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Abstract
The dielectric properties of virgin polylactide (PLA) and its reinforced composites with
different weight amounts of sisal fibres were assessed at broad temperature ( from -130ºC
to 130ºC) and frequency ranges ( from 10-2 to 107 Hz), before and after being subjected
to accelerated hydrothermal ageing. The synergetic effects of both the loading of sisal
and hydrothermal ageing were analysed by means of dielectric relaxation spectra. The
relaxation time functions were evaluated by the Havriliak-Negami model, substracting
the ohmic contribution of conductivity. The intramolecular and intermolecular relaxations
were respectively analysed by means of Arrhenius and Vogel-Fulcher-Tammann-Hesse
thermal activation models. The addition of fibre increased the number of hydrogen bonds,
which incremented the dielectric permittivity and mainly hindered the non-cooperative
relaxations of the biocomposites by increasing the activation energy. Hydrothermal
ageing enhanced the formation of the crystalline phase at the so-called transcrystalline
region along sisal. This fact hindered the movement of the amorphous PLA fraction, and
consequently decreased the dielectric permittivity and increased the dynamic fragility.

Keywords
Biocomposites; poly(lactide) (PLA); natural fibre; sisal; degradation; hydrothermal
ageing; dielectric spectroscopy; segmental cooperativity; dynamic fragility; crystallinity
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Highlights


Two intra- and one inter- macromolecular relaxations were shown by PLA/sisal



Sisal incremented –OH bonding with PLA and increased dielectric permittivity



Hydrothermal ageing increased crystallinity and vanished the cold-crystallisation



Hydrothermal ageing decreased the dielectric permittivity



Dynamic fragility of α-relaxation increased with both sisal and hydrothermal
ageing

Graphical abstract
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1.

Introduction

Polylactide (PLA) is a highly versatile, biodegradable polymer produced from
agricultural feedstock [1], [2]. The development of fully biodegradable composite
materials based on polylactide and natural fibres is one of the driving research challenges
in bioeconomy [3]–[7]. In order to extent the performance of polymers [8], [9], different
natural fibres are added, providing reinforcement, high strength and stiffness, at low cost
and with low environmental impact and health factors [10]–[14]. Sisal fibre has been
described as a promising reinforcement for use in composites due to its low cost, low
density, high specific strength and modulus, no health risk, easy availability in some
countries and renewability. It has been used to reinforce thermoplastics, thermosets, gums
and cements [15]. In the field of thermoplastic matrixes, the use of sisal has been reported
for polymers such as polyethylene [16], polypropylene [17], [18], poly(hydroxybutyrateco-valerate) (PHBV) [19] or polylactide (PLA) [20], [21].
An accelerated hydrothermal ageing process is a verified tool to assess the degradation
behaviour of biopolymers and biocomposites [19]–[26]. The main effects of water in the
morphology of PLA are physical modifications, such as plasticization, and chemical
reactions, such as hydrolysis, which may induce crystallinity in PLA [24]. Previous
studies showed the combined influence of water and temperature on the morphology of
PLA/sisal biocomposites, and the subsequent effects on thermal and viscoelastic stability
[20], [21]. Shortly, hydrothermal ageing provoked chain scission, reduced molar mass
and boosted crystallization in terms of crystalline degree and mean size of crystals [27].
It also provoked a general reduction of the storage moduli of biocomposites, along with
a decrease of the dampening performance. It may have an impact on macromolecular
segmental dynamics and therefore on the dielectrical properties.
Broadband dielectric spectroscopy stands out as a potential tool to study the structure and
the segmental dynamics of macromolecular segments, measured as the orientation
response of dipoles to an electrical perturbation field over a wide frequency range at
different temperatures [28], [29]. Therefore, the aim of this work was to evaluate the
macromolecular dielectric relaxations of PLA/sisal biocomposites subjected to
hydrothermal ageing, with two focuses: (i) to understand the effects of the addition of
sisal; and (ii) to assess the impact that chain scission and crystallisation caused by
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hydrothermal ageing have on the PLA/sisal composites, in terms of intramolecular noncooperative and intermolecular cooperative segmental movements.
2. Experimental procedure
2.1. Materials
Polylactide (PLA) 3251D pellets, with a glass transition in the 65-70 ºC range, were
purchased from Natureworks (Minnetonka, USA). Sisal fibres were provided by the Thai
Royal Project [30]. The fibres had a length between 0.5-1 mm, a tensile strength of ~550
MPa, a tensile modulus of ~30 GPa and a density of ~1.5 g·cm-3.
2.2. Preparation of biocomposites
Prior to processing, virgin PLA (VPLA) and sisal fibres were dried in an oven at 80 ºC
during 12 hours and stored in zip bags to minimize the moisture uptake. Biocomposites
with 10 and 30 % wt of sisal were prepared in an internal mixer (Brabender, Germany)
during 5 minutes at 180 ºC and 50 rpm of speed, and were labelled as PLA10 and PLA30,
indicating the weight percentage of sisal in the formulation.
PLA/sisal biocomposites were fabricated by means of a compression moulding
equipment (Fontijne Presses, Netherlands) by preheating to 200 ºC for 2 min, and
applying a compression force of 150 kN during 2 min, under vacuum. The thickness of
the probes was 0.5 ± 0.1 mm.
2.3. Hydrothermal ageing procedure
The specimens were initially dried at 50 ºC in an Heraeus Vacutherm 6025vacuum oven
during 24 h, and kept in a desiccator at normalized lab conditions according to ISO 291
[31] . A normalized water absorption test reported in the ISO 62 - method 1 [32] was
adopted as hydrothermal ageing environment, modifying the temperature specifications
to the desired ageing conditions. In particular, VPLA and biocomposites were submerged
into distilled water at 85ºC, above the glass transition (~65-70ºC) and below the coldcrystallization of PLA (~105 ºC) [33], during 112 h to ensure complete water saturation
[21].
2.4. Dielectric spectroscopy (DS)
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An alpha mainframe frequency analyser was used in conjunction with an active cell to
obtain the dielectric spectra of the materials (Concept 40, Novocontrol Technologies
BmgH & Co. Kc, Hundsangen, Germany). The response was measured in the frequency
range from 5x10-2 to 107 Hz, at temperatures between -130ºC and 130ºC by iso-steps of
10ºC, controlled by the Quatro system (Novocontrol Technologies, Germany). The
sample electrode assembly (SEA) consisted in two stainless steel electrodes filled with
the polymer. The diameters of the electrodes were 20 mm and the thickness was kept at
~300 µm.
PLA/sisal probes were used as obtained from previous compression moulding. Probes of
sisal were also obtained by compression moulding at room temperature and 4 Tn of
pressure with a thickness of 3 mm.
Several variables were considered in the study of the dielectric behaviour of the PLA/sisal
biocomposites. Figure 1 shows the scheme of dielectric assessment perfomed in this
study. The complex dielectric permeability, ε*, the real ε’ and imaginary ε’’ parts of the
dielectric permittivity, as well as tan(δ) were analysed, as given by Eq. 1 and 2. In order
to evaluate the dielectric relaxations without the effect of conductivity, it was subtracted
from raw spectra. At temperatures near the glass transition Tg, the ohmic conduction due
to charge carriers, σ* (Eq. 3), frequently dominates the loss contribution (σ’’), potentially
masking dielectric relaxations. At sufficiently high temperatures and low frequencies, the
values of ε’’ and tan(δ) rose exceeding the typical range of dielectric relaxations,
suggesting the prevalence of conductivity in that region. Hence the conduction-free
dielectric loss ε’’NC was determined by Eq. 4, where f is the frequency, ε0 a preexponential coefficient, and S is an exponent, normally close to 1 [34]. The ε* curves
were then modeled for the frequency-based spectra by an Havriliak-Negami (HN)
function (Eq. 5) [35], [36], where α and β are parameters corresponding to the width and
asymmetry of the relaxation time distributions, respectively; HN is the Havriliak-Negami
relaxation time and  = S – ∞ the dielectric strength (where S and ∞ are the real part
of the permittivity when the angular frequencies are 0 and ∞, respectively). The
sub-index k represents the number of the individual HN contributions. Finally, the
relaxation times and frequencies (fmax = 1/max) of the HN individual * curves were
calculated according to Eq.6 [36].
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The thermal activation of the dielectric phenomena was characterised by plotting
Arrhenius maps taking the maximum frequency of the relaxations at each isotherm. The
relationship between the relaxation time and temperature was described by either linear
Arrhenius (Eq. 7) or curved Vogel-Fulcher-Tammann-Hesse (VTFH, Eq. 8) models [37],
[38]. At the Arrhenius model, Ea is the apparent activation energy, and τ0 is a preexponential term. τmax is the relaxation time (s) at its maximum, that is (2·π·f)-1, and f is
the linear frequency of the DETA tests. At the Vogel-Fulcher-Tammann-Hesse (VTFH,
Eq. 8) model, τ0 is a time reference scale, and B (K) and TVFTH (K) are positive parameters
specific to the material. TVFTH typically appears 40-60 K below the glass transition
temperature Tg. It is common to rewrite the parameter B into B = D· TVFTH (Eq. 9) where
D is a no dimensional factor termed as fragility or strength parameter, which varies from≤
6 to D≥15 from fragile to strong glass-former behavior [39]. The so-called fragility index
m permits an assessment of the deviation of τ(T) from the Arrhenius behavior of polymers.
It varies between two limiting values of 16 and ≥ 200 for strong and fragile glass-formers,
respectively [40], and can be obtained by Eq. 10.
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Figure 1. Overview of dielectric data treatment and equations to assess the thermal activation
of dielectric relaxations
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3. Results and discussion
The analysis was initially based on the assessment of raw materials, i.e., polylactide and
sisal, in order to establish the posterior description of dielectric relaxations of PLA/sisal
biocomposites. The results help understand the macromolecular interactions between
polylactide and sisal and the implications on their dielectric performance. The main
parameters under study were the activation energy Ea of the Arrhenius-like dielectric
relaxation and the so-called fragility parameters, i.e. D, B and m, of the VFTH-like
dielectric relaxations, which describe the non-cooperative and cooperative segmental
movements [28]. The discussion is given focusing on two aspects: the effect of adding
sisal to the biocomposite and the impact of hydrothermal ageing on the dielectric
behaviour.
3.1. Description of dielectric relaxations of sisal
The 3D-plot of the evolution of the loss factor, i.e., tangent of delta, tan(δ) of sisal as a
function of temperature and frequency is shown in Figure 2. As expected, sisal showed
the typical relaxations of cellulose [41], which have been labelled, from low to high
temperatures, as gamma S-γ, beta S-β and alpha α-relaxation together with the ohmic
conduction due to charge carriers S-αTG-σ. These relaxations have different molecular
origin. The S-γ relaxation is displayed between -130ºC and 0ºC and is assigned to the
reorientation of side hydroxyl groups of cellulose [42]. Between -40 ºC and 60 ºC, the
broad S-β relaxation is shown, in agreement with literature [41]–[44]. It is associated with
the conformational changes of confined water moieties in hydrated cellulose. Finally, SαTG-σ is a sum of S-αTG and S-σ, where the S-αTG relaxation is usually reported at
temperatures above 80 ºC, and hidden by the increase of loss factor due to the increase of
conductivity S-σ, related to the overall unfrozen segmental mobility after the glass-rubber
relaxation, which triggers the ionic contribution [45]–[47].
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3.2. Description of dielectric relaxations of PLA/sisal biocomposites
Figure 3 shows the 3D-plot of the evolution of the loss factor of virgin PLA (Fig 3a) and
PLA/sisal biocomposites with low (Fig 3b) and high (Fig 3c) amounts of sisal, before
(Fig 3a-b-c) and after (Fig 3 d-e-f) hydrothermal ageing.
The results for virgin PLA (VPLA, Fig 3a) showed two dielectric relaxations. At low
temperatures, between -130ºC and 50ºC, a relaxation related to the molecular motions of
terminal carboxyl and hydroxyl groups [48], labelled as VPLA-β1, was determined. At
temperatures between 40 ºC and 100 ºC, a relaxation related to the segmental
intermolecular movements of the VPLA backbone is displayed, labelled as VPLA-αTG.
Finally, a conductive stage, labelled as VPLA-σ, was observed at temperatures higher
than 100 ºC, being more relevant at low frequencies. These observations are in agreement
with literature [49]–[53] and state the base scenario for the dielectric study of
biocomposites based on PLA.

Figure 2. 3D-plot of the temperature/frequency-dependence of the dielectric loss factor of sisal
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At high frequencies, a non-frequency dependent relaxation, related to thermodynamic
first-order transitions, which was ascribed to the typical cold-crystallization of amorphous
PLA [54], and labelled as PLA-CC, was overlapped to the α dielectric relaxation of VPLA
The addition of sisal to PLA (Fig 3b-c) at low and high weight percentages provided
results as a combination of relaxations of both components. The gamma S-γ and the beta
VPLA-β1 relaxations from sisal and VPLA, respectively, lie in the same temperature
region, and were thus assessed together as an unique PLAX-β1 relaxation, being X the
weight percentage of sisal in the biocomposites. The PLA/sisal biocomposites showed
the main relaxations of PLA – αTG- and sisal –β- clearly separated, and have been labelled
as PLAX-αTG and PLAX-β2 respectively. The PLAX-αTG relaxation was assigned to the
segmental movements of the matrix backbone, in accordance with previous assessments
by differential scanning calorimetry (DSC) and dynamic mechanical thermal analysis
(DMTA) [20], [21]. The PLAX-β2 relaxation was associated with conformational changes
of confined water moieties in hydrated sisal[41], [44].
The cold-crystallisation of the PLA matrix was still observed for PLA/sisal biocomposites
(PLAX-CC).
The effect of hydrothermal ageing on VPLA, as other polymers subjected to other types
of degradation [55]–[57], provoked the apparition of small relaxation between the β1 and
the αTG relaxations, labelled as VPLA-HT-β2 (Fig 3d). However, after the addition of
sisal, this relaxation cannot be detected since it was overlapped by the more prominent β
relaxation of sisal [42] in the biocomposites, labelled as PLAX-HT-β2 (Fig 3e-f).
The cold-crystallisation of PLA disappeared for PLA and PLA/sisal biocomposites
submitted to hydrothermal ageing (Fig 3 d-e-f), due to the induced crystallisation which
might hinder the molecular rearrangements of polymer segments [58], in agreement with
previous calorimetric and X-ray diffraction results [20], [21], [50].
The plots corresponding to the frequency-response of the dielectric permittivity ε’ are
shown in Figure 4 and Figure 5 for the PLA/sisal biocomposites, before and after
hydrothermal ageing, for low and high temperature ranges, respectively. The
macromolecular movements of lateral chains and backbones are activated by temperature
and, therefore, more liable to the adaptation of dipoles to the DETA electric field [28].
- 11 -
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Thus, the higher the temperature of the DETA analysis was applied, the higher the
dielectric permittivity was registered. Particularly in Figure 5 a relevant change of
dielectric permittivity was registered between temperatures below and above 60ºC at low
frequencies, affected by the ionic mobility after the glass transition of PLA and PLA/sisal
composites, which increases the conductivity.
The presence of sisal incremented the water absorption capability of PLA [20], and
consequently induced a –OH bonding in the biocomposites, easing the dipole tranfer of
the PLA backbone. Therefore, the higher the content of sisal in the biocomposites was,
the higher the dielectric permittivity was registered. The action of hydrothermal ageing
was relevant in terms of the formation of a crystalline fraction on PLA [20], [21], which
imposed hindrances to macromolecular movements and, consequently, the dielectric
permittivity of the biocomposites was reduced.
Figure 6 shows the effects of the experimental frequency of DETA analysis (Fig 6a), the
effects of hydrothermal ageing on biocomposites (Fig 6b), and the influence of the
presence of sisal on untreated and aged biocomposites (Figs 6c and 6d, respectively). As
expected, the higher the frequency of the DETA was, the more shifted the spectra were
to higher temperatures (Fig 6a), according to the time-temperature superposition principle
[59]. The influence of hydrothermal ageing reduced the loss factor (Fig 6b), probably
ascribed to the impeded damping of the polylactide matrix due to the formation of crystals
[21]. The addition of sisal mainly affected the PLAX- β1 relaxation of biocomposites due
to the hydrophilic character of sisal fibres, increasing the loss factor, thus increasing the
dampening effect at temperatures of service, both for untreated (Fig 6c) and aged (Fig 6d)
biocomposites. These findings were in agreement with previous results obtained by
dynamic thermal mechanical analysis [21].
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Figure 3. 3D-plots of the temperature/frequency-dependence of the dielectric loss factor of
PLA/sisal biocomposites before and after hydrothermal ageing
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Figure 4. Isothermal spectra of the frequency-dependence of the dielectric permittivity, at low
(-130 to 10ºC) temperatures, of VPLA, PLA10 and PLA30 before and after hydrothermal
ageing (HT)
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Figure 5. Isothermal spectra of the frequency-dependence of the dielectric permittivity, at low
high (0 to 130ºC) temperatures, of VPLA, PLA10 and PLA30 before and after hydrothermal
ageing (HT)
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Figure 6. Details of influence of sisal and hydrothermal ageing on the dielectric response of
PLA/sisal biocomposites: (a) Effect of DETA experimental frequency; (b) influence of
hydrothermal ageing (f= 1 kHz); (c-d) influence of addition of sisal for both untreated (c) and
aged (d) biocomposites (f=1kHz)

3.3. Thermal activation of dielectric relaxations of PLA/sisal biocomposites
The relationship between relaxation times and temperatures was displayed in Arrhenius
maps, which plot the lnτmax vs. T-1, as shown in Figure 7, for VPLA, sisal and the
biocomposites before (Fig 7a) and after (Fig 7b) hydrothermal ageing.
Two different behaviours can be distinguished, regarding the thermal activation of the
dielectric relaxations [60]. On the one hand, the non-cooperative movements related to
the localised polarisation of intramolecular groups in the glassy state, display a linear
- 16 -
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relationship between lnτmax and T-1, according to the Arrhenius equation (Eq. 7), where
the activation energy does not depend on temperature. On the other hand, the cooperative
movements in the rubbery state, corresponding to the intermolecular dipole transport
throughout the polymer segments, showed a curved relationship between lnτmax and T-1
and could be assessed in terms of a Vogel-Fulcher-Tammann-Hesse equation (Eq.8),
which activation energies depend upon temperature.

Figure 7. Arrhenius plots of PLA/sisal biocomposites before (above) and after (below)
hydrothermal ageing

In order to evaluate the effects of adding sisal and subjecting the biocomposites to
hydrothermal ageing on the dielectric response, the non-cooperative and cooperative
relaxations were individually studied.
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3.3.1. Analysis of non-cooperative relaxations
Figure 8 shows the values of the apparent activation energy Ea of neat PLA, sisal and
PLA/sisal-β1, as obtained from the slope of the lnτmax and T-1 plot, for biocomposites
before and after hydrothermal ageing.
The Ea of the β1 relaxation of VPLA was ~39.4 kJ·mol-1, in agreement with literature
[52], which confirmed that this relaxation process should be assigned to specific
movements of terminal polar groups as carboxyl, hydroxyl and ester in the PLA branches.
The Ea of the γ relaxation of sisal was ~84.0 kJ·mol-1, in consonance with that reported
for cellulose fibres [42]. The values of the Ea of the β1 relaxation of PLA/sisal
biocomposites lie between the extreme values of their components, according to an
almost linear composition law, as shown in Figure 8. The slight deviation from the
linearity might be due to interactions in matrix-fibre interface linked through hydrogen
bonds between hydroxyl and hydroxyl-methyl groups [47], [48].
Hydrothermal ageing provoked the decrease of the apparent activation energies of the β1
relaxation of VPLA and PLA/sisal biocomposites, which was related to a hydration effect
[42]. The water molecules interfered with existing hydrogen bonds, improving the local
chain mobility.

Figure 8. Modification of apparent activation energies of non-cooperative relaxations of
PLA/sisal biocomposites: effects of addition of sisal and influence of hydrothermal ageing.
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3.3.2. Analysis of cooperative relaxations
The evolution of the dynamic fragility D, fragility index m and fragility factor B for
PLA/sisal biocomposites before and after hydrothermal ageing, as obtained from the
fitting of lnτmax and T-1 to Eq. 8 and using Eqs 9 and 10 are given in Figure 9. The three
parameters are related to the thermal energy necessary to activate the dipole transfer
throughout the PLA backbone during the glass-rubber relaxation. According to the Angell
classification

of strong and fragile glass-formers [61], VPLA showed m values

corresponding to fragile glass-former performance, in agreement with literature [52],
[62]. Although the Tg obtained by DMTA/DSC was not modified by the addition of sisal
[20], [21], a deep inspection on the dielectric relaxations spectra at different frequencies
can give information on the segmental rearrangements driven through the glass-rubber
relaxation, in terms of dynamic fragility.
Due to the addition of sisal, the dynamic fragility parameters of the biocomposites were
particularly high with high percentages of sisal. Therefore, higher energy was necessary
for the thermal activation of the α-relaxation of the biocomposites, implying more chain
cooperativity between matrix and fibre, ascribed to hydrogen bond interactions.
Concerning the effects of the hydrothermal ageing at the intermolecular level, a slight
increase of dynamic fragility parameters was determined, being more relevant the higher
the amount of sisal was present in the biocomposites. This can be ascribed to the
formation of crystalline domains, in agreement with DSC and X-ray diffraction results
[20], [21], in the so-called transcrystalline region [50], which hindered the segmental
mobility of the constrained amorphous phase of the PLA matrix [63].
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Figure 9. Modification of dynamic fragility parameters of cooperative relaxations of PLA/sisal
biocomposites before (hollow symbols) and after (full symbols) hydrothermal ageing
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4. Conclusions
Dielectric spectroscopy measurements in a wide frequency/temperature range were useful
to investigate the macromolecular interactions of polylactide and sisal as well as to
explain the effects of hydrothermal ageing on PLA/sisal biocomposites.
Virgin PLA showed a non-cooperative β2 relaxation, a cooperative αTG relaxation and a
cold-crystallization during the DETA analysis. The presence of sisal incremented the
hydrogen bonds between PLA and sisal and resulted in a non-cooperative β1 relaxation,
which apparent activation energy increased with the addition of sisal. The enhanced
interaction of hydrogen bonds between PLA and sisal was also proved in terms of
dielectric permittivity, which increased in comparison to that of VPLA, the higher the
load of sisal in the biocomposite was. In addition, the dynamic fragility for large-scale
segmental cooperative movements increased, being a stronger glass-former by the
increase of sisal.
Hydrothermal ageing provoked crystallisation on the PLA/sisal biocomposites, which
hindered the apparition of the cold-crystallisation and reduced the dielectric permittivity.
In addition, it eased the dipole transfer in the intramolecular β-relaxation, decreasing the
dampening performance of the biocomposites. Concerning the intermolecular αrelaxation, it increased the thermal activation parameters (D, B, m), due to the formation
of a crystalline phase which hindered the movement of the amorphous PLA fraction.
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