Adel Benarbia 
email: adel.benarbia@univ-nantes.fr
  
Vincent Sobotka 
email: bvincent.sobotka@univ-nantes.fr
  
Nicolas Boyard 
email: cnicolas.boyard@univ-nantes.fr
  
Christophe Roua 
email: dchristophe.roua@cogit-composites.com
  
Fused filament fabrication: Numerical adhesion modeling suitable for semicrystalline polymers

Keywords: Fused Filament Fabrication (FFF), Heat Transfer, Adhesion, Interfacial bonding, Crystallization, Phase transformation, Semicrystalline polymer, Numerical simulation

come    

Introduction

In recent years, additive manufacturing has been the subject of many studies, regardless of the type of technology. The Fused Filament Fabrication (FFF) process being the most widespread, a great deal of attention has been paid to it. It is one of the affordable additive manufacturing technologies with a simple technology and a fast manufacturing speed. Nevertheless, one of the notable limitations of the FFF process is the decrease of the mechanical properties, compared to conventional processes like injection molding. These mechanical properties are low in the direction normal to the interfaces, resulting in high anisotropic properties [START_REF] Popescu | FDM process parameters influence over the mechanical properties of polymer specimens: A review[END_REF]. The decrease in mechanical properties is related to the presence of porosities and the low interfacial strength between filaments. A lot of researches have been performed to improve the quality of the parts manufactured with this process [START_REF] Popescu | FDM process parameters influence over the mechanical properties of polymer specimens: A review[END_REF][START_REF] Lepoivre | Heat Transfer and Adhesion Study for the FFF Additive Manufacturing Process[END_REF].

Adhesion in the FFF process takes place in several steps. First, the material melted by the nozzle is deposited on the previous filament, intimate contact occurs and interfaces develop with the other filaments. This phenomenon called coalescence is strongly controlled by the rheological behavior of the material and the surface tension but also external pressures such as nozzle crushing. When coalescence begins, the healing process starts with the diffusion of polymer chains through the interfaces in order to create a real molecular bond with the others filaments [START_REF] Xu | Thermal analysis of the fused filament fabrication printing process: Experimental and numerical investigations[END_REF].

Coalescence and healing are only possible if the chains present at the interfaces have sufficient molecular mobility [START_REF] Barocio | Interlayer fusion bonding of semi-crystalline polymer composites in extrusion deposition additive manufacturing[END_REF]. Molecular mobility is governed by the thermodynamic state of the polymers, for the amorphous phase, mobility is restricted below the glass transition [START_REF] Gennes | Reptation of a Polymer Chain in the Presence of Fixed Obstacles[END_REF]. Finally, in the case of semicrystalline polymers, crystallization may limit the adhesion phenomenon. These mechanisms are therefore strongly dependent on the rheological behavior evolving with the temperature and the crystalline degree of the polymer [START_REF] Lo | Interfacial adhesion mechanisms in incompatible semicrystalline polymer systems[END_REF].

Studies were conducted to predict the thermal history of the FFF process and its influence on interfacial adhesion. A large majority of the studies consider the heat transfer at the interface assuming a homogeneous temperature within the thickness of the filament [START_REF] Xu | Thermal analysis of the fused filament fabrication printing process: Experimental and numerical investigations[END_REF][START_REF] Costa | Estimation of filament temperature and adhesion development in fused deposition techniques[END_REF]. But some studies have proposed thermal modeling at the filament scale in order to estimate more precisely the interface temperature [START_REF] Lepoivre | Heat Transfer and Adhesion Study for the FFF Additive Manufacturing Process[END_REF]. From these works, numerical Finite Element Method (FEM) models were developed and showed good agreement with experimental tests in the case of amorphous polymers.

However, for semicrystalline polymers, even if some works take into account the influence of crystallization and melting enthalpies o heat transfer, none of them realize a real link with the adhesion physics [START_REF] Greco | Statistical and kinetic approaches for linear low-density polyethylene melting modeling[END_REF]. The only studies that propose to predict the healing degree as a function of crystalline degree assume that adhesion stops abruptly at the beginning of crystallization [START_REF] Barocio | Prediction of the Degree of Bonding in the Extrusion Deposition Additive Manufacturing Process of Semi-Crystalline Polymer Composites[END_REF]. In spite of this approximation the authors obtained consistent results with the experimental. Nevertheless, several studies showed that despite the presence of crystals, for low crystallinity degree, the adhesion mechanism can continue because the amorphous phase still has a certain level of mobility [START_REF] Carotenuto | Non-Isothermal Crystallization Kinetics of an Ethylene-Vinyl-Acetate. II. Time-Temperature-Crystallinity-Superposition[END_REF][START_REF] Minale | Nonisothermal Crystallization Kinetics of an Ethylene-Vinyl-Acetate: I Calorimetry Versus Rheology[END_REF]. In recent years, a promising time-temperature-crystallization-superposition (TTCS) model has been studied in order to predict the evolution of molecular mobility as a function of temperature and crystallinity and could allow a better understanding of adhesion with semicrystalline polymer [START_REF] Carotenuto | Non-Isothermal Crystallization Kinetics of an Ethylene-Vinyl-Acetate. II. Time-Temperature-Crystallinity-Superposition[END_REF][START_REF] Pantani | Evolution of iPP Relaxation Spectrum during Crystallization: Evolution of iPP Relaxation Spectrum during Crystallization …[END_REF].

Multiphysics modeling of FFF process

In this work, heat transfers, phase transformations and adhesion physics are implemented in a coupled multiphysics model. The model does not represent the rheology of the deposited filament. Assuming an instantaneous flow, a non-deformable oblong section will be taken to build the model. The simulation is performed in a single computational step where the use of boolean conditions allows the model to evolve in order to represent the successive filaments deposition. This allows a strong coupling between heat transfers and phase transformations.

The numerical resolution was performed on a 2D model simulated by FEM on COMSOL ® software. In agreement with the work of [START_REF] Lepoivre | Heat Transfer and Adhesion Study for the FFF Additive Manufacturing Process[END_REF], we develop a dimensionless modelling with the simplifying hypothesis that the thermal exchanges occur mainly in the plane orthogonal to the deposition direction. A comparison between 2D and 3D models validated this assumption. The deposition is simulated by the domain activation method and the boundary conditions change according to the deposition steps.

Heat transfer and phase transformation are computed on the whole domain. At each calculation step, the healing degree is evaluated on filaments interfaces in order to predict their evolution over time as a function of temperature and crystalline degree.

The driving mechanisms of coalescence are more difficult to quantify and can make the simulation complex. Indeed, some authors agree that the phenomenon is driven only by viscous effects and surface tension [START_REF] Lepoivre | Heat Transfer and Adhesion Study for the FFF Additive Manufacturing Process[END_REF][START_REF] Balani | Influence of printing parameters on the stability of deposited beads in fused filament fabrication of poly(lactic) acid[END_REF]. While others describe a strong influence of the printing nozzle pressure on the filament geometry [START_REF] Xu | Thermal analysis of the fused filament fabrication printing process: Experimental and numerical investigations[END_REF].

Based on these studies, our model will consider an oblong geometry with a constant and homogeneous section without defects. The oblong geometry allows to take into account the porosities present between the filaments. The fillet size will be based on micrographic observations of a printed part. An 8 filament high wall was simulated in one step. The model being adaptive, it is possible to simulate a wall of several filaments wide as shown Fig. 1.

Heat transfer

The thermal model is represented in Fig. 1. In the domain, we solve the energy equation coupled with crystallization and melting. The source term present in the energy equation term depends on ∆H the crystallization and melting enthalpies and α the crystalline degree. In order to represent the effects of the heating nozzle, the initial temperature of each new filament is considered uniform and set to TNOZZLE to represent the extrusion set point. The bottom surface of the first filament is fixed at the temperature TBED throughout the simulation process in order to represent the printing plate setting. Heat transfer between the environment and the deposited filaments are considered only convective. It is considered a constant chamber temperature TChamber throughout the deposit. The boundary conditions are re-evaluated at each deposit thanks to boolean variables in order to make the model evolve with the deposit. Thermal contact resistances (TCR) were applied between the filaments to represent contact imperfection [START_REF] Lepoivre | Heat Transfer and Adhesion Study for the FFF Additive Manufacturing Process[END_REF].

The characterizations of thermal conductivity 𝑘𝑘, heat capacity Cp and density 𝜌𝜌 were performed on PAEK (Polyaryletherketone). The thermal property measurements were performed above the glass transition in the semi-crystalline solid state taking into account the influence of temperature. We will consider a linear variation of the thermal properties with temperature and will realize the simplifying assumption that the values are identical whatever the crystalline degree.

Model parameters such as layer thickness, printing speed, nozzle temperature are chosen as representative of real process [START_REF] Zanjanijam | Fused Filament Fabrication of PEEK: A Review of Process-Structure-Property Relationships[END_REF].

Phase transformation: Crystallization/melting

In order to predict the evolution of the crystalline degree as a function of the thermal history, a phase change model including crystallization and melting was added to the model.

Given the high heating rates of the interface during deposition, we will consider that the material undergoes a simple melting without simultaneous melting and recrystallization [START_REF] Baumard | Caractérisation des cinétiques de cristallisation du poly(éther éther cétone) (PEEK) par mesure de la chaleur spécifique en calorimétrie différentielle à balayage rapide[END_REF]. It is therefore possible to model the two mechanisms separately by considering a transition temperature TTransition at 300°C. 

 Crystallization kinetics

In the case of the FFF process, crystallization generally takes place in non-isothermal conditions. In order to model the formation and growth of crystals we chose the Nakamura model eq [START_REF] Popescu | FDM process parameters influence over the mechanical properties of polymer specimens: A review[END_REF] which is the most widely used in the literature [START_REF] Nakamura | Some aspects of nonisothermal crystallization of polymers. I. Relationship between crystallization temperature, crystallinity, and cooling conditions[END_REF].

𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 = 𝐾𝐾 𝑁𝑁𝑁𝑁𝑁𝑁 (𝑇𝑇). 𝐺𝐺(𝑑𝑑) , 𝑤𝑤𝑤𝑤𝑑𝑑ℎ 𝐺𝐺(𝑑𝑑) = 𝑛𝑛 (1 -𝑑𝑑)[-ln(1 -𝑑𝑑)] 1-1 𝑛𝑛 ( 1 
)
where 𝑑𝑑 is the relative crystalline degree, 𝐾𝐾 𝑁𝑁𝑁𝑁𝑁𝑁 (𝑇𝑇) the Nakamura kinetics coefficient calculated by 𝐾𝐾 𝑁𝑁𝑁𝑁𝑁𝑁 (𝑇𝑇) = 𝐾𝐾 𝑁𝑁𝐴𝐴𝐴𝐴𝑁𝑁𝐴𝐴𝐴𝐴 (𝑇𝑇) 1/𝑛𝑛 obtained in isothermal conditions and n the Avrami index [START_REF] Avrami | Phase Change, and Microstructure Kinetics of Phase Change[END_REF].

Furthermore, in the FFF process, when the previously crystallized filament is heated due to the new deposit, it is possible that at low interfacial temperatures the polymer is partially melted. The kinetics of crystallization from a partially melted state is not well explored and no model is available in the literature. We will therefore assume that during a recrystallization from a partial melt, the kinetics is not impacted and therefore the polymer behaves as if it had simply stopped the crystallization. As our PAEK has too high crystallization kinetics to be characterized by differential scanning calorimetry (DSC), a test campaign was performed on fast scanning calorimeter (FSC) to estimate the thermal dependency of the isothermal Avrami coefficients 𝐾𝐾 𝑁𝑁𝐴𝐴𝐴𝐴𝑁𝑁𝐴𝐴𝐴𝐴 (𝑇𝑇) over the large temperature range [160°C -300°C].

 Melting kinetics

The melting kinetics has been further explored in the case of thermoplastic polymers. It has been shown that the thermo-kinetic models available in the literature taking into account the heating rate only allow to represent a restricted range of rates [START_REF] Greco | Statistical and kinetic approaches for linear low-density polyethylene melting modeling[END_REF]. Moreover, these models cannot predict the interruption of melting during isotherm or cooling. In several works, authors made the assumption that the melting behavior depends only on the temperature by considering an instantaneous mechanism independent of the heating rate over a certain range [START_REF] Nicodeau | Continuous welding modeling of thermoplastic matrix composites n[END_REF]. In this study, we also have chosen this approach by taking a statistical distribution model of the crystalline lamellae thickness which is temperature dependent eq [START_REF] Lepoivre | Heat Transfer and Adhesion Study for the FFF Additive Manufacturing Process[END_REF].

𝑑𝑑 = 𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚 . 𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑𝑤𝑤𝑛𝑛𝑀𝑀(𝑇𝑇) (2) 
Melting function was estimate by temperature integration of the melting peak measured on DSC and weighting 𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚 in order to represent the melting under conditions of incomplete crystallization, case where 𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚 < 1.

Implementation of the melting and crystallization models in the same simulation model allows to predict the melting zone and time available for the interfacial healing. For example, it can be seen in Fig. 2 that the interface melted during the deposition because of the heat provided by the hot filament. 

Healing coupled with crystallization degree

Prediction of healing at interfaces was also added in the modelling taking into account the coupling of an anisothermal healing model and a time-temperature-crystallization-superposition model

 Healing model

In order to represent the adhesion kinetics in the anisothermal case, we proposed to use the empirical model largely defined in eq [START_REF] Xu | Thermal analysis of the fused filament fabrication printing process: Experimental and numerical investigations[END_REF].

𝐷𝐷 𝐻𝐻𝐻𝐻𝑚𝑚𝐻𝐻𝐻𝐻𝑛𝑛𝐻𝐻 (𝑑𝑑) = �� 𝑑𝑑𝑑𝑑 𝑑𝑑 𝑤𝑤𝐻𝐻𝐻𝐻𝑤𝑤𝐻𝐻𝑛𝑛𝐻𝐻 𝑡𝑡 0 4 (3)
were 𝐷𝐷 𝐻𝐻𝐻𝐻𝑚𝑚𝐻𝐻𝐻𝐻𝑛𝑛𝐻𝐻 is the healing degree and 𝑑𝑑 𝑤𝑤𝐻𝐻𝐻𝐻𝑤𝑤𝐻𝐻𝑛𝑛𝐻𝐻 the experimental measured welding times to achieve complete welding of an interface under isothermal conditions.

Several authors showed that in the case of several thermoplastics, the welding times can be considered as equal to the molecule reptation times 𝑑𝑑 𝑟𝑟𝐻𝐻𝑟𝑟𝑡𝑡𝑚𝑚𝑡𝑡𝐻𝐻𝑟𝑟𝑛𝑛 [START_REF] Wool | Polymer interfaces : Structure and strength[END_REF] with a good agreement with the experiment. In order to simplify the numerical solution, an integrative form was proposed by [START_REF] Lepoivre | Heat Transfer and Adhesion Study for the FFF Additive Manufacturing Process[END_REF]. Taking into account the assumption that the relaxation times are equal to welding time, we obtain eq [START_REF] Barocio | Interlayer fusion bonding of semi-crystalline polymer composites in extrusion deposition additive manufacturing[END_REF] with ∆𝑑𝑑 the calculation step, and t the simulation time step..

[𝐷𝐷 𝐻𝐻𝐻𝐻𝑚𝑚𝐻𝐻𝐻𝐻𝑛𝑛𝐻𝐻 ] 𝑡𝑡+1 = � ∆𝑑𝑑 𝑑𝑑 𝑟𝑟𝐻𝐻𝑟𝑟𝑡𝑡𝑚𝑚𝑡𝑡𝐻𝐻𝑟𝑟𝑛𝑛 + [𝐷𝐷 𝐻𝐻𝐻𝐻𝑚𝑚𝐻𝐻𝐻𝐻𝑛𝑛𝐻𝐻 ] 𝑡𝑡 4 � 1 4 (4) 
 Time / Temperature / Crystallization Superposition (TTCS)

In order to represent the evolution of the molecular mobility during the process, it is necessary to know the relaxation time of the polymer according to its local environment. To our knowledge, no study takes into account the crystalline degree in its adhesion model. Indeed, while the evolution of molecular mobility as a function of temperature is well known with the time-temperaturesuperposition TTS, few studies focus on the influence of the presence of crystals on polymer diffusion.

But recently, some studies have converged to present a time-temperature-crystallizationsuperposition TTCS principle eq (5) based on experimental approaches [START_REF] Pantani | Evolution of iPP Relaxation Spectrum during Crystallization: Evolution of iPP Relaxation Spectrum during Crystallization …[END_REF].

𝜏𝜏(𝑇𝑇, 𝑑𝑑) = 𝑎𝑎 𝑡𝑡 (𝑇𝑇 𝐴𝐴𝑅𝑅𝑅𝑅 , 𝑑𝑑 0 , 𝑇𝑇) . 𝑎𝑎 𝜉𝜉 (𝑇𝑇 𝐴𝐴𝑅𝑅𝑅𝑅 , 𝑑𝑑 0 , 𝑑𝑑) . 𝜏𝜏(𝑇𝑇 𝐴𝐴𝑅𝑅𝑅𝑅 , 𝑑𝑑 0 ) ( 5 
)
were 𝑇𝑇 𝐴𝐴𝑅𝑅𝑅𝑅 and 𝑑𝑑 0 are respectively the temperature and crystalline degree reference and 𝜏𝜏 the reptation time.

The model proposes a shift of rheological properties similar to thermal shift but with the crystalline degree. The postulated TTCS is very promising and has shown its consistency on several polymers. Moreover, several previous studies have shown that the evolution of rheological properties is proportional to the volume of crystallites and not to the shape or size of crystals [START_REF] Lamberti | Crystallinity and Linear Rheological Properties of Polymers[END_REF]. These observations suggest that they can be applied to all types of crystallization. Moreover, the principle of TTCS allows to correctly represent the state of molecular mobility in cases of isothermal and anisothermal crystallization. Its general validity must be evaluated in order to apply it widely to all polymer families. Nevertheless, being the only model available in the literature, we will use it to predict the evolution of the mobility depending on the temperature and the crystalline degree. The thermal shift factors were fitted using the Williams-Landel-Ferry equation (WLF) [START_REF] Williams | The Temperature Dependence of Relaxation Mechanisms in Amorphous Polymers and Other Glass-forming Liquids[END_REF] and the crystalline shift factors using a power law as proposed by defined [START_REF] Carotenuto | Non-Isothermal Crystallization Kinetics of an Ethylene-Vinyl-Acetate. II. Time-Temperature-Crystallinity-Superposition[END_REF] in eq [START_REF] Lo | Interfacial adhesion mechanisms in incompatible semicrystalline polymer systems[END_REF].

ln[𝑎𝑎 𝑡𝑡 (𝑇𝑇 𝐴𝐴𝑅𝑅𝑅𝑅 , 𝑑𝑑 0 , 𝑇𝑇)] = -𝐶𝐶1(𝑇𝑇 -𝑇𝑇 𝐴𝐴𝑅𝑅𝑅𝑅 ) 𝐶𝐶2 + (𝑇𝑇 -𝑇𝑇 𝐴𝐴𝑅𝑅𝑅𝑅 ) 𝑎𝑎𝑛𝑛𝑑𝑑 𝑎𝑎 𝜉𝜉 (𝑇𝑇 𝐴𝐴𝑅𝑅𝑅𝑅 , 𝑑𝑑 0 , 𝑑𝑑) = 10 𝐵𝐵1.𝛼𝛼 𝐵𝐵2 (6) 
where C1, C2, B1 and B2 are fitting coefficients. Rheological measurements were carried out in our laboratory between 360°C and 400°C under nitrogen in the amorphous state in order to estimate the thermal shift factor. The model coefficients of the crystallinity shift factor are taken from the literature [START_REF] Carotenuto | Non-Isothermal Crystallization Kinetics of an Ethylene-Vinyl-Acetate. II. Time-Temperature-Crystallinity-Superposition[END_REF].

As previously explained, by integrating all these models in the same study, the multiphysics model is able to predict the evolution of reptation time as a function of temperature and crystalline degree in anisothermal condition. In order to explain the model, we have calculated the evolution of the relaxation time for several constant cooling rates. The results are shown in Fig. 3. Fig. 3.b represents the evolution of the creep time as a function of temperature and crystalline degree Fig. 3.a. We notice that at high speed, the polymer remains amorphous during the cooling and the material follows the TTS law. But when the speed decreases and the material crystallizes, the reptation time increases quickly from the first moment of crystallization.

Results and discussion

As said previously, a wall of 8 filaments high and 1 filament wide is simulated. All results are evaluated in the middle of the interface between the 5 th and 6 th layer so the results will begin at 32s. The simulations carried out from the multiphysics model allow to estimate the evolution of the crystallinity rate and the degree of healing according to the thermal history at the interface.

Simulations were performed with the TTCS model and with the TTC model in order to show the importance of taking into account the crystallization on the adhesion. Both cases were simulated with the same parameters except that the crystalline shift factor was numerically fixed at 1 to model the TTS.

With the conditions used in the simulation, it can be seen in Fig. 4, that the 5 th filament crystallizes rapidly during cooling. During the next deposition, the heat generated by the upper filament partially melts the interface. The difference in the evolution of the degree of healing between the TTCS and TTS models describes the low molecular mobility of the chains due to the presence of crystals at the interface. Indeed, the final degree of healing is divided by 10.

To show the influence of the thermal environment on the adhesion degree, we varied the chamber and bed temperatures between 150°C and 270°C as shown Fig. 5. It is first noticed for temperatures lower than 200°C, i.e. where the cooling is fast, that the filament crystallizes completely before the next deposition. In these cases, only melting can allow a noticeable decrease of crystalline degree and thus a better adhesion. Because during deposition the interface temperature is not high enough to allow a total fusion, the healing degree are very low (<0.09). At high temperatures, the crystals are not yet formed at the time of deposition (T≥250°C) therefore a better healing degree is obtained. This numerical study allows to estimate the process range in order to obtain a correct interface with a complete crystallization at the end of printing. Other parameters such as nozzle temperature, printing speed, number of beads per layer, deposit order can be tested to evaluate their influence on crystallization and adhesion. 

Conclusion

A multiphysics model was developed to represent the thermal history, crystalline and adhesion degree evolution at the filament scale in the FFF process. Modeling development allowed to calculate the evolution of the crystalline degree on the whole domain and in particular at the interfaces. Indeed, the model describes crystalline degree remaining after the melting generated by the deposit and the time before recrystallization. A brief parametric analysis demonstrates the nonnegligible influence on the crystalline evolution on interfacial adhesion. In fact, it is shown that complete healing is only possible if the crystalline degree is close to zero. This model allows us to understand the influence of many printing parameters on adhesion and therefore to propose groups of parameters in order to improve the printing quality.

In order to confirm that the model correctly predicts the evolution of the crystalline degree as well as the effective adhesion degree of the printed part, an experimental study will have to be carried out and the adhesion values confronted with mechanical tests. Moreover, a next study will aim to model more finely the melting kinetics as well as the recrystallization kinetics through an experimental campaign.
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