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Abstract 

A thorough understanding of the influence of the addition of natural fibers on the water 

absorption and solubility of bio-based composites is of importance in tailoring its 

performance in a wet environment. In this study, PLA/sisal biocomposites were prepared by 

compression moulding for different amounts of fiber. An accelerated hydrothermal degrading 

test was designed for several temperatures above the glass transition to analyse the behaviour 

of water absorption of PLA/sisal biocomposites. The diffusion coefficients and percentage of 

water at saturation for different hydrothermal conditions were characterized in terms of fiber 

content (10, 20 and 30%) and the use of maleic anhydride as a coupling agent. Microstructural 

changes occurred during and after the water absorption process were evaluated by thermal 

analysis and electron microscopy. Non-significant chemical changes were found in terms of 

back-bone chain scission. Surface analysis showed an important physical degradation 

promoted by the formation of microcracks around swollen fibers. This effect was more 

relevant the higher the fiber content was. As well, the use of maleic anhydride used as a 

coupling agent slightly promoted smaller cracks on PLA/sisal biocomposites.  



   2                   Contribution to the study of PLA/sisal biocomposites behavior under hydrothermal degrading conditions 

 

  



Contribution to the study of PLA/sisal biocomposites behaviour under hydrothermal degrading conditions  3 

  

Contents 

 

ABSTRACT .............................................................................................................................. 1 

CONTENTS .............................................................................................................................. 3 

GLOSSARY .............................................................................................................................. 5 

1. INTRODUCTION ................................................................................................................ 9 

1.1 Motivation and aim ......................................................................................................................................... 9 

1.2 Theoretical approach .................................................................................................................................... 11 

1.2.1 Water uptake in biocomposites ............................................................................................................. 11 

1.2.2 Fluid transport process in composites .................................................................................................. 13 

1.2.3 PLA/sisal biocomposites hydrolysis ...................................................................................................... 16 

2. MATERIALS AND METHODS ....................................................................................... 19 

2.1 Materials and preparation of PLA/sisal biocomposites ............................................................................. 19 

2.2 Water absorption ........................................................................................................................................... 20 

2.3 Thermal behaviour ........................................................................................................................................ 21 

2.3.1 Thermo-Gravimetric Analysis (TGA) .................................................................................................. 21 

2.3.2 Differential Scanning Calorimetry (DSC) ............................................................................................ 21 

2.4 Morphological study ...................................................................................................................................... 22 

2.4.1 Scanning Electron Microscopy (SEM) ................................................................................................. 22 

3. RESULTS AND DISCUSSION ......................................................................................... 23 

3.1 Water uptake ................................................................................................................................................. 23 

3.2 Water transport parameters ......................................................................................................................... 26 

3.3 Thermal behaviour ........................................................................................................................................ 32 

3.3.1 Thermo-Gravimetric analysis (TGA) ................................................................................................... 32 

3.3.2 Differential Scanning Calorimetry (DSC) ............................................................................................ 38 

3.4 Superficial morphology ................................................................................................................................. 54 

4. CONCLUSIONS ................................................................................................................. 59 

REFERENCES ....................................................................................................................... 61 

ACKNOWLEDGEMENTS ................................................................................................... 65 

 

  



   4                   Contribution to the study of PLA/sisal biocomposites behavior under hydrothermal degrading conditions 

 

  



Contribution to the study of PLA/sisal biocomposites behaviour under hydrothermal degrading conditions  5 

  

Glossary 

Abbreviations 

CA  Coupling Agent 

DCP  Dicumyl Peroxide 

DSC  Differential Scanning Calorimetry 

DTG  Derivative Thermo-Gravimetrý 

MA  Maleic Acid 

PLA  Poly(lactide) 

PLA10  Poly(lactide) + 10% sisal fiber 

PLA10C Poly(lactide) + 10% sisal fiber + Coupling Agent 

PLA20  Poly(lactide) + 20% sisal fiber 

PLA20C Poly(lactide) + 20% sisal fiber + Coupling Agent 

PLA30  Poly(lactide) + 30% sisal fiber 

PLA30C Poly(lactide) + 30% sisal fiber + Coupling Agent 

SEM  Scanning Electron Microscopy 

TG  Thermo-Gravimetry 

TGA  Thermo Gravimetric Analysis 

VPLA  Virgin Poly(lactide) 
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Symbology 

C  Concentration of penetrating agent 

D  Diffusion coefficient 

J  Penetrating flux per unit area 

l  Thickness of the specimen 

m0  Specimen mass after initial drying 

m1  Specimen mass after immersion 

mP  Polymer matrix weight in composite 

m∞  Specimen mass at equilibrium 

Mt  Water uptake at time t 

Ms  Water saturation mass 

P  Permeation coefficient 

S  Sorption coefficient 

t  Time 

Tc  Crystallisation temperature peak 

Tcc1  First cold crystallisation temperature peak 

Tcc2  Second cold crystallisation temperature peak 

Tg  Glass transition temperature 

Tg-p  Peak temperature associated to glass transition relaxation 

THA  Hydrothermal condition 

Tm  Melting temperature peal 

Tmd  Main degradation peak 

To  Onset temperature 

q  Specific heat 
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Xc  Crystallinity degree 

Xcs  Saturation crystallinity degree 

Ө  Slope of Mt/Ms vs t
1/2 

Δcp  Specific heat associated to glass transition 

ΔHc  Enthalpy associated to crystallisation 

ΔHcc1  Enthalpy associated to first cold crystallisation 

ΔHcc2  Enthalpy associated to second cold crystallisation 

ΔHgt  Enthalpy associated to glass transition relaxation 

ΔHm  Enthalpy associated to melting 

ΔH0  Enthalpy of fusion for a 100% crystalline sample 
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1. Introduction 

1.1 Motivation and aim 

Plastics account for about 20% by volume of municipal solid waste (MSW). Many cities have 

exhausted the available space for this waste material and considered management models that 

dissociate the production site from the garbage disposal site. Therefore, one is paying for 

shipping waste to remote areas of the municipalities of origin. Furthermore, not only is 

creating so much waste that no one knows what to do with, but also are becoming extinct 

finite natural resources. It is estimated that the global resources of oil, natural gas and coal are 

limited and the economic impact could be felt exhausted in the next 50 years, as prices will 

rise as these resources are exhausted [1].  

Due to rising oil prices and the problem of the accumulation of waste, which has led to very 

stringent environmental policies, scientists are developing biodegradable plastics made from 

renewable resources, such as poly (lactic acid) or polylactide (from now on, PLA) [2,3].  

PLA is a highly versatile, biodegradable polymer produced from agricultural bases such as 

corn, beets, wheat and other starchy products. Lactic acid is a chiral molecule, and presents 

optical isomerism, having four morphologically different isomers: two stereo regular shapes, 

D-lactic and L-lactic acid, and racemic D,L and L,D-lactic acid. Figure 1 shows the 

differences between the isomeric forms that may be present lactic acid. PLA is commonly 

synthetized by two methods: by ring-opening polymerization of lactide and by direct 

polycondensation of lactic acid [4].  

                             

Figure 1. D and L-lactic acid and PLA. 

PLA has been used as package material and medical products, due to its high strength, 

thermal properties and biocompatibility [5]. In order to improve the mechanical and thermal 

properties of PLA, some fibers or fillers can be added, which provide reinforcement 

properties at lower cost, lower density and higher strength and stiffness [6,7]. The potential 

advantages of natural fibers have been well documented and are generally based on 

environmental friendliness as well as health and safety factors [8,9]. 
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Sisal fiber is a commonly filler used in composites. Sisal plant (Agave sisalana) is 

an agave that yields a stiff fibre traditionally used in making twine and rope. It looks like a 

giant pineapple, as can be seen in Figure 2. 

  

Figure 2. Sisal plant (Agave sisalana) and woven sisal fiber. 

Nevertheless, natural fibers, due to their chemical constituents, usually attract water and 

humidity because of their hygroscopic nature. It has been studied that the moisture absorption 

by composites containing natural fibers has numerous adverse effects on their structure and 

properties and thus affects their long-term behaviour. For example, an increase in humidity 

decreases their mechanical properties, and changes their dimensions [10-12]. Numerous 

efforts have been made to address this issue. Coupling agents, compatibilizers or other 

chemical modifications are usually used to improve the moisture resistance of composites 

with natural fibers [13-15].  

The consequences of the water absorption phenomenon can be predicted by an accelerated 

hydrodegradation process, for example [16]. An essential understanding of the PLA 

degradation process and morphological behaviour during the degradation is crucial for 

material development and extending the application of this sustainable polymer, especially in 

packaging. 

The aim of this study was to understand the influence of the temperature, amount of sisal fiber 

and presence of coupling agent on water absorption of reinforced PLA biocomposites. A 

model of an accelerated hydrothermal degradation was designed for several temperatures 

above glass transition, obtaining the water absorption processes in terms of diffusion 

coefficients and percentage saturation. Monitoring the water absorption course was thought as 

a way to understand how the structure of the biocomposites changes along the whole process. 

Thermal analysis and electron microscopy were considered as good methods to study 

physico-chemical properties. 
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1.2 Theoretical approach  

1.2.1 Water uptake in biocomposites 

Polymer composites, especially those reinforced with natural fiber, are able to absorb 

moisture when they are immersed in water [17], which may affect the fiber/matrix interface 

leading to hydrodegradation. Moreover, moisture absorption by natural fibers affects their 

physical and chemical properties [18].  

The component responsible for moisture absorption in natural fibers is associated with 

cellulose [19]. It consists in relative low molecular weight polysaccharides made from 

hexoses, pentoses, and uronic acid residues. Higher content of cellulose causes higher 

moisture sorption and subsequently higher biodegradation. 

Diffusion coefficient (D), related to the ability of solvent molecules to move among the 

polymer segments, is used to characterise the water absorption process. When the temperature 

of the moisture environment rises, it develops microcracks on the surface and in the bulk of 

the material. This results in the increase of the permeability phenomenon [20].  

There are three different mechanisms that can facilitate the transport of water: diffusion inside 

the matrix, by imperfections within the matrix (microspaces, pores or cracks); or by capillarity 

along the fibre/matrix interface [21,22]. 

Water absorbed in composites consists in free water and bound water [23]. As Figure 1.1 

shows, free absorbed water are molecules able to self-move through voids while bound water 

are dispersed molecules bounded to the polar groups of both polymers and fibers.  

 

Figure 1.1. Free and bound water – Adapted from [24]. 

Water adhesion in hydrophilic groups of fibers establishes intermolecular hydrogen bonding 

with them and reduces interfacial adhesion of fiber/matrix. Degradation phenomenon occurs 

when cellulose fibers develop stress at interface regions after water absorption, leading to 
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microcracking mechanism in the matrix around swollen fibers, which in turn promotes 

capillarity and transport via microcracks. Water soluble constituents start leaching from fibers 

and finally lead to a debonding effect between fiber and matrix. It is initiated by the 

development of osmotic pressure pockets at the surface of fibers due to the leaching of water 

soluble substances [20]. This process is summarised in Figure 1.2.  

 

Figure 1.2. Debonding phenomenon between fiber and matrix – Adapted from [24]. 

The characteristics of natural fibre composites immersed in water are influenced by the nature 

of the fibre and matrix materials, by the relative humidity and manufacturing technique [18].  

The manner in which composite materials absorb water depends upon several factors such as 

temperature, fibre volume fraction, orientation of reinforcement, permeability, nature of fibre, 

area of exposed surfaces, diffusivity, reaction between water and matrix and surface 

protection [20].  
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1.2.2 Fluid transport process in composites 

When molecules of condensable vapour, a gas or a liquid, as water in this case, permeate 

through a membrane or polymer sheet, the overall process is the result of two distinct 

processes: the sorption of the fluid in the exposed face polymeric material and subsequent 

diffusion of such small molecules across the sheet. The joint consideration of both phenomena 

which results in permeability means, involves the overall traffic penetrating from one side of 

the polymeric material to the other in a given time period and at a specific pressure [25]. 

Traditionally, the diffusion theory has been applied to understand the mechanism of moisture 

absorption in composites. Diffusion process is kinetic concepts that can be considered as a 

statistical molecular transport, due to the random movement of molecules possess [25-27].  

The simplest way to describe phenomenological diffusion is Fick's first law (Equation 1.1). 

     (1.1) 

where J is the penetrating flux per unit area, C is the concentration of penetrating and x the 

walking space penetrant. Considering the mass balance in a volume element, Equation 1.1 

takes the form of Equation 1.2, 

   (1.2) 

where t is time and x, y and z are the space that runs through the piercing in each direction of 

space. 

In this case, the diffusion coefficient D is independent on the penetrant concentration and 

constant. However, in many cases D depends upon the diffusion of penetrant concentration. 

This fact, which usually occurs when the medium is not homogeneous, D varies from one 

point to the next, so that Equation 1.2 takes the form of Equation 1.3, 

 (1.3) 

where D may be a function of the coordinates and of the concentration C. 
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Often diffusion occurs in only one direction, so that Equation 1.3, it becomes what is known 

as Fick's second law in Equation 1.4, 

    (1.4) 

which can be converted into Equation 1.5, 

     (1.5) 

These solutions Fick's laws for diffusion are different depending on the experimental 

conditions that perform the calculation of the diffusion coefficient, or on the geometric 

structure of the material under study. 

For plane sheet geometry, the liquid concentration in the composite at time t is given by 

Equation 1.6, 

 (1.6) 

where l is the thickness of the specimen, and C∞ the concentration of the liquid in the 

composite at equilibrium. 

If the mass uptake at time t is used as Mt and the water uptake at the equilibrium as Ms, it can 

be simplified using Stefan’s approximation (Equation 1.7). This estimation is used for 

describing the earlier stages of water uptake, usually where Mt/Ms ≤ 0.5. 

     (1.7) 

where D is the diffusion coefficient and l is the thickness of the sample. By representing the 

Mt/Ms ratios as a function of the square root of time, it can be calculated Ө, the slope of the 

plot. So the diffusion constant (D) can be calculated according to the Equation 1.8. 

    (1.8) 
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In order to understand the degree of interaction between water and polymer due to the 

introduction of sisal fiber making a composite, it can be calculated the sorption coefficient S. 

This parameter can be calculated on the polymer phase using Equation 1.9. 

     (1.9) 

where mp is the polymer matrix weight in the composite, ms is the weight of the specimen at 

the equilibrium.  

The permeation coefficient P is the transport rate of diffusants to penetrate through the 

material’s thickness under specified temperature and humidity conditions. It is a function of 

sorption and diffusion, and can be determined by combining the diffusion coefficient, D and 

sorption coefficient, S in Equation 1.10. 

     (1.10) 

This equation shows that the permeability is a process that will directly depend on the affinity 

between penetrant and polymer, and on the penetrant progress along the thickness of the 

polymer sample. However, the permeability is not an intrinsic property for a given polymer. 

That is, the permeability coefficient for a given pair penetrant-polymer will be different if 

varying factors such as pressure at which the experiment is performed, morphology of the 

sample or experimental device used for measurement [25-27]. 
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1.2.3 PLA/sisal biocomposites hydrolysis 

The hydrolytic degradation of PLA matrix under hydrothermal conditions proceeds through 

random cleavage of the ester bond. Four basic parameters control this process: the rate 

constant, the amount of absorbed water, the diffusion coefficient of chain fragments within 

the polymer and the solubility of degradation products [28]. 

The degradation of a solid polymer matrix can proceed through two alternative mechanisms: 

surface or heterogeneous, and bulk or homogeneous erosion [29]. In the first case, the 

polymer degradation is much faster than water intrusion into the polymer bulk. Degradation 

occurs, therefore, mainly in the outermost polymer layers and not in the inner parts of a 

matrix. Bulk eroding polymers, in contrast, degrade slowly and water uptake by the system is 

much faster than polymer degradation. Thus the entire system is rapidly hydrated and the 

polymer chains are cleaved throughout the device. However, it should be noted that all 

degradable polymers can erode via both pathways when the erosion conditions or the 

geometry are chosen appropriately. Degradation becomes a bulk process above glass 

transition, while at temperatures below Tg degradation of the polymer matrix is restricted to its 

surface [34]. 

The hydrolytic degradation of semi-crystalline PLA matrices proceeds in two stages, as 

reported by Fischer et al. [31]. During the first stage, water diffuses into the amorphous phase 

resulting in random hydrolytic scission of ester bonds. The degree of crystallinity can even 

increase as degradation proceeds. The second stage starts after degradation of the major part 

of the amorphous area. The hydrolytic attack proceeds from the edge towards the centre of 

crystalline domains. 

Additional parameters that influence hydrolysis are the temperature and pH of the solution 

[32-34]. The mode of scission during hydrolysis of biodegradable polymers could be 

completely random regarding the backbone bonds or it could follow a “chain-end-unzipping” 

mechanism. It was found that the base catalysed hydrolysis of D,L-PLA proceeds via a 

random process, while the acid catalysed hydrolysis follows a fast chain-end scission [33]. It 

was also established that the hydrolysis rate is higher in acidic than in neutral media [32]. 
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The hydrolysis reaction of PLA can be expressed as follows [35]: 

-CHCH3COO- + H2O → -CHCH3OH + HOOC- 

-CHCH3COO- groups on PLA molecule react with H2O and form low molecular weight 

products; thereby breakage of PLA molecular chain occurs. 

On the moisture effect, the mechanical properties of natural fibre reinforced composites can 

be reduced to a great extent under moist conditions [36-40]. Natural fibers seem to have little 

resistance towards environmental influences. This can be recognised in the composite and can 

be advantageously utilised for the development of biological degradable composites with 

good physical properties [41]. Cellulose fibers are difficult to dissolve because of their high 

crystallinity, however, they tend to retain liquids in the interfibrillar space. This is a serious 

concern as there are potential outdoor or packaging applications, where moisture absorptions 

can have significant influence for these materials. The interfacial bonds between the natural 

fibers (which contain hydroxyl and other polar groups) and the relatively hydrophobic 

polymer matrices would be weakened with high water uptake. The weakened interface causes 

the reduction of the mechanical properties of the composites.  
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2. Materials and methods 

2.1 Materials and preparation of PLA/sisal biocomposites 

PLA pellets (Grade 3251D) from Nature Works (Minnetonka, USA) and sisal fibre (length 

0.5 – 1 mm) were dried in an oven at 80 
o
C at least 12 hours and kept in zip bags to prevent 

the presence of moisture during processing. The fibre contents in the biocomposite were 

formulated as 10%, 20% and 30% by weight. In case of using coupling agent (CA), maleic 

anhydride (MA) 2.5% and dicumyl peroxide (DCP) 0.3% were added. All materials were 

mixed in an internal mixer (Brabender, Germany) during 5 minutes at 180 
o
C and 50 rpm of 

speed. 

The compounded fibre/PLA biocomposite was ground by means of a grinder. These granules 

were dried at 80 
o
C in the oven at least 12 hours before further compression moulding, in 

order to avoid the hydrolysis degradation by moisture during the thermal process. Squared 

100 mm
2
 biocomposite sheets were fabricated by using a compression moulding (Fontijne 

Presses, Netherlands). The sheet shaped biocomposites preparation procedure consisted on 

preheating the press to 200 ºC for 2 min, applying of compression force 150 kN and 

maintaining it for 2 min. All the operations were performed under vacuum condition. All 

compounded biocomposites were dried by vacuum oven at 80 ºC at least 4 hours and then put 

in zip bags and placed in a desiccator. The thickness of the sheet samples was 0.5± 0.1 mm. 

This biocomposites sheets were cut into small and manageable sizes as shown in Figure 2.1. 

            

Figure 2.1. Compression moulding scheme –adapted from [24]– and PLA/sisal biocomposites sheets. 
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2.2 Water absorption 

To carry out hydrothermal assay, a standard test of water absorption was taken as a reference. 

From a physicochemical perspective, the strictest procedure involves gravimetric monitoring 

of the amount of penetrant retained by the composite. The standard based in the UNE-EN-ISO 

62:2008 Plastics. Determination of water absorption [42] describes a method for determining 

moisture absorption properties in the direction "across the thickness" of flat solid plastics. The 

coefficient of diffusion of moisture through the thickness can be determined in a single phase 

material assuming diffusion behaviour according to Fick's law. 

According to the standard, tests have to be performed by immersing specimens into distilled 

water at 23 °C or boiling in distilled water, or exposing them to 50% relative humidity, at 

defined temperatures for specified periods of time. This study used a modification of the 

experimental procedure, so the sample was immersed at several temperatures above the glass 

transition of the polymer: 60, 65, 70, 75, 80 and 85 ºC. The size of these samples, generally, 

was 20 ± 1 mm in length, 20 ± 1 mm wide and thickness 1 ± 0 mm. The test time for each 

temperature corresponded to three times the saturation time of the material with slower 

saturation rate, so the duration of the test is estimated as 3·tsaturation.  

All samples were dried in an oven at 50 ± 2 °C (Heraeus Vacutherm 6025) for at least 24 h 

and cooled to room temperature in a desiccator before weighing specimens approaching 0.1 

mg (mass m1) (Mettler Toledo AB135-S). During weighing, the samples did not absorb nor 

desorb any water. It was immediately measured after being taken from exposure environment. 

Then the specimens were placed in a container filled with distilled water maintained at the 

desired temperature (Heraeus Unitronic 200). After immersion for a certain time, the 

specimens were taken from the water and removed all traces of water surface with a clean dry 

cloth. Samples were weighed again approaching 0.1 mg within 1 min after water removal 

(mass m2). The water content at the saturation point was determined by immersing the 

specimen again, and repeating weighing process until reaching 3·tsaturation. 

To calculate the percentage of water absorbed mass (Mt) for each sample is used Equation 2.1: 

   (2.1) 

where m0 is the mass of the specimen before immersion, and m1 is the mass after immersion.  
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2.3 Thermal behaviour 

With the aim of reducing the number of thermal analysis assays without reducing the scope of 

the results, it was decided to analyse only the hydrothermal conditions of 65, 75 and 85 ° C. 

2.3.1 Thermo-Gravimetric Analysis (TGA) 

Thermal stability data were obtained by Thermo-Gravimetry by means of a Mettler-Toledo 

TGA 851 series. The samples, with a mass of about 4 mg were introduced in TGA Mettler-

Toledo perforated alumina crucibles, with capacity of 70 μl. Three specimens of each sample 

were analysed by a dynamic thermo-gravimetric procedure, with a heating rate of 10 ° C/min 

in the temperature range of 25 to 800 °C, under oxidative atmosphere of oxygen at a flow rate 

of 50 ml/min. 

2.3.2 Differential Scanning Calorimetry (DSC) 

Calorimetric data were obtained by Differential Scanning Calorimetry by means of a Mettler-

Toledo DSC 820 series equipped with a refrigerated cooling system (RCS). Prior to the tests, the 

DSC equipment was calibrated following the procedure of In and Zn. Calorimetric analysis 

was performed with a heating/cooling rate of 10 °C/min. The samples, with a mass of about 4 

mg were placed in an aluminium crucible perforated on top, with capacity of 40 µl. Structural 

changes were assessed over the first heating ramp, held at 10 °C/min, between 0 and 200 °C. 

Degradation effects were evaluated over the second heating ramp, held at 10 ºC/min between 

0 and 200 ºC too. All experiments were performed using N2 as protective gas (50 ml/min). 

DSC analyses were performed with the aid of the software STARe 9.10 from Mettler-Toledo. 

The specimens were characterized at least by triplicate and the averages of temperatures and 

enthalpies were taken as representative values. 

  



   22                   Contribution to the study of PLA/sisal biocomposites behavior under hydrothermal degrading conditions 

 

2.4 Morphological study 

2.4.1 Scanning Electron Microscopy (SEM) 

The surface morphology of the specimens was analysed by means of a Hitachi S-4800 Field 

Emission Scanning Electron Microscope (Tokyo, Japan). The samples were cut into small 

pieces and dried at 50 ºC for 24 h and then kept in desiccator for 48 h before SEM sample 

preparation. The pieces were mounted on metal studs and sputter-coated with a 2 nm gold 

layer using a Cressington 208HR, high resolution sputter coater (Watford, UK), equipped 

with a Cressington thickness monitor controller.  
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3. Results and discussion 

3.1 Water uptake 

The absorption curves resulting from hydrodegradation process along exposure time at 

different temperatures are shown in Figure 3.1. Note that the values represented exhibit a 

deviation between 3 and 5%. 

Absorption at 60º Absorption at 65º 

  

Absorption at 70º Absorption at 75º 

  

Absorption at 80º Absorption at 85º 

  

Figure 3.1. Plots of Mt against t for PLA and composites for all hydrothermal conditions. 
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Water absorption increased as the immersion time did until equilibrium was achieved. All of 

these sorption curves display two phases: fast sorption at the initial stage and slow sorption 

thereafter, followed by asymptotic saturation. A global tendency was observed for all cases. 

This is in accordance with most of the moisture absorption studies on natural fiber composites 

[43, 46 and 48].  

The values of the water mass absorbed Ms for different compositions and temperatures are 

gathered at Table 3.1. 

Table 3.1. Water saturation mass (Ms) for all hydrothermal conditions. 

Ms (%) 
Hydrothermal condition (ºC) 

60 65 70 75 80 85 

Fiber content 

(%f) 

Coupling agent 

Yes No Yes No Yes No Yes No Yes No Yes No 

0 
1,1 1,2 0,8 0,9 1,1 1,1 

(±0,1) (±0,1) (±0,02) (±0,03) (±0,1) (±0,1) 

10 
4,9 3,6 5,1 3,6 4,2 3,0 3,9 3,7 2,3 3,2 3,0 3,2 

(±0,2) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) 

20 
7,4 6,3 6,9 6,3 5,9 6,1 6,1 7,1 5,1 6,1 5,2 6,2 

(±0,2) (±0,2) (±0,2) (±0,2) (±0,1) (±0,3) (±0,2) (±0,3) (±0,1) (±0,1) (±0,1) (±0,2) 

30 
8,3 9,4 8,0 8,7 7,6 10,4 8,1 9,3 7,7 9,6 9,0 10,3 

(±0,2) (±0,2) (±0,1) (±0,2) (±0,3) (±0,4) (±0,3) (±0,4) (±0,2) (±0,3) (±0,3) (±0,2) 

 

It is important to remark that the analysis of the results will be approached from three 

perspectives: amount of fiber (%f), presence of coupling agent (CA) and hydrothermal 

condition (temperature). 

It can be seen from Table 3.1, for all temperatures, that VPLA has attained ~1%; the 

minimum value of water absorbed. Moreover, material with the major amount of absorbed 

water is always composite PLA30/30C, reaching ~10% of water. Values for VPLA are in 

consonance with other studies, as reported by Wang H. et al [44]. 

Sisal fiber in composites contributes to reach higher water saturation mass. Greater values in 

composites can be attributed to the hydrophilic nature of sisal fiber by virtue of the presence 

of an abundance of hydroxyl groups which are available for interaction with the water 

molecules [45]. As a result of fiber swelling, micro cracking of the polymer matrix could 

occur, as suggested by other authors [38]. As the composite cracks, could get damaged, 
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capillarity and transport via micro cracks can become active promoting more water 

penetration. 

At a given temperature and amount of fiber, coupling agent influences differently for each 

case, so it can’t established a general tendency. However, the material with the higher amount 

of water absorbed is always PLA30 without coupling agent. 

There are not big changes in the amount of water absorbed for a given material at different 

temperatures: absorbed water amount is similar in all cases. 

In order to simplify, clarify and confirm discussion and comments about the results, a statistic 

analysis was carried out. The results are observable in Figure 3.2 which shows the means of 

the Ms for all possible situations for the three different variables. 

 

Figure 3.2. Plot of Ms-means versus fiber content, coupling agent and temperature. 

The higher the amount of fiber, the more was the water absorbed mass. Moreover, it can be 

seen that the presence of the coupling agent slightly increased the amount of water absorbed.  

However, as it can be seen on the graph and we previously mentioned, temperature did not 

influence on the quantity of water absorbed. 

To summarize the influence of the experiment variables on each other, there is an interaction 

plot in Figure 3.5, which gives a clearly vision and relations of the amount of water absorbed 

(Ms) and temperature, amount of fiber and presence of coupling agent.  



   26                   Contribution to the study of PLA/sisal biocomposites behavior under hydrothermal degrading conditions 

 

3.2 Water transport parameters 

In order to compare the differences on diffusion rates of the water absorption phenomenon 

reduced plots of water uptake for virgin PLA and composites for different temperatures are 

shown in Figure 3.3. Note that the values represented exhibit a deviation between 3 and 5%. 

Absorption at 60º Absorption at 65º 

  

Absorption at 70º Absorption at 75º 

  

Absorption at 80º Absorption at 85º 

  

Figure 3.3. Plots of Mt/Ms against t for PLA and composites for all hydrothermal conditions. 
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Due to the effect of fiber on the composites water absorption, the saturation percentage Ms 

was reached by VPLA at earlier times than those given by composites. 

Higher temperatures seem to accelerate the water uptake behaviour. When the temperature of 

immersion was increased, the water saturation time was greatly shortened (from ~8000 s at 

lower temperatures to ~3000 s at higher ones). The wide may be attributed to the different 

diffusion coefficient of water into the material. The diffusion coefficient D has been therefore 

assessed by means of Stefan’s approximation (Equation 1.8) and the slope of the plot Mt/Ms 

versus square root of time for earlier stages of water uptake. Diffusion coefficients for several 

temperatures and materials are shown in Table 3.2. The obtained values are comparable to 

those reported for polylactide in previous studies [46].  

Table 3.2. Diffusion coefficient D for all hydrothermal condition and amount of fiber. 

D ·10
7
 (cm

2
s

-1
) 

Hydrothermal condition (ºC) 

60 65 70 75 80 85 

Fiber content 

(%f) 

Coupling agent 

Yes No Yes No Yes No Yes No Yes No Yes No 

0 
1,7 1,9 3,7 9,2 9,1 9,0 

(±0,1) (±0,1)  (±0,1) (±0,3) (±0,4) (±0,2) 

10 
0,9 1,6 0,7 2,3 1,2 3,1 2,0 2,2 1,5 3,3 4,6 4,5 

(±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,2) 

20 
0,7 1,4 1,1 1,6 1,4 2,5 1,7 1,7 2,7 2,7 3,0 3,1 

(±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,0) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) 

30 
1,5 1,6 1,6 1,7 1,2 2,1 1,8 2,1 2,3 2,1 2,4 2,1 

(±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) 

 

It can be seen from Table 3.2 that diffusion coefficient is temperature sensitive, being higher 

when it increases. These increment is larger for VPLA (from ~2 to ~9 ·10
-7

 cm
2
s

-1
) and 

decreases as rises the fiber content (for PLA30, from ~1.6 to ~2.2 ·10
-7

 cm
2
s

-1
). Even so, the 

addition of sisal fiber does not change the magnitude order of diffusion coefficient under the 

same temperature condition according to literature [49]. 
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In order to clarify and quantify how the global tendencies for the means of D versus the three 

different variables were, a statistic study was performed as shown in Figure 3.4. 

 

Figure 3.4. Plot of D-means versus fiber content, coupling agent and temperature. 

In the case of inorganic fillers, D is reduced for composites due to the presence of sisal fiber. 

It could be based on the obstruction to the advance of penetrant along the composite sheet 

[48]. Although the hydrophilicity of fibers should indicate an increase of the diffusion 

coefficient, a reduction of D was shown. It suggested that some change is occurring in the 

internal structure of the composite. Previous studies for PLA demonstrated that the crystal 

growing could be the cause of diffusion coefficient reduction [46]. The transport paths of the 

water molecules and the water-interaction within the composite could be decreased, resulting 

in global lower diffusion coefficients.  

Higher D for elevated temperatures is based on the fact that at high temperatures, openings 

among chains that are capable of accommodating the penetrant undergo rapid redistribution in 

space. A penetrant molecule resides in a certain position of the polymer matrix until the 

motion of surrounding chains, modified by the penetrant’s presence, leads to the formation of 

a cavity, at a distance commensurate with the penetrant’s diameter, into which the penetrant 

can move. After the move, the cavity in which penetrant was originally accommodated is 

closed. A succession of such small random moves of the penetrant constitutes diffusion. The 

higher is the temperature of the assay, the faster is the movement of polymer chains and 

higher is the diffusion coefficient [47]. 
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The sorption coefficient S is helpful in understanding the interaction between water and the 

surface of the composite due to the introduction of sisal fiber. Thus, the capability of the 

composites to attract molecules of water to their surfaces can be assessed. 

It was calculated for all materials too and hydrothermal conditions according to the Equation 

1.9 and results are shown in Table 3.3. 

Table 3.3. Sorption coefficient S for all hydrothermal condition and amount of fiber. 

S (%) 
Hydrothermal condition (ºC) 

60 65 70 75 80 85 

Fiber content 

(%f) 

Coupling agent 

Yes No Yes No Yes No Yes No Yes No Yes No 

0 
1,1 1,2 0,8 0,9 1,1 1,1 

(±0,1) (±0,1) (±0,1) (±0,1) (±0,1) (±0,1) 

10 
5,6 4,0 5,9 4,0 4,8 3,4 4,5 4,1 2,7 3,6 3,4 3,6 

(±0,2) (±0,1) (±0,2) (±0,2) (±0,1) (±0,1) (±0,1) (±0,1) (±0,0) (±0,1) (±0,1) (±0,1) 

20 
9,3 8,2 8,7 8,1 7,4 7,8 7,6 9,2 6,4 7,9 6,5 8,0 

(±0,3) (±0,3) (±0,3) (±0,3) (±0,2) (±0,4) (±0,2) (±0,4) (±0,2) (±0,2) (±0,2) (±0,3) 

30 
12,3 13,5 11,9 12,4 11,3 14,9 12,0 13,4 11,4 13,7 13,4 14,8 

(±0,3) (±0,4) (±0,2) (±0,3) (±0,5) (±0,5) (±0,5) (±0,6) (±0,4) (±0,5) (±0,5) (±0,4) 

 

The value of sorption coefficients does not change significantly for the different temperatures.  

However, it can be appreciated an increment on S when increases the amount of fiber in 

composites. Sorption coefficient goes from ~1% for VPLA to ~13% for composites with 30% 

of fiber. This increment is based on the hydrophilic nature of sisal fiber, which attracts much 

more water molecules than virgin PLA. 

The permeation process involves two well-differenced steps. First one is sorption of the liquid 

molecules, water in this case, which occurs at the interface composite-penetrant. Second one 

is diffusion through the solid composite. Therefore the permeation coefficient P, that includes 

the two previous phenomena, is the transport rate of diffusants to penetrate through the 

material’s thickness under specified temperature and humidity conditions. It can be 

determined by combining the diffusion coefficient D and sorption coefficient S by Equation 

1.10 obtaining the values shown in Table 3.4. 
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Table 3.4. Permeation coefficient P for all hydrothermal condition and amount of fiber. 

P ·10
9
 (cm

2
s

-1
) 

Hydrothermal condition (ºC) 

60 65 70 75 80 85 

Fiber content 

(%f) 

Coupling agent 

Yes No Yes No Yes No Yes No Yes No Yes No 

0 
1,9 2,1 3,2 8,9 10,4 10,0 

(±0,1) (±0,1) (±0,0) (±0,2) (±0,4)  (±0,3) 

10 
5,3 6,6 4,2 9,5 5,9 10,8 9,2 9,2 4,1 12,3 15,9 16,5 

(±0,2) (±0,3) (±0,1) (±0,4) (±0,1) (±0,2) (±0,2) (±0,3) (±0,1) (±0,5) (±0,5) (±0,8) 

20 
7,3 12,1 10,4 13,7 10,7 20,4 13,7 16,1 17,5 22,0 20,0 25,7 

(±0,2) (±0,4) (±0,3) (±0,5) (±0,3) (±1,0) (±0,4) (±0,7) (±0,6) (±0,6) (±0,7) (±1,0) 

30 
18,7 22,4 19,7 21,5 21,7 36,0 22,5 28,4 27,2 29,1 32,6 32,5 

(±0,4) (±0,6) (±0,4) (±0,6) (±0,9) (±1,4) (±1,0) (±1,3) (±0,9) (±1,0) (±1,2) (±0,9) 

 

Permeation coefficient shows tendencies combined from both parameters it involves. On the 

one hand, as well as for the diffusion coefficient, P exhibits the same temperature 

dependence, growing when temperature is increased. On the other hand, permeation 

coefficient is higher for composites with high amount of fiber. This tendency is determined in 

this case by sorption coefficient. 

Broadly speaking, permeation is greater for high temperatures and high amount of sisal fiber. 

As a mode of summary of this section, the influence of the experiment variables on each 

other, are represented in an interaction plot in Figure 3.5. Results about saturation water mas 

Ms and diffusion coefficient D are represented for combination of two of the variables under 

study (temperature, fiber and coupling agent) giving an overall picture. 

In the right-superior part of the Figure 3.5 (graphs d, e and f) it can be appreciated that Ms-

mean was not affected by temperature for different amounts of fiber (e) and presence of 

coupling agent (f). Ms-mean was slightly modified by the presence of coupling agent for 

composites, but not in a clear tendency (d). 
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Figure 3.5. Interaction plot of Ms and D-means versus amount of fiber, coupling agent and temperature. 

The left-inferior part shows D-means for different factors combinations (graphs a, b and c). 

From (a) graph, it can be observed that D was higher for VPLA than for composites, 

presenting similar values for presence or not of coupling agent. From (c) graph it can be 

appreciated that presence of coupling agent slightly decreased D for all temperatures. Finally, 

at different temperatures, in graph (b), it can be seen that higher temperatures resulted in a 

higher D, much more for VPLA than for composites. As higher is fiber content, similar values 

were obtained for high temperatures, being even the same for PLA30/30C for all 

hydrothermal conditions. It suggested a change in composite structure, as commented before. 

The presence of water into the polymer matrices and temperature effect could be a cause of 

microstructure change and modification of the final properties of the material. Plasticization 

of the amorphous portion, crystallistion and/or hydrolytic chain scission reactions that can 

promote a change on internal material structure was thus approached by thermal analysis.  
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3.3 Thermal behaviour 

The degradation of composites with PLA semi-crystalline matrices proceeds in a complicated 

way. Fischer et al. [50] reported that hydrothermal degradation proceeds in two stages. During 

the first stage, water diffuses into the amorphous regions, resulting in random hydrolytic 

scission of ester bonds. The degree of crystallinity can even increase as degradation proceeds. 

The second stage starts after degradation of the major part of the amorphous area. The 

hydrolytic attack proceeds from the edge towards the centre of crystalline domains. 

Degradation becomes a bulk process above Tg, as in this case, while at temperatures below Tg 

degradation of the polymer matrix is restricted to its surface [51]. 

In order to approach this degradation process, thermo-gravimetric analysis and differential 

scanning calorimetry assays were carried out. 

3.3.1 Thermo-Gravimetric analysis (TGA) 

The purpose of this analysis was to ascertain the state of chemical degradation in the 

composite and in case it was, how important had been it. Accordingly, it was analysed 

materials before and after being exposed to hydrothermal degrading conditions, as well sisal 

fiber and PLA matrix separately. 

Resulting thermogram for sisal fiber decomposition shows four different regions (Figure 3.6). 

The TG curve of raw sisal showed a weight loss of 8.5 % in the temperature range of 25-194 

ºC which is due to the loss of absorbed water in the fiber (intra- and intermolecular 

dehydration reactions) [54]. 

Sisal fiber degradation started at about 195 ºC and proceeded very fast with temperature 

increase, showing a weight loss of 62.7 % in the range of 195-360 ºC. The weight losses at 

temperature ranges of 195-314 ºC and 314-360 ºC were 26.5 and 36.2%, respectively. These 

results are an indication of a fast rate of fiber degradation that started at 195 ºC and became 

faster at 314 ºC. This behaviour was shown by a slope change at 314 ºC. 

The derivative thermogram curve (DTG) for sisal fiber showed two distinct peaks. Each peak 

gave the temperature where degradation is faster for each step. In this case, two peaks at 289 

and 325 ºC indicated that the degradation of sisal fiber occurs in two steps. This first peak was 

a shoulder on the main degradation peak, attributed to the hemicellulose degradation. Thermal 

degradation of cellulose occurs at higher temperatures compared with hemicellulose and at a 
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faster degradation rate. The main degradation peak started about 314 ºC and was completed at 

360 ºC with a maximum at 325 ºC. All these results are according with other studies [55]. 

 

Figure 3.6. TG and DTG of untreated sisal fiber. 

Figure 3.7 contains TG curve for non-degraded matrix (VPLA) and showed a one-stage 

decomposition in the range of 280-380 ºC and subsequent char decomposition from 380 to 

500 ºC. From DTG curves, it can be obtained temperature in which degradation is faster; in 

this case, around 356 ºC. 

 

Figure 3.7. PLA TG and DTG curves. 

Once sisal fiber and PLA matrix have been analysed separately, sisal fiber composites can be 

properly approached. TG curves for composites showed four regions as sisal fiber did. First 

initial loss is related with water present in both the matrix and fiber. Second weight loss 

region, in the range of 222-315 ºC, is due to the degradation of hemicellulose. Third weight 

loss, in the range of 315-400 ºC, is caused by degradation of both the polymer matrix and 
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cellulose, which peaks are overlapped. Final weight loss, as in fiber and matrix case, is due to 

the degradation of char formed during decomposition. 

The discussion is given in terms of onset degradation temperature (To) and main degradation 

process temperature (Tmd). 

Onset degradation temperature (T0) decreased as amount of fiber increased in composites. It 

has been calculated as temperature in which mass loss was 5%. This decrement is due to the 

incorporation of the sisal fiber into the polymer matrix which has a lower onset temperature.  

Even though, onset temperature for composites was higher than for sisal fiber, increment 

attributed to a kind of protection of fiber by polymer matrix, according to Albano et al. [56].  

Figure 3.8, 3.9 and 3.10 shows TG curves for all materials and hydrothermal conditions 

andFigure 3. values of onset temperature can be found on Table 3.5. 

Table 3.5. Onset temperature for all hydrothermal conditions. 

T0 (ºC) Non degraded 
Hydrothermal condition (ºC) 

65 75 85 

Fiber content 

(%f) 

Coupling agent 

Yes No Yes No Yes No Yes No 

0 
313,8 307,2 307,3 307,1 

(±0,2) (±0,4) (±0,2) (±0,2) 

10 
299,7 313,4 301,7 312,8 309,5 313,9 313,6 311,1 

(±0,3) (±0,4) (±0,6) (±1,1) (±0,6) (±0,9) (±0,0) (±0,7) 

20 
283,3 303,9 292,3 302,7 294,7 297,4 288,9 288,3 

(±0,2) (±0,1) (±0,8) (±0,5) (±1,1) (±0,6) (±0,5) (±0,1) 

30 
273,1 285,2 284,9 289,2 282,4 285,9 290,6 285,4 

(±0,3) (±0,1) (±0,0) (±0,5) (±1,0) (±0,6) (±0,2) (±0,2) 
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Figure 3.8. TG curves for VPLA and composites for 65 ºC hydrothermal condition. 

 

Figure 3.9. TG curves for VPLA and composites for 75 ºC hydrothermal condition. 

 

Figure 3.10. TG curves for VPLA and composites for 85 ºC hydrothermal condition. 
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Moreover, the main degradation process temperature (Tmd) was assessed too. Higher values 

were obtained when sisal fiber content was increased in biocomposites.Values for Tmd were in 

the range between 350 for VPLA and 359 ºC for PLA30/30C. Both samples, with and without 

coupling agent had similar results and there was not a significant change for different 

hydrothermal conditions. The increment on main degradation temperature may be due to a 

synergic effect of fiber and matrix. Tmd values are shown in Table 3.6 and tendencies can be 

observed in Figure 3.11, 3.12 and 3.13. 

Table 3.6. Main degradation temperature for all hydrothermal conditions. 

Tmd (ºC) Non degraded 
Hydrothermal condition (ºC) 

65 75 85 

Fiber content 

(%f) 

Coupling agent 

Yes No Yes No Yes No Yes No 

0 
355,9 352,1 350,5 350,1 

(±0,3) (±0,5) (±0,1) (±2,8) 

10 
352,6 353,4 354,2 355,6 353,5 355,4 352,5 352,2 

(±0,5) (±0,4) (±0,7) (±1,0) (±0,7) (±0,2) (±1,0) (±0,9) 

20 
356,9 355,2 358,7 356,6 353,2 354,8 357,1 355,4 

(±0,5) (±0,0) (±0,9) (±0,4) (±3,1) (±0,6) (±0,0) (±1,1) 

30 
354,2 353,4 359,7 358,0 356,4 356,8 357,7 357,8 

(±0,4) (±0,1) (±0,1) (±0,3) (±1,7) (±0,2) (±0,2) (±0,3) 

 

In summary, non-significant differences could be appreciated between thermograms of 

composites, matrix and fiber. Composites behaviour in TGA is like an addition of both 

thermograms VPLA and sisal fiber. This tendency is the same for non-degraded samples and 

degraded ones. 

At this point we can say that degradation did not affect on a massive scale to the chemical 

structure. Physical ageing seem to be the most important effect of hydrothermal treatment. In 

next section, physical structure and changes will be approached by means of Differential 

Scanning Calorimetry (DSC). 
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Figure 3.11. DTG curves for VPLA and composites 65 ºC hydrothermal condition. 

 

Figure 3.12. DTG curves for VPLA and composites for 75 ºC hydrothermal condition. 

 

Figure 3.13. DTG curves for VPLA and composites for 85 ºC hydrothermal condition. 
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3.3.2 Differential Scanning Calorimetry (DSC) 

The hydrodegradation process was monitored in order to evaluate effects of hydrothermal 

degrading conditions along the water absorption process. By this technique, samples were 

analysed for different times during the assay for a given temperature and a given material, so 

the material could be analytically characterized along the whole process of swelling. These 

times of water absorption assay were established at 0, 25, 50 and 100% of the saturation mass 

(Ms). Thus, extraction times were different for each material and temperature, but at the same 

percentage of water uptake. 

The PLA relaxation associated to the glass transition (gt-r), followed by polymer cold 

crystallization (cc1 and cc2) and polymer melting (m) could be observed on thermograms for 

all samples at the first heating scan. These three thermal events are typical for semi-crystalline 

PLA based composites [54]. Similar curve could be seen on second heating ramp. On cooling 

scan, there was a cristallisation, followed by a glass transition phenomena. All these events 

can be observed at Figure 3.14, gived as a example. 

 

Figure 3.14. Example of events at first and second heating scan as well as cooling ramp. 

Process monitoring thermograms of the first heating scan in Figure 3.15 and calorimetric data 

can be found in Table 3.7, 3.8 and 3.9. 
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Figure 3.15. First heating scan for PLA and composites for different hydrothermal condition (65, 75 and 85 ºC) and saturation degrees (0, 25, 50 and 100%). 
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Table 3.7. First heating scan data for PLA and composites at 65 ºC and different saturation degrees. 

65 ºC  Sat (%) ∆Hgt (J/g) Tg-p (ºC) ∆Hcc1 (J/g) Tcc1 (ºC) ∆Hcc2 (J/g) Tcc2 (ºC) ∆Hm (J/g) Tm (ºC) Xc (%) 

VPLA 

0 5,9 (±0,1) 66,9 (±0,2) -19,4 (±1,2) 105,1 (±0,3) - - - - 35,5 (±0,8) 169,2 (±0,1) 17,3 (±1,6) 

25 5,8 (±0,1) 64,3 (±0,5) -19,7 (±0,5) 103,8 (±1,4) -0,7 (±0,3) 155,4 (±0,1) 37,1 (±1,1) 169,9 (±0,4) 17,9 (±5,9) 

50 5,5 (±0,2) 63,0 (±1,6) -21,3 (±1,3) 102,0 (±0,3) -1,0 (±0,2) 154,8 (±0,1) 40,5 (±2,2) 169,3 (±0,1) 19,6 (±11,7) 

100 0,8 (±0,1) 65,9 (±0,1) - - - - -4,0 (±0,2) 151,7 (±0,2) 43,1 (±1,5) 168,8 (±0,2) 42,0 (±3,4) 

PLA10 

0 4,4 (±0,4) 66,8 (±0,1) -17,3 (±1,9) 98,0 (±0,3) -1,7 (±0,2) 154,9 (±0,2) 33,8 (±2,6) 169,0 (±0,1) 17,7 (±5,1) 

25 4,2 (±0,0) 64,8 (±0,1) -15,8 (±0,5) 96,7 (±0,2) -2,0 (±0,1) 154,8 (±0,2) 37,7 (±1,0) 169,5 (±0,2) 23,8 (±1,2) 

50 4,0 (±0,1) 64,9 (±0,2) -12,7 (±0,4) 93,7 (±0,3) -2,4 (±0,1) 153,4 (±0,1) 38,5 (±1,1) 168,9 (±0,1) 27,9 (±1,0) 

100 0,8 (±0,1) 66,2 (±0,1) - - - - -3,1 (±0,1) 152,2 (±0,1) 39,4 (±0,1) 168,5 (±0,2) 43,3 (±0,6) 

PLA10C 

0 6,2 (±0,1) 62,8 (±0,2) -21,7 (±0,5) 98,9 (±0,5) - - - - 35,5 (±1,3) 166,9 (±0,3) 16,9 (±1,0) 

25 4,7 (±0,5) 62,9 (±0,4) -15,7 (±0,6) 93,7 (±0,4) -1,7 (±0,1) 150,7 (±0,4) 36,9 (±1,9) 167,0 (±0,2) 23,9 (±2,7) 

50 0,8 (±0,1) 61,6 (±0,2) - - - - -1,3 (±0,1) 149,9 (±0,3) 35,4 (±1,1) 166,5 (±0,1) 41,6 (±3,6) 

100 0,4 (±0,1) 63,4 (±0,2) - - - - -0,9 (±0,1) 150,9 (±0,1) 37,5 (±2,8) 166,4 (±0,2) 44,6 (±4,1) 

PLA20 

0 4,2 (±0,3) 67,2 (±0,1) -15,8 (±0,6) 96,3 (±0,1) -2,0 (±0,3) 154,1 (±0,3) 33,4 (±0,9) 168,9 (±0,1) 21,4 (±1,1) 

25 3,4 (±0,1) 65,4 (±0,2) -12,2 (±0,9) 94,3 (±0,2) -2,5 (±0,1) 154,0 (±0,1) 32,5 (±0,7) 169,1 (±0,2) 24,5 (±2,9) 

50 1,9 (±0,2) 65,8 (±0,3) -4,1 (±0,2) 90,6 (±0,2) -2,0 (±0,4) 153,5 (±0,5) 33,5 (±0,2) 169,1 (±0,3) 37,7 (±1,3) 

100 0,7 (±0,1) 67,1 (±0,1) - - - - -2,5 (±0,1) 153,0 (±0,1) 33,0 (±0,9) 169,1 (±0,2) 42,0 (±1,8) 

PLA20C 

0 2,1 (±0,5) 67,7 (±0,2) -6,5 (±0,4) 95,3 (±0,1) -1,5 (±0,1) 154,2 (±0,1) 27,8 (±0,4) 169,2 (±0,1) 26,6 (±1,2) 

25 4,3 (±0,1) 62,4 (±0,3) -11,8 (±0,1) 92,0 (±0,7) -1,2 (±0,3) 151,7 (±0,3) 33,3 (±0,7) 167,6 (±0,1) 27,3 (±0,5) 

50 1,7 (±0,1) 60,9 (±0,3) - - - - -1,4 (±0,1) 150,0 (±0,1) 36,0 (±0,5) 166,7 (±0,4) 46,4 (±1,6) 

100 0,8 (±0,1) 65,0 (±0,3) - - - - -1,5 (±0,2) 151,7 (±0,2) 34,5 (±0,3) 167,8 (±0,1) 44,4 (±0,2) 

PLA30 

0 2,5 (±0,4) 67,6 (±0,1) -6,5 (±2,9) 95,3 (±0,8) -1,5 (±0,3) 154,2 (±0,2) 27,8 (±1,3) 169,2 (±0,2) 30,4 (±2,0) 

25 2,2 (±0,1) 65,7 (±0,1) -7,7 (±0,5) 94,6 (±0,1) -1,7 (±0,1) 154,0 (±0,1) 29,5 (±0,3) 169,1 (±0,1) 30,8 (±0,5) 

50 1,4 (±0,1) 65,5 (±0,1) - - - - -2,0 (±0,1) 153,3 (±0,1) 28,8 (±0,2) 169,0 (±0,2) 41,1 (±1,5) 

100 0,4 (±0,1) 67,2 (±0,1) - - - - -1,5 (±0,1) 153,5 (±0,1) 32,5 (±0,9) 168,9 (±0,3) 47,6 (±1,7) 

PLA30C 

0 3,2 (±0,1) 65,6 (±0,5) -9,8 (±0,2) 93,3 (±0,7) -1,0 (±0,1) 152,8 (±0,4) 29,3 (±0,3) 168,1 (±0,4) 29,2 (±0,6) 

25 2,6 (±0,2) 63,4 (±0,8) -6,0 (±0,2) 91,5 (±1,5) -0,8 (±0,1) 151,9 (±0,3) 25,4 (±1,5) 167,7 (±0,5) 29,5 (±2,8) 

50 1,7 (±0,1) 60,9 (±0,3) - - - - -0,7 (±0,1) 151,4 (±0,1) 28,1 (±0,3) 167,3 (±0,1) 43,4 (±0,4) 

100 0,3 (±0,1) 65,0 (±0,3) - - - - -0,9 (±0,2) 152,9 (±0,2) 28,4 (±0,2) 168,6 (±0,7) 43,4 (±1,5) 
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Table 3.8. First heating scan data for PLA and composites at 75 ºC and different saturation degrees. 

75 ºC Sat (%) ∆Hgt (J/g) Tg-p (ºC) ∆Hcc1 (J/g) Tcc1 (ºC) ∆Hcc2 (J/g) Tcc2 (ºC) ∆Hm (J/g) Tm (ºC) Xc (%) 

VPLA 

0 5,9 (±0,1) 66,9 (±0,2) -19,4 (±1,2) 105,1 (±0,3) - - - - 35,5 (±0,8) 169,2 (±0,1) 17,3 (±2,1) 

25 4,3 (±0,4) 65,8 (±0,4) -16,9 (±2,8) 104,9 (±2,4) -0,7 (±0,4) 153,8 (±0,3) 35,9 (±4,0) 169,8 (±0,7) 19,6 (±7,8) 

50 4,4 (±0,1) 64,8 (±0,1) -19,2 (±4,8) 103,2 (±0,3) -0,8 (±0,1) 155,3 (±0,1) 37,2 (±0,5) 168,9 (±0,2) 18,4 (±5,7) 

100 1,0 (±0,1) 66,0 (±0,1) - - - - -2,6 (±0,3) 154,4 (±0,3) 41,2 (±1,0) 168,4 (±0,1) 41,4 (±1,3) 

PLA10 

0 4,4 (±0,4) 66,8 (±0,1) -17,3 (±1,9) 98,0 (±0,3) -1,7 (±0,2) 154,9 (±0,2) 33,8 (±2,6) 169,0 (±0,1) 17,7 (±5,6) 

25 3,0 (±0,1) 65,6 (±0,1) -12,2 (±1,0) 95,6 (±0,6) -2,5 (±0,1) 154,2 (±0,1) 35,5 (±2,4) 169,3 (±0,3) 24,8 (±4,1) 

50 1,1 (±0,1) 65,9 (±0,3) - - - - -1,9 (±0,1) 154,5 (±0,4) 39,0 (±0,4) 169,9 (±0,8) 44,3 (±0,5) 

100 0,8 (±0,1) 66,0 (±0,1) - - - - -2,4 (±0,1) 154,4 (±0,3) 39,5 (±0,6) 169,0 (±0,1) 44,3 (±0,8) 

PLA10C 

0 6,2 (±0,1) 62,8 (±0,2) -21,7 (±0,5) 98,9 (±0,5) - - - - 35,5 (±1,3) 166,9 (±0,3) 16,9 (±2,2) 

25 4,6 (±0,1) 61,8 (±0,5) -10,7 (±0,2) 92,8 (±1,0) -0,9 (±0,2) 151,8 (±0,3) 36,8 (±2,5) 166,5 (±0,3) 30,8 (±3,5) 

50 0,6 (±0,1) 60,1 (±1,0) - - - - -0,7 (±0,2) 151,8 (±0,5) 34,6 (±1,2) 166,4 (±1,1) 41,4 (±1,7) 

100 0,6 (±0,1) 64,4 (±0,2) - - - - -0,7 (±0,1) 154,0 (±0,1) 37,5 (±2,1) 167,4 (±0,1) 45,0 (±2,6) 

PLA20 

0 4,2 (±0,3) 67,2 (±0,1) -15,8 (±0,6) 96,3 (±0,1) -2,0 (±0,3) 154,1 (±0,3) 33,4 (±0,9) 168,9 (±0,1) 21,4 (±2,4) 

25 1,9 (±0,1) 65,6 (±0,3) -4,2 (±0,5) 92,1 (±0,2) -2,0 (±0,1) 154,4 (±0,2) 32,7 (±1,7) 169,5 (±0,3) 36,6 (±3,2) 

50 0,7 (±0,1) 66,3 (±0,1) - - - - -1,9 (±0,1) 154,0 (±0,1) 34,3 (±0,7) 169,1 (±0,1) 44,6 (±1,0) 

100 0,7 (±0,1) 66,5 (±0,3) - - - - -1,4 (±0,3) 154,2 (±0,3) 35,2 (±1,4) 169,4 (±0,6) 46,6 (±2,3) 

PLA20C 

0 2,1 (±0,5) 67,7 (±0,2) -6,5 (±0,4) 95,3 (±0,1) -1,5 (±0,1) 154,2 (±0,1) 27,8 (±0,4) 169,2 (±0,1) 26,6 (±1,2) 

25 3,1 (±0,1) 63,6 (±0,5) -7,7 (±0,7) 94,1 (±0,8) -1,1 (±0,1) 152,5 (±0,1) 32,9 (±0,3) 167,8 (±0,1) 32,5 (±1,3) 

50 0,8 (±0,1) 64,3 (±0,2) - - - - -1,7 (±0,1) 153,3 (±0,2) 33,0 (±1,7) 168,0 (±0,1) 42,0 (±2,3) 

100 0,4 (±0,1) 66,6 (±0,2) - - - - -1,7 (±0,1) 155,0 (±0,3) 35,6 (±0,7) 169,2 (±0,6) 45,5 (±0,9) 

PLA30 

0 2,5 (±0,4) 67,6 (±0,1) -6,5 (±2,9) 95,3 (±0,8) -1,5 (±0,3) 154,2 (±0,2) 27,8 (±1,3) 169,2 (±0,2) 30,4 (±6,9) 

25 1,0 (±0,4) 65,1 (±0,3) -3,6 (±0,6) 91,5 (±0,4) -1,8 (±0,1) 154,0 (±0,2) 31,0 (±2,0) 168,9 (±0,7) 39,3 (±4,2) 

50 0,4 (±0,1) 66,0 (±0,1) - - - - -1,7 (±0,2) 153,9 (±0,4) 31,1 (±0,1) 169,0 (±0,6) 45,2 (±0,5) 

100 0,3 (±0,1) 66,5 (±0,1) - - - - -1,5 (±0,2) 154,6 (±0,1) 31,4 (±0,3) 168,5 (±0,1) 45,9 (±0,7) 

PLA30C 

0 3,2 (±0,1) 65,6 (±0,5) -9,8 (±0,2) 93,3 (±0,7) -1,0 (±0,1) 152,8 (±0,4) 29,3 (±0,3) 168,1 (±0,4) 29,2 (±0,8) 

25 1,4 (±0,1) 63,4 (±0,2) -1,9 (±0,2) 89,8 (±1,0) -1,0 (±0,1) 153,0 (±0,1) 29,3 (±0,3) 168,1 (±0,1) 41,7 (±1,1) 

50 0,4 (±0,1) 64,3 (±0,4) - - - - -0,9 (±0,3) 153,7 (±0,1) 27,4 (±0,9) 167,7 (±0,3) 41,8 (±1,9) 

100 0,3 (±0,1) 65,9 (±0,1) - - - - -0,7 (±0,1) 154,1 (±0,1) 29,1 (±1,6) 167,9 (±0,4) 44,9 (±2,6) 
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Table 3.9. First heating scan data for PLA and composites at 85 ºC and different saturation degrees. 

85 ºC  Sat (%) ∆Hgt (J/g) Tg-p (ºC) ∆Hcc1 (J/g) Tcc1 (ºC) ∆Hcc2 (J/g) Tcc2 (ºC) ∆Hm (J/g) Tm (ºC) Xc (%) 

VPLA 

0 5,9 (±0,1) 66,9 (±0,2) -19,4 (±1,2) 105,1 (±0,3) - - - - 35,5 (±0,8) 169,2 (±0,1) 17,3 (±2,1) 

25 4,8 (±0,8) 63,8 (±0,1) -21,4 (±0,5) 103,4 (±1,2) -0,6 (±0,2) 155,3 (±0,1) 35,8 (±1,1) 168,9 (±0,3) 14,8 (±2,0) 

50 2,6 (±0,6) 64,2 (±0,1) -9,3 (±5,4) 96,2 (±2,9) -1,8 (±0,7) 154,9 (±0,2) 38,9 (±2,4) 168,8 (±0,1) 29,9 (±9,0) 

100 0,8 (±0,1) 66,1 (±0,1) - - - - - - - - 35,9 (±0,1) 169,5 (±0,2) 38,5 (±0,0) 

PLA10 

0 4,4 (±0,4) 66,8 (±0,0) -17,3 (±1,9) 98,0 (±0,3) -1,7 (±0,2) 154,9 (±0,2) 33,8 (±2,6) 169,0 (±0,1) 17,7 (±5,6) 

25 3,1 (±0,3) 64,3 (±0,1) -8,4 (±1,4) 91,8 (±0,3) -1,8 (±0,1) 154,4 (±0,2) 35,9 (±0,1) 169,4 (±0,2) 30,6 (±1,8) 

50 0,8 (±0,0) 65,8 (±0,1) - - - - -0,8 (±0,1) 156,0 (±0,0) 34,8 (±0,9) 169,2 (±0,1) 40,5 (±1,2) 

100 0,8 (±0,1) 66,3 (±0,2) - - - - -0,9 (±0,3) 157,2 (±0,5) 35,9 (±2,3) 169,5 (±0,1) 41,7 (±3,1) 

PLA10C 

0 6,2 (±0,1) 62,8 (±0,2) -21,7 (±0,5) 98,9 (±0,5) - - - - 35,5 (±1,3) 166,9 (±0,3) 16,9 (±2,2) 

25 1,3 (±0,4) 60,5 (±0,1) -3,7 (±1,5) 89,7 (±0,1) - - - - 36,3 (±0,7) 167,1 (±0,1) 39,8 (±2,7) 

50 0,7 (±0,1) 60,4 (±0,5) - - - - - - - - 35,5 (±3,6) 167,1 (±0,0) 43,3 (±4,4) 

100 0,5 (±0,1) 65,2 (±0,1) - - - - - - - - 38,2 (±0,8) 167,9 (±0,3) 46,7 (±1,0) 

PLA20 

0 4,2 (±0,3) 67,2 (±0,1) -15,8 (±0,6) 96,3 (±0,1) -2,0 (±0,3) 154,1 (±0,3) 33,4 (±0,9) 168,9 (±0,1) 21,4 (±2,4) 

25 0,9 (±0,1) 65,3 (±0,1) - - - - -0,6 (±0,1) 156,1 (±0,1) 30,0 (±1,1) 169,2 (±0,1) 40,6 (±1,6) 

50 0,6 (±0,1) 66,0 (±0,1) - - - - -0,9 (±0,1) 155,8 (±0,2) 31,3 (±0,7) 169,1 (±0,3) 41,9 (±1,1) 

100 0,3 (±0,0) 66,9 (±0,1) - - - - -0,6 (±0,1) 156,6 (±0,1) 32,6 (±0,8) 169,4 (±0,1) 44,0 (±1,2) 

PLA20C 

0 2,1 (±0,5) 67,7 (±0,2) -6,5 (±0,4) 95,3 (±0,1) -1,5 (±0,1) 154,2 (±0,1) 27,8 (±0,4) 169,2 (±0,1) 26,6 (±1,2) 

25 0,8 (±0,2) 62,1 (±0,7) - - - - - - - - 32,5 (±0,8) 168,4 (±0,5) 43,6 (±1,0) 

50 1,1 (±0,1) 64,6 (±0,1) - - - - - - - - 34,1 (±1,2) 167,8 (±0,2) 45,7 (±1,7) 

100 0,2 (±0,1) 65,9 (±0,2) - - - - - - - - 32,4 (±1,2) 168,2 (±0,3) 43,5 (±1,6) 

PLA30 

0 2,5 (±0,4) 67,6 (±0,1) -6,5 (±2,9) 95,3 (±0,8) -1,5 (±0,3) 154,2 (±0,2) 27,8 (±1,3) 169,2 (±0,2) 30,4 (±6,9) 

25 0,6 (±0,1) 65,3 (±0,4) - - - - -0,5 (±0,1) 155,0 (±0,2) 27,9 (±2,4) 169,0 (±0,1) 42,1 (±3,9) 

50 0,6 (±0,1) 66,0 (±0,3) - - - - -0,6 (±0,1) 156,6 (±0,5) 34,4 (±0,3) 169,6 (±0,9) 51,8 (±0,6) 

100 0,3 (±0,1) 67,0 (±0,1) - - - - -0,8 (±0,1) 156,8 (±0,1) 36,8 (±1,2) 169,4 (±0,1) 55,2 (±1,9) 

PLA30C 

0 3,2 (±0,0) 65,6 (±0,5) -9,8 (±0,2) 93,3 (±0,7) -1,0 (±0,1) 152,8 (±0,4) 29,3 (±0,3) 168,1 (±0,4) 29,2 (±0,8) 

25 0,8 (±0,1) 62,9 (±0,5) - - - - - - - - 28,8 (±0,1) 167,7 (±0,7) 45,5 (±0,1) 

50 0,5 (±0,1) 65,6 (±0,2) - - - - -0,3 (±0,2) 154,0 (±0,4) 27,5 (±1,5) 168,1 (±0,4) 42,9 (±2,3) 

100 0,3 (±0,1) 66,3 (±0,2) - - - - - - - - 30,8 (±0,5) 168,6 (±0,1) 48,7 (±0,9) 
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Enthalpy associated to the glass transition (ΔHgt) and its associated temperature peak (Tg-P) 

was evaluated first. This structural relaxation enthalpy, associated to the physical ageing 

process, decreased along the absorption process for all cases, reaching lower values for 

composites with less polymeric phase. This decrease of Tg-P was faster for high temperatures 

than for lower ones, due to the kinetic effect, indicating the plasticizing effect of water on the 

polymer matrix [46]. Plasticizing effect was much important as water absorption increased. 

With regards to cold-crystallization phenomenon, its enthalpy (ΔHcc1) and its peak 

temperature (Tcc1) were evaluated too. Tcc1 was generally displaced to lower temperatures (1-7 

ºC) when sample saturation increased. In general, composites showed lower cold 

crystallisation temperatures. ΔHcc1 changed along the water absorption process showing a 

decrease and, in most cases, disappearing for the last water absorption stages (50 and 100%). 

This disappearance occurred earlier for high temperatures. In composites, the disappearance 

was earlier than for VPLA and values were lower when fiber content increased. It indicates 

that the most part of amorphous material had already crystallised during water absorption 

experiment. This phenomenon is accelerated by fiber and hydrothermal condition. Lower 

temperatures associated to this crystallisation suggested the presence of shorter chains as 

longer times of swelling were reached.  In summary, during the water absorption process the 

potential crystallinity of each sample was reached, according to other studies [46]. 

Finally, melting enthalpy (ΔHm) and its peak temperature (Tm) was evaluated. The tendency of 

this enthalpy was to slightly increase along the absorption process for all materials and 

temperatures, but not much than 15%.  For one temperature, high filled composites showed 

lower enthalpy values. Melting peak temperature (Tm) did not change substantially along the 

water absorption procedure for any temperature, which means that always, the melting 

process is similar and for an equivalent crystalline nature.  

From these results, it was calculated the degree of crystallinity (Xc). Thus we have a 

parameter to compare material structures during the whole water absorption process. The 

degree of crystallinity of the PLA and its composites was calculated from the first heating 

scan by the Equation 3.1. 

   (3.1) 

Where ΔHm and ΔHm0 are the melting enthalpies for PLA composites and the 100% crystalline 

PLA, respectively; (1 - mf) is the weight fraction of PLA in the composite and ∑ΔHcc is the 
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summation of enthalpy of all crystallisation events. The melting enthalpy of a totally 

crystalline PLA material (ΔHm0) was considered to be 93 J/g [50].  

As suggested by Fischer et al. [31], the degree of crystallinity (Xc) increased along the water 

absorption process for all materials and temperatures, meaning that composite structure 

changed during the treatment. The increment of crystallinity degree was indicative of 

formation of crystalline domains. The effect of interactions with water and temperature are 

likely to have enhanced the mobility of the PLA chains and acted as a driving force to form 

crystalline structures [46]. Therefore, temperature should influenced this crystallisation 

process. 

The reaching of the “saturation amount of crystals” (Xcs) was experienced faster for 

composites with high fiber content than for virgin PLA, as it is shown in Figures 3.16, 3.17 

and 3.18. It could be due to the incorporation of fiber and its ability to act as nucleating agent, 

as previously commented. The influence of temperature on crystallinity degree is visible too 

in Figures 3.16, 3.17 and 3.18, in which for 85ºC, materials reach this “saturation amount of 

crystals” faster than for 75 and 65 ºC [53]. 

In addition, the initial proportion of crystalline phase at non degraded samples was bigger for 

composites than for virgin PLA, suggesting that sisal fibers acted as nucleating agent in 

composites during processing materials. Thus, the increment on crystallinity during the water 

absorption process was bigger for virgin PLA than for composites. 

Table 3.10. First heating scan Saturation Crystallinity Degree (Xcs) for PLA and composites for different 

hydrothermal condition. 

Xcs (%) 
Hydrothermal condition (ºC) 

65 75 85 

Fiber 

content 

(%f) 

Coupling agent 

Yes No Yes No Yes No 

0 
42,0 41,4 38,5 

(±1,8) (±1,3) (±0,1) 

10 
44,6 43,3 45,0 44,2 46,6 41,7 

(±3,6) (±0,0) (±2,6) (±0,8) (±1,0) (±3,1) 

20 
44,3 42,0 45,4 46,6 43,4 44,0 

(±0,6) (±1,2) (±0,9) (±2,3) (±1,6) (±1,2) 

30 
43,3 47,6 44,9 45,9 48,6 55,1 

(±0,6) (±1,5) (±2,6) (±0,7) (±0,9) (±1,9) 
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Figure 3.16. Plots of Xc/Xcs against % saturation for PLA and composites for 65 ºC  hydrothermal condition. 

 

Figure 3.17. Plots of Xc/Xcs against % saturation for PLA and composites for 75 ºC hydrothermal condition. 

 

Figure 3.18. Plots of Xc/Xcs against % saturation for PLA and composites for 85 ºC hydrothermal condition. 
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From Table 3.10  it can be appreciated that composites reached bigger values of saturation 

crystallinity (Xcs), than virgin PLA. When higher was temperature, for composites with high 

amount of fiber, crystallinity grew. It could be related to the nucleating ability of sisal fiber in 

composites, as commented before, promoting the formation of more crystalline phase. 

However, for virgin PLA, Xcs reach lower values for elevated temperatures. 

All this results are in concordance and corroborated suggestions on previous sections about 

diffusion coefficient D, which decreased when amount of fiber was higher for all 

temperatures. More crystal phase formation was favoured by sisal fiber which acted as a 

nucleant agent, hindering the advance of penetrant and decreasing the transport paths of the 

water molecules and water-interaction within the composite.  

Once thermal history and water effect has been evaluated on first heating scan, cooling 

segment and second heating ramp will be assessed in order to analyse structure after 

elimination of water from the composite. 

PLA based composite dynamic crystallisation and glass transition can be found on the cooling 

scan. Furthermore, on second heating scan, a relaxation followed by polymer cold 

crystallization and polymer melting can be observed on thermograms for all samples. 

Process  monitoring  thermograms  of  the cooling and second heating scan in Figure 3.19 and 

3.20 and calorimetric data can be found in Table 3.11, 3.12 and 3.13. 
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Figure 3.19. Cooling scan for PLA and composites for different hydrothermal condition (65, 75 and 85 ºC) and saturation degrees (0, 25, 50 and 100%). 
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Figure 3.20. Second heating scan for PLA and composites for different hydrothermal condition (65, 75 and 85 ºC) and saturation degrees (0, 25, 50 and 100%). 
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Table 3.11. Cooling and second heating scan data for PLA and composites at 65 ºC and different saturation degrees. 

65 ºC Sat (%) ∆Hgt (J/g) Tg-p (ºC) Δcp  (J/(g·K)) Tg  (ºC) ∆Hc (J/g) Tc  (ºC) ∆Hcc1 (J/g) Tcc1 (ºC) ∆Hcc2 (J/g) Tcc2 (ºC) ∆Hm (J/g) Tm (ºC) Xc (%) 

VPLA 

0 1,2 (±0,2) 63,3 (±0,1) -0,4 (±0,1) 57,9 (±0,2) - - - - -13,9 (±1,4) 113,6 (±0,1) - - - - 30,5 (±0,1) 169,5 (±0,2) 16,6 (±1,6) 

25 2,0 (±0,1) 63,7 (±0,1) -0,4 (±0,1) 57,7 (±0,1) - - - - -30,4 (±3,9) 114,9 (±0,3) - - - - 35,2 (±1,5) 169,1 (±1,4) 4,8 (±5,9) 

50 1,9 (±0,1) 63,5 (±0,1) -0,5 (±0,1) 58,1 (±0,1) - - - - -32,2 (±7,7) 115,4 (±0,2) - - - - 34,1 (±3,2) 167,0 (±0,5) 1,8 (±11,7) 

100 0,8 (±0,0) 63,5 (±0,1) -0,4 (±0,1) 58,5 (±0,1) - - - - -22,1 (±0,1) 113,2 (±1,3) - - - - 33,9 (±3,0) 169,5 (±0,3) 11,8 (±3,4) 

PLA10 

0 0,4 (±0,2) 62,8 (±0,1) -0,2 (±0,1) 57,5 (±0,1) -3,8 (±0,5) 98,1 (±0,3) -14,7 (±2,0) 99,1 (±0,4) -1,7 (±0,1) 154,3 (±0,1) 34,0 (±2,2) 168,1 (±0,1) 17,7 (±5,1) 

25 1,2 (±0,1) 63,5 (±0,1) -0,3 (±0,1) 55,8 (±0,1) -4,8 (±0,2) 97,9 (±0,2) -16,0 (±0,3) 98,9 (±0,2) -2,3 (±0,1) 154,5 (±0,1) 36,0 (±0,6) 168,6 (±0,1) 17,7 (±1,2) 

50 0,7 (±0,1) 63,3 (±0,1) -0,3 (±0,1) 59,1 (±0,1) -6,8 (±0,1) 98,1 (±0,2) -14,5 (±0,1) 97,8 (±0,2) -2,2 (±0,1) 153,9 (±0,2) 36,9 (±0,8) 168,4 (±0,2) 20,2 (±1,0) 

100 0,8 (±0,1) 63,2 (±0,1) -0,3 (±0,1) 57,9 (±0,1) -6,5 (±0,1) 98,0 (±0,1) -15,5 (±0,1) 97,5 (±0,2) -2,2 (±0,1) 153,9 (±0,1) 37,4 (±0,3) 168,3 (±0,1) 19,7 (±0,6) 

PLA10C 

0 0,3 (±0,1) 61,7 (±0,1) -0,2 (±0,1) 57,3 (±0,4) -6,8 (±0,2) 98,6 (±0,2) -13,9 (±0,3) 101,2 (±0,3) -0,7 (±0,1) 154,3 (±0,1) 35,9 (±0,4) 167,0 (±0,2) 21,2 (±1,0) 

25 0,7 (±0,1) 61,9 (±0,1) -0,3 (±0,1) 54,3 (±1,2) -10,9 (±1,6) 98,6 (±0,1) -13,3 (±0,3) 100,5 (±0,2) -0,8 (±0,1) 154,1 (±0,1) 36,3 (±1,8) 167,1 (±0,2) 22,2 (±2,7) 

50 0,6 (±0,1) 61,5 (±0,2) -0,2 (±0,1) 56,2 (±0,3) -11,9 (±0,2) 99,0 (±0,1) -20,0 (±0,7) 99,6 (±0,1) -0,7 (±0,1) 154,0 (±0,2) 32,0 (±2,2) 166,8 (±0,1) 11,4 (±3,6) 

100 0,3 (±0,1) 61,4 (±0,1) -0,2 (±0,1) 56,6 (±0,2) -15,9 (±1,8) 99,3 (±0,1) -9,4 (±0,9) 98,7 (±0,1) -0,8 (±0,1) 153,9 (±0,1) 35,9 (±2,5) 166,4 (±0,1) 25,8 (±4,1) 

PLA20 

0 0,2 (±0,1) 62,6 (±0,2) - - - - -8,5 (±0,1) 97,9 (±0,2) -9,3 (±0,2) 96,6 (±0,1) -1,6 (±0,1) 153,6 (±0,2) 33,2 (±0,6) 168,0 (±0,2) 22,3 (±1,1) 

25 0,5 (±0,1) 63,1 (±0,2) -0,2 (±0,1) 57,3 (±0,3) -11,5 (±0,9) 98,2 (±0,0) -9,0 (±1,0) 95,9 (±0,3) -2,2 (±0,1) 154,0 (±0,1) 31,8 (±1,1) 168,2 (±0,1) 20,6 (±2,9) 

50 0,4 (±0,1) 62,7 (±0,1) -0,2 (±0,1) 57,2 (±0,2) -12,2 (±0,4) 98,8 (±0,3) -7,4 (±0,4) 95,7 (±0,1) -2,1 (±0,1) 153,9 (±0,1) 31,8 (±0,4) 168,0 (±0,1) 22,3 (±1,3) 

100 0,6 (±0,1) 63,0 (±0,0) -0,2 (±0,1) 57,5 (±0,5) -10,3 (±1,3) 98,4 (±0,1) -7,5 (±0,6) 95,4 (±0,3) -1,7 (±0,1) 153,6 (±0,0) 32,3 (±0,7) 168,2 (±0,1) 23,2 (±1,8) 

PLA20C 

0 - - - - - - - - -14,7 (±0,2) 100,5 (±0,1) -3,8 (±0,3) 94,0 (±0,1) - - - - 30,7 (±0,6) 166,6 (±0,1) 26,9 (±1,2) 

25 0,2 (±0,1) 61,2 (±0,1) - - - - -19,7 (±0,1) 100,2 (±0,1) -2,9 (±0,3) 94,8 (±0,8) - - - - 31,1 (±0,1) 167,2 (±0,1) 28,2 (±0,5) 

50 - - - - - - - - -21,1 (±0,9) 100,2 (±0,3) -2,9 (±0,5) 94,7 (±0,9) - - - - 32,5 (±0,7) 166,8 (±0,2) 29,6 (±1,6) 

100 0,4 (±0,1) 62,0 (±0,1) - - - - -21,1 (±0,5) 100,6 (±0,2) -3,6 (±0,0) 96,2 (±0,2) - - - - 32,7 (±0,1) 167,2 (±0,1) 29,1 (±0,2) 

PLA30 

0 - - - - - - - - -10,3 (±1,1) 98,9 (±0,2) -3,4 (±0,2) 93,5 (±0,6) -1,0 (±0,1) 154,4 (±0,1) 25,6 (±1,1) 168,2 (±0,1) 21,2 (±2,0) 

25 0,2 (±0,1) 62,3 (±0,1) - - - - -17,8 (±0,3) 100,1 (±0,2) -1,8 (±0,1) 92,5 (±0,1) -0,9 (±0,1) 154,9 (±0,1) 28,2 (±0,2) 168,2 (±0,1) 25,5 (±0,5) 

50 0,2 (±0,1) 62,2 (±0,2) - - - - -15,7 (±0,8) 99,8 (±0,4) -2,3 (±0,5) 92,4 (±0,6) -0,8 (±0,2) 154,5 (±0,2) 27,8 (±0,3) 168,1 (±0,1) 24,8 (±1,5) 

100 - - - - - - - - -17,3 (±0,1) 100,0 (±0,1) -2,1 (±0,3) 92,6 (±0,1) -0,6 (±0,1) 154,8 (±0,2) 29,5 (±0,7) 168,1 (±0,2) 26,8 (±1,7) 

PLA30C 

0 - - - - - - - - -18,5 (±0,1) 101,8 (±0,1) - - - - - - - - 26,9 (±0,4) 167,4 (±0,0) 26,9 (±0,6) 

25 - - - - - - - - -16,8 (±2,9) 101,9 (±0,2) - - - - - - - - 26,0 (±1,8) 167,4 (±0,2) 26,0 (±2,8) 

50 - - - - - - - - -21,1 (±0,9) 100,2 (±0,3) - - - - - - - - 27,5 (±0,2) 167,2 (±0,1) 27,5 (±0,4) 

100 0,4 (±0,1) 62,0 (±0,1) - - - - -21,1 (±0,5) 100,6 (±0,2) - - - - - - - - 28,2 (±1,0) 167,5 (±0,1) 28,2 (±1,5) 
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Table 3.12. Cooling and second heating scan data for PLA and composites at 75 ºC and different saturation degrees. 

75 ºC Sat (%) ∆Hgt (J/g) Tg-p (ºC) Δcp  (J/(g·K)) Tg  (ºC) ∆Hc (J/g) Tc  (ºC) ∆Hcc1 (J/g) Tcc1 (ºC) ∆Hcc2 (J/g) Tcc2 (ºC) ∆Hm (J/g) Tm (ºC) Xc (%) 

VPLA 

0 1,2 (±0,2) 63,3 (±0,1) -0,4 (±0,1) 57,9 (±0,2) - - - - -13,9 (±1,4) 113,6 (±0,1) - - - - 30,5 (±0,1) 169,5 (±0,2) 16,6 (±1,6) 

25 1,3 (±0,1) 63,3 (±0,1) -0,4 (±0,1) 58,1 (±0,1) - - - - -19,2 (±2,3) 112,7 (±0,7) -0,5 (±0,1) 153,5 (±0,1) 30,3 (±3,4) 168,6 (±0,2) 10,6 (±6,0) 

50 1,0 (±0,1) 63,4 (±0,1) -0,4 (±0,1) 58,2 (±0,1) - - - - -22,2 (±8,0) 113,2 (±0,1) - - - - 32,5 (±5,1) 169,6 (±0,2) 10,3 (±14,0) 

100 1,0 (±0,1) 63,4 (±0,1) -0,5 (±0,1) 58,0 (±0,1) - - - - -27,5 (±2,8) 114,2 (±0,5) - - - - 38,0 (±3,0) 169,0 (±0,8) 10,5 (±6,1) 

PLA10 

0 0,4 (±0,2) 62,8 (±0,1) -0,2 (±0,0) 57,5 (±0,1) -3,8 (±0,5) 98,1 (±0,3) -14,7 (±2,0) 99,1 (±0,4) -1,7 (±0,1) 154,3 (±0,1) 34,0 (±2,2) 168,1 (±0,1) 17,7 (±5,1) 

25 0,7 (±0,1) 63,1 (±0,1) -0,3 (±0,1) 57,1 (±0,2) -4,0 (±0,4) 98,3 (±0,1) -15,9 (±1,0) 98,3 (±0,2) -2,1 (±0,1) 154,1 (±0,1) 35,4 (±2,3) 168,3 (±0,1) 17,4 (±4,0) 

50 0,4 (±0,1) 62,8 (±0,1) -0,3 (±0,1) 57,3 (±0,1) -8,7 (±0,2) 98,8 (±0,3) -14,3 (±0,1) 97,4 (±0,1) -1,9 (±0,1) 153,9 (±0,1) 38,3 (±0,2) 168,1 (±0,1) 22,0 (±0,3) 

100 0,6 (±0,1) 62,9 (±0,2) -0,4 (±0,1) 57,3 (±0,1) -7,5 (±0,4) 98,4 (±0,1) -17,5 (±0,1) 97,7 (±0,1) -1,4 (±0,1) 153,7 (±0,4) 41,9 (±0,2) 168,1 (±0,4) 23,0 (±0,5) 

PLA10C 

0 0,3 (±0,1) 61,7 (±0,1) -0,2 (±0,1) 57,3 (±0,4) -6,8 (±0,2) 98,6 (±0,2) -13,9 (±0,3) 101,2 (±0,3) -0,7 (±0,1) 154,3 (±0,1) 35,9 (±0,4) 167,0 (±0,2) 21,2 (±1,0) 

25 0,8 (±0,1) 61,1 (±0,2) -0,3 (±0,1) 54,1 (±0,5) -13,2 (±0,5) 98,7 (±0,1) -10,9 (±1,7) 99,5 (±0,3) -0,5 (±0,2) 153,8 (±0,1) 36,2 (±1,9) 166,6 (±0,1) 24,9 (±4,6) 

50 0,3 (±0,1) 61,0 (±0,5) -0,2 (±0,1) 54,3 (±0,3) -13,8 (±1,9) 98,8 (±0,3) -11,2 (±1,1) 99,2 (±1,0) -0,6 (±0,1) 153,9 (±0,1) 34,9 (±0,9) 166,7 (±0,3) 23,1 (±2,4) 

100 0,6 (±0,1) 61,9 (±0,1) -0,3 (±0,1) 56,5 (±0,7) -16,0 (±0,2) 99,3 (±0,1) -10,9 (±1,1) 99,9 (±0,1) -0,4 (±0,1) 153,9 (±0,3) 40,0 (±2,7) 167,0 (±0,3) 28,8 (±4,6) 

PLA20 

0 0,2 (±0,1) 62,6 (±0,2) - - - - -8,5 (±0,1) 97,9 (±0,2) -9,3 (±0,2) 96,6 (±0,1) -1,6 (±0,1) 153,6 (±0,2) 33,2 (±0,6) 168,0 (±0,2) 22,3 (±1,1) 

25 0,4 (±0,1) 62,7 (±0,1) -0,2 (±0,1) 56,0 (±1,5) -10,4 (±0,4) 98,1 (±0,1) -7,6 (±0,4) 96,0 (±0,1) -1,1 (±0,1) 154,0 (±0,1) 32,4 (±1,8) 168,2 (±0,2) 23,7 (±3,2) 

50 0,4 (±0,1) 63,0 (±0,1) -0,2 (±0,1) 55,4 (±0,9) -11,3 (±0,9) 98,0 (±0,1) -9,7 (±1,1) 95,5 (±0,3) -1,7 (±0,1) 153,4 (±0,1) 34,0 (±0,8) 168,1 (±0,1) 22,6 (±2,7) 

100 0,2 (±0,1) 62,4 (±0,3) -0,2 (±0,1) 55,9 (±0,6) -15,9 (±0,6) 98,7 (±0,4) -5,4 (±1,1) 95,8 (±0,1) -0,9 (±0,1) 153,8 (±0,2) 35,8 (±2,3) 168,1 (±0,1) 29,6 (±4,8) 

PLA20C 

0 - - - - - - - - -14,7 (±0,2) 100,5 (±0,1) -3,8 (±0,3) 94,0 (±0,1) - - - - 30,7 (±0,6) 166,6 (±0,1) 26,9 (±1,2) 

25 0,4 (±0,1) 61,8 (±0,1) -0,2 (±0,1) 51,3 (±0,8) -19,2 (±1,6) 99,8 (±0,2) -4,2 (±0,7) 96,6 (±0,8) -0,6 (±0,1) 153,2 (±0,1) 31,6 (±0,2) 167,3 (±0,1) 26,8 (±1,3) 

50 0,2 (±0,1) 61,6 (±0,2) -0,1 (±0,1) 56,4 (±0,3) -19,3 (±0,0) 100,3 (±0,1) -3,4 (±0,6) 95,6 (±0,8) -0,4 (±0,1) 153,3 (±0,2) 32,7 (±1,1) 167,1 (±0,2) 28,9 (±2,6) 

100 0,4 (±0,1) 62,3 (±0,2) - - - - -12,7 (±0,3) 98,6 (±0,3) -6,6 (±0,1) 95,2 (±0,3) -1,2 (±0,2) 153,6 (±0,1) 33,6 (±0,3) 167,8 (±0,1) 25,8 (±0,7) 

PLA30 

0 - - - - - - - - -10,3 (±1,1) 98,9 (±0,2) -3,4 (±0,2) 93,5 (±0,6) -1,0 (±0,1) 154,4 (±0,1) 25,6 (±1,1) 168,2 (±0,1) 21,2 (±2,0) 

25 0,0 (±0,1) 62,0 (±0,2) - - - - -16,3 (±1,4) 99,3 (±0,1) -3,4 (±0,2) 93,2 (±0,3) -1,1 (±0,1) 154,4 (±0,1) 29,7 (±1,9) 167,8 (±0,1) 25,1 (±3,4) 

50 - - - - - - - - -17,2 (±0,6) 99,3 (±0,2) -3,0 (±0,1) 92,8 (±0,5) -0,7 (±0,1) 153,9 (±0,7) 30,7 (±0,7) 168,0 (±0,2) 27,1 (±1,4) 

100 - - - - - - - - -20,1 (±0,5) 100,1 (±0,1) -0,7 (±0,1) 92,3 (±0,4) -0,2 (±0,1) 154,3 (±0,2) 31,9 (±0,7) 167,7 (±0,1) 31,0 (±1,2) 

PLA30C 

0 - - - - - - - - -18,5 (±0,1) 101,8 (±0,1) - - - - - - - - 26,9 (±0,4) 167,4 (±0,1) 26,9 (±0,6) 

25 - - - - - - - - -20,9 (±0,5) 101,8 (±0,6) - - - - - - - - 30,0 (±0,3) 167,2 (±0,2) 30,0 (±0,5) 

50 - - - - - - - - -19,7 (±0,7) 102,2 (±0,4) - - - - - - - - 29,1 (±0,5) 167,0 (±0,2) 29,1 (±0,7) 

100 - - - - - - - - -22,0 (±1,2) 102,3 (±0,2) - - - - - - - - 31,1 (±2,6) 167,1 (±0,1) 31,1 (±4,1) 
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Table 3.13. Cooling and second heating scan data for PLA and composites at 85 ºC and different saturation degrees. 

85 ºC Sat (%) ∆Hgt (J/g) Tg-p (ºC) Δcp  (J/(g·K)) Tg  (ºC) ∆Hc (J/g) Tc  (ºC) ∆Hcc1 (J/g) Tcc1 (ºC) ∆Hcc2 (J/g) Tcc2 (ºC) ∆Hm (J/g) Tm (ºC) Xc (%) 

VPLA 

0 1,2 (±0,2) 63,3 (±0,1) -0,4 (±0,1) 57,9 (±0,2) - - - - -13,9 (±1,4) 113,6 (±0,1) - - - - 30,5 (±0,1) 169,5 (±0,2) 16,6 (±1,6) 

25 1,1 (±0,1) 63,2 (±0,1) -0,5 (±0,1) 57,5 (±0,3) - - - - -18,7 (±3,4) 110,1 (±1,5) - - - - 32,1 (±0,3) 168,9 (±0,5) 13,4 (±4,0) 

50 0,7 (±0,1) 63,2 (±0,1) -0,4 (±0,1) 57,7 (±0,1) - - - - -26,2 (±3,6) 112,7 (±1,6) - - - - 39,1 (±0,9) 169,5 (±0,5) 12,9 (±4,8) 

100 - - - - -0,4 (±0,1) 57,8 (±0,3) - - - - -27,8 (±1,9) 109,8 (±2,0) - - - - 36,3 (±0,4) 169,1 (±0,1) 8,4 (±2,4) 

PLA10 

0 0,4 (±0,2) 62,8 (±0,1) -0,2 (±0,1) 57,5 (±0,1) -3,8 (±0,5) 98,1 (±0,3) -14,7 (±2,0) 99,1 (±0,4) -1,7 (±0,1) 154,3 (±0,1) 34,0 (±2,2) 168,1 (±0,1) 17,7 (±5,1) 

25 0,7 (±0,1) 63,2 (±0,1) -0,4 (±0,1) 57,6 (±0,1) -5,7 (±0,0) 98,3 (±0,2) -18,0 (±0,2) 98,5 (±0,3) -2,4 (±0,1) 154,3 (±0,3) 36,6 (±0,1) 168,5 (±0,2) 16,2 (±0,5) 

50 0,8 (±0,1) 62,9 (±0,1) -0,3 (±0,1) 57,3 (±0,1) -4,4 (±0,2) 98,3 (±0,0) -15,4 (±0,5) 97,7 (±0,1) -1,9 (±0,1) 154,0 (±0,1) 36,6 (±0,9) 168,3 (±0,2) 19,3 (±1,7) 

100 0,9 (±0,1) 63,1 (±0,1) -0,3 (±0,1) 57,0 (±0,3) -3,9 (±0,0) 98,4 (±0,2) -14,2 (±1,2) 98,0 (±0,1) -2,2 (±0,1) 154,3 (±0,1) 35,0 (±2,2) 168,4 (±0,1) 18,5 (±4,2) 

PLA10C 

0 0,3 (±0,1) 61,7 (±0,1) -0,2 (±0,1) 57,3 (±0,4) -6,8 (±0,2) 98,6 (±0,2) -13,9 (±0,3) 101,2 (±0,3) -0,7 (±0,1) 154,3 (±0,1) 35,9 (±0,4) 167,0 (±0,2) 21,2 (±1,0) 

25 0,2 (±0,1) 61,7 (±0,1) -0,3 (±0,1) 54,4 (±0,3) -9,9 (±0,8) 99,0 (±0,2) -11,2 (±0,7) 100,0 (±0,2) -0,9 (±0,1) 153,8 (±0,1) 36,8 (±0,7) 166,8 (±0,1) 24,7 (±1,7) 

50 0,3 (±0,1) 61,5 (±0,1) -0,2 (±0,1) 55,8 (±1,0) -9,5 (±0,6) 98,7 (±0,1) -11,0 (±1,1) 99,9 (±0,1) -0,7 (±0,1) 154,0 (±0,1) 35,6 (±3,1) 167,1 (±0,1) 23,9 (±5,3) 

100 0,5 (±0,1) 62,0 (±0,1) -0,2 (±0,1) 58,0 (±0,1) -10,8 (±0,3) 99,2 (±0,1) -12,3 (±0,1) 99,8 (±0,2) -1,0 (±0,1) 154,3 (±0,1) 37,0 (±0,4) 166,9 (±0,1) 23,7 (±0,6) 

PLA20 

0 0,2 (±0,1) 62,6 (±0,2) - - - - -8,5 (±0,1) 97,9 (±0,2) -9,3 (±0,2) 96,6 (±0,1) -1,6 (±0,1) 153,6 (±0,2) 33,2 (±0,6) 168,0 (±0,2) 22,3 (±1,1) 

25 0,3 (±0,1) 62,6 (±0,2) -0,2 (±0,1) 55,1 (±1,1) -8,7 (±0,6) 98,3 (±0,1) -8,0 (±0,1) 95,6 (±0,2) -1,3 (±0,1) 153,2 (±0,2) 32,2 (±0,9) 167,9 (±0,1) 23,0 (±1,4) 

50 0,3 (±0,1) 62,5 (±0,1) -0,2 (±0,1) 56,7 (±0,1) -10,4 (±0,1) 98,5 (±0,1) -5,9 (±0,4) 95,2 (±0,1) -1,6 (±0,2) 153,7 (±0,3) 32,4 (±0,6) 168,0 (±0,3) 24,9 (±1,7) 

100 0,1 (±0,1) 61,7 (±0,3) - - - - -16,1 (±1,3) 100,0 (±0,3) -2,0 (±0,4) 93,7 (±0,4) -0,6 (±0,1) 155,4 (±0,1) 27,6 (±0,4) 168,1 (±0,3) 25,0 (±1,1) 

PLA20C 

0 - - - - - - - - -14,7 (±0,2) 100,5 (±0,1) -3,8 (±0,3) 94,0 (±0,1) - - - - 30,7 (±0,6) 166,6 (±0,1) 26,9 (±1,2) 

25 0,3 (±0,1) 61,6 (±0,2) - - - - -16,0 (±1,5) 100,0 (±0,3) -2,7 (±0,3) 96,6 (±0,7) -0,4 (±0,0) 153,1 (±0,1) 33,4 (±0,6) 167,3 (±0,2) 30,3 (±1,3) 

50 0,2 (±0,1) 61,8 (±0,1) - - - - -18,3 (±0,2) 100,5 (±0,4) -2,8 (±0,8) 94,6 (±0,4) -0,2 (±0,1) 153,1 (±0,4) 33,5 (±2,3) 167,0 (±0,1) 30,5 (±4,3) 

100 0,2 (±0,1) 62,0 (±0,1) - - - - -16,8 (±0,5) 100,4 (±0,0) -3,9 (±0,3) 96,7 (±0,1) -0,5 (±0,1) 153,4 (±0,1) 33,7 (±1,2) 167,2 (±0,1) 29,3 (±2,1) 

PLA30 

0 - - - - - - - - -10,3 (±1,1) 98,9 (±0,2) -3,4 (±0,2) 93,5 (±0,6) -1,0 (±0,1) 154,4 (±0,1) 25,6 (±1,1) 168,2 (±0,1) 21,2 (±2,0) 

25 0,1 (±0,1) 61,8 (±0,3) - - - - -13,7 (±1,4) 99,4 (±0,1) -2,3 (±0,1) 92,8 (±0,1) -0,7 (±0,1) 154,4 (±0,1) 27,3 (±2,3) 168,1 (±0,1) 24,4 (±3,6) 

50 0,2 (±0,1) 62,5 (±0,1) - - - - -15,3 (±0,2) 99,1 (±0,0) -6,3 (±0,2) 95,6 (±0,1) -1,7 (±0,1) 153,9 (±0,1) 34,7 (±0,2) 167,8 (±0,1) 26,6 (±0,8) 

100 0,1 (±0,1) 62,1 (±0,1) - - - - -14,2 (±0,3) 99,7 (±0,1) -1,7 (±0,5) 92,6 (±0,1) -0,9 (±0,2) 155,1 (±0,2) 25,7 (±1,4) 168,2 (±0,1) 23,1 (±3,2) 

PLA30C 

0 - - - - - - - - -18,5 (±0,1) 101,8 (±0,1) - - - - - - - - 26,9 (±0,4) 167,4 (±0,1) 26,9 (±0,6) 

25 0,3 (±0,1) 62,7 (±0,6) - - - - -18,5 (±0,6) 102,0 (±0,3) - - - - - - - - 29,2 (±0,3) 167,1 (±0,1) 29,2 (±0,5) 

50 0,1 (±0,1) 61,7 (±0,2) - - - - -16,1 (±0,1) 101,0 (±0,3) - - - - - - - - 28,2 (±2,0) 167,3 (±0,1) 28,2 (±3,2) 

100 0,1 (±0,1) 61,5 (±0,3) - - - - -19,9 (±1,0) 101,5 (±0,4) - - - - - - - - 31,1 (±0,7) 167,6 (±0,1) 31,1 (±1,2) 
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From DSC cooling scan, the crystallisation enthalpy and temperature peak, the glass transition 

and specific heat capacity was obtained. 

The crystallisation phenomenon occurred at higher temperatures during cooling scan when 

fiber content and water saturation mass increased. For composites Tc was 2-4 ºC higher than 

for VPLA, but the increment was about 1 ºC from 0% to 100% water saturated samples. 

Enthalpy for this crystallisation process (ΔHc) was substantially bigger for composites with 

high amount of fiber as well as for more saturated samples. It is related to the ability of fiber 

to act as nucleating agents for crystallisation [39] and to the chain scissions processes 

occurred along the hydrothermal treatment. All this effects were influenced by temperature, 

which promoted interactions with water and acted as a driving force to form crystalline 

structures [46]. 

The next event during cooling is the glass transition. For composites, this episode turned to 

lower temperatures, even disappearing on thermograms for big amount of fiber (PLA30/30C).  

Specific heat capacity (ΔcP) associated to this transition decreased along the water absorption 

process as well as Tg did, even disappearing for high amounts of fiber (PLA30/30C).  

Crystallisation and glass transition events are closely related. While first one is based on 

crystal phase, the second one is on amorphous phase. Thus, when higher is the amount of 

crystal formed during cooling scan, the less significant is the glass transition. 

Therefore, these results suggested that, on the one hand, composites with high amount of fiber 

seem to be more degraded because of the fiber presence, which allows more water 

penetration. On the other hand, the nucleating ability of sisal fiber is an important 

phenomenon too of high fibered composites. Two both phenomena allowed materials to reach 

high crystalline contents during cooling scan. It is important to remark that hydrothermal 

condition influenced only in the rate in which parameters change. It could be defined as a 

kinetic effect. For high temperatures, parameters changed faster than for lower ones. 

From DSC second heating scan, cold crystallisation and melting phenomena were evaluated 

in order to know material changes in samples before and after hydrothermal treatment, once 

absorbed water was removed on first heating scan. All these parameters and transitions will be 

very closely related to the previous heating scan during DSC experiment. 

About cold crystallisation event, it appeared about 20 ºC earlier for composites with high 

amount of fiber (PLA30) than for VPLA. Tcc1 decreased about 1 ºC for all materials along the 
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absorption process. The same tendency was observed for enthalpy associated to crystallisation 

progress. ΔHcc1 decreased as bigger is fiber content, even disappearing for PLA30C.  This 

cold crystallisation phenomenon could not be found for this material presumably because all 

polymer phase available to crystallize did it during the previous cooling scan. 

The next transition in thermograms was the melting of the polymeric crystal phase, which 

temperature peak (Tm) decreased from ~169 to ~167 ºC when fiber content was bigger. This 

temperature did not change substantially along the water absorption process for any material. 

Enthalpy associated to this transition (ΔHm) was higher as water saturation increased, meaning 

a higher amount of crystal phase. The enthalpy difference between unsaturated samples and 

saturated ones was bigger for VPLA (from 4 to 8 J/g) than for composites (from 3 to 6 J/g). 

This enthalpy was lower for composites with high amount of fiber.   

As done before for the first heating scan, it was calculated the crystallinity degree (Xc) for all 

samples and materials. Xc reached bigger values when fiber content increased. There was a 

wide difference between crystallinity for VPLA and PLA30/30C, being three times bigger for 

composite with higher amount of fiber. The reason for these results is presumably again the 

ability of fiber to act as nucleating agents for crystallisation [53] and to the presumably chain 

scissions processes occurred along the hydrothermal treatment [46]. Xc values for saturated 

samples in second heating scan are shown in Table 3.14. 

Table 3.14. Second heating scan Saturation Crystallinity Degree (Xcs) for PLA and composites at various 

temperatures. 

Xcs (%) 
Hydrothermal condition (ºC) 

65 75 85 

Fiber 

content 

(%f) 

Coupling agent 

Yes No Yes No Yes No 

0 
12,7 11,2 9,1 

(±3,4) (±6,1) (±2,5) 

10 
31,4 23,5 35,1 27,5 29,0 22,1 

(±4,1) (±0,6) (±4,6) (±0,5) (±0,6) (±4,2) 

20 
39,1 31,9 34,6 40,7 39,3 34,4 

(±0,2) (±1,8) (±0,7) (±4,8) (±2,1) (±1,1) 

30 
44,6 41,1 49,1 47,5 49,1 35,5 

(±1,5) (±1,7) (±4,1) (±1,2) (±1,2) (±3,2) 
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3.4 Superficial morphology 

In order to obtain visual consequences caused by hydrodegradation process for all 

temperatures, the same samples used in DSC analysis were monitored by scanning electron 

microscopy (SEM). Micrographs gave a visual explanation about increment showed on water 

saturation mass Ms for composites for all hydrothermal conditions as well as the increment in 

permeability coefficient showed in previous sections. 

Figure 3.21, 3.22 and 3.23 display the surface morphologies of VPLA and composites after 

hydrothermal ageing at different temperatures. After immersion, a smoother surface than at 

the beginning was observed, due to the temperature above Tg, at which polymer chains 

become reorganized and relaxed. 

In general terms, superficial morphology analysis showed an important physical degradation 

promoted by absorbed water, effect of sisal fiber and temperature during hydrothermal 

treatment. Free water decreased and bound water increased as water is absorbed excessively 

[37]. This is the case of the PLA/sisal biocomposites, for all compositions and temperatures. 

For composites with natural fibers, degradation process occurred when swelling of cellulose 

fibers developed stress at interface regions leading to microcracking mechanism in the matrix 

around swollen fibers and this promoted capillarity and transport via microcracks [38], as 

suggested in previous sections. The cracking effect was higher for high amount of fiber and 

temperature, as it can be seen in micrographs. When temperature was higher in water 

environment, microcracks on the surface and in the bulk of the material developed leading to 

peeling and surface dissolution of the composite [38]. 

Coupling agent promoted slightly smaller cracks on materials where it was incorporated.  
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Figure 3.21. Micrographs for VPLA and composites at 65 ºC for different saturation degrees. 
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Figure 3.22. Micrographs for VPLA and composites at 75 ºC for different saturation degrees.  
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Figure 3.23. Micrographs for VPLA and composites at 85 ºC for different saturation degrees. 
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4. Conclusions 

The application of normalized water absorption experiments was useful to simulate and 

monitor the degradation induced by accelerated hydrothermal treatment on PLA/sisal 

biocomposites at temperatures above the glass transition. In general terms, an important 

physical degradation promoted by absorbed water, temperature and effect of sisal fiber was 

produced by the hydrothermal treatment. 

Concerning water absorption behaviour, on the one hand it was found that sisal fiber 

composites reached bigger percentage of saturation mass for all thermal conditions. On the 

other hand, as expected, the diffusion coefficient increased with the temperature of the 

hydrothermal condition. However, it decreased in composites due to the formation of 

crystalline domains in PLA matrix, caused by sisal fiber, which acted as a nucleating agent. In 

addition, Differential Scanning Calorimetry analysis showed that the presence of water into 

the polymer matrices displaced the glass transition towards lower temperatures due to 

plasticization of the polymeric phase. 

The Thermo-Gravimetric analysis showed non-significant chemical changes neither in the 

PLA matrix back-bone nor in sisal fiber.  

Surface analysis by Scanning Electron Microscopy showed an important physical degradation 

promoted by the formation of cracks around swollen fibers. It promoted capillarity and 

transport via microcracks resulting in a high amount of water absorbed percentage. This effect 

was more relevant the higher the fiber content was. 

Maleic anhydride used as a coupling agent slightly promoted smaller cracks on the PLA/sisal 

biocomposites. Technologically speaking, the use of maleic anhydride did not improve the 

biocomposite performance. There is an important investigation field in this direction to 

improve the compatibility between PLA and natural fibers as sisal. 
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