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ABSTRACT 

The trend in the wind energy sector is to build wind turbines with longer blades that causes a 
significant increase in the nominal tip speed. This means that the leading edge is now exposed to 
higher stresses that end up damaging it. As a result, the performance and the Annual Energy 
Production (AEP) are reduced. In addition, a higher operational cost, due mainly to inspection 
and repairing costs, makes leading edge erosion (LEE) one of the main challenges for the wind 
energy sector. 
 
Among the factors causing the LEE the most important is the atmospheric environment. A 
detailed study of rain-induced erosion shows that the damage is produced by the propagation of 
the shock-waves generated after the impact. These shock-waves do not only affect the outer layer 
of the leading edge protection (LEP) but the entire multi-layer system. Therefore, to solve this 
problem, the elastic and viscoelastic response as well as the interaction between the layers of the 
different polymeric materials used must be studied. To that purpose a mechanical test of the 
materials employed in the construction of the LEP is required.  
 
The Dynamic Mechanical Thermal Analysis (DMTA) is the appropriate technique to determine 
the viscoelastic properties. However, the information provided by this technique is only valid up 
to a frequency of 102 Hz, and therefore, it is not useful in the present context. On the other hand, 
Dielectric Thermal Analysis (DETA) supplies information on the molecular motion up to a 
frequency of 107 Hz. Thus, the aim of this work was to obtain relevant mechanical data by means 
of measuring the complex dielectric permittivity (ε*) over the entire frequency range and 
converting it to the complex Young modulus (E*). To that end, a series of mathematical models 
capable of performing such interconversion were applied and evaluated.  
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1. Introduction  

Wind energy is probably the most promising renewable source of energy. In recent years, this 
sector has experienced a notable growth. For instance, in the 1990s the current average onshore 
turbine capacity was 1 MW while nowadays it has increased up to 3 MW (Bartolomé, Teuwen 
2018). Governmental policies have induced the energy industry to move towards a scenario where 
sustainable sources of energy provide a high percentage of the energetic demand so that nuclear 
energy and fossil fuels can eventually be completely replaced (Paris Agreement 2015). To that 
purpose, the wind energy sector must increase its annual energy production (AEP). The most 
feasible manner to meet this increment in the energetic demand is to augment the offshore 
production by means of installing larger turbines. However, this increment in size comes at a 
price. It has been estimated that these new turbines with larger blades will have tip speeds over 
110 m/s (Cortés et. al. 2017). Therefore, at these speeds, rain induced erosion becomes an even 
more serious problem since it damages the protective coating surrounding the blades. Thus, it is 
expected to increase the operation and maintenance costs as well as to decrease the AEP, up to a 
27% according to some estimations (Eisenberg et. al. 2018), due to the profile change caused by 
the delamination process (Bech et. al. 2018). Research in this field is still in development due to 
the complexity of the physical mechanisms and the lack of proper test rigs that accurately assess 
this damage (Bartolomé, Teuwen 2018). Accordingly, new studies introducing novel designs of 
test rigs are being developed to provide accurate and reproducible measurements (O’Carroll et. 
al. 2018; Gaunaa et. al. 2018; Fraisse et. al. 2018; Zhang et. al. 2015; Liersch, Michael 2014; 
Keegan et. al. 2013), together with computational studies describing the physics of rain erosion 
testers in an effort to understand how these test rigs erode the sample (Gaunaa et. al. 2018). In 
addition, new analytical and computational models are being developed to describe the physics 
of water droplet impingement accurately (Eisenberg et. al. 2018; Amirzadeh et. al. 2017a, 2017b). 
It is expected that the outcome of this research will facilitate the creation of new industrial 
standards that will improve and facilitate the design, test and validation of new coating materials 
that provide a better performance under erosive conditions. 
 
Leading edge erosion (LEE) is defined as the erosion caused by the impact of water droplets on 
the leading edge of a wind turbine blade. A way to quantify the degree of erosion is to account 
for the loss of mass produced on the coating’s surface. To that purpose, three different stages are 
found. The initial stage is called the incubation period where the effects of erosion are hardly 
noticeable since only small variations on the superficial roughness occur. After this stage the first 
cracks are spotted on the coating surface. It is at this stage when the loss of mass becomes 
measurable. If no measures are taken, the cracks continue to grow until delamination occurs. 
These series of events are usually reflected in an erosion curve. The stresses responsible of the 
erosion process after the impact are propagated through a series of shock waves. More precisely, 
the impact of the droplet on the coating’s surface generates three different wave fronts. The first 
one is due to the normal stress generated after the impact that is transmitted across the entire 
surface of the blade through a longitudinal compressional wave. In addition, the shear stresses 
originate a transverse wave that is transmitted across the entire surface of the blade as well. 
Finally, a Rayleigh wave is generated due to the deformation of the droplet itself. However, this 
wave is confined to the region near the impact (Valaker et. al. 2015).  
 
To determine properly the physics of the water droplet impingement on the coated surface it is 
necessary to study the viscoelastic properties. To that end, the appropriate methodology to study 
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the viscoelastic properties by means of the Dynamic Mechanical Thermal Analysis (DMTA). 
Nevertheless, since the frequencies of impact have been estimated to be in the range of 105 – 107 
Hz, the information provided by this technique is not useful a priori since the desired frequency 
range is not covered. The present work, thus, introduces a new approach consisting of applying 
the dielectric broadband spectroscopy (DBS), that covers a wide frequency range, and then to 
perform the interconversion between viscoelastic and dielectric data by means of a mathematical 
model. More precisely, the DiMarzio Bishop model (DMB) (DiMarzio, Bishop 1974) is able to 
perform the interconversion using only the data obtained from the DBS, whereas the model 
presented in (Garcia-Bernabé et. al. 2009) combines the information obtained from DBS and 
DMTA to perform the interconversion. Both methods are applied to a dataset from Polylactide 
acid (PLA) samples and their performance is assessed.  
 

2. Materials and methodology 

The sample material used in this work is Poly Lactic Acid (PLA). PLA is a biodegradable 
thermoplastic with a glass temperature transition (Tg) located around 45-65 ºC. Furthermore, it 
presents high mechanical strength, good thermal properties and low environmental impact. The 
data corresponding to both dielectric and mechanical spectra are obtained from the work presented 
in (Badia et. al. 2012; Badia et. al. 2014). 
 
Dielectric broadband and Dynamic Mechanical spectra possess characteristic peaks that can be 
compared due to their similarities (McCrum et. al. 1967). The DiMarzio-Bishop (DMB) model 
relates the complex dielectric permittivity (ε*) to the complex shear modulus (G*) by means of 
Eq. 1.  

                                                        𝛆𝛆
∗− 𝛆𝛆∞
𝛆𝛆𝟎𝟎− 𝛆𝛆∞

=  𝟏𝟏
𝟏𝟏+𝐊𝐊𝐆𝐆∗(𝛚𝛚)

                                                                      (𝟏𝟏)  

 
where k is the Boltzmann constant, T is the temperature, K is the DB parameter, ε∞ and ε0 are the 
unrelaxed and relaxed permittivity respectively. To obtain this relationship the model assumes a 
dynamic viscosity (η*), i.e., a frequency dependent viscosity.  
 
The second model considered in this work is the interconversion algorithm developed by A. 
Garcia-Bernabé et.al., hereinafter referred to as AGB model. This model uses two different 
viscosities, rotational and translational, arising from the dielectric and mechanical contributions 
respectively. Therefore, the interconversion between dielectric and mechanical data is performed 
using a power law relation between these viscosities. The final conversion between the complex 
dielectric permittivity and the dynamic shear modulus is done by means of Eq. 2. 
 

                              𝐺𝐺𝑠𝑠∗(𝜔𝜔𝜔𝜔) −  𝐺𝐺0 =  �
𝜀𝜀0 − 𝜀𝜀∞

𝜀𝜀∗(𝜔𝜔)− 𝜀𝜀∞
− 1�

1
𝑎𝑎𝑎𝑎 𝜔𝜔𝑐𝑐

𝐵𝐵 𝐾𝐾⁄
1

(𝑖𝑖𝜔𝜔)�
1
𝑎𝑎−𝑐𝑐�

                                       (2) 

 
Where, B is a scale factor, ξ is a shape factor, δ is a shift factor, K is the DB parameter, the 
exponents a and c are fractional exponents related to the rotational and translational viscosity 
respectively.  
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3. Results and discussion 

The analysis of both dielectric and mechanic spectra was conducted essentially through the 
imaginary parts of the complex dielectric permittivity (ε’’) and the complex Young’s modulus 
(E’’) respectively. The relaxation times were found using the empirical Havriliak-Negami (HN) 
equation (Havriliak, Negami 1966), as shown in Eq. 3. 
 
 
 
 

                               𝜀𝜀∗(𝜔𝜔)− 𝜀𝜀∞ = �𝐼𝐼𝐼𝐼�
∆𝜀𝜀

{(1 + (𝑖𝑖𝜔𝜔𝜏𝜏𝐻𝐻𝐻𝐻)𝛼𝛼𝑘𝑘)}𝛽𝛽𝑘𝑘�
𝑘𝑘

                                                  (3) 

 
where αk and βk are parameters corresponding to the width and asymmetry of the relaxation time 
distributions, respectively; τHN is the Havriliak-Negami relaxation time, and k represents the 
number of the individual HN contributions, which usually varies from k =1 to 3, depending on 
the complexity of the ε’’. 
 

 
Figure 1 HN curves for the imaginary part of the complex permittivity (Left). HN curves for the imaginary part of the 
complex Young Modulus (Right).  

 
The resultant equations for both dynamic and mechanical spectra are shown in Figure 1. Note 
that the fitting was done in order to obtain a good resolution of the α relaxation that is associated  
to the glass transition. The short range covered by dynamic mechanical analysis does not allow 
to observe the complete relaxation processes, specially at 65 and 70 ºC, although both can be 
inferred.  
 
The DMB model provided reasonable values for the storage Young’s modulus (E’) up to a 
frequency of 105 Hz. For higher frequencies it was found that the curves diverged. In Figure 2 it 
is shown that the range of values of E’ are highly influenced by the value of the DB parameter. 
This term depends on the values of the relaxed (ε0) and unrelaxed (ε∞) permittivity. In addition, 
since most viscoelastic solids present a thermorheologically complex behaviour the strength 
parameter would not be constant anymore, i.e. it does not fulfil the Time-Temperature-
Superposition (TTS). Therefore, K varies with temperature as well. This difference is shown in 
Table 1 and it might not seem significant at low temperatures, but it becomes greater as 
temperature increases.      
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Table 1 Value of the DB parameter at different temperatures.  

Temperature K1 K2 

60 ºC 2.34x10-7 3.66x10-9 

65 ºC 2.35x10-7 3.67x10-9 

70 ºC 2.37x10-7 3.70x10-9 

 

 
Figure 2 Storage Young modulus obtained with the DMB model for 70 ℃. 

 
Overall, it was found that the model captures well the alpha relaxation. This is of paramount 
importance since a material used as a leading edge protector (LEP) is expected to work in the 
rubber like state to absorb as much energy from the impacts as possible, thus increasing its life 
cycle. However, the main issue with this model is that the values are as accurate as the value 
chosen for the DB parameter. 
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Figure 3 Best fit for Eq.5 for a temperature of 70 ℃. 

 
 
Figure 3 shows the rotational and translational viscosities as well as the best fit for the AGB 
model. The obtained results are as expected. Note that the translational viscosity was obtained 
from DMTA data, and therefore, only a short range of values (10-1 – 102 Hz) are calculated.  The 
AGB model, is only valid for the α relaxation, and thus, the temperatures used when determining 
the values of the viscosities were 60 ºC, 65 ºC and 70 ºC.  The values for the fitting parameters 
are shown in Table 2 and were obtained using a nonlinear least square fitting algorithm.   
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Table 2 Fitting parameters for Eq. 5 and the high frequency value for the storage Young’s modulus.  

Temperature Log(B) δ ξ E∞
’ [MPa] 

60ºC -0.9694 0.0186 0.9624 285 

65ºC -2.3042 0.0184 0.5687 2015 

70ºC -3.6948 0.0169 0.4634 - 

 
 
Originally this model was validated in glass former liquids and the shear modulus was determined 
using a piezoelectric transducer which reaches higher frequencies than a dynamic mechanical 
analyser. Hence, a better fit was found. However, our findings suggest that the model is still valid 
for viscoelastic solids although careful attention in the fitting process must be taken. In Table 2 
the high frequency value (E∞

’) is presented for the three temperatures analysed. The results 
indicate reasonable values for PLA. Note that the high frequency limit for 70 ºC is not included 
because a high value was found, meaning that at those frequencies and for that temperature the 
PLA would have yielded. The values of the numerical shear strength modulus were found to 
depend as well on the value of the DB parameter.  
 

4. Conclusions 

In this work two different mathematical models to convert dielectric to mechanical data are 
evaluated. Originally both models were derived assuming thermorheologically simple behaviour, 
i.e. only one relaxation. However, in this work its applicability to model a viscoelastic solid with 
thermorheologically complex behaviour using dielectric broadband spectroscopy and dynamic 
mechanical analysis has been studied. 
 
It was found that the DMB model is describing well the α relaxation. Therefore, it can be 
ascertained that it is providing a good qualitative description of the physics it is describing. 
However, on a quantitative point of view, the values of the storage Young’s modulus are highly 
influenced by the value of the DB parameter.  
 
The AGB model was evaluated considering only the α relaxation, and therefore, it disregarded all 
other relaxations. Nonetheless, it was found that the model provided reasonable values for both, 
translational and rotational, viscosities. The final conversion to shear strength modulus or storage 
Young’s modulus was found to be highly dependent as well on the value of K, although reasonable 
values were found. Nonetheless, this model should be the most complete since it counts with input 
data coming from both, dielectric broadband spectroscopy and dynamic mechanical analysis.  
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