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Abstract. The recyclability limitations of wind blades significantly reduce their environmental
benefit as a green energy source. Therefore, the use of new and sustainable materials is crucial.
The Zero wastE Blade ReseArch project (ZEBRA), led by the French technical research
center IRT Jules Verne, is looking to accelerate the industry transition to circular economy by
designing and manufacturing the first 100% recyclable wind blades using the thermoplastic resin
Elium®, developed by Arkema, with a consortium regrouping: LM Wind Power, Arkema,
CANOE, Owens Corning, ENGIE and Suez. In this work, the polymerization kinetics of the
reactive thermoplastic resin Elium® was characterized through isothermal and dynamic
Differential Scanning Calorimetry (DSC) tests. The experimental curves are fitted to two different
models from the literature; then the model parameters are identified and used as input to
simulations. One model is selected and evaluated using a PAM-RTM®© simulation for pure resin
and the infusion of Owens Corning glass/Elium® composites [1]. The numerical results are
compared with experimental data collected from Vacuum-assisted resin infusion (VARI) tests with
the help of a robust monitoring system [2]. Then the model is used to predict the flow and
polymerization behavior for thick and more complex parts.

Introduction

The main objective of the ZEBRA project is to reduce the economic cost and environmental impact
of wind turbine blades by studying the possibility to accelerate the wind market’s transition to a
circular economy. From a strategic consortium, an establishment made to bring together the entire
value chain: from materials development to wind turbine blade recycling, manufacturing,
operation, and dismantling was made. The roles in the project consortium are demonstrated in Fig.
1(b). The ZEBRA project, led by the IRT Jules Verne, brings together industrial players and
research centers and aims to demonstrate the technical, economic and environmental feasibility of
thermoplastic wind turbine blades with an eco-design approach to facilitate recycling. The project,
launched for 42 months, has an overall budget of 18.5 million euros.

To make wind blades sustainable and recyclable, different stages are necessary, from eco-
design to recycling passing by manufacturing. This paper mainly focuses on the reactive
thermoplastic resin Elium® which replaces the conventional thermoset resin generally used.
Vacuum-assisted resin infusion (VARI) processes [8] are generally used to make large or complex
parts. Indeed, VARI is well known as a low-cost and straightforward composite manufacturing
method, even if a large quantity of consumable material is used and wasted. Although the VARI
process allows the manufacture of large and complex geometries, it is also sensitive to many
factors.
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Fig. 1. Zebra project: (a) the first 100% recyclable wind blade manufactured by LM wind power,
(b) ZEBRA project and the role of the consortium partners.

First, the manufacturing conditions, particularly the atmosphere around the manufacturing set-up,
which is not always controlled, especially for very large parts. The study presented here shows
that the Elium® resin is very sensitive to the boundary and initial conditions of the process, notably
in terms of temperature. Stacking defects, ply misalignments or geometrical difficulties will also
cause high variability in the process control. Good management of the tooling and the consumables
used (flow medium, vacuum bag, etc.) will also have an essential influence on good infusion. The
operator efficiency can also lead to variations in the quality of the infusion. Mastering the infusion
process depends on identifying the main risks associated with the different induced variabilities.
Most of these variations can be identified in situ by a robust process control monitoring system.
However, depending on the complexity and size of the part being manufactured, in situ monitoring
can be complex and expensive. The numerical simulation tool is therefore valuable for anticipating
possible challenges on the first hand, but also to propose appropriate infusion strategies leading to
an optimal part quality. It is well known that the simulation of the composite transformation
process requires a complete ecosystem, both numerical and physical. A complex multiphysics
coupling is therefore necessary and needs to be fed by measured experimental data. Furthermore,
the simulation will operate within a specific set of process conditions. Therefore, several results
will be presented depending on different initial conditions, especially in temperature. As the
simulation is complex, the work in this article will mainly focus on the polymerization kinetics of
the Elium® resin used in this project. For a good description of the kinetics, both dynamic and
isothermal tests are necessary to describe this very sensitive resin behavior correctly. The study is
presented through three parts; first an experimental approach to validate the modeling of a thin
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plate in the filling and polymerization phases. Second, the model is used to predict the process
behavior for thick plates, the paper is concluded with some discussion and perspectives.

Experimental Set-Up and Observations

To study the whole infusion process, an experimental approach with increasing complexity is
followed, along with using a robust monitoring system to observe the behavior of the resin, its
temperature evolution, and its degree of polymerization over time. First on simple and thin plates,
then on thicker and more complex parts. Focus on the thermal evolution and therefore, closely
related to the polymerization will be explained here. To have access to the desired data, a complete
monitoring bench was set up with several instruments such as thermocouples [13], heat flow
sensors, dielectric sensors [11], optical fibers [12], profilometers, standard and infrared cameras
for front-flow monitoring. The idea is to take benefits of each method and synchronize them to a
unique monitoring system. All these data, in addition to revealing quantitative information about
the infusion process, also allow a better understanding of the flow and resin transformation
mechanisms.
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Fig. 2. Experimental set up: (a) infusion #19 using heat flux sensors, (b) infusion #13 and
infusion #46 using thermocouples.

Many experiments led to a good understanding of the resin and of the process. In this work, only
three of them are shown and are described in the Table 1 below.

Table 1. Experimental conditions of infusion 13, 46 and 19.

Parameter #Exp13 #Exp46 #Exp19
Initial resin temperature [°C] 24.8 19.6 19.5
Peak temperature [°C] ~ 65 60-78 ~ 40
Time to peak 2h56 3h52 4h10
Thickness of the plate [mm] 25 25 ~4.7

Experiments #13 and #46 are also described in Fig. 2(b). They are infused under the same setup,
stacking, and boundary conditions. Only the initial resin temperature was different. The idea was
to check its influence on the process. Indeed, an important data for mastering the resin Elium® is
the thermal behavior for both filling and polymerization phases. To observe it, several experiments
were done by using thermocouples (Fig. 2(b)). The acquired data, such as described in Fig.3(a),
are then used to monitor the infusion but also to compare experimental data to numerical
simulation. Also, using heat flux sensors as described in Fig. 2(a) gives information about the
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polymerization time and behavior. Fig. 3(b) shows the behavior of the heat flux in two different
places. A post-treatment of these data leads to an estimation of the polymerization degree during
the process.
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Fig. 3. Experimental observations: (a) temperature evolution during both filling and
polymerization phases, (b) heat flow measured during filling and polymerization phases and the
interpreted degree of polymerization.

In Fig. 3(a) it is possible to see that during the filling phase (0 to 0.4 units of time), the thermal
behavior is mainly isotherm. On the contrary, after that step, the temperature rate quickly increases,
and the behavior becomes mainly dynamic. It is also shown that the resin is very sensitive to its
initial temperature but also very sensitive to its own reaction. It is therefore necessary to model
both the isothermal and dynamic behavior (respectively Fig. 4(b) & Fig. 4(a)). Both DSC tests are
then necessary, and the results are shown on Fig. 4.
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Fig. 4. Interpreted DSC scans of the resin: (a) dynamic kinetics, (b) isothermal kinetics.

=)

The specific behavior of the resin and its sensitivity have a direct impact on the appearance of
defects and geometrical distortions or internal stresses, which can occur even from the beginning
of the process. To manage such difficulties, a multiphysics model and a numerical workflow,
considering both isothermal and dynamic description of the polymerization kinetics during the
whole process is necessary.

Modeling and Infusion Simulations

Several approaches exist in the literature [1, 3-7, 9, 14] to numerically model the behavior of the
polymerization kinetics of the Elium® resin. Some of the previous studies follow a physico-
chemical theory [3, 6, 7, 9] which leads to a subtil and detailed description of the mechanism
during the polymerization. These models are often quite complex and require a lot of work to
integrate and validate them into a simulation software. Moreover, for a manufacturing process
simulation, staying at a larger scale without going into chemical details is enough. A macroscopical
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approach is then enough to be able to reach the polymerization and thermal behavior of the resin
during the filling and curing phases. From the literature two mathematical models seem to be
adapted to model the resin kinetics [4, 5].
First, the polynomial form of Bailleul [5], coupled with an Arrhenius law (Eq. 1).

7

da _Eo .

o= Aye RT Zoaia’ (1
This one is easy to identify but stay very sensitive since a polynomial form of degree 7 is used.
Eq. 2 represents the second model which is a semi-empirical Arrhenius type autocatalytic model,

adapted for the Elium® resin by the work of Han et al [1].

da _E _E
E = Ase RT(l - a)"1 + Aye RT(amax —a)tzq™2 (2)

However, most of the works in those papers do not identify the kinetics for both the isothermal
and the dynamic scans. Indeed, it is often difficult to satisfy a good fitting for both approaches.
Nevertheless, as said earlier and considering the sensitivity of the Elium® resin, it is proposed here
to assume some modeling error (while remaining within the experimental tolerance) which gives
some flexibility in parameter fitting and identification to fit both isothermal and dynamic DSC
curves. An inverse optimization method leads to the identification of the model parameters. Fig. 5
shows the results of the fitting for the two models. As can be seen, the Bailleul model does not fit
properly for high temperature rate. It was then decided to only implement the identified Han model
into PAM-RTM®©O. However, to ensure that PAM-RTMO solver compiles and computes the
models correctly, a comparison of the numerical results from an in-house solver using the open-
source library FreeFem++ [10] was made.
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Fig. 5. Fitted model for the DSC approach: (a) dynamic behavior, (b) isothermal behavior.

Before comparing the thermal and chemical behavior of the resin, a correlation test simulation on
the filling phase is also proposed in Fig. 6 for experiment #19. Indeed, many other parameters will
influence the polymerization of the resin, such as the thickness of the part, the material defects like
the preferential channels, gaps or overlaps, the influence of the flow medium, etc. Filling tests
were carried out on thin plates first. Virtual sensors were also introduced into the PAM-RTM©
infusion simulation software. It was experimentally found that the wetting effect at the flow front
location could be neglected at first [8] for thin plates. A camera and infrared camera system were
used to follow the flow front experimentally and the comparison with the simulation is shown in
Fig. 6. It can be observed that the simulation gives a good flow result for this simple case. The
value At on the figure represents the difference between the experimental and the numerical filling
time for each step. At the beginning, there is a little delay between both approaches. It can be easily
explained because of the fast track just under the inlet in the experimental set-up, which is not
considered in the simulation.
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Fig. 6. Flow front comparison between experiment #19 and simulation on PAM-RTM®.

More local measurements were also made using the flow sensors to reach the thermal behavior of
the resin and then deduce the degree of polymerization. It was useful to compare with the
simulation and validate the model by confronting it with manufacturing cases.
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Fig. 7. Comparison between numerical and experimental data of experiment #19: (a) heat flow
sensors, (b) extrapolated vs numerical degree of polymerization.

However, in Fig. 7(b) there is still a strong experimental variability in the polymerization phase.
In the same way, the discrepancies between the experimental and simulated results shown in Fig.
7(a) also introduce some limitations either for the numerical model or experimental variabilities.
The gaps between the flow measurements and the simulation approach (Fig. 7(a)) can be explained
by different assumptions:

- Numerical initial conditions do not exactly match the initial measured temperature and thus
affect the simulation results.

- Numerical boundary conditions do not represent the real forming process: considering the
tooling thermal behavior, process artifacts (blanks, flow medium, ...), and convection around the
part and mold.

- The use of a perfect numerical description of the material (perfect stacking, perfect
permeability, no sensor intrusiveness, ...), which does not correspond to reality. Variations may
therefore apply.
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Fig. 8. Comparison of temperature between numerical and experimental approaches: (a)
experiment #13, (b) experiment #46.
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To check some of these assumptions, the simulation of experiment #13 and experiment #46 was
made by applying different initial resin temperatures (Table. 1). Results can be seen in the Fig. 8.
It can be seen that the model properly considers the variation of the initial resin temperature, which
has a major impact on the peak time.

It is now shown that the infusion process using the Elium® resin is very sensitive to the initial
condition, other simulations were made considering the boundary conditions. To do that,
simulations on a 25 mm thick plate were carried out to predict the filling and polymerization
behaviors for thick parts taking into account the influence of the tools on the thermal behavior.
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Fig. 9. Influence of the set up on the thermal and kinetics behavior: (a) 25mm thick plate
modeling using PAM-RTM®© (Quarter of the part using symmetry of the problem), (b)
temperature and polymerization field during the curing phase, (c) temperature behavior over
time considering the mold.

To illustrate the influence of the boundary conditions on this process, Fig. 9 shows that the mold
can have a considerable impact on the thermal behavior and then the polymerization of the resin
if the part is thick (Fig. 9(b)). On Fig. 9(c), the management of the boundary condition (through
the thermal conductance with the mold or the convection with the air) led to a better mastering of
the simulation. Further investigations are under work to check the influence of these mechanisms
on the final distortion of the part.

Summary

The work presented in this paper presents a simulation approach to the filling and polymerization
phase of the Elium® resin using the commercial PAM-RTMO tool from ESI group. It is first
shown that the polymerization model must take into account both the isothermal behavior and the
dynamic behaviors of the chemical reaction. Consequently, a larger range of error in the modeling
is made but by comparing with the experimental values, a good consistency on the simulated
results is still possible. In fact, because of a robust and advanced monitoring system, it can be
noticed that the behavior of the Elium® resin is very sensitive to its environment - boundary and
initial conditions - and that the simulation allows having quite good predictions. It will also allow,
in future works, to propose reliable predicted infusion strategies adapted to the studied case.
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