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A B S T R A C T   

The aim of the present study is to investigate the influence of accelerated weathering conditions (temperature 
and humidity) on the mechanical and physical properties of the flax fibre reinforced poly lactic acid (PLA) 
biocomposites. Two different types of biocomposites namely New Non-woven (NNW) and Conventional Non- 
woven (CNW) were developed for this study. After 500 h of exposure to humid environment with 95% rela-
tive humidity at 30 and 60 ◦C temperatures, the mechanical (tensile and flexural) and physical (surface 
roughness and hardness) behaviours were evaluated and compared with that of the dry specimens. Tensile and 
flexural properties were found to decrease significantly upon 500 h of exposure to accelerated weathering. The 
tensile strength of the biocomposite specimens exposed to 30 ◦C temperature and 95% RH demonstrated note-
worthy improvement. Scanning electron microscopy (SEM) and X-ray micro CT images of fractured surfaces 
showed delamination, plasticization of matrix and fibre debonding due to exposure to various environmental 
conditions.   

1. Introduction 

Polymer composites are advanced materials that have been wide-
spread in our daily lives and are regularly used in engineering applica-
tions. As the annual demand increase for polymer composites in the 
industry, it is not surprising that the yearly demand will experience a 
great increase over the next 20 years [1]. Due to most polymer com-
posites being lightweight and sturdier than the other counterparts has 
enabled the use of it for automotive, aerospace, wind turbines, con-
struction and more. However, the amount of wastage produced during 
the production stage has also greatly affected the environment [2]. With 
this concern of increase wastage, even recycling would be insufficient to 
mitigate this issue. Hence, the introduction of natural fibre composites 
(NFCs) would provide the aid in greatly addressing this issue with the 
benefits of recyclability, biodegradability and renewability, as well as a 
reduced cost in raw materials. Apart from being sustainable and 
biodegradable, NFCs offer several additional advantages lightweight, 
low density, high specific strength, low abrasiveness, CO2 neutrality, 
among others in comparison to conventional glass fibres [3–10]. Many 

industrial sectors especially the automotive industry has witnessed a 
rapid increase in use of NFCs over the last decade in order to reduce the 
carbon footprint as well as the fuel consumption [11–15]. It has been 
observed from the available published literature that flax fibre has 
comparable specific properties to glass fibres [14,16,17]. However, 
these composite components are often exposed to variable temperature 
and moisture during their service life. The mechanical properties of fibre 
reinforced composites are very sensitive to environmental parameters 
like temperature change and moisture absorption. Continuous exposure 
to varying temperature and moisture levels may lead to the change in 
mechanical behaviour of the structural components. The exposure to 
temperature and moisture cause swelling or expansion of the polymeric 
matrix and reinforcements. Due to the degradation of material proper-
ties of hygrothermally affected composites, the stiffness and strength are 
altered considerably. Moreover, cyclic thermal and moisture loading 
further play role in deteriorating the performance of the composites 
leading to premature failure of the structures [18–20]. 

It has been recognised that natural plant fibres have some drawbacks 
including lower mechanical and thermal stability when compared to 
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synthetic fibres. The natural plant fibres absorb significant amount of 
moisture when exposed to atmospheric humid environments because of 
their hydrophilic nature and their chemical constituents. The presence 
of moisture causes swelling in natural fibres and their composites due to 
the existence of strong hydroxyl groups and other polar character of 
cellulose, hemicellulose, and lignin present in the fibres [21]. The 
swelling causes a continuous change of the structure of the fibre 
rendering a complex mechanism of moisture sorption in hydrophilic 

fibre materials [22]. Furthermore, the increase in moisture content 
causes significant loses of mechanical properties, dimensional instability 
and lowers the glass transition temperature of the polymeric matrix [4, 
23–24,26], which in turn affect the overall performance of the com-
posite structures. Many researchers [3,26–34] have investigated the 
effect of moisture exposure on the mechanical performance of NFCs. The 
effect of accelerated weathering has been reported by several re-
searchers on kenaf/sisal fiber reinforced bio-epoxy composites [35], 
hemp fibre/polybenzoxazine composites [36], polylactic acid/agave 
fiber biocomposites [37], kenaf/pineapple-based composites [38], 
sisal/hemp fiber bio-epoxy based composites [39]. All of these studies 
have reported significant loses of mechanical properties with increase in 
moisture uptake as compared to the dry specimens. The reduction of the 
mechanical performance is mainly attributed to the swelling of natural 
fibres, delamination at the fibre-matrix interface and widening of the 
gap between the fibre bundles, under the effect of water absorption, 
which in turn affect the overall performance and the durability of 
composites [40]. 

The comprehensive review of the published literature indicates that 
although a lot of work have been reported on the environmental ageing 

Fig. 1. Moisture absorption curve for different materials at 30 ◦C temperature 
and 95% RH (PVC: poly vinyl chloride; CNW: conventional non-woven, NNW: 
new non-woven; P represents printed). 

Fig. 2. Moisture absorption curves for different materials at 60 ◦C temperature 
and 95% RH (PVC: poly vinyl chloride; CNW: conventional non-woven, NNW: 
new non-woven; P represents printed). 

Fig. 3. Samples at different environmental conditions (a) before being exposed to humidity; (b) after 500 h of exposure to 95% RH at 30 ◦C; (c) after 500 h of 
humidity exposure to 95% RH at 60◦. 

Table 1 
Average tensile test results of dry samples; SD represents the standard deviation 
of the mean  

Material Mean Tensile Modulus (GPa) ± SD Mean UTS (MPa) ± SD 

CNW 5.67 (±0.51) 39.81 (±5.29) 
NNW (Transverse) 4.82 ± 0.06 19.50 ± 2.93 
NNW (Longitudinal) 8.15 ± 0.54 46.43 ± 4.00  

Fig. 4. Tensile modulus for different composites exposed to relative humidity 
of 95% RH at 30 ◦C and 60 ◦C. 
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of natural fibre reinforced polymer composite, only limited articles are 
available on natural fibre reinforced PLA based biocomposites. In 
addition, the combined effect of moisture absorption, temperature and 
humidity on the mechanical properties of flax fibre reinforced fully 
biodegradable composite is not reported enough in the existing litera-
ture to the best of authors’ knowledge. 

The present study is aimed to design, develop and evaluate fully 
biodegradable composites, meeting some of the long-term durability 
requirements in point-of-purchase (POP) sectors. To achieve this goal, 
two types of biocomposites, composed of non-woven flax fibres and poly 
lactic acid (PLA), namely conventional non-woven (CNW) and new non- 
woven (NNW) are developed as sustainable fully green composites so-
lution. The influence of accelerated weathering on the mechanical 
(tensile and flexural) and physical (surface roughness, and surface 
hardness) properties of these newly developed biocomposites are 
investigated. To replicate the real-life service conditions, the bio-
composite samples were exposed to 95% RH at 30 and 60 ◦C tempera-
ture, respectively. The mechanical and physical properties have also 
been compared with those of conventional materials readily available in 
the market such as FOREX™, which is an expanded poly vinyl chloride 
(PVC) panel for indoor and outdoor use. The fractured surfaces after 
mechanical characterization have also been analysed to reveal the sur-
face condition and possible failure mechanisms by using scanning 
electron microscopy (SEM) and X-ray micro CT. 

2. Experimental 

2.1. Materials 

Three different types of materials have been used for the present 
study namely PVC, CNW (Conventional non-woven) and NNW (New 
non-woven). The newly developed composite material (produced and 
provided by Kairos, France) is a fully green composite with flax com-
posite as reinforcement and PLA as matrix. The CNW was produced by 
using a needle punching process and the NNW was manufactured with a 
carding process offering improved control of the fibre orientation. The 
fibres of the NNW underwent a process through best selection and 
individualization. Consequently, the NNW does not contain any shive 
(less than 1%) whereas the CNW contain a significant amount of shives 
of around 10% compared to NNW.  

• The CNW laminate is 2.7 mm thick and has the following layup:  
• [PLA film of 435 g/m2 + 7 layers of non-woven flax of 350 g/m2 +

PLA film of 435 g/m2].  
• The NNW laminate is 1.5 mm thick with the following layup:  
• [PLA film of 435 g/m2 + 6 layers of non-woven flax of 100 g/m2 +

PLA film of 435 g/m2].  

• The PVC sheets have thickness of 4.8 mm. 

2.2. Fabrication of composite laminates 

The non-woven flax/PLA laminates were prepared by compression 
moulding technique. In the step 1, PLA film PLA film 350 μm/2 layers of 
flax + PLA NW (350 g/m2) were stacked in symmetrically. In the step 2, 
The PLA film and flax/PLA were compressed at 190 ◦C for 5 min, under a 
pressure of 1 bar, and in step 3, the compressed laminates were 
consolidated. The detail steps of the fabrication process are provided in 
the authors’ previous article [40]. 

Fig. 5. Ultimate tensile strength for different composites exposed to relative 
humidity of 95% RH at 30 ◦C and 60 ◦C. 

Fig. 6. X-ray μCT micrographs of the CNW samples depicting their fractured 
areas at different conditions (a) 30 ◦C, 95% RH; (b) 60 ◦C, 95% RH; (c) dry. 
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2.3. Specimen preparation 

All manufactured composite samples are cut in the dimension using a 
FB700 laser cutter by CadCam Technology and the PVC samples were 
cut with band saw cutter in accordance to the directive of British 
Standard EN ISO 527–2:1996 [41] for tensile tests and British Standard 
EN ISO 178:2010 [42] for flexural test. Samples were polished with a 
sand paper to obtain a good edge finish. 

2.4. Accelerated weathering tests 

Accelerated weathering of different biocomposite samples was car-
ried out using TAS LTCL 350 environmental chamber. The samples were 
kept in an environmental chamber for two different exposure conditions 
(a) 60 ◦C temperature and 95% relative humidity (RH) and (b) 30 ◦C 
temperature and 95% RH. After every 24 h, the samples were removed 
from the chamber and weighed using an electronic balance (precision of 
0.001 g). This process was repeated for 500 h for each exposure condi-
tion until the constant weight of all the samples were obtained. The 
visual observations and the measurement of surface roughness were also 
carried out at the interval of 48 h. 

The percentage of the moisture absorption in the samples was 
calculated by the weight difference between the samples kept in the 
environmental chamber and the dry samples using theEquation (1). 

ΔM(t)(%)=
mt − mo

mo
× 100 (1)  

where, ΔM(t)(%) is moisture uptake at different time intervals (%), mt is 
mass of the aged specimens at a specified time (t) and mo is mass of the 
dry specimen. 

2.5. Mechanical testing 

2.5.1. Tensile and flexural testing 
Tensile and flexural testing were performed on a Zwick/Roell Z030 

universal machine using pull-to-break mode and bend-to-rupture 
modes, respectively. For the flexural testing, the test span was set at 
50 mm (span-to-depth ratio of ~16) and crosshead speed of 2 mm/min. 
Flexural modulus and strength were calculated using the values ob-
tained from force-displacement curves. The tests were conducted 
accordance with the standard for tensile characteristics [41] and the 
standard for flexural characteristics [42]. 

Tensile tests were performed at 2 mm/min crosshead speed; the 
tensile modulus, strength and strain to failure (STF) were determined by 
using the initial slope of the stress-strain curves obtained. The exten-
someter is set at the centre of the sample before the test starts and it is 
removed when the diagram program shows a read of 2% of the sample 
deformation. This procedure was done with all the samples. In order to 
investigate the effect of environmental ageing, at least 5 specimens from 

Fig. 7. X-ray μCT micrographs of the NNW longitudinal samples depicting their fractured areas at different conditions (a) 30 ◦C, 95% RH; (b) 60 ◦C, 95% RH; (c) dry.  
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each material at dry and aged conditions were tested and an average was 
taken. All tests were conducted at room temperature. 

2.5.2. Surface roughness measurement 
The surface roughness was measured using the Mitutoyo Surface 

Roughness Tester. This measurement was done to analyse the change in 
surface texture of the samples after undergoing weathering. The surface 
roughness has a crucial role in how the samples will interact with the 
environment. A rough surface usually has a higher rate of degrade when 
as compared to the smoother surface due to the higher friction produced. 
The parameter measured by the machine was Ra values. The value for Ra 
indicates the overall average surface roughness that could be detri-
mental to the overall properties of the samples. 

2.5.3. Shore hardness measurement 
The indentation hardness of a material can be determined by using 

the shore hardness method which uses a durometer that contains an 
indenter with a defined spring force. Each durometer has a different type 
from type A to D with a scale of 0–100. Depending on the material, a 
different type of durometer could be used as the hardness on the scale 
increases from 0 to 100. The shore hardness for each sample was 
measured by using shore D durometer. 

Measurements were taken on different parts of the surface and an 
average was calculated. 

3. Results and discussion 

3.1. Moisture absorption behaviour 

Figs. 1 and 2 depict the percentage of weight gain and moisture 
saturation against time for the different materials subjected to 95% 
relative humidity at 30 ◦C and 60 ◦C temperature respectively, before 
the mechanical testing. The moisture absorption behaviour has been 
studied for both printed and non-printed samples. 

Based on the rate of moisture gain vs immersion time curves, the 
biocomposite samples (CNW and NNW) at 60 ◦C temperature started 
with a linear moisture uptake rate, and then rapidly increase for these 
samples. When it comes to absorbing moisture, saturation is reached for 
PVC samples after 432 h, and for CNW and NNW samples after 456 h. 
These weights increase percentages are around 3.81%, 8.76%, and 
12.11%, respectively, for PVC, CNW, and NNW samples. Fibre cross- 
section and fibre morphology of natural plant fibres such as flax rein-
forced composites can contribute increased moisture diffusivity. The 
notable increased moisture uptake percentage for CNW and NNW is due 
to the presence of flax fibre in both materials, which is more susceptible 
to moisture due to the fibre cross-section and hollow lumen in the centre 
of the fibre morphology. Another factor contributing to high moisture 
absorption could be related to surface defects arising from 
manufacturing. The moisture ingress from the flax fibre surface can 
penetrate to the laminate creating water flow pathways as a result of 
degradation of flax composites surface due to the absorption of 

Fig. 8. X-ray μCT micrographs of the NNW transverse samples depicting their fractured areas at different conditions (a) 30 ◦C, 95% RH; (b) 60 ◦C, 95% RH; (c) dry.  
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moisture. However, the scenario is different for 30 ◦C temperature. 
It is clear from Fig. 1 that the rate of moisture absorption is somewhat 

consistent for the biocomposite samples until the saturation point. Un-
like 60 ◦C temperature, the saturation at 30 ◦C temperature is attained 
quite earlier for the biocomposite samples, amounting to be 336 h for 
CNW and 384 h for NNW. The moisture gain percentages of PVC, CNW 
and NNW at 30 ◦C are around 1.2%, 4.5% and 4.8% respectively. 

Fig. 3(a) depicts the visual appearance of the samples before putting 
into the environmental chamber while Fig. 3(b) and (c) depict the visual 
appearance of the samples after moisture degradation at 30 ◦C and 60 ◦C 
temperature, respectively. 

Biocomposite samples exposed to accelerated weathering (60 ◦C 
temperature and 95% RH) experienced a significant amount of degra-
dation including colour change and blistering of the surface. Whereas for 
PVC samples, minute changes were observed like pigmentation on the 
surface. However, no substantial changes were observed in the samples 
exposed to 30 ◦C temperature and 95% relative humidity except moist 

surfaces of the CNW and NNW samples. 

3.2. Effect of accelerated weathering on tensile properties 

The Young’s modulus and tensile strength of different samples in dry 
condition are summarised in Table 1. As expected, it can be seen that the 
NNW in transverse fibre direction has the lowest tensile strength and 
modulus. The tensile modulus and the ultimate tensile strength (UTS) of 
the test samples are presented in Figs. 4 and 5 for different exposure 
condition. It is evident from Figs. 4 and 5 that the tensile modulus and 
strength of the samples degrades significantly with accelerated weath-
ering. Because of their hydrophilic nature, the natural fibres are sus-
ceptible to moisture absorption which in turn causes swelling of the 
fibres as well as the expansion of the matrix and weakens the fibre 
matrix interface. This increases the amount of unfavourable influence on 
the tensile characteristics. 

In dry condition, the NNW longitudinal sample has the highest 

Fig. 9. SEM images of typical fracture section of the CNW samples depicting their fractured areas at different conditions (a) 30 ◦C, 95% RH; (b) 60 ◦C, 95% RH; 
(c) dry. 
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Young’s modulus of 8.15 GPa followed by CNW and the NNW transverse 
sample has the weakest modulus of 4.82 GPa. The higher modulus of the 
NNW longitudinal sample can be attributed to the architecture and 
controlled fibre direction of the NNW. The carding technology offers 
improved ability to control the fibre direction in the NNW compared to 
the needle punching process used for the CNW. 

After exposure to the harsh humid environment (60 ◦C and 95% RH), 
the tensile modulus and strength deceases by approximately 73% and 
93%, respectively in the case of CNW. For NNW, with moisture expo-
sure, the tensile modulus and strength was decreased approximately by 
91% and 97% percent, respectively for transverse direction. However, 
for longitudinal direction, with exposure to moisture, the modulus and 
strength were decreased by approximately 76% and 91%, respectively. 
The cause of this behaviour might be ascribed mainly to the plasticiza-
tion of the PLA reaching its glass transition temperature (50–80 ◦C), 
which led to de-bonding of the fibres and loss of structural integrity and 
consequently exposing the fibres to moisture attack. The penetration of 

water molecules into the fibre–matrix region led to the change of di-
mensions of the composite specimens and caused weak interfacial 
bonding, thereby decreasing the tensile properties. Dimensional varia-
tion occurred due to the swelling of the fibre, which led to fibre 
detachment from the matrix, creating damaged fibre matrix bonding. 
The significant reduction in mechanical performance due to moisture 
absorption is related to plastization, debonding in the fibre-matrix 
interface due to swelling stress. The damaged interface further 
contributed to the failure of the composite laminate. 

However, after exposure to mild humid environment (30 ◦C tem-
perature and 95% RH), the materials behave significantly different in 
terms of tensile strength than that of the dry one. It is observed from 
Fig. 5 that the tensile strength of the humid CNW sample is increased by 
71% than that of the dry CNW samples. Similar trend is observed for the 
NNW samples with an increment of 59% and 28% of tensile strength in 
longitudinal and transverse direction, respectively. Although the tensile 
modulus for the same environmental exposure is decreased by 

Fig. 10. SEM images of typical fracture section of the NNW longitudinal samples depicting their fractured areas at different conditions (a) 30 ◦C, 95% RH; (b) 60 ◦C, 
95% RH; (c) dry. 
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approximately 21%, 48% and 48% for CNW, NNW longitudinal and 
NNW transverse samples respectively. The increment of the tensile 
strength may be attributed to the high amount of water absorption that 
resulted in swelling of the fibres. The swelling of the fibres is further able 
to fill up the gaps between the fibres and the polymeric matrix that may 
occur during the manufacturing process and subsequently can lead to 
the improvement in tensile strength of the composites. Similar phe-
nomena have been observed for flax fibre reinforced bioepoxy com-
posites after 768 h of water immersion [43]. The similar effect has been 
reported for jute fibre reinforced polypropylene [44] and hemp fibre 
reinforced unsaturated polyester composites with a fibre volume frac-
tion of 0.26 [30] after a period of water immersion. 

X-ray computed micro-tomography (μ-CT) scans and scanning elec-
tron microscopy (SEM) were conducted around the fractured areas of 
each material. The μ-CT scans were performed in order to establish a 
better understanding of the damage mechanisms in each material after 
being exposed to different environmental condition and the damaged 

surface for each specimen are shown in Figs. 6–8. 
It is evident from the μ-CT scans that the damage mechanisms mainly 

include fibre breakage, fibre pull out and matrix cracking. Delamination 
also appears to be present in some cases. It can be observed from the 
fractured surface that the failure of the dry specimens exhibits brittle 
behaviour whereas the failure at 60 ◦C and 95% RH is ductile in nature 
owing to the plasticization of the matrix. It is also interesting to note that 
the fractured surface at dry condition for each material appears to be 
even and uniform with fewer fibre breakages whereas extensive fibre 
breakage, matrix cracking and uneven fractured surface can be seen for 
the same materials after exposure at 30 ◦C temperature and 95% RH. 

This difference in fracture mechanism also demonstrates the 
improvement of the tensile strength in these composite laminates after 
being exposed at 30 ◦C temperature and 95% RH compared to dry 
condition. However, the damage mechanism in the samples after 
exposure at 60 ◦C temperature and 95% RH is significantly different to 
other two conditions, due to the harsh environment. The failure is 

Fig. 11. SEM images of typical fracture section of the NNW longitudinal samples depicting their fractured areas at different conditions (a) 30 ◦C, 95% RH; (b) 60 ◦C, 
95% RH; (c) dry. 
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mainly caused by the matrix cracking, fibre-matrix debonding and 
delamination. Due to the exposure in harsh environment, the PLA 
reached its glass transition temperature of leading to plasticization and 
loss in strength of the matrix material. 

These observations were confirmed by the SEM images of the frac-
tured samples as shown in Figs. 9–11. The SEM images in Fig. 9(c) and 
(a) show the fractured surface of the CNW specimen at dry condition and 
exposure at 30 ◦C and 95% RH respectively. These SEM images also 
exhibit the fibre swelling and enhanced bonding between the fibres and 
the matrix after exposure to humid condition compared to the dry 

condition, which indicates a more efficient transfer of stress along the 
fibre-matrix interface before the failure of the composite. Additionally, 
the fractured surface of the dry specimens shows fibre breakage in a 
more brittle manner, compared to the fractured surface of the specimens 
exposed to 30 ◦C and 95% RH. This phenomenon in turn justifies the 
improvement of tensile strength of the 30 ◦C humidity specimens 
compared to the dry specimen. The plasticization and the loss of struc-
tural integrity of the matrix material after exposure at 60 ◦C and 95% RH 
is evident from Fig. 9(b). Similar effect and fracture surface were also 
observed for NNW longitudinal and transverse samples as presented in 
Figs. 10 and 11. 

Fig. 12. Force-displacement curves obtained from 3-point bending test for different samples at different environmental conditions (HT represents elevated tem-
perature at 95% RH). 

Table 2 
Average flexural test results of dry samples; SD represents the standard deviation 
of the mean.  

Material Flexural modulus (GPa) ±
SD 

Flexural strength (MPa) ±
SD 

CNW 5.90 ± 1.46 112.35 ± 15.13 
NNW 

(Longitudinal) 
6.86 ± 0.93 133.98 ± 14.37 

NNW (Transverse) 4.76 ± 0.22 84.81 ± 2.25 
PVC 1.38 ± 0.05 23.9 ± 0.23  

Fig. 13. Flexural modulus for different materials exposed to relative humidity 
of 95% RH at 30 ◦C and 60 ◦C. 

Fig. 14. Flexural strength for different materials exposed to relative humidity 
of 95% RH at 30 ◦C and 60 ◦C. 

Table 3 
Average surface roughness (Ra) values of dry samples; SD represents the stan-
dard deviation of the mean.  

Material Average Ra (μm) SD (μm) 

CNW 0.747 0.111 
NNW 0.631 0.058 
PVC 1.927 0.096  
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3.3. Effect of accelerated weathering on flexural properties 

The flexural behaviour of the samples is represented in the form of 
force-displacement curves obtained from the 3-point bending tests. 
Typical load versus displacement traces were depicted in Fig. 12. It can 
be observed from Fig. 12 that the dry samples displayed a steep gradient 
for CNW and NNW which indicated a more brittle fracture. While the 
humid samples displayed a flatter gradient, indicating the sign of ductile 

fracture. 
The average flexural strength and modulus of the test samples for 

different environmental conditions calculated employing standard for-
mula using load against displacement curves. The flexural strength and 
modulus of the dry samples are presented in Table 2. The change in 
flexural modulus and flexural strength of the test samples for different 
environmental conditions are depicted in Figs. 13 and 14. 

It can be observed from Table 2 that the NNW specimens at dry 
condition in longitudinal fibre direction has the highest flexural 
modulus and flexural strength of 6.86 GPa and 133.98 MPa respectively. 
It is evident from Figs. 13 and 14 that the strength and modulus were 
decreased significantly for CNW and NNW with exposure to humid 
environment. For the CNW sample, for example, at exposure at 95% RH, 
60 ◦C, the strength was recorded at 7.96 MPa (a decrease of 93%) and 
modulus of 0.31 GPa, (a decrease of 95%), respectively. However, this is 
not the case for PVC samples. The decrease in flexural modulus and 
flexural strength of PVC in wet condition is recorded as 43% and 11% 
respectively. 

Fig. 15. Surface roughness (Ra) measurement of the humidity samples (60 ◦C temperature and 95% RH) at different time intervals.  

Fig. 16. Surface roughness (Ra) measurement of different samples at 30 ◦C temperature and 95% RH at different time intervals.  

Table 4 
Values of Shore D hardness for different materials in different environmental 
conditions.  

Material Dry 
Samples 

Humidity Samples (95% 
RH at60 ◦C) 

Humidity Samples (95% 
RH at30 ◦C) 

PVC 37.0 ± 1.4 38.2 ± 1.3 37.6 ± 1.5 
CNW 85.0 ± 0.7 67.0 ± 1.2 79.4 ± 0.5 
NNW 85.6 ± 0.9 63.8 ± 1.8 79.6 ± 0.5  
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Exposure to 95% RH at 30 ◦C temperature renders similar effect on 
the flexural properties of the composite samples. However, the reduction 
in flexural modulus and flexural strength is much lesser compared to the 
exposure of 95% RH at 60 ◦C. The flexural modulus and the flexural 
strength of the CNW was found to be 67.09 MPa and 2.24 GPa respec-
tively, which is 62% and 40% lower than the dry samples respectively. 
The reduction in the flexural strength can be attributed to the swelling of 
the fibres as a result of the penetration of water molecules in the 
interfacial region between the fibre and the matrix. Due to this, gaps 
formed between the fibre and the matrix, which in-turn led to the de- 
bonding of the fibre from the matrix. The presence of moisture in the 
fibre degrades them, separating the fibres into fibrils. It may also be 
caused by the weak interfacial adhesion between fibre and matrix, as a 
result of the appearance of hydrogen chemical bonds between the cel-
lulose fibre (flax fibres) and the water molecules. When water molecules 
penetrated the macro-voids and free space of the matrix, new cavities 
and cracks formed, acting as a water transport pathway within the 
composites and reducing interfacial bonding. 

4.4. Effect of accelerated weathering on surface roughness 

The average surface roughness (Ra) values of the dry samples are 
presented in Table 3. The change in roughness parameters after the 
exposure to 95% RH at 60 ◦C and 30 ◦C temperature is shown in Figs. 15 
and 16 respectively. It can be seen from Fig. 15 that the relative hu-
midity at 60 ◦C temperature effects all the parameters of surface 
roughness in all materials. It was noted that as time goes by in humid 
condition, the value of Ra increased for all the samples. Increasing 
exposure time brings about an increase in weight gain, which in turn 
causes an increase in surface roughness. Hence, it was apparent that the 
increase in relative humidity adversely influenced the overall surface 
quality of the samples. Similar trend is observed for the humidity sam-
ples at 30 ◦C temperature (Fig. 16) with lesser variation. 

4.5. Effect of accelerated weathering on shore hardness 

The values for shore hardness measured on a Shore D durometer on 
different samples were tabulated in Table 4. It was observed from the 
table that the hardness of both CNW and NNW were adversely affected 
by the humid condition at 60 ◦C temperature with a significant decrease 
of approximately 21% and 25% respectively. Whereas the exposure to 
30 ◦C temperature and 95% RH has less significant effect on the hard-
ness of the biocomposites. The hardness is reduced by approximately 
6.58% and 7% for CNW and NNW respectively. However, the PVC 
samples had little effect from being exposed to humid environment. The 
reduction in hardness of the composite specimens, when exposed to 
humid environment, also supports the ductile nature of the failure after 
tensile test. 

5. Conclusions 

Flax fibre reinforced PLA biocomposites were exposed to accelerated 
weathering conditions for a prolonged time period to study the influence 
on the mechanical and physical properties. The flexural and the physical 
properties of the biocomposites are compared with those of PVC as 
reference material. The samples were exposed to 95% RH at 30◦ and 
60 ◦C temperature. The study shows that the water absorption increases 
significantly at higher temperature. It is found that the mechanical and 
the physical properties of the biocomposites are significantly better than 
that of the PVC. Exposure to humidity at higher temperature results in 
significant reduction in the tensile properties due to the plasticization of 
the matrix material. However, the tensile strength of the biocomposites 
increase considerably after exposure to humidity at 30 ◦C compared to 
the dry specimens. The results indicate that swelling of flax fibres in the 
composite material caused due to moisture absorption can have positive 
effects on the tensile strength. The μ-CT and SEM images illustrate that 

the damage mechanism mainly include fibre breakage, fibre pull out and 
matrix cracking whereas plasticization of the matrix can be observed for 
the biocomposite samples exposed to 60 ◦C temperature. Flexural 
properties decrease with the increase in moisture absorption content. 
Tensile modulus was found to decrease with moisture absorption as a 
sensitive property of the fibre. The swelling of the fibres and the plas-
ticization of the matrix also result in lower hardness and increased 
surface roughness of the materials exposed to humid environment. 
Based on the results obtained, it may be concluded that the flax fibre 
reinforced PLA composites can be used as a potential substitute of PVC 
for the use in POP sectors to achieve environment friendly and economic 
design. 
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[28] Z.E. Cherif, C. Poilâne, T. Falher, et al., Influence of textile treatment on 
mechanical and sorption properties of flax/epoxy composites, Polym. Compos. 34 
(10) (2013) 1761–1773. https://doi:10.1002/pc.22580. 

[29] E.H. Saidane, D. Scida, M. Assarar, R. Ayad, Assessment of 3D moisture diffusion 
parameters on flax/epoxy composites, Compos. Appl. Sci. Manuf. 80 (2016) 53–60. 
https://doi:10.1016/j.compositesa.2015.10.008. 

[30] H. Dhakal, Z. Zhang, M. Richardson, Effect of water absorption on the mechanical 
properties of hemp fibre reinforced unsaturated polyester composites, Compos. Sci. 
Technol. 67 (7–8) (2007) 1674–1683. https://doi:10.1016/j.compscitech.2006.0 
6.019. 

[31] H.M. Akil, L.W. Cheng, Z.A. Mohd Ishak, A. Abu Bakar, M.A. Abd Rahman, Water 
absorption study on pultruded jute fibre reinforced unsaturated polyester 
composites, Compos. Sci. Technol. 69 (11–12) (2009) 1942–1948. https://doi:10 
.1016/j.compscitech.2009.04.014. 

[32] P.A. Sreekumar, S.P. Thomas, J marc Saiter, K. Joseph, G. Unnikrishnan, 
S. Thomas, Effect of fiber surface modification on the mechanical and water 
absorption characteristics of sisal/polyester composites fabricated by resin transfer 
molding, Compos. Appl. Sci. Manuf. 40 (11) (2009) 1777–1784. https://doi:10.101 
6/j.compositesa.2009.08.013. 

[33] A. Athijayamani, M. Thiruchitrambalam, U. Natarajan, B. Pazhanivel, Effect of 
moisture absorption on the mechanical properties of randomly oriented natural 
fibers/polyester hybrid composite, Mater Sci Eng A 517 (1–2) (2009) 344–353. 
https://doi:10.1016/j.msea.2009.04.027. 

[34] A. Le Duigou, P. Davies, C. Baley, Exploring durability of interfaces in flax fibre/ 
epoxy micro-composites, Compos. Appl. Sci. Manuf. 48 (2013) 121–128. https: 
//doi:10.1016/j.compositesa.2013.01.010. 

[35] K. Yorseng, S.M. Rangappa, H. Pulikkalparambil, et al., Accelerated weathering 
studies of kenaf/sisal fiber fabric reinforced fully biobased hybrid bioepoxy 
composites for semi-structural applications: Morphology, thermo-mechanical, 
water absorption behavior and surface hydrophobicity, Construct. Build. Mater. 
235 (2020), 117464, https://doi.org/10.1016/j.conbuildmat.2019.117464. 

[36] A.Q. Dayo, A.A. Babar, Q. Qin, et al., Effects of accelerated weathering on the 
mechanical properties of hemp fibre/polybenzoxazine based green composites, 
Compos. Appl. Sci. Manuf. 128 (2020), 105653. https://doi:10.1016/j.comp 
ositesa.2019.105653. 

[37] A.S. Martín del Campo, J.R. Robledo-Ortíz, M. Arellano, M. Rabelero, A.A. Pérez- 
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