promoted by crystallinity [39]. The overall decrease in K;,. from 8 to 64 cycles was due to the
formation of pores and cracks as shown previously. As a result of the increase in porosity, more water molecules
would be expected to be trapped inside the composite structure, which may have a plasticising effect, resulting in
the decrease in K,.. After 64 cycles, K,. was found to be remained up to 65.8%, 84.2% and 66.4% for the
composites of 10, 20 and 30 wt% fibres, respectively. Like K;., G,. of all the composites also increased but
marginally from 0 to 8 cycles. G, of the composites of 10 and 30 wt% fibres remained reasonably stable up to 16
cycles and then decreased sharply. On the other hand, G, of the composites of 20 wt% fibres marginally decreased
from 8 to 64 cycles. After 64 cycles, G;. was found to be remained up to 38.7%, 63.5% and 43.3% for the
composites of 10, 20 and 30 wt% fibres, respectively. The residual K, and G, of the composites of 20 wt% fibres

were found to be the maximum after 64 cycles.

Conclusions

The effect of weathering of UV light, water spray and condensation on the physical and mechanical properties of
hemp fibre reinforced PLA bio-composites was investigated in this work. The weight of neat PLA samples was
found to decrease due to degradation and loss of materials whereas the weight of composites increased due to
absorption of water by the hemp fibres. The shape of the composite specimens was found to be more stable than
that of the neat PLA specimens during the weathering. This finding indicated that the structural durability of PLA
matrix was improved in the presence of hemp fibre. The crystallinity and T4 were found to increase for both PLA
and composites due to rearrangement of the amorphous PLA segments into crystalline phase as a result of cold
crystallisation during the weathering. The residual tensile, flexural, K;. and G, of the composites were found to
be influenced by the content of fibres. After weathering, the composite of 20 wt% fibres had the highest
crystallinity and residual tensile strength, tensile modulus, tensile strain, K. and G,.; whereas the composites of
30 wt% fibres had the maximum residual flexural strength and flexural modulus. It can be said that the injection

moulded PLA bio-composites of 20 and 30 wt% hemp fibres are promising in terms of durability.
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Captions of figures

Fig. 1 Typical DSC thermograms of the neat PLA and composites.

Fig. 2 (a) Crystallinity (Xpsc) and (b) glass transition temperature (Tg) of the neat PLA and composites at
different cycle numbers.

Fig. 3 XRD diffractograms of the unconditioned and weathered neat PLA.

Fig. 4 Typical XRD diffractograms of (a) unconditioned and (b) weathered composites (20 wt% fibres).

Fig. 5 Photographs of (a) weathered neat PLA (b) weathered composites (20 wt% fibres) and (c) surface
blistering of neat PLA. The numbers in parentheses indicate the weathering cycle numbers.

Fig. 6 Reaction schemes of (a) photo-oxidation and (b) hydrolysis of neat PLA.

Fig. 7 Light microscope images of 64 cycles weathered neat PLA showing (a) craze and erosion (in circle) and
(b) crack (indicating by arrows).

Fig. 8 Deformation and stability of neat PLA and composite, respectively.

Fig. 9 Changes in the weight of neat PLA and composites with respect to number of cycles.

Fig. 10 (a) Light microscope image and (b) SEM micrograph of the composite of 30 wt% fibres after 64 cycles
showing micro-cracks and fibre/matrix debonding.

Fig. 11 SEM micrograph of the composite of 20 wt% fibres after 64 cycles showing degradation and materials
losses.

Fig. 12 (a) Tensile strength, (b) tensile modulus and (c) tensile strain of the composites with respect to the
number of cycles.

Fig. 13 SEM micrograph of the composite of 30 wt% fibres after 64 cycles showing leaching of materials from
fibres, degradation of PLA, cracks and pores.

Fig. 14 (a) Flexural strength and (b) flexural modulus of the composites with respect to the number of cycles.

Fig. 15 (a) K;. and (b) G,. of the composites with respect to the number of cycles.

List of table
Table 1 Mechanical properties of the neat PLA
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Table 1 Mechanical properties of the neat PLA

Properties Values

Tensile strength (MPa) 50.8 (£ 1.21)
Tensile modulus (GPa) 3.50 (£ 0.20)
Tensile strain (%) 3.05(£0.19)
Flexural strength (MPa) 96.01 (£ 3.01)
Flexural modulus (GPa) 3.40 (£ 0.15)
K;. (MPa-m%?) 2.02 (£ 0.09)

Gye (KIM?) 6.11 (+ 0.06)
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