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Abstract:  
 
Natural fibre reinforced biopolymer composites, or biocomposites, are an alternative to the glass fibre 
reinforced thermoset composites widely used today in marine applications. Biocomposites offer good 
mechanical properties and total biodegradability, but if they are to be adopted for marine structures 
their durability in a seawater environment must be demonstrated. In the present study unreinforced 
PLLA (Poly(l-Lactic acid)), injected and film stacked flax composites with the same PLLA matrix have 
been examined. All the samples were aged in natural seawater at different temperatures in order to 
accelerate hygrothermal ageing. Changes to physico-chemical and mechanical behaviour have been 
followed by weight measurements, thermal and gel permeation chromatography (GPC) analyses, and 
tensile testing, completed by acoustic emission recording and scanning electron microscopy (SEM) 
examination. The matrix tensile stiffness is hardly affected by seawater at temperatures to 40 °C but 
the composite loses stiffness and strength. Fibre/matrix interface weakening is the main damage 
mechanism induced by wet ageing, but both matrix and fibre cracks also appear at longer periods.  
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1. Introduction 

 
Composites based on thermosetting resins such as polyester are widely used in boat construction. 
These are low cost materials and their lifetimes are 30 years or more, so until recently there has 
been little concern about material selection nor what to do with them at the end of their useful life. 
However, as petroleum-based polymers become rarer and environmental awareness increases, it 
is important to optimise both these aspects. The possibility to recycle is encouraging research on 
thermoplastic matrix polymers, while end of life composting is preferred to alternatives such as 
incineration for environmental reasons. The combination of biopolymers made out of derivatives 
from cellulose, starch or polylactic acid and natural fibres such as flax, jute, hemp, sisal or ramie 
provides materials known as biocomposites, which are both biodegradable and recyclable [1, 2]. 
Their properties are comparable to those of traditional glass/polyester composites [3] so they could 
provide an environmentally friendly alternative.  
Very little work has been performed to study the behaviour of biocomposites in a marine 
environment. There have been some examples of aging in distilled water, for example [4] showed 
that a PLA/Bamboo (30 wt.%) biocomposite absorbed water over the first 20 hours of immersion 
before stabilizing at a weight gain of 7% compared to 1% for the unreinforced PLA. The highly 
hydrophilic nature of natural fibres results from their hydroxyl groups, and this will clearly be a 
concern for the use of such materials in marine applications.  
Fickian models have been widely used to model water uptake in both resins and their fibre 
reinforced composites at room temperature [5]. At higher temperatures these models may still be 
useful but the development of damage due to physical mechanisms such as swelling or chemical 
processes such as hydrolysis (molecular chain breakage) can result in more complex weight 
changes [5-7]. The manufacturing route may be important, for example Sreekumar et al  [8] showed 
that for sisal/polyester the weight gain for composites produced by RTM (Resin Transfer Molding), 
was lower than for those produced by compression moulding. RTM resulted in less porosity and 
lower internal stresses.  
The nature of the polymer and the aging conditions play a role in the aging behaviour of 
biocomposites. Hydrolysis can be catalysed by carboxyl groups produced by raising the 
temperature or changing the water composition [9, 10]. However, even though PLA may be easy to 
hydrolyse the products of the reaction are not toxic [11]. Hydrolysis changes the molecular weight 
but this may also result in other structural changes such as recrystallization [12, 13]. Concerning 
mechanical properties, both the matrix polymers and their biocomposites are affected by 
hygrothermal aging. For example, for the rice starch(20%)/PLA biocomposites studied in [14] aged 
in water for 30 days at 30°C the tensile modulus dropped from 3.8 to 2.1 GPa, the stress at break 
from 44 to 30 MPa and strain at failure from 2.5 to 2.2%. The changes in PLA properties contribute 
to these changes, under the same conditions PLA modulus dropped from 3.3 to 2.9 GPa, failure 
stress from 58 to 54 MPa and failure strain from 3.8 to 3.2 %. Drying enabled stiffness to be 
recovered but not strength, indicating that both reversible (physical) and irreversible (chemical) 
changes are involved in the wet aging of PLA and its composites. 
When natural fibres are used to reinforce polymers the losses in properties are often quite large 
[15], as these fibres are generally sensitive to water. Several authors have indicated this sensitivity, 
which is much greater than that of glass fibres exposed to similar wet environments [16-18]. 
According to their composition the latter may undergo stress corrosion cracking but this requires a 
particular combination of load and environment [19]. 
The fibre-matrix interface can also be affected by wet ageing [14]. Indeed in composites the fibre-
matrix interface is a critical area and moisture ingress in this region will cause differential swelling 
due to the difference in absorption of the fibres and matrix [20]. Fibre swelling can also cause 
damage at the interface and then in the neighbouring matrix [21]. Cracks can result in debonding 
and lead to the development of delaminations [22]. Many different methods have been used to 
characterize damage development in traditional composite materials, and acoustic emission has 
been applied for many years [23, 24]. This technique has been applied to study flax fibres and their 
biocomposites with a thermoplastic starch-based matrix polymer [25-26]. This method has been 
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used to examine how water affects damage mechanisms (for example [27]) but it has not 
previously been applied to study damage in biocomposites after wet ageing.  
The aim of the present study is to understand the mechanisms which govern the long term 
durability of flax/PLLA composites in the marine environment. Several techniques have been used 
to examine how the composite behaviour changes with aging : Weighing to quantify changes due to 
water ingress, GPC (Gel Permeation Chromatography) and DSC (Dynamic Scanning Calorimetry) 
to measure molecular weight and characteristic transitions, and tensile tests to determine 
mechanical properties. Tests both in the wet state and after drying have allowed the reversibility of 
changes to be established. Acoustic emission has been used in some tests to characterize damage 
onset, and scanning electron microscopy (SEM) was employed to visualize this damage.   
 
 
2. Materials and methods 

 
The biopolymer studied is a PLLA Poly(L-Lactic acid), the L9000 grade from Biomer®. Flax fibres, 
of the Hermès type, grown in Normandy were dew-retted before being stripped and combed. Two 
techniques were used to manufacture composite specimens, injection moulding and film stacking. 
 

2.1. Injection moulding 

Fibres 4mm long were mixed with PLLA at a weight fraction of 30%. The PLLA was dried at 60°C 
for 48h under vacuum. Compounding was performed in a single screw extruder at 20 rpm with the 
following temperature profile : 175/180/185/185°C from the hopper to the die. Granules were then 
prepared from the extrudate mechanically. These were injected using a Billion PROXIMA press. 
The hopper temperature was 85°C and the profile was the following: 165/170/175/180/180°C. The 
injection pressure was 190 bars. The mould was kept at 30°C. 

 

2.2. Film stacking 

The first step of the film stacking process was to produce films of PLLA, in a hot press with a 
pressure of 40 bars applied for 7 minutes. The fibre mats were prepared by a paper-making 
technique in which the fibres are dispersed in a water based solution. Then a stack of polymer films 
and flax fibre mats of 100 g/m² with fibres of  9 ± 1 mm lengths was prepared as shown in figure 1. 
The fibre fraction is approximately 30% by weight. Specimens were then machined from the panels. 

 

2.3. Experimental methods 

2.3.1. Water uptake 

 
Ageing tests were performed in 60 litre capacity temperature controlled water baths. These were 
filled with natural sea water, pumped from the Brest Estuary and continuously renewed. Different 
bath temperatures (4, 20, 40, 60 and 80°C) were available. 4°C is the temperature used to 
characterize materials used in underwater structures, temperatures above 20°C are used to 
accelerate the ageing mechanisms. However, results from a preliminary series of tests at 60°C, 
close to the Tg of the PLLA, indicated that degradation at this temperature is very rapid as it 
corresponds to the temperature used  in composting (58°C) [28, 29]. The material whitens in the 
first 20 hours as cracks appear very quickly, and within 30 days the tensile specimens are 
decomposed into many pieces. (Fig 2-3).  
 
Figure 4 shows the weight gain results from these preliminary tests on injected PLLA and flax/PLLA 
biocomposite samples and indicates initial gains then weight losses for both. The temperatures of 
20 and 40°C were therefore used in this study. 
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Tensile samples were immersed, removed periodically, the surfaces dried, weighed and replaced in 
the water baths. Eight samples were removed for testing after different periods. A total of 48 
injected samples of PLLA, 48 injected biocomposite samples and 48 film stacked samples were 
aged. Weight gains were determined as a percentage of initial weight using the expression (1) : 
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The Fickian diffusion coefficient D is determined from equation (2) in the range where the values of 
W(%) are less than 60% of the equilibrium value ∆W(∞)  : 
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where θ is the slope of the linear part of the plot of weight gain versus square root of immersion 
time divided by sample thickness. However, a correction factor is needed to account for the finite 
width w and length h of the sample compared to its thickness, equation  (3) : 
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where Dc is the corrected diffusion coefficient. The use of a Fickian diffusion model to describe 
diffusion in a heterophasic medium such as a biocomposite with very substantial differences in D 
for the two phases is questionable, and the water profiles within the composite are clearly very 
complex. This approach is used here, as it has been in previous studies on cellulose fibre 
reinforced polymers [8,16], simply to provide a global indicator of the rate of sample weight gain. 
Diffusion coefficients will be described as “apparent” to underline this. 
For each aging temperature and duration 3 samples were dried for 24 hours under vacuum at room 
temperature (to avoid recrystallization). This provides an indication of the reversibility of changes 
noted after aging. 
 

2.3.2. Thermal Analysis (DSC)  

 
Thermograms were obtained using a Perkin Elmer Pyris 1 DSC. Calibration was performed with 
indium and tin in the temperature range (+15 to +350°C). Samples of approximately 10 mg for each 
condition were analysed in aluminium pans. All samples were first heated to 190°C for 3 minutes to 
remove thermal history, in order to examine the irreversible degradation resulting from multiple 
injections. All the peak temperatures measured (Tc, Tm) have an accuracy of ± 0.5°C. Non-
isothermal crystallization and melting temperatures, Tc and Tm, respectively, were determined from 
the crystallization peak extrema in experiments at heating/cooling rates of ± 20°C/min. Subsequent 
melting temperatures were obtained from the melting peaks maxima measured at a heating rate of 
20°C/min. Melting enthalpies were determined using constant integration limits. The degree of 
crystallinity (χc) was estimated using eq. (4) : 

      
%100H

Hm
c 


 (4) 

 

with ΔH100% crystalline = 93.7 J/g presented by [30]. Melting enthalpy was corrected for fibre content.  
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2.3.3. Molecular weight measurement 

 
In order to measure molecular weights, a Shimatzu LC 10AD system was used in combination with 
a Shimadzu D10A differential refractometer and a Shimatzu SP 10Avp UV dual wave length 
detector (λ1= 254 nm and λ2= 280 nm). The column set consisted of five 30 cm gel columns with a 
granulometry of 10µm (from Polymer Laboratories). The solvent was analytical grade THF (dried on 
calcium hydride) at a flow rate of 1mL/min. The SEC analyses were performed at room 
temperature. 
The average number of random chain scissions per unit mass, nt, is given by equation (5) [31].  

 

0

11

nn
t MM

n  (5)  
 
 

2.3.4. Mechanical analysis  

 
The tensile specimen is a dog-bone geometry of 200 mm length and central dimensions of 10 by 4 
mm² for injected samples and 100 length with central dimensions of 7 by 2 mm² for film stacking 
(according to ISO 527). Quasi-static tensile tests were performed at a temperature of 23°C and 
48% relative humidity. Samples were loaded at 1mm/min. An extensometer with 50mm gauge 
length was used to measure strain.  
 

2.3.5. Scanning election microscopy (SEM) 

 
Fracture surfaces of samples aged for different periods were examined in a Jeol JSM 6460LV 
Scanning Electron Microscope. The samples were sputter-coated with a thin layer of gold in an 
Edwards Sputter Coater.  
 

2.3.6. Acoustic emission 

 
During mechanical testing progressive mechanical damage results in liberation of energy in the 
form of elastic waves. Acoustic emission (AE) recording equipment is widely employed to detect 
these waves using piezo-electric transducers fixed to the sample and amplifying equipment [24]. 
This technique was employed during tensile tests here, with Mistras 2001 equipment from Physical 
Acoustic Corporation, with a 40 dB pre-amplifier. After preliminary tests the detection threshold was 
fixed at 33dB. Two transducers (microphones) were fixed to each specimen, a silicone grease 
coupling agent was used to improve contact with the specimen. Before each test a calibration 
procedure is applied, by breaking a pencil lead in order to check the acoustic emission parameters 
[32]. All data are recorded but only the data for hits localized between the two transducers are used 
here. 
 
 
3. Results and discussion 

 

3.1. Mechanical properties 

 
The PLLA polymer has a Young’s modulus of 3655 ± 87 MPa and a failure stress of 60.5 ± 0.9 
MPa. A standard orthophthalic polyester of the type currently used in boat construction has a 
tensile modulus around 3100 MPa and strength around 50 MPa [33]. Table 1 shows a comparison 

 5



of the PLLA/flax biocomposite properties wiith those of glass/polyester with the same amount of 
mat reinforcement.  
It is interesting to compare specific properties, i.e. properties normalized by the material density, 
and the low density of biocomposites due to low fibre density compared to glass (1.53 compared to 
2.54 [34]) is then a significant advantage. To determine the values in Table 1 a biocomposite 
density of 1.33 and a glass/polyester density of 1.57 were used. 
 

Material (30%wt) Process route 
Young’s 
modulus 
(MPa) 

Tensile 
strength 
(MPa) 

Specific 
modulus 

Specific 
strength 

PLLA/flax  
Injection 
moulding 

7982 ± 314 46.4 ± 4 
6285 ± 

247 
36.5 ± 2 

PLLA/flax  Film stacking 9527 ± 122 89 ± 2 7263 ± 92 67 ± 2 

Polyester/glass  Compression 12174 ± 100 149 ± 7 
7762 ± 

638 
95 ± 4 

Table 1 Mean tensile properties for composites reinforced with 30% 
fibres by mass  

 
 
 
 
The results in Table 1 show how the fabrication route affects the properties of these biocomposites. 
The injection process (preceded by extrusion) leads to a global degradation of the material (matrix 
and fibres), due to a reduction in fibre length and a drop in molecular weight of the polymer. More 
details have been presented elsewhere [2].  
In the plant the reinforcement is organized in bundles of fibres. Even if some bundles are divided 
during injection (arrow on Figure 5), this organisation remains in the composite. As the fracture 
surface shows (Figure 5), there is a very limited dispersion of the fibres in the matrix. 
 
When film stacking is used however, there is only one transformation process which is much less 
aggressive. The fibres are then less degraded, and fibre aspect ratio remains high. The paper-
making route also yields a more homogeneous reinforcement distribution, as shown in Figure 6.  
These biocomposites possess interesting properties compared to glass/polyester, particularly those 
produced by film stacking. Indeed mean longitudinal properties of flax fibres are given by [35] : EL = 
65.8 ± 38 GPa , σL = 1455 ± 835 MPa, εL = 2.3 ± 0.6 %. Glass fibre properties are given by [36] : EL 
= 72 GPa, σL = 2200 MPa, εL = 3%. If we take flax fibre density equal to 1.56 and 2.54 [34]. The 
specific properties of flax are thus superior to those of glass. However, the interfaces in glass 
reinforced composites have been optimized by many years of development of surface treatments 
and sizings, whereas very little work has been performed on biocomposite interfaces to date. It 
should also be noted that the fibre length in the glass mats is 50 to 70mm, much longer than that in 
the flax mats studied here.  
 

3.2. Water uptake 

 
Figures 7 and 8 show the weight gain of unreinforced PLLA and biocomposites reinforced with 30% 
by weight of flax fibres, both injected and film stacked. Saturation weight gains and apparent 
diffusion coefficients are shown in Table 2. 
The water absorption of PLLA appears to be Fickian, with a linear initial part and an equilibrium 
plateau. The weight gains in sea water at 20 et 40°C are quite low. At 20°C the value stabilizes 
around 0.32%, at 40°C it is around 0.65% after 900 hours as shown in Figure 7.  These PLLA 
diffusion coefficients are similar to published values for 30 day immersion at 30°C [14]. 
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The temperature has a strong influence on water uptake, when temperature is increased the weight 
gain plateau level increases as well as corrected diffusion coefficient. The increase in saturation 
weight gain at 40°C compared to 20°C may indicate damage. However, PLLA absorbs little water at 
both temperatures, and considerably less than a standard orthophthalic polyester with 42% styrene 
by weight aged under the same conditions (∆W(∞) = 1.1 %) [33]. 
The weight gains for the flax/PLLA biocomposites are very different, as shown in Figure 8.  First, 
the weight gain curves show the influence of the cellulose fibres, which are highly hydrophilic [37]. 
The saturated weight gain of the film stacked specimens is around 5.6%, adding flax fibres has 
resulted in a 17-fold increase in weight gain at 20°C (Table 2) compared to unreinforced PLLA. The 
apparent diffusion coefficient is also significantly higher. This is in agreement with results for other 
biocomposites [4, 6, 14, 22, 38]. The strong influence of temperature on saturation weight gain has 
also been noted previously [16,22], the non-Fickian behaviour at temperatures above room 
temperature has been attributed to the development of surface microcracks, resulting in capillary 
diffusion. There is not a strong influence of the manufacturing route on water diffusion kinetics, 
though the injected samples do not show a clear saturation plateau, so a diffusion coefficient has 
not been estimated for these. The film stacked samples, with similar overall fibre content to the 
injected samples, pick up weight and stabilize more quickly than the injected samples, but this may 
simply reflect the fact that their edges were machined, so there are exposed fibres along the sides 
of the specimen. Water ingress is then possible by capillarity. The injected samples are completely 
covered by a thin layer of PLLA which acts as a barrier to water and protects the fibres.  

 

 

 

 

 

∆W(∞) (%) D*10-9 (cm²/s) Dc *10-9 (cm²/s) 
Material 

20°C 40°C 20°C 40°C 20°C 40°C 

PLLA 0.32 0.65 2.05 23.6 1.02 11.7 

Film stacked 
biocomposite 5.62 8.92 13.4 30.4 7.95 18.10 

 

 

 Table 2 Equilibrium water uptake, apparent diffusion coefficients and 
corrected coefficients 

 

3.3. Molecular weight analysis 

 
Measurement of molecular weight enables permanent changes due to chemical aging to be 
detected.  
Table 3 shows how molar mass of unreinforced injected PLLA samples and the matrix of injected 
and film stacked PLLA/flax biocomposites evolve with aging time. According to the material supplier 
the molecular weight (MW) of the granules is 220 000 g/mol. 
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Material T (°C) 
Molecular 
weight Mw 

(g/mol) at t=0 

Molecular weight 
Mw (g/mol) after 3 

months 
Evolution (%) 

20°C 170000 - 14 
PLLA 

40°C 
195000 

102000 -48 

20°C 58000 -44 Injected 
biocomposite 40°C 

101000 
53000 -48 

20°C 87000 -56 Film stacked 
biocomposite 40°C 

196000 
82000 -58 

 
 

 

 

 
 
 
 
 
 

 

Table 3. Evolution of molecular weight of injected PLLA and biocomposites versus immersion time 
and temperature. 

The first point to note is that the molecular weight of the injected composite matrix is significantly 
lower than that of the unreinforced PLLA specimens. This is the result of the additional 
compounding extrusion step required to manufacture the composites. The presence of fibres, which 
increase the viscosity, will also result in more shear during injection and cause molecular chain 
breakage. The molecular weights of film stacked samples are less affected by manufacturing, this 
technique enables higher molecular weights to be retained than for injection. During hydrothermal 
aging of PLLA the molecular weight reduction is greater when the temperature and water uptake 
increase. Although the loss in molecular weight of film stacked samples is greater than that of 
injected samples, due to higher water uptake, its Mw remains significantly higher after 3 months’ 
immersion. The molar mass reductions measured here are caused by an irreversible chemical 
degradation mechanism. Hydrolysis could result from two different mechanisms : Statistical chain 
breakage at the ester links in the PLLA, which occurs preferentially in the amorphous regions of this 
semi-crystalline polymer, and a depolymerisation process [13]. Hydrolytic degradation can be 
quantified using equation (5). Figure 9 shows the average number of random chain breaks per unit 
mass versus weight gain for PLLA. For the biocomposites however, it is not possible to plot similar 
curves; as shown in Table 2, the molecular weights of the injected samples are very similar after 3 
months’ immersion at 20 and 40°C whereas their weight gains are very different (Figure 9). For the 
film stacked specimens the 3 characterization times (15, 30 and 90 days) are all in the saturation 
plateau so again it is not possible to plot this curve.  
 

PLLA shows a particular behaviour in water, with a sudden increase in the number of chains 
broken. This is due to an auto-catalysis mechanism and has been noted previously for PLA [39] 
and recycled PET [12]. Figure 10 shows chain breaks versus immersion time for PLLA an the two 
biocomposites in water at 20°C. As for PLLA the increase in nt values for the film stacked 
composites tends to slow after one month. For the injected composite samples these values 
increase throughout the ageing period. 

 

There are thus similarities between these chain scission plots and the weight gains presented in 
section 3.2. Knowledge of the microscopic changes during aging is essential, as these changes are 
responsible for the degradation of macroscopic properties as will be shown below. 
 

3.4. Thermal properties 

 
The use of DSC provides additional information on changes occurring during aging. The enthalpies 
measured during the second heating passage indicate permanent modifications, and can be linked 
with molecular weight evolution. Figure 11 shows that the glass transition temperature, Tg, of PLLA 
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is hardly affected by immersion but the melting enthalpy tends to increase, from 27.6 to 32.4 J/g 
and from 27.6 to 37.9 J/g at 20 and 40°C. 
 
 
This increase may be due to a recrystallization phenomenon but this may also indicate degradation 
due to aging. When chain scission occurs (drop in Mw) the chains become more mobile, and the 
structure of the crystalline phase may be modified. As shown in Figure 11 this phenomenon 
depends on the temperature but also the plasticizing effect of water [40]. It has been suggested that 
this may result in slower diffusion [13]. 
Figure 12 shows the same parameters for the two biocomposite series. The Tg’s of the injected 
samples are lower (by 3°C at 20°C) than those of the film stacked materials whereas their melting 
enthalpy is higher (+ 18 J/g à 20°C). This suggests higher degradation for injected samples.  
 
For the injected samples the influence of aging is very significant, as shown by the molecular 
weight results. Aging causes a drop in Tg which is greater at higher water temperature. The melting 
enthalpy shows an initial increase up to 30 days at 20°C or 15 days at 40°C. Then for longer 
immersion times there is a large drop. Similar behaviour has been noted elsewhere for glass/PET 
composites [13]. It has been proposed that the initial increase corresponds to the response of the 
amorphous phase of the polymer, less compact and more permeable, through hydrolysis of ester 
links. Then the drop in enthalpy is related to degradation of the crystalline phase, reduction in 
crystallite thickness and possibly extraction of oligomers [13].  
The film stacked specimens show a different response. Little variation in Tg and a small increase in 
enthalpy are noted. As for the unreinforced PLLA a slight tendency to recrystallize is noted. 
Hydrolysis occurs but is less pronounced than for the injected specimens. The changes in PLLA 
structure depend not only on the water uptake but also on the manufacturing route and hence on 
the initial state of the materials.  
 

3.5. Mechanical properties 

 

3.5.1. Evolution of mechanical properties of PLLA during aging  

 
The results in Table 4 and figures 13 and 14 show both reversible and irreversible contributions to 
the mechanical properties after immersion. Results from mechanical tests on wet unreinforced 
PLLA are shown in Table 4. These indicate that the elastic modulus is not affected by aging but the 
tensile strength decreases significantly. The failure strain increases with aging at 20°C but 
decreases at 40°C. Reported results from tests on PLLA films indicated less degradation after 10 
weeks in seawater at 25°C [41], but the initial Mw values were rather higher for those materials.  
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T Material 
Young’s 

modulus (MPa) 
at t=0 

Youngs 
modulus (MPa) 
at t =3 months 

Evolution of 
properties (%) 

20°C 3682 ± 113 + 1 
40°C 

3655 ± 87 
3316 ± 216 - 9 

 
Stress max 

(MPa) at t= 0 

Stress max 
(MPa) at t= 3 

months 

Evolution of 
properties (%) 

20°C 46.6 ± 0.1 - 23 
40°C 

60.5 ± 0.9 
41.9 ± 3.7 - 31 

 
Strain at break 

(%) at t= 0 

Strain at break 
(%) at t= 3 

months 

Evolution of 
properties (%) 

20°C 10.8 ± 1.2 + 335 
40°C 

PLLA 
 

2.5 ± 0.4 
1.3 ± 0.4 - 48 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Table 4. Mechanical properties of PLLA before and after aging 
 
 
The low sensitivity of the modulus to aging may be due to reduction in molecular weight being 
compensated by structural reorganization (recrystallization). The failure stress of PLLA drops 
significantly as a function of temperature and ageing period. The failure strain increases at 20°C but 
drops at 40°C. The ageing mechanisms are complex, and plasticization by water (reversible) and 
chain breakage (irreversible) can occur simultaneously as water enters the material. The GPC 
results show that at 40°C molecular weight is significantly lower, so that at that temperature 
hydrolysis dominates. The reversible mechanisms will be discussed further below.  
 

3.5.2. Evolution of mechanical properties of wet PLLA/flax biocomposites during aging  

 
Figures 13 and 14 show the tensile properties of wet samples. Figure 13 shows a similar trend for 
modulus of the two materials, with a large drop in modulus after short times (<30 days), particularly 
marked for the film stacked samples. For longer times the modulus stabilizes for both 
biocomposites at 20°C.  Increasing the temperature increases the modulus drop at short times. 
 
Figure 14 shows how maximum stress of the two biocomposites evolves with immersion time and 
temperature. In a similar way to modulus there is a large drop at short times followed by a 
stabilisation. The strength of the film stacked specimens remains superior to that of the injected 
specimens in all cases, due to the longer reinforcement length and higher molecular weight. 
Changes in properties can be related to water uptake, but for the film stacked samples the changes 
occur too fast here and cannot be plotted.  Figure 15 indicates the relationship between modulus 
and maximum stress retention and water uptake for injected biocomposites. For high weight gains 
the modulus stabilizes at a value around 3 GPa, similar to the value for the unreinforced matrix. 
This indicates that flax fibre stiffness is very sensitive to water [18]. The relationship between the 
strength loss and weight gain is almost linear for injected specimens, dropping to values below that 
of the unreinforced polymer. Matrix degradation, fibre damage [42] and interfacial phenomena can 
all occur, the latter will be discussed further in section 3.5.4 below. 
 

3.5.3. Influence of drying 

 
By testing dried specimens it is possible to distinguish reversible effects from permanent changes. 
Figure 16 shows the results for the unreinforced PLLA in tension. The curves have been offset by 
4% for clarity 
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Wet ageing at 20°C modifies the response of PLLA. Initially brittle (with a low failure strain), the 
PLLA becomes increasingly ductile with ageing, while the maximum and failure stresses decrease. 
For the first 15 days of ageing this behaviour is completely reversible after drying This indicates that 
plasticization is the dominant mechanism during this period. At longer ageing periods part of the 
initial properties are recovered after drying, but the failure strain and maximum stress are not fully 
regained. This trend is amplified at higher  temperature (Table 5). For specimens dried after 90 
days at 40°C, the properties of dried specimens are below the initial values. Both plasticization and 
hydrolysis are occurring simultaneously, as indicated by GPC above.  
Figures 17 and 18 show tensile test results for the biocomposites before and after drying. Note that 
the scale is not the same for the two plots, and that the curves are again offset for clarity. As for the 
unreinforced PLLA water plasticizes the biocomposites. There is an influence of the manufacturing 
route, the injected specimens tend to retain their linear elastic behaviour while the film stacked 
specimens show a more significant increase in strain during ageing.  
 
 
For drying after short ageing periods at 20°C (< 15 days), both types of biocomposite recover a 
large part but not all of their initial tensile properties.  Reversible plasticization and some hydrolysis 
coexist. For the injected specimens this is consistent with the results from GPC and DSC. For the 
film stacked specimens the chain breaks were more limited however, so a more complete 
reversibility might have been expected (Table 5).  This suggests that other damage mechanisms 
are acting, and this will be examined in more detail below.  
For longer ageing periods less and less of the initial properties are recovered after drying for both 
types of composite.  
In a similar way at 40°C (Table 5) after drying only the film stacked specimens regain some 
stiffness. It is important to note that the biocomposites, contrary to unreinforced PLLA, never 
recover completely their initial properties after drying, even after short immersion periods. This 
indicates that fibre or fibre/matrix interface damage is present. 
 

 

90 days immersion 
 unaged 

20°C Wet 20°C Dry 40°C Wet 40°C Dry 
PLLA 

E (MPa) 3655 ± 87 3682 ± 113 3865 ±193 3316 ± 226 2927 ± 269 
σmax (MPa) 60.5 ±0.9 46.6 ± 0.1 55.4 ± 1 41.9 ± 3.7 28.9 ± 3 

ε (%) 2.5 ± 0.1 10.8 ± 1.2 5.3 ± 0.6 1.3 ± 0.1 1.2 ± 0.2 
Injected biocomposite 

E (MPa) 7982 ± 314 4485 ± 276 5312 ± 172 3097 ± 91 3092 ± 234 
σmax (MPa) 46.4 ± 4 31.3 ± 1.6 28.05 ± 6.8 13.1 ± 1.2 15.9 ± 2 

ε (%) 0.9 ± 0.2 2.3 ± 0.4 1 ± 0.3 1 ± 0.1 0.8 ± 0.1 
Film stacked biocomposite 

E (MPa) 9527 ± 122 3697 ± 132 6772 ± 561 1694 ± 161 3633 ± 448 
σmax (MPa) 89 ± 2 59.6 ± 3.9 66.5 ± 3.2 39.4 ± 3 36.3 ± 3.1 

ε (%) 1.52 ± 0.04 3.1 ± 0.2 2 ± 0.4 6.5 ± 0.8 2.6 ± 0.2 

Table 5. Summary of the influence of drying on tensile properties of PLLA and biocomposites after 
90 days immersion at 20°C and 40°C.   

 

3.5.4. Evaluation of biocomposite damage during aging  

 
Within aged composites the fibre/matrix interface is a critical region where water can diffuse by 
capillarity [13]. In vegetable fibres the water absorbed creates hydrogen bonds reducing 
interactions between fibres and matrix [43, 44]. 
As shown previously in composites with multi-directional reinforcements, changes to interfacial 
regions affect first damage at interfaces aligned in the transverse direction to loading, and hence 
reduce the extent of linearity of the stress-strain plot more strongly than the failure stress [45]. The 
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first observation is that non-linearity appears earlier for aged samples than for unaged (Figure 18). 
This change in non-linearity is less marked for injected specimens (Figure 17).  
In order to examine this change in slope in more detail damage thresholds have been detected 
using acoustic emission and correlated with the end of linearity on the stress-strain plots. Only the 
film stacked specimens have been examined here, as this material is of more interest for structural 
marine applications. Figure 19 shows an example of results for film stacked samples before and 
after ageing for 3 months at 20°C. Stress-strain plots and cumulated hits are shown. Values of 
damage thresholds corresponding to non-linearity and first acoustic emission (defined as the first 
emission recorded by the two sensors for which the propagation time is less than the wave 
propagation time between the two microphones) are given in Table 6.  These indicate that the loss 
of linearity during tensile tests on this material does indeed correspond to the first mechanical 
damage. 
 

 
During tensile tests the first damage appears earlier in aged specimens, Figure 19, and the 
damage development (increase in number of hits) is more rapid. Comparison of threshold values 
indicates that stress and strain at first damage drop by 75% after ageing (Table 6). Ageing 
temperature affects the damage threshold and extent. 
 
 

  Unaged 
3 months’ 
immersion 

change 
(%) 

Strain threshold 
(%) 

0.45 ± 
0.03 

0.1 ± 0.07 -80 

Stress 
threshold (MPa)

39.8 ± 
4.5 

10.1 ± 3 -75 20°C 

Number of 
cumulated hits 364 ± 30 1114 ± 250 + 306 

Strain threshold 
(%) 

0.45 ± 
0.03 

0.11 ± 0.09 -75 

Stress 
threshold (MPa)

39.8 ± 
4.5 

5.1 ± 1.3 -81 40°C 

Number of 
cumulated hits 364 ± 30 3827 ± 500 +1051 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6 Evolution of damage threshold with aging and temperature 
 
Irreversible damage occurs after ageing, probably located in areas where fibres are oriented in a 
direction transverse to the tensile direction, but this damage may be at the fibre/matrix interface or 
within the fibres themselves. In theory it may be possible to use analysis of the acoustic signals to 
discriminate between different types of damage but this is not a simple operation. In published work 
on flax/starch biocomposites amplitude analysis was used to separate different mechanisms [25]. 
Other authors have used multivariable analyses and neural networks to distinguish the signals from 
different damage mechanisms [27]. The aim here is not to present a detailed signal analysis but 
rather to show qualitatively how wet ageing affects damage development. Figure 20 shows a 
simple amplitude analysis of percentage number of hits versus amplitude for specimens unaged 
and aged for 3 months at 20 and 40°C. 
 
 
Fig 20. Comparison of distribution of amplitudes of EA signal during tensile tests unaged and after 
aging at 20 and 40°C for 90 days. 
 
The response of the unaged specimens is concentrated around the amplitudes of 40-45 dB. After 
ageing for 3 months at 20°C, the distribution is much more uniform. For the specimens aged at 
40°C there is a clear trend towards higher amplitudes, nearly 50% of the recorded signals show 
amplitudes above 55 dB. Ageing clearly affects the type of damage but to establish what is 
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changing additional tests are needed. Tests on unreinforced matrix specimens result in low noise 
levels and the majority of signals recorded have amplitudes below 40dB. In a previous study tensile 
damage in flax/starch biocomposites [25] was classified according to increasing amplitude as : 
fibre/matrix debonding and damage to pectine links holding fibre bundles together < fibre pull-out 
and formation of microcracks within fibres < fibre breakage. This would suggest that ageing induces 
more fibre pull-out and crack formation within fibres. SEM examination of fracture surfaces from 
tensile tests allows this to be investigated. Figure 21 shows the initial state.  
Fig. 21 SEM Micrographs of (a) unaged injected sample and (b) unaged film stacked sample. 
Arrows indicate interface. 
 
 
The interfaces appear to be intact with few signs of debonding. After ageing fibre-matrix debonding 
is visible in both injected and film stacked specimens (Figure 22). 
 
Fig. 22. SEM Micrographs of (a) injected and (b) film stacked samples after 3 months at 40°C. 
 
Holes are left where fibres have been pulled out during tensile testing. This type of damage 
appears more widespread in film stacked specimens, but the heterogeneous nature of the materials 
at this scale makes quantitative evaluation difficult. Figure 23a shows matrix cracks, which may be 
mechanical damage or induced by differential swelling due to the difference in absorption of fibres 
and matrix and the anisotropic nature of the fibres. Similar damage has been noted previously by 
other authors [6, 22, 42]. In addition to the matrix cracks certain fibres in film stacked specimens 
aged at 40°C for 3 months also show longitudinal microcracks, Figure 23b.  
 
Fig 23 SEM Micrograph of Film stacked sample after (a) 1 month and (b) 3 months at 40°C. 
 
The results from tests on unreinforced PLLA, the acoustic emission results and SEM observations 
suggest that the main effect of ageing is to increase the ease of fibre debonding and pull-out. 
However, some matrix and fibre cracking also occur, the variability of dimensions and properties of 
these natural fibres inevitably results in the presence of defects which complicate the identification 
of damage mechanisms and development.  
 
 
4. Conclusion 

 
This paper presents results from a study of the ageing of biodegradable recyclable composites in 
seawater. Biocomposites based on PLLA reinforced with 30% by weight of flax fibres, 
manufactured by injection and film stacking, have been studied. Before aging, the properties of 
these materials are comparable to those of the glass/polyester composites currently widely 
employed for pleasure boat construction.  
In order to evaluate the potential of biocomposites for marine applications it is essential to 
understand how they degrade. The results shown here indicate that flax/PLLA composites undergo 
permanent changes after immersion in sea water. The absorption of water results in several 
degradation mechanisms: 
- hydrolysis of the matrix, revealed by reduction in molecular weight, 
- structural changes revealed by thermal analysis 
- degradation of the fibre/matrix interface (debonding, pull-out) 
- differential swelling at the fibre-matrix interface. 
- degradation of fibres. 
These mechanisms result in a reduction in mechanical properties. The stiffness of unreinforced 
PLLA is hardly affected by water, but the biocomposites lose tensile stiffness and strength 
progressively as water enters the material. This loss has been directly related to water uptake; 
acoustic emission and SEM observations suggest that fibre/matrix interface weakening is the main 
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damage mechanism induced by wet ageing. However, both matrix and fibre cracks also appear at 
longer periods. 
This paper has established a baseline for the influence of marine ageing on a biocomposite. The 
intrinsic nature of biocomposites and their attractive biodegradability mean that special care will be 
required to integrate them in marine structures. However, the environmental importance of using 
recyclable materials from natural resources are such that work is now continuing in this area, to 
optimise composite lifetime, limit interface degradation and develop strategies to limit long term 
property losses in service. 
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Figure Headings 

Fig.1. Film stacking procedure. 

Fig.2. Picture of PLLA sample surface after immersion at 60°C for 30 days. 

Fig.3. Picture of biocomposite injected sample surface after immersion for 90 days at 60°C. 

Fig. 4. Evolution of water uptake as a function of immersion time at 60°C for PLLA and 

injected biocomposite. 

Fig. 5. SEM micrograph of injected biocomposite tensile fracture surface 

Fig. 6. SEM Micrograph of tensile fracture surface of biocomposite produced by the film 

stacking method. 

Fig. 7. Absorption behaviour of PLLA at 20 and 40°C. 

Fig.8. Absorption behaviour of injected and film stacked samples at 20 and 40°C. 

Fig.9. Average number of random chain scissions per unit mass for PLLA as a function of 

water uptake. 

Fig 10. Average number of random chain scissions per unit mass for PLLA, injected and film 

stacked sample as a function of immersion time at 20°C. 

Fig. 11. Evolution of thermal properties of PLLA versus immersion time and temperature  

Fig. 12. Evolution of thermal properties of biocomposites, injection and film stacking versus 

immersion time and temperature. 

Fig. 13. Evolution of biocomposite modulus versus immersion time. 

Fig. 14. Evolution of biocomposite stress at break versus immersion time.  

Fig.15. Evolution of retention of modulus and strength versus water uptake (injected 

biocomposites). 



Fig.16 Evolution of PLLA behaviour before and after drying as a function of immersion time 

at 20°C.  

Fig. 17 Evolution of tensile behaviour of injected biocomposites. 

Fig. 18. Evolution of tensile behaviour of film stacked biocomposites. 

Fig. 19 Stress-strain response under tension loading for film stacked biocomposite samples 

unaged and after 3 months aging at 20°C. 

Fig 20. Comparison of distributions of amplitudes of AE signals during tensile tests on 

unaged samples and after aging at 20 and 40°C for 90 days. 

Fig. 21 SEM Micrographs of (a) unaged injected sample and (b) unaged film stacked sample. 

Arrows indicate interface. 

Fig. 22. SEM Micrographs of (a) injected and (b) film stacked samples after 3 months at 

40°C. 

Fig 23 SEM Micrographs of film stacked samples after (a) 1 month and (b) 3 months at 40°C. 

 



 
 

Fig. 1.  Film stacking procedure  
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Fig.2. Picture of PLLA sample surface after immersion at 60°C for 30 days. 
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Fig.3. Picture of biocomposite injected sample surface after immersion for 90 days at 60°C. 
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Fig. 4. Evolution of water uptake as a function of immersion time at 60°C for PLLA and 

injected biocomposite. 



 

 
 
 

Fig. 5. SEM micrograph of injected biocomposite tensile fracture surface 



 
 
 

 

 

 

Fig. 6. SEM Micrograph of tensile fracture surface of biocomposite produced by the film 

stacking method. 



 

 

Time (H1/2)

0 10 20 30 40 50

W
at

er
 u

pt
ak

e 
(%

)

0,0

0,2

0,4

0,6

0,8

1,0

PLLA 20°C
PLLA 40°C

 
 

Fig. 7. Absorption behaviour of PLLA at 20 and 40°C. 
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Fig.8. Absorption behaviour of injected and film stacked samples at 20 and 40°C. 
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Fig.9. Average number of random chain scissions per unit mass for PLLA as a function of 

water uptake. 
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Fig 10. Average number of random chain scissions per unit mass for PLLA, injected and film 

stacked sample as a function of immersion time at 20°C. 
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Figure 11. Evolution of thermal properties of PLLA versus immersion time and temperature 
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Fig. 12. Evolution of thermal properties of biocomposites, injection and film stacking versus 

immersion time and temperature. 
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Fig. 13. Evolution of biocomposite modulus versus immersion time. 
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Fig. 14. Evolution of biocomposite stress at break versus immersion time. 
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Fig.15. Evolution of retention of modulus and strength versus water uptake (injected 

biocomposites). 
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Fig.16 Evolution of PLLA behaviour before and after drying as a function of immersion time 

at 20°C. 
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Fig. 17 Evolution of tensile behaviour of injected biocomposites. 
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Fig. 18. Evolution of tensile behaviour of film stacked biocomposites. 
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Fig. 19. Stress-strain response under tensile loading for film stacked biocomposite samples 

unaged and after 3 months aging at 20°C. 
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Fig 20. Comparison of distributions of amplitudes of AE signals during tensile tests on 

samples unaged and after aging at 20 and 40°C for 90 days. 
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Fig. 21 SEM Micrographs of (a) unaged injected sample and (b) unaged film stacked sample. 

Arrows indicate interface. 
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Fig. 22. SEM Micrographs of (a) injected and (b) film stacked samples after 3 months at 

40°C. 
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Fig 23 SEM Micrographs of film stacked samples after (a) 1 month and (b) 3 months at 40°C. 
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