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The aim of this work is an extensive experimental mechanical and microstructural characterization of flowing weld lines (WLs) in injection-molded short glass fiber-reinforced polybutylenterephthalate (PBT) using X-ray computed tomography and digital image correlation (DIC). It was found that the induced fiber orientation (FO) in a flowing WL is similar to that induced by flow along a wall. In this test case, the impact of the flowing WL on the FO did not vanish after a flow length of 70 mm. The shape of the inserts, which originated the flowing WLs, only had a marginal effect on the induced FO gradient. By reducing part thickness, the erasing of the FO gradient induced by the WL is reached at shorter flow distances. At the WLs, there is a reduction of the fiber volume fraction in comparison to the regions far from the WL plane. DIC results show a pronounced strain localization at the WL, which can be explained by the FO gradient induced by the WL.
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Introduction: Context and Goal

Plastic industry enables producing lighter structures of dependable performance, different applications and low costs. A lighter weight is essential for efficiency of the used products and their ecological footprints.

Nowadays, one of the most used technologies in the production of plastic parts is injection molding. That is the process of injecting a hot melted polymer into a pre-designed cavity [START_REF] Zheng | Injection Molding Integration of Theory and Modeling Methods[END_REF]. Widely used since it enables the production of complex parts of different shapes, sizes and weights in very high rates of production. Moreover, a short cycle time between raw material and the final product combined with the attainability of automation of the production process gives injection molding a high importance.

Depending on the molecular microstructure and the intermolecular chemical bonds two types of polymers can be defined: thermosets and thermoplastics. Thermosets, for which molecular microstructure is a 3D network after processing, can be processed in injection molding. However, due to higher processing times, generally lower mechanical strength and often recyclability problem, the use of thermoplastics is steadily increasing [START_REF] Ahmad | Machining of Polymer Composites[END_REF]. Similarly, composites constituted of short fiber-reinforced thermoplastics have gained a large importance in industrial technologies as airplanes and automobiles. Their high strength, low weight and formability make their use to produce parts, especially smaller ones very favorable [START_REF] Chawla | Composite Materials: Science and Engineering[END_REF]. Many factors have to be considered by the design of short fiber-reinforced injectionmolded thermoplastic parts. Defects such as blisters (raised defects on the surface), warpage, voids and weld lines can appear in the produced article, which in turn, inflect a diminution on the functionality, dimensional properties, mechanical properties and visual qualities of the products [START_REF] Eyerer | Einführung in Polymer Engineering[END_REF]. Weld lines (WLs) in injection-molded short fiber-reinforced thermoplastics are the focus of this work. Whenever separated melt fronts meet during filling, a WL initiates. Thus, the more complex the part is the more WLs it will contain. A couple of examples of industrial parts, which surely contain many WLs, are given in Fig. 1. Besides their potential negative visual effects, the severity of WLs on the properties of the injected products has been well established in literature. They can induce up to 50% reduction on the failure strength of the material [Seldén, 1997] and become highly influential when using composites [Fisa & Rahmani, 1991]. Thus, WLs have to be carefully considered when designing parts and their respective molds.

Different reasons can lead to separation of the plastic melt and WL formation during the filling of the cavity. Multiple injection gates, inserts or pins inside the mold cavity and different thicknesses can lead to their formation [Fellahi, et al., 1995]. Furthermore, process related issues such as jetting could induce WLs. Their formation is present during not only injection molding but also processes such as extrusion [START_REF] Ferrás | A numerical and experimental study on weld lines formation and strength in extrusion[END_REF], compression molding [START_REF] Vaxman | Weld-line characteristics in short fiber reinforced thermoplastics[END_REF] and transfer molding [START_REF] Eduljee | Weld line studies on transfer-molded thermosetting composite materials[END_REF]. The influence of WLs on mechanical performance is not only limited to thermoplastics, elastomers were also influenced considerably with both frontal and flowing WLs in both filled and non-filled variants [START_REF] Chookaew | An investigation of weldline strength in injection molded rubber parts[END_REF].

Efforts to eliminate or improve the WLs during production were also made. The presence of WLs could not be avoided. The WL strength could be improved, however their effect could not be eliminated [START_REF] Ditocco | Design for in-flow to strengthen weld lines in injection molded polypropylene parts[END_REF]Kim, et al., 2017;[START_REF] Janko | Weld line improvement of short fiber reinforced thermoplastics with a movable flow obstacle[END_REF][START_REF] Koponen | Advanced injection molding mold and molding process for improvement of weld line strengths and isotropy of glass fiber filled aromatic polyester LCP[END_REF][START_REF] Xie | Effect of gate dimension on micro injection molded weld line strength with polypropylene (PP) and high-density polyethylene (HDPE)[END_REF][START_REF] Geyer | Enhancing the weld line strength of injection molded components by means of a new molding tool technology[END_REF][START_REF] Hallowell | An investigation of weldline strength issues a ssociated with injection molded products[END_REF]. In fact, they are called as inescapable [START_REF] Papathanasiou | Flow-induced alignment in injection molding of fiber-reinforced polymer composites[END_REF] and the only possibility for decreasing their influence in part design is to place them in non-critical regions. This is not always possible and requires accurate prediction of the WL strength. Depending on the type of formation, two types of WLs can be defined Fig. 2:

1-Frontal WLs form when two melt fronts meet in opposite direction, the flow macroscopically stops and the melt fronts solidify quickly afterwards. They are sometimes named stagnating, cold or butt WLs.

3 2-Flowing WLs are induced when the separated melt fronts meet and continue to flow through the mold until solidification. They are also called knit, meld or hot WLs and are more probable in industrial parts [START_REF] Fisa | Weldline integrity of reinforced plastics: Effect of filler shape[END_REF].

A characterization for the material used in this work (30 % wt. glass fiber-reinforced Polybutylene Terephthalate PBT-GF30) has shown that frontal WLs induced a reduction of tensile failure strength and failure strain that reached 60% [START_REF] Hashemi | Temperature, strain rate and weldine effects on strength and micromechanical parameters of short glass fibre reinforced polybutylene terephthalate[END_REF]. This clearly shows that for this material the influence of WLs is of huge importance.

Producing the molds for injection molding is financially expensive and time consuming.

Similarly, the experimental optimization of the quality of the injected parts consumes substantial resources. In addition, the actual process of mold recursions for reaching acceptable product qualities has negative environmental effects. In injection molding a considerable amount of interacting process parameters play a significant role on the outcome of the injection [START_REF] Eyerer | Einführung in Polymer Engineering[END_REF]. Thus, it is important to be able to optimize the mold and part design as soon as possible before entering serial production. This requires a reliable prediction of the influence of flaws such as weld lines. Furthermore, the lifetime of the product has to be well predicted.

Simulation is recently intensively used as a tool to predict the flaws and process-induced properties of injection-molded articles [START_REF] Ogierman | A study on fiber orientation influence on the mechanical response of a short fiber composite structure[END_REF]. However, available process and structural simulation methods still have room of improvement, especially when it comes to prediction of WL properties. The severity of WLs demand, in principle, an enhanced simulative approach for the prediction of their properties.

One approach to predict the mechanical properties of composites is the so-called integrative simulation chain [START_REF] Ogierman | A study on fiber orientation influence on the mechanical response of a short fiber composite structure[END_REF][START_REF] Ferrano | Estimation of the lifetime of short fiber-reinforced plastic parts in steering systems[END_REF][START_REF] Kammoun | Micromechanical modeling of the progressive failure in short glass-fiber reinforced thermoplastics -First Pseudo-Grain Damage model[END_REF][START_REF] Doghri | Micromechanical modeling and computation of elasto-plastic materials reinforced with distributed-orientation fibers[END_REF]. A process simulation of the injection molding process is made to obtain information about the filler orientation. Afterwards a structural simulation of the reinforced part is performed, in which the material model takes into account the process-induced fiber orientation by means of homogenization micromechanical models.

Nowadays, several industrial companies use this integrative simulation chain to design and dimension plastic parts. An example of the workflow for designing a motor housing produced by injection molding of a short fiber-reinforced thermoplastic is shown in Fig. 3.

A process simulation of the filling is made using rheological simulation codes such as Moldflow® or Moldex® in order to obtain the induced fiber orientation. Because of different mesh types, the fiber orientation results have to be mapped from the process to the structural simulation mesh before running analytical micromechanical analysis to determine the local homogenized behaviors thanks to codes like Digimat® or Converse®.

Then FE simulations with structural analysis code such as Abaqus® and Ansys® with a homogenized material model for each integration point based on the polymer-matrix thermoplastics under quasi-static loading. A reinforced PBT with 30% wt. short glass fiber is chosen to conduct the study. A physically based approach is essential for reducing substantially the material characterization effort and for understanding the controlling factors of strength reduction under different processing conditions. For this purpose, an extensive characterization of the microstructure and the mechanical properties at the WLs is needed. Based on the analysis of this experimental information, the phenomena controlling the WL strength have to be included in the integrative simulation chain by using models with a physical sense. This enhanced integrative simulation approach should provide more accurate predictions of WL strength under quasi-static loading and enable a better control of the mechanical performance in the early (virtual) design phases of injection-molded parts.

Chapter 1 State of the Art

In literature, a vast list of papers characterizing the effect of weld lines (WLs) on the mechanical properties of thermoplastics can be found, yet the prediction of the mechanical properties at the vicinity of WLs is still a challenging task. Some of the main works are discussed in this chapter. Firstly, a review of filled and non-filled WLs in injection molding is presented. Followed by an explanation of the WL weakness reasons and computational based efforts to predict the WL properties.

1.1 Literature review

Weld lines in non-filled materials

The majority of research on WLs is based on the characterization of their quasi-static mechanical properties, namely failure stress and failure strain. In order to have an indicator of the severity of the WL, an integrity factor is often defined as:

= ℎ ℎ ℎ ℎ Eq. 1-1
One of the earliest research on WLs is in the work of [START_REF] Hobbs | Some observations on the morphology and fracture characteristics of knit lines[END_REF]. A flowing WL of an isotactic Polypropylene (PP) was studied under optical microscopy. It was found that the crystalline morphology at the WLs is of bands of trans-crystalline growth with a notable orientation in the direction of the flow. The morphology and visibility of the WL were related with the processing temperature and the distance to the obstacle inducing the WL.

Later, Malguarnera and Manisali (1981) researched the effect of different process parameters on the strength of PP frontal WLs. A positive influence of increasing mold and melt temperatures was noticed. The effect of cooling rate and injection speed depended on the properties of the chosen material. Scanning electrical microscope (SEM) images of failure zones at the WL indicated that the failure mode differed with the chosen process parameters. The same researchers found that the elongation at break in amorphous polymers was highly influenced by the presence of WLs [Malguarnera, et al., 1981].

The influence of melt temperature and obstacle size in flowing WLs with three materials (PS, POM, and PC) was studied by [START_REF] Criens | The influence of knit-lines on the tensile properties of injection molded parts[END_REF]. For PC the yielding point was not influenced but the failure strength was clearly affected with a reduction of about 40%. WLs in POM and PS showed a higher effect on the yielding point where for PS the WL factor (Eq. 1.1) reached 0.5 and for POM 0.8. The change in melt temperature played no role with PC, however, an increase of melt temperature led to an increase of the WL factor for POM and PS. The geometry of the obstacle and in turn the WL formation angle at which the two flow fronts meet had an influence on the WL strength. This was deduced from the fact that a larger obstacle size lead to a slightly higher WL factor values.

Contrary to flowing WL, a clear influence of PC with a frontal WL using impact and tensile tests was found. An increase of the WL factor was noticed with increasing melt temperature for PC, PMMA and SAN [START_REF] Cho | Evaluation of the weld-line strength of thermoplastics by compact tension test[END_REF]. A positive influence of mold and melt temperatures was reported using PS in a flowing WL [START_REF] Liu | Experimental matrix design to optimize the weldline strength in injection molded parts[END_REF], frontal WLs with PPO [Seldén, 1997] and frontal WLs with PC [START_REF] Onken | Prediction of weld line strength in injection-moulded parts made of unreinforced amorphous thermoplastics[END_REF].

Very few works considered the crystallinity at the WLs. [START_REF] Wenig | Weld lines in injection moulded polypropylene parts. Mechanical properties morphology relationships[END_REF] focused on the microstructural and crystallinity aspects in the vicinity of a frontal WL of PP with Wideangle x-ray scattering. A correlation between the spherulite morphology (and the morphological inhomogeneity) at the WL to its mechanical strength was noticed. The weakness of the WLs was attributed to the spherulite clustering (β-modification) at the WL and the lower crystallinity content at the WL. Crystalline lamellae thickness and spherulite radius showed no changes due to the WL. The influence of temperature on the mechanical properties of the WLs was related to changes of the spherulite phase. In a later work, it was noticed that the β-modification actually disappears exactly at the WL where no shearing of the melt takes place [START_REF] Wenig | The influence of molecular weight and mould temperature on the skin-core morphology in injection-moulded polypropylene parts containing weld lines[END_REF]. The spherulite crystalline-morphology at a frontal WL injected with PBT was homogeneous when studied using transmitted light microscopy [START_REF] Kühnert | Comparison of interfaces in welded and injection molded parts[END_REF]. Similar findings were reported using polarized light microscopy on PA66 Fig. 1-1. These results correlate with the statement that at the WLs the skin-core microstructure of crystalline is absent [START_REF] Wenig | The influence of molecular weight and mould temperature on the skin-core morphology in injection-moulded polypropylene parts containing weld lines[END_REF]. Tests on unfilled variants of semicrystalline materials (PP, PBT) with frontal WLs showed that the yield stress was not changed. However, the strain at necking was reduced [START_REF] Nadkarni | The influence of knit-lines on the tensile properties of fiberglass reinforced thermoplastics[END_REF].

Tensile tests on specimens with and without WLs at different melt temperatures showed
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Intersection surface -core Core Weld line not visible that the higher melt temperature led to less elongation after necking opposite to the amorphous materials. The higher melt temperature leads to a higher cooling rate in turn smaller spherulite size and less elongation after necking. As the same decrease of the elongation at necking was seen with WLs, it was assumed that at the interface smaller spherulites compared to the bulk exist. Comparable findings for the change of yield stress in semi-crystalline polymers were reported in [Malguarnera, et al., 1981]. [START_REF] Mennig | zum Einfluss des Molekulargewichts auf die makroskopische grenzfläche bindenaht[END_REF] researched the molecular weight's correlation with the strength of WLs, which indirectly relates to the diffusion process at the WL. To eliminate the influence of molecular orientation and v-notches, a flowing WL was considered. PMMA samples with different molecular weights were injected and the strength of the induced WLs measured. Results have shown that the WL factor decreased with increasing molecular weight. This was explained by a decrease of the molecular diffusion due to the reduced mobility of the molecular chains that have longer length with higher molecular weight. For all molecular weights, the WL factor increased with increasing distance from the obstacle that induced the WL. This is due to the increase of time given for the chains to diffuse along the WL.

The effect of molecular weight, its distribution and molecular orientation in PP was studied by [START_REF] Yokomizo | Effect of molecular weight and molecular weight distribution on weld-line interface in injection-molded polypropylene[END_REF]. The influence of molecular orientation was estimated by measuring the intensity ratio using polarized micro-Raman spectroscopy. The ratios for specimens with and without WL were compared. Results showed that the molecules are less relaxed at the surface due to the fast solidification. Moreover, it was concluded that the molecular orientation does not play a major role in reducing the strength compared to the diffusion. Using a double-edge-notched tensile test with notches introduced at the WL, the stress intensity factor was measured. The increase of the molecular weight or the width of its distribution led to a decrease in the measured intensity factor. This correlates with the finding of [START_REF] Mennig | zum Einfluss des Molekulargewichts auf die makroskopische grenzfläche bindenaht[END_REF] regarding the influence of the degree of the molecular diffusion (matrix healing) on the strength of the interface.

The majority of research on WLs considered the strength with tensile tests. Nguyen-Chung, et al. (2004) and [START_REF] Boyanova | Influence of processing conditions on the weld line in doubly injection-molded glassy polycarbonate and polystyrene: Microindentation hardness study[END_REF] used microhardness measurements to characterize WLs. It was assumed that a decrease in hardness is analogue to a decrease in the molecular diffusion at the WL. In both frontal and flowing WLs, the microhardness decreased considerably at the WL especially for PS. For the flowing WL, the region directly near or in contact with the obstacle wall had the lowest hardness values. This was due to the decrease of temperature induced by the obstacle walls. The surface of the WL had a lower measured hardness values compared to the core while the melt temperature played an important role in improving the healing of the weld interface.

The variation of the molecular diffusion in PS between the surface and core was also noticed by Yamada, et al. (2005). Using a milling technique the surface layer of specimens was gradually milled at different positions along a flowing WL induced with a cylindrical obstacle. The strength of the core region was near to the one without WL. The removal of the region below the v-notch improved the strength. Thus, it was concluded that the main reason of the WL weakness is that a lower molecular diffusion occurred at the surface of the WL (up to a depth of 600 µm). The surface region that lays directly below the v-notch is highly influenced by the stress concentration caused by it. Similar findings were reported by [START_REF] Yokomizo | Effect of molecular weight and molecular weight distribution on weld-line interface in injection-molded polypropylene[END_REF] when studying the fractured surfaces at the WL and Tomari, et al. (1990) using a similar milling technique.

An innovative method to quantify the healing quality of the WL interface was tested by Yamada, et al. (2005). They made measurement of fracture toughness using a singleedge notched-bend method. The notch effect would eliminate the stress concentration induced by the v-notches. Whereas, the measured fracture toughness gives an idea about the degree of molecular diffusion or healing. Results showed that the shape of the obstacle used to induce a flowing WL with PS has an influence on the degree of healing. An increase of fracture toughness along the flow in specimens without WL suggest an influence of the change of molecular orientation. Along the WL, a decrease followed by an increase of fracture toughness points to an interaction between the change of molecular orientation and molecular diffusion. After the insert, a higher fracture toughness than specimens without WL was noted. This was explained by the fact that the molecules that are originally oriented parallel to the flow relaxed and formed re-entanglements in an area with low velocity movement. Whereas, the decrease along the flow is attributed to the high degree of orientation which forced the molecules not to relax and reduced the molecular diffusion. The assumptions regarding the slower movement of the flow front at the meeting point compared to along the flow were validated using a visual mold to analyze the flowing WL formation and velocity at the flow front [START_REF] Fathi | Visualization analysis of flow behavior during weld-line formation in injection molding process[END_REF].

Another method to characterize the WLs was atomic force microscopy, which was applied on microinjection-molded PS parts [START_REF] Tosello | Characterization and analysis of weld lines on micro-injection moulded parts using atomic force microscopy[END_REF]. It was found that the increase of temperature and injection speed could decrease the width and depth of WLs.

The influence of WLs extends to blends and materials with additives. Additives could cause the weakness of the WL when using PP [START_REF] Mielewski | Weld line morphology of injection molded polypropylene[END_REF]]. The additives used to protect the PP during the injection process was of low content, however, a clear increase of their content was seen at the frontal WL compared to bulk. WLs of polymer blends with different compatibilizers were studied by [Mekhilef, et al., 1995;[START_REF] Kim | The effect of weld-lines on the morphology and mechanical properties of amorphous polyamide/poly(ethylene-ran-propylene) blend with various amounts of an in situ compatibilizer[END_REF][START_REF] Son | Weldline morphology of injection molded modified poly(phenyleneoxide)/polyamide-6 blends[END_REF][START_REF] Guo | A study on weld line morphology and mechanical strength of injection molded polystyrene/poly(methyl methacrylate) blends[END_REF][START_REF] Lim | Weld-line characteristics of polycarbonate/acrylonitrile-butadiene-styrene blends. I. Effect of the processing temperature[END_REF][START_REF] Brahimi | Weld lines and mechanical properties of injection molded polyethylene/polystyrene/copolymer blends[END_REF]. In general, blends have shown lower WL strength compared to their constituting materials and compatibilizers with small content had a slightly positive impact on the WL strength.

In summary, WLs in unfilled polymers were studied extensively. Amorphous polymers were more influenced by the WLs than semi-crystalline ones. A positive influence of the increase of melt and mold temperatures and less effect with low molecular weight is valid in most materials. Less influence of molecular orientation was reported. Two factors were seen as the most influential on WL strength of unfilled polymers: v-notches and the degree of molecular inter-diffusion (polymer matrix healing).

Weld lines in filled materials

In recent years, research on WLs in composites has increased notably. They were dubbed the Achilles heel of plastic parts [START_REF] Karger-Kocsis | Polypropylene: An A-Z Reference[END_REF]]. Before 1990, few works can be found focusing on WLs in composites. [START_REF] Fisa | Weldline integrity of reinforced plastics: Effect of filler shape[END_REF] studied frontal and flowing WLs of PP reinforced with different fillers. The shape of the filler had an influence on the v-notch depth. The depth became more influential when varying the filler from spheres to fibers and flakes. The WLs were more visible in fiber and flake-filled material compared to sphere shaped-filled materials. Fibers tended to orient parallel to the WL surface contrary to the skin-core microstructure usually seen. The influence of the filler shape and aspect ratio suggests that it is possible to have small control on the WL strength by changing the filler. However, the WL strength will always be weaker than the one in bulk. An influence of the filler size was reported by [START_REF] Ogadhoh | On microstructure at the weldline in injection moulded participate composites[END_REF]. It was seen under SEM that the microstructure is oriented more uniformly at the WL with smaller sizes of spherical glass beads.

The influence of fiber orientation (FO) in a frontal WL was studied by [START_REF] Vaxman | Weld-line characteristics in short fiber reinforced thermoplastics[END_REF]. In two materials (fiber filled Noryl and PP), the WLs had a drastic reduction of strength that reached 60%. It is important to note that the unfilled variant of the materials were scarcely influenced by the WLs. The influence of the WLs increased with increasing fiber volume content, which was also reported by [START_REF] Fisa | Weldline strength in injection molded glass fiber-reinforced polypropylene[END_REF]. The reduction of strength was attributed to the change of FO with the authors assuming that the higher fiber content influenced the polymer-polymer adhesion. In the same work, the perturbation of FO at the WL was witnessed also in compression-molded specimens. A large magnitude of reduction on strength was reported in frontal WLs of glass fiberreinforced PC and PPS [Lim & Shoji, 1993]. The fiber orientation changes in a frontal WL can be seen in Fig. 12where computed tomography was used to obtain the 2D-images.

An assumption that fibers influence the healing of the polymer matrix besides unfavorable orientation is made by [START_REF] Nadkarni | The influence of knit-lines on the tensile properties of fiberglass reinforced thermoplastics[END_REF]. An extensive design of experiment with a frontal WL with PPS, PBT, PET, PP and PS at different melt temperatures was made. The unfilled variant of PBT, PET and PP were not influenced by the WL (WL factor of 0.92). But; for PS, a WL factor of nearly 0.5 on failure strength and strain was obtained. This was attributed to the difference of glass temperature between the materials, which gave more time for the polymer matrix to diffuse in the materials with lower glass temperature (PBT, PET and PP). The presence of fibers however changed the material behavior completely with the WL factor reaching a value as low as 0.25. SEM scans showed that the fibers were oriented parallel to the surface and no fiber crossing was visible at the interface. Because the elongation at failure of the specimens with WL was reduced, it was assumed that molecular diffusion would be influenced by the fibers.

Fig. 1-2 Fiber orientation changes due to a frontal WL in a 15 wt.% PBT [START_REF] Lee | Three dimensional flow simulation and structural analysis on stiffness of fiber reinforced anisotropic parts[END_REF].

A similar design of experiment made by Seldén (1997) on talc-filled PP, glass fiber-filled PA6 and PPS showed analog results with flexural and tensile tests. An increase in temperature and holding pressure lead to a slight increase of the WL factor. A slight increase of the WL factor with increasing melt temperature was also seen with ABS [Hashemi, 2007]. The drastic influence of the WL and its increasing severity with increasing fiber content was reported in frontal WLs of acrylonitrile-styrene-acrylate (ASA) copolymer [START_REF] Nabi | Influence of short glass fibres and weldlines on the mechanical properties of injection-moulded acrylonitrile-styrene-acrylate copolymer[END_REF], ABS [Hashemi, 2007], PBT [START_REF] Hashemi | Temperature, strain rate and weldine effects on strength and micromechanical parameters of short glass fibre reinforced polybutylene terephthalate[END_REF], short glass fiber-reinforced PBT/PC blends [Khamsehnezhad & Hashemi, 2008] and hybrid glass fiber-and bead-reinforced ABS [START_REF] Hashemi | Effect of temperature on weldline integrity of injection moulded short glass fibre and glass bead filled ABS hybrids[END_REF].

Research in trying to improve the mechanical properties of WLs by changing the process parameters can be seen in [Kagitci & Tarakcioglu, 2016]. An interaction between the process parameters (temperature, injection time and packing pressure) and a positive influence of increasing the packing pressure were reported. In a design of experiment with frontal WLs of ABS, the increase of packing pressure was negative on the WL factor with the increase of temperature and injection speed proving positive [START_REF] Chen | Investigation on the weldline strength of thin-wall injection molded ABS parts[END_REF].

In rapid heat cyclic molding, a positive influence of increasing the surface temperature was reported on the WL factor in five of six studied materials [START_REF] Wang | Effects of cavity surface temperature on mechanical properties of specimens with and without a weld line in rapid heat cycle molding[END_REF].

All literature on WLs in reinforced polymers reported a significant reduction of strength with WLs. With PA66, the same influence of WLs, fiber content and orientation behavior with frontal and flowing WLs was reported by [START_REF] Meddad | Weldline strength in glass fiber reinforced polyamide 66[END_REF]. It was suggested that for the influence of WLs to diminish, the FO has to become similar at the WL and away from it with at least 400 mm of flow distance required. The FO influence was at least 8 mm wide with the WL region widening with increased fiber content.

In the mentioned works, the failure always took place at the WL plane when the material was reinforced. [START_REF] Kalus | Measuring deformation and mechanical properties of weld lines in short fibre reinforced thermoplastics using digital image correlation[END_REF] used digital image correlation (DIC) to measure the strains at flowing WLs. Results showed that the strains in loading direction (transversally to the WL) localize exactly at the WL with clear changes in the elastic modulus. Contrary to the assumption that no fiber crossing takes place at the WL by [START_REF] Nadkarni | The influence of knit-lines on the tensile properties of fiberglass reinforced thermoplastics[END_REF], the authors suggest that fibers might have played a role in reinforcing the WL. This was supported by the fact that the WL strength is higher than the one of the unreinforced variant of the used PA12. An explanation of the failure behavior at the WL was that the fibers that are oriented transversally to the flow obstruct the necking that usually takes place at failure regions without WL. The use of DIC on a flowing WL with similar findings regarding the strain concentration at the WL was reported by [START_REF] Ayadi | Large-Scale X-Ray Microtomography Analysis of Fiber Orientation in Weld Line of Short Glass Fiber Reinforced Thermoplastic and Related Elasticity Behavior[END_REF].

Besides quasi-static tensile or flexural strengths, an important factor in designing industrial parts is the lifetime under operational cyclic loads. Zhou and Mallick explored the influence of WLs on the lifetime of flowing WLs injected with short glass fiberreinforced polyamide-6,6 [START_REF] Zhou | Fatigue performance of an injection-molded short E-glass fiber-reinforced polyamide 6,6. I. Effects of orientation, holes, and weld line[END_REF]Zhou & Mallick, 2011] and talc-filled PP [START_REF] Zhou | Effects of melt temperature and hold pressure on the tensile and fatigue properties of an injection molded talc-filled polypropylene[END_REF]. The mean stress to reach a lifetime factor of 10 5 was reduced by at least 10 MPa due to WLs. An increase of melt temperature and holding pressure improved the lifetime slightly, which was attributed to a change in FO.

Further works on WLs in composites is available with similar outcome [START_REF] Jariyatammanukul | Effect of Thickness of Weld Line Strength of Injection Molded Thermoplastic Composites[END_REF][START_REF] Kobayashi | The unique flow of polypropylene at the weld line behind an obstacle in injection molding[END_REF][START_REF] Jaruga | Weld Lines Strength in Injection Moulded Parts from Polyamide Composite[END_REF][START_REF] Oh | Terahertz time-domain spectroscopy of weld line defects formed during an injection moulding process[END_REF][START_REF] Kitayama | Numerical and experimental investigation on process parameters optimization in plastic injection molding for weldlines reduction and clamping force minimization[END_REF]. The increase of filler content leads to a decrease in the WL factor. An influence of the process parameters was seen with a slight improvement in strength with increasing temperature, injection speed and packing pressure. However, in no case was it possible to reach a WL strength of a reinforced variant that is near the strength without WL. In fact, the strength of the WL was mostly in the region of the strength of the neat polymer in semi-crystalline thermoplastics.

In general as in unfilled polymers, the reasons of WL weakness were similar in different materials, however, harder to quantify. V-notches played a role and less often voids. The two more influential factors are the fiber orientation and the molecular diffusion at the WL. Although it is clearly understood that the fibers orient parallel to the WL surface, the microstructure at the WL region and the extent of its influence still lacks complete understanding. The second factor regarding the healing of the interfaces is more challenging to quantify. A direct comparison to the behavior with unfilled variant of the material is not possible due to the major role of fibers.

Main physical reasons of weld line weakness

Molecular diffusion and healing at the weld line interface

Most of the literature, especially with unfilled amorphous thermoplastics, suggested that the lack of the molecular diffusion is the main reason that leads to failure at the WL Sec.1.1. The phenomena of healing at the polymer-polymer interfaces is mostly studied in welding technologies, however, the same behavior is expected in injection molding [START_REF] Wool | Strength of Polymer Interfaces[END_REF]. The main difference is that the healing window ranges between the injection temperature and the transition temperature (glass temperature for polymers materials and crystallization temperature for semi-crystalline polymers). The molecular diffusion and healing process can be separated into three main stages Fig. 1-3 [START_REF] Régnier | Modeling of Thermoplastic Welding[END_REF][START_REF] Wool | Strength of Polymer Interfaces[END_REF][START_REF] Wool | Crack Healing In Polymers[END_REF]:

1-Surface rearrangement and surface approach: This stage controls the diffusion initiation with no present mechanical strength of the meeting interfaces yet. The two surfaces are distinguishable and the WL interface starts to from. The topography of the two meeting fronts changes depending on the processing conditions at contact. These changes influence the number of chains that are in contact to diffuse. In the ideal case when all chains are in contact, no surface rearrangement would take place. Phenomena as chain-end distributions can happen also spatial changes of the molecular weight distribution (molecules with lower weight reptate to the surface). Chemical reactions, crosslinking and molecular reorientation might also take place, further complicating the process.

2-Wetting:

The strength starts to increase at this stage as the inhomogeneities in the interface are eliminated and the two fronts start to wet. The end of this stage means that the molecules start to reptate across the interface. Wetting is a timedependent process but its time scale is hard to quantify and is one order of magnitude less than the other stages. Thus, the first two stages can be gathered in one phenomena called intimate contact. Enough pressure and temperature (above the transition temperature) are required to achieve intimate contact and bonding. These two criteria are usually met in injection molding as it takes place in melt temperature and fast flow rates.

3-Molecular diffusion and randomization:

The defining stage of the WL strength.

The molecular movement is described by the reptation theory of de Gennes (1971). A polymer chain is constrained by its neighboring chains in a tube like manner. The confined chain can only move from its two endings and the time required for it to move its end-to-end length is the reptation (relaxation) time Fig. 1234. The chains that move across the interface form entanglements improving the healing of the interface. This means a dependence of this stage on the process parameters and the polymer properties (molecular weight, weight distribution and crystallinity). During randomization, the memory of the interface is eliminated and the microstructure starts to appear similar to bulk. Molecular diffusion is sometimes referred to as autohesion, which is when two interfaces are in contact at a temperature between the glass and melting temperature [START_REF] Awaja | Autohesion of polymers[END_REF]. The process of healing is time and process parameter dependent. In injection molding, the parts are rapidly cooled below the transition temperature. Thus, the time required for complete healing might not be reached, especially at the surfaces near the cavity walls. The least time required for the polymer-polymer interface to heal is defined as the reptation time [START_REF] Régnier | A Multiphysic and Multiscale Approach to Model the Continuous Welding of Thermoplastic Matrix Composites[END_REF]. To experimentally measure the reptation time, linear

Interface Molecule

Surface rearrangement and approach

Wetting

Diffusion

= =

viscoelasticity can be employed [START_REF] Régnier | Modeling of Thermoplastic Welding[END_REF][START_REF] Régnier | A Multiphysic and Multiscale Approach to Model the Continuous Welding of Thermoplastic Matrix Composites[END_REF]. From a rheological frequency sweep measurement, two characteristic relaxation times can be obtained: number-average relaxation time tn and weight-average terminal relaxation time tw Fig. 12345. tn can be obtained from the intersection frequency ω of the loss modulus G ''

with the platue modulus . tw is obtained from the intersection frequency of the storage G' and loss modulus G'' slopes. The weight-average terminal relaxation time tw is more conservative to consider as a criteria to characterize the healing of an interface, as it is longer and accounts for more time for a complete diffusion process.

The ratio of the stress required to fracture an interface at a healing time (t) less than the reptation time to the strength of the polymer bulk follows [START_REF] Régnier | Modeling of Thermoplastic Welding[END_REF][START_REF] Wool | Welding of polymer interfaces[END_REF]:

∞ ∝ / Eq. 1-2
The degree of healing

σ t σ ∞
can then be given by [START_REF] Régnier | A Multiphysic and Multiscale Approach to Model the Continuous Welding of Thermoplastic Matrix Composites[END_REF][START_REF] Yang | Healing of thermoplastic polymers at an interface under nonisothermal conditions[END_REF]: This behavior was reported in many amorphous materials [START_REF] Wool | Strength of Polymer Interfaces[END_REF][START_REF] Régnier | Modeling of Thermoplastic Welding[END_REF][START_REF] Wool | Crack Healing In Polymers[END_REF][START_REF] Boiko | Healing of interfaces of amorphous and semicrystalline poly(ethylene terephthalate) in the vicinity of the glass transition temperature[END_REF][START_REF] Shim | Characteristics of polymer welding by healing process[END_REF]. In semi-crystalline materials, the process becomes more complex. To the extent of the research done in this work, no model was found describing the healing in semi-crystalline materials taking into account the influence of crystallinity. The co-crystallization at the interface during cooling would increases the strength of welded materials [START_REF] Régnier | Modeling of Thermoplastic Welding[END_REF]. However, [START_REF] Boiko | Healing of interfaces of amorphous and semicrystalline poly(ethylene terephthalate) in the vicinity of the glass transition temperature[END_REF] have shown that in welding at low temperature the healing of crystalline phases is one order of magnitude less than amorphous ones due to the limitation of chain movement due to the crystalline lamella. At the melt temperature using PEEK, it was found that crystallization might limit the chain mobility in turn reducing diffusion [START_REF] Lamèthe | Polymer dynamics applied to PEEK matrix composite welding[END_REF]. Similar findings have also been reported by [START_REF] Awaja | Autohesion of polymers[END_REF]. This implies that in order to guarantee complete healing, the complete diffusion process should be finished before the crystallization process starts. Thus, it would be more conservative to consider that the required time for healing is the same for the amorphous phase and neglect any assumed positive influence of co-crystallization until better understanding of the influence of crystallization is achieved [START_REF] Régnier | Modeling of Thermoplastic Welding[END_REF].

The seen increase of WL strength with increasing temperature in Sec.1.1 is related to reptation. An increase of temperature causes an increase in the chains' mobility and in turn in the molecular diffusion. The dependency between the processing temperature and the reptation time can be described using an Arrhenius law [START_REF] Régnier | A Multiphysic and Multiscale Approach to Model the Continuous Welding of Thermoplastic Matrix Composites[END_REF]:

= Eq. 1-4
With E the activation energy, R the universal gas constant and K is the pre exponential factor. This description would enable the extrapolation of tw at different temperatures.

According to de Gennes theory, viscosity and reptation time are proportional, and then E/R can be obtained by fitting to the experimentally measured viscosity data.

A more complex healing process in fiber-filled materials is expected according to [START_REF] Kausch | Mechanical strength of interfaces in thermoplastic polymers[END_REF]. The presence of fibers, besides the possible unfavorable orientation, can alter the healing quality by their influence the diffusion process and speeding up the crystallization process as crystallites can nucleate from the fiber ends.

The mentioned works dealt with healing in a nearly solid state or random orientation. A double shear rheological test was designed to measure a relaxation time of an amorphous polymer melt defined as re-entanglement time [START_REF] Pisipati | Correlation of Non-Linear Rheological Properties of Polymer Melts With Weld-Line Strength[END_REF]. That is the rest time the shear stress requires to reach 100% recovery i.e. no overshoot of the peak shear stress. Results showed a correlation between the measured time and tensile strength of the WLs with an increase of the re-entanglement meant a decrease in strength.

In summary, for injection-molded parts the healing quality of the interface is not guaranteed to be complete. If the time to reach solidification were faster than the reptation time (the time for the molecules to diffuse along the chain) then the strength of the WL would be less than the one in bulk. It is still difficult to model the strength of WLs in semicrystalline due to the crystallization at the interface. In fiber-filled materials, the process becomes more difficult as it is harder to separate the influence of fibers on strength.

Fiber orientation

The second factor that has an influence on the WLs is the fiber orientation (FO). The way the WLs form induces a clear distortion to the microstructure. A brief insight into the typical FO behavior in injection-molded parts is discussed first followed by FO in WLs.

Short fiber orientation in injection-molding

The mechanical strength of fiber-reinforced parts depends highly on their FO. If fibers are oriented in the direction of the loading they would highly strengthen the part compared to if fibers were oriented transversally to the loading. The influence of the FO on the is seen in Fig. 1-6 [START_REF] Mortazavian | Effects of fiber orientation and anisotropy on tensile strength and elastic modulus of short fiber reinforced polymer composites[END_REF]. The stress-strain diagram of specimens cut out from a plate in different directions of the flow show a clear influence of the anisotropy of the FO. Similar results were reported elsewhere with different materials and loading cases [START_REF] Ogierman | A study on fiber orientation influence on the mechanical response of a short fiber composite structure[END_REF][START_REF] Bernasconi | An experimental investigation of the combined influence of notch size and fibre orientation on the fatigue strength of a short glass fibre reinforced polyamide 6[END_REF].

Fig. 123456The influence of fiber orientation on the mechanical properties tested in different injection directions for short fiber-reinforced: PBT and dry-as-molded PA6 [START_REF] Mortazavian | Effects of fiber orientation and anisotropy on tensile strength and elastic modulus of short fiber reinforced polymer composites[END_REF].

The FO behavior during injection molding is not straightforward and is defined by the flow pattern [START_REF] Vincent | Description and modeling of fiber orientation in injection molding of fiber reinforced thermoplastics[END_REF]. Many factors play a role on the FO such as part thickness, Microstructure in an injection-molded plate across the thickness of a short fiber-reinforced PA6 (thickness direction is vertical, transverse to flow direction is horizontal) [START_REF] Bernasconi | Effect of fibre orientation on the fatigue behaviour of a short glass fibre reinforced polyamide-6[END_REF]. Depending on the fiber volume fraction, thousands of fibers could lay in a small volume. Thus, instead of describing the orientation of each fiber, the FO can be given by a probability distribution function Ψ(θ, Φ). It would give a complete characterization of the FO state, however, its use for modelling requires a huge computational effort. Instead, the FO in a certain volume can be given in a tensorial description. The dyadic product of ⃑ would give a fourth or a second order tensor depending on the formulation:

Stress

= ∮ Eq. 1-5 or = ∮ Eq. 1-6
Then for a single fiber, the second order orientation tensor is defined as:

= [ ] Eq. 1-7
The FO for (n) fibers inside a volume can be given as average of the FO of all fibers as:

= ∑ , , = Eq. 1-8 z x y Φ θ
For simplification, the 2 nd order tensor is usually the one supplied by simulation software due to the high computational effort to compute the 4 th order one. Fig. 12345678910gives examples of FO tensors and the qualitative description of the microstructure. 2 nd order tensors are not sufficient to describe the full FO (same 2 nd order tensor for an isotropic FO and a perfect orthotropic FO). 4 th order tensors are needed in homogenization models. Different closure approximations can be used to obtain the 4 th order tensor [START_REF] Dray | Comparison of several closure approximations for evaluating the thermoelastic properties of an injection molded short-fiber composite[END_REF][START_REF] Jack | The effect of fibre orientation closure approximations on mechanical property predictions[END_REF]. Currently many simulation software can predict the FO of injection-molded short fiberreinforced parts. The modelling concept of the FO evolution is based on solving the equation of motion of the fibers during filling, namely the Jeffery equation [START_REF] Jeffery | The motion of ellipsoidal particles immersed in a viscous fluid[END_REF]. It is for materials with low concentration of fillers and neglects the Brownian motion and the deformation of fibers. A fiber rotates about the vorticity axis periodically in closed orbits. The equation gives the hydrodynamic contribution with two terms, one for rotation and one for strains. When the material is highly filled (semi-dilute or concentrated), fiberfiber interaction are considered by introducing a diffusion term. In these calculations, the fourth order tensors are formulated by the 2 nd order ones with closure approximations [START_REF] Zheng | Injection Molding Integration of Theory and Modeling Methods[END_REF][START_REF] Papathanasiou | Flow-induced alignment in injection molding of fiber-reinforced polymer composites[END_REF][START_REF] Vincent | Description and modeling of fiber orientation in injection molding of fiber reinforced thermoplastics[END_REF][START_REF] Salahuddin | Orientation and rotational diffusion of fibers in semidilute suspension[END_REF].

Different models exist to describe the FO and the Folgar-Tucker model is the most used. It gives the rate of change of the second order FO tensor by [START_REF] Salahuddin | Orientation and rotational diffusion of fibers in semidilute suspension[END_REF]:

= [ • -• • • -: ̇ -] Eq. 1-9
and are the vorticity and rate-of-deformation tensors, the fiber-fiber interaction coefficient (fitted), ̇ the scalar magnitude of strain-rate tensor, the identity tensor, the fourth-order orientation tensor and shape factor of the fiber. The model has shown acceptable accuracy compared to experimental results [START_REF] Kech | Comparison between computed and measured fibre orientation in injection moulded parts[END_REF]. However, the closure approximation and the need to define the interaction coefficient for each material are the main negatives of this model [START_REF] Vincent | Description and modeling of fiber orientation in injection molding of fiber reinforced thermoplastics[END_REF]. Further improvements on the model have been introduced such as the reduced strain closure model (RSC). Phenomenological studies showed that the Folgar-Tucker model predicts faster evolution rate of orientation. Thus, the eigenvalues of can be slowed down by introducing the reduced strain closure coefficient by [START_REF] Zheng | Injection Molding Integration of Theory and Modeling Methods[END_REF]:
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Eq. 1-10

With the eigenvalues and the eigenvectors. Another example of the improvement of the Folgar-Tucker model is the anisotropic rotary diffusion model [START_REF] Phelps | An anisotropic rotary diffusion model for fiber orientation in short-and longfiber thermoplastics[END_REF]. Fig. 1-11 presents the simulated FO (a11 component) with the RSC model in a flowing WL using the software Moldflow® (Autodesk). The use of the simulation software 3D-TIMON 10 R3.0 (Toray Engineering) to study the FO of a flowing WL has been recently reported in [START_REF] Lee | Effect of glass fiber distributions on the mechanical and fracture behaviors of injection-molded glass fiber-filled polypropylene with 2-Hole Tension specimens[END_REF]. 

Fiber orientation at the weld line

As explained in 1.2.2.1, the FO is influenced by two main phenomena: shear forces and fountain flow. Depending on the type of WL, the reorientation would be the sum of these two phenomena on top of the influence of the collision of the two interfaces.

An example of the FO behavior in the two WLs using simulations is in Fig. 1-11. In flowing WLs, the influence lays in eliminating the typical skin-core microstructure at the WL where the fibers at the WL orient in flow direction across all layers. In frontal WLs, the behavior of the FO represents more the fountain flow behavior with fibers orienting transversal to flow (to WL as a consequence). This reorientation influences in turn the mechanical strength at the WL negatively.

The majority of research on WLs studied the fiber microstructure based on qualitative assessments using SEM or optical microscopy. Recently X-ray computed tomography has been used to characterize the FO in thermoplastic parts [START_REF] Belmonte | Local microstructure and stress distributions at the crack initiation site in a short fiber reinforced polyamide under fatigue loading[END_REF] Injection point 0 0.25 0.5 0.75 1 a 1 [START_REF] Ayadi | An original approach to assess elastic properties of a short glass fibre reinforced thermoplastic combining X-ray tomography and finite element computation[END_REF]. The FO at a flowing WL was investigated by [START_REF] Ayadi | Large-Scale X-Ray Microtomography Analysis of Fiber Orientation in Weld Line of Short Glass Fiber Reinforced Thermoplastic and Related Elasticity Behavior[END_REF] using x-ray micro-tomography. Results showed that the orientation behavior differed depending on the distance from the insert where a noticeable amount of fibers tended to orient in thickness direction just after the insert. Strain localization at the WL was attributed to a noticed increase of FO in thickness direction.

However, until now a quantitative understanding of the microstructure at the WL and the exact extent of its influence is not available. The third and fourth chapters focus on this subject to show the with a more detailed literature review of the state of the art regarding the microstructure at the WLs.

Molecular orientation

The influence of molecular orientation was defined in some literature as a reason of the reduction of the WL strength (Sec. 1.1.1). Similar to the FO, the molecules orient parallel to the flow near the skin because of high shear rates and more transversally at core [START_REF] Mendoza | Spatial distribution of molecular orientation in injection molded iPP: influence of processing conditions[END_REF]. The molecules are highly influenced by the fountain flow effect with them deforming into the outer layers [Tadmor, 1974]. At the WL, these phenomena will orient the molecules parallel to the WL surface Fig. 1-12. However, it was seen that compared to other factors the influence of molecular orientation can be neglected, especially in fiber-reinforced materials [Yamada, et al., 2005;[START_REF] Kim | Morphology and mechanical properties of injection molded articles with weld-lines[END_REF]. In frontal WLs of PE and PP, it was reported that the v-notch had the main influence on the WL strength and not the WL morphology [START_REF] Tjader | Effect of material characteristics of polyolefins on weld line morphology and its correlation to mechanical properties[END_REF]].

V-notches and voids

The v-notch at the WL is depicted in Fig. 1-12. Many literatures have considered vnotches in their work (Sec. 1.1.1) and the measured depth ranged between 2 µm to 50 µm. However, the clear reasons of the formation of v-notches do not seem fully clear [START_REF] Onken | Prediction of weld line strength in injection-moulded parts made of unreinforced amorphous thermoplastics[END_REF]. Tomari , et al. (1990) pointed that the frozen-in molecular orientation at the WL would contribute to the v-notch formation. Yamada, et al. (2005) suggested that the flow
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behavior (meeting angle of the two flow fronts) influences the v-notch shape with its depth decreasing along the flow. [START_REF] Kim | Performance Prediction of Weldline Structure in Amorphous Polymers[END_REF] postulated that v-notches form due to air entrapment during filling, which might apply for frontal WLs and the same postulation was made in [START_REF] Mielewski | Weld line morphology of injection molded polypropylene[END_REF]]. Nguyen-Chung (2004) showed using simulation of mold filling that the formation of the v-notch might be attributed to the weak bonding at the surface and the volumetric shrinkage at the WL where the molecules are highly oriented at the WL with different orientations between the surface and bulk.

The v-notch induces a stress concentration at the region below it. This region can be of lower molecular diffusion quality as it cools quicker and contains molecules that are oriented in transverse to flow direction. In turn, contributing to the weakening of the WL [START_REF] Tomari | The V-notch at weld lines in polystyrene injection moldings[END_REF]Yamada, et al., 2005]. It can be concluded, that the formation of vnotches can be avoided by using ventilation channels and applying suitable process parameters (high packing pressure).

Voids or air bubbles were reported much less as a reason of WL weakness. Air bubbles can be entrapped at the WL region, which would cause gassing effects and stress concentration. At bulk, the formation of micro voids at regions of transition of FO near the WL were reported as a possible reason in weakening the WL region. However, the volume fraction of the micro voids is very small (less than 1 %) [Meddad & Fisa, 1995].

The three factors (molecular orientation, v-notches and voids) might influence the mechanical properties. Still, the influence of molecular orientation is seen negligible compared to FO in reinforced materials. V-notches play a role, but are not always present and were less reported in the case of composites.

Prediction of geometrical and mechanical properties of weld lines

The prediction of the mechanical strength properties of WLs is very challenging and currently unreliable [Cruz, 2014]. In this section, the state of the art of predicting the geometry of the WLs and their strength in injection-molded parts is discussed. [START_REF] Zheng | An adaptive method to capture weldlines during the injection mold filling[END_REF] and [START_REF] Yang | Simulation of polymer molding filling process with an adaptive weld line capturing algorithm[END_REF] implemented an adaptive algorithm using the level set method to capture WLs during filling. Depending on the velocity fields, the nodes probable to have a weld interface are defined and then the meeting point and angle are computed. Results showed that the velocity at the flowing WL decreases compared to neighboring regions, which was reported experimentally by [START_REF] Papathanasiou | Flow-induced alignment in injection molding of fiber-reinforced polymer composites[END_REF].

To capture the WL in simulation, the meeting point of separated melt fronts have to be accurately predicted. Currently, some simulation software can localize the WLs. Moldflow® introduced several results to account for WLs. At the surface of the parts weld line and meld line results are available Fig. 1-13. The criteria of definition is based on the meeting angle θ (angle of convergence) of the separated flow fronts. WLs are considered when θ is smaller than 135° and meld lines when θ is larger than 135° [Autodesk, 2019].

Another result is the weld surface formation result, which localizes the WL formation region across the thickness. However, these results are not always accurate as they are mesh and time-step dependent and sometime captures WLs in areas where no WLs in the actual component are located. Fewer works tried to tackle the prediction of the strength at the WLs. One of the earliest models considering the prediction of strength in injection-molded parts is the one of [START_REF] Kim | Performance Prediction of Weldline Structure in Amorphous Polymers[END_REF], which is applicable for amorphous unfilled polymers based on the reptation of the molecules. Diffusion at the WL interface and molecular orientation were modelled separately. The rate of chain diffusion at the interface depended on the free energy whereas the molecular orientation depended on the relaxation of chains during the melt phase. The strength of the interface would correlate with the self-diffusion of the chains and the molecular orientation and increases with increasing density of self-diffused molecular chains across the interface. The model did not consider the reptation time as the healing criteria. The healing quality is then a function of the melt temperature with the gradient across the thickness ignored and contact time with the temperature the main factor controlling the healing. The model correlated well with experimental results of frontal WLs with PS. An application of the model was made by [START_REF] Peng | Prediction of the weld-line-induced strength reduction for injection-molded plastic parts[END_REF] with the model able to capture well the influence of temperature on the WL strength and on the deformation behavior due to the WL; however no experimental validation was presented. A similar modelling approach has shown that the diffusion at the WL is a function of the flow and thermal history [START_REF] Enikeev | Mechanism of weld line formation in injection molding of plastics[END_REF]. The model was θ
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Weld surface formation modified to predict the strength of unreinforced amorphous blends with satisfactory results by Mekhilef, et al. (1995).

In a more recent approach, [START_REF] Onken | Prediction of weld line strength in injection-moulded parts made of unreinforced amorphous thermoplastics[END_REF] developed a reduction factor method to account for the influence of WLs in amorphous unfilled materials based on the model of Kim and Suh. Process simulation helped compute the healing quality of the WL depending on the degree of molecular diffusion. Pressure dependency was introduced by enabling the consideration of static pressure during the packing phase and the dependence of viscosity on pressure. The model was calibrated with experimental data and was able to compute the strength of the WL at different process parameters with acceptable accuracy, however, with a slight over-estimation of the strength.

A simple model for reinforced polymers introduced by [START_REF] Fisa | Weldline strength in injection molded glass fiber-reinforced polypropylene[END_REF] gives the strength of the WL as the strength of the matrix reduced by the area A taken by the fibers: = -

Eq. 1-11

This model neglects the interfacial strength between fibers and matrix due to the stiffness difference between them. The fibers are assumed to be only transversally oriented to the load, however both assumptions are not valid. [START_REF] Dairanieh | Computer simulation of weld lines in injection molded poly(methyl methacrylate)[END_REF] considered the relation between WL strength and viscosity. An average viscosity at the WL region was computed using process simulation showing that the changes in the viscosity may be correlated to the tensile strengths. A qualitative agreement with experiment with respect to the influence of changes in viscosity or injection time was obtained. The results could not accurately predict the WL strength or the influence of temperature changes.

WLs were considered as cracks in a fracture mechanics approach to model their properties in [START_REF] Pecorini | A fracture mechanics approach to weld-line fracture in an amorphous cellulose acetate propionate[END_REF]. The crack length was obtained from the degree of diffusion in a thermal analysis similar to the one of Kim and Suh. The WL can be then modelled as a notch and the strength would depend on the yield stress and fracture energy.

Based on the reptation theory of De Gennes, Cruz (2014) modelled the healing of a WL interface by relating the chain diffusion with the thermomechanical history. Reptation time was related to the shear thinning behavior as a function of the shear rate (Cross model).

The quality of healing was computed using numerical temperature and pressure data.

The model showed good correlation with experimental results for the case of unreinforced-ABS. However, for reinforced-PBT the model could not correctly predict the strength of the WL, which was attributed to an inaccurate FO prediction at the WL.

A further recent approach to model the WLs is using phenomenological penalization parameters as in [Moldflow Helius, 2017[START_REF] Digimat | Digimat Users[END_REF]. However, these penalty parameters are not based on physical modelling. They require to be defined for each different material and they would differ by changing the thickness, process parameters, fiber content or formation behavior.

Another possibility to characterize WLs using simulation is molecular dynamics [START_REF] Yokomizo | Effect of molecular weight and molecular weight distribution on weld-line interface in injection-molded polypropylene[END_REF]. However, the process is too complex for industrial use. The increase of the importance of machine learning can enable the prediction of mechanical properties using artificial intelligence in the future. Artificial neural network models were applied to predict the WLs' properties with promising results [START_REF] Zhou | Modelling and prediction of weld line location and properties based on injection moulding simulation[END_REF].

The mentioned literature nearly cover all models regarding the prediction of WL strength. In summary, predicting the strength of WLs is less researched compared to their mechanical properties. Geometrical properties of the WLs can be predicted with a good degree of reliability. Few models exist to predict the strength of WLs that are mostly developed for unfilled amorphous materials. An accurate prediction using physical models without the need of calibration is not yet possible. The current state of the art requires improvement regarding the WL prediction of the WL strength.

Summary and thesis structure

In the current state of the art, most of the work regarding WLs is based on experimental characterization. The influence of WLs reached a reduction of 75% in some extreme cases. Many factors played a role with two main ones: the FO and lack of molecular diffusion (matrix healing). Influence played by polymer matrix healing is evident but no information is available regarding the extent of its influence and it becomes harder in semi-crystalline materials and filled ones. In fact, there is no available model able to define the extent of matrix healing effect and the influence of FO on WLs separately. Neither could a simulation model accurately predict the stress-strain behavior of the WL.

The aim of this thesis is to improve the state of the art by defining the contribution of the main factors weakening the WLs and in turn improving the prediction of the mechanical strength properties. The works is structured as following:

The first chapter gave an insight into the state of the art considering WLs. Research on WLs' properties with different materials were presented. Factors influencing WL strength were discussed and current available models for predicting the WL strength were shown.

The second chapter presents the materials, molds and experimental characterization methods used in this work and their main results.

Third and fourth chapters focus on flowing and frontal WLs respectively. A complete characterization of the mechanical properties and the microstructure with respect to FO, fiber volume fraction and voids are discussed.

The fifth chapter investigates the prediction of mechanical properties at the WLs. Simulation methods are presented and damage modelling to improve the prediction of the mechanical properties is proposed. The application of the reptation theory to predict the healing quality of the polymer matrix at the WL interface is also discussed. Finally a summary and an outlook are given.

Chapter 2 Experimental Characterization of PBT and Weld Lines

This chapter presents the experimental methods used for the characterization of the WLs and their main results. The material, its rheological and morphological properties were investigated. The design of the molds and the injection molding process are presented.

The methods used for the characterization of the fiber orientation and the results that paved the way for the third and fourth chapters are shown. Finally, the mechanical characterization methods using different techniques and the main results of the influence of the process parameters on the WL strength are focused upon.

Material and characterization

Two materials were defined for use in this work: 30 % wt. glass fiber-reinforced Polybutylene Terephthalate (PBT-GF30) and its unreinforced polymer matrix. The two materials are commercially available and the reinforced variant is widely used in industry [START_REF] Kunststoffe | Polybutylenterephthalat[END_REF]. Later in this work, PBT-GF50 of the same matrix was used.

PBT is semi-crystalline with a complex chemical structure Fig. 2-1a. It has a density of 1.3 g/cm 3 , glass temperature between 45 -60 °C and melting temperature of 223 °C. Its properties make its use in injection molding very favorable, as it is easy to process into complex geometries. It is mostly used in electrical and medical industries. It has high strength, stiffness, hardness and is resistant to many chemicals [START_REF] Eyerer | Kunstsoffverzeichnis[END_REF][START_REF] Arnold | Thermoplastische Kunststoffe[END_REF]. The fibers used to reinforce the used material are E-glass cylindrical shaped fibers with an average fiber length of 200 µm and 10 µm diameter Fig. 2-1b. 

Characterization using differential scanning calorimetry

In injection molding of semi-crystalline polymers, a skin-core microstructure of the crystalline content is induced [START_REF] Galeski | Nano-and micromechanics of semicrystalline polymers[END_REF]. At the skin, a region with high shear orientation trans-crystallites with small spherulite size is noticed. The morphology
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at the skin is attributed to the strain-induced crystallization of the molecules inducing a high nucleation density. An increase of the spherulite size towards the core due to the temperature gradient then takes place. The core is randomly oriented with larger spherulite size. The crystallinity content and the skin-core microstructure have a direct influence on the mechanical properties of the injected parts [Sawyer, et al., 2008;[START_REF] Laiarinandrasana | Structural versus microstructural evolution of semi-crystalline polymers during necking under tension: Influence of the skin-core effects, the relative humidity and the strain rate[END_REF][START_REF] Hnátková | Effect of the skin-core morphology on the mechanical properties of injectionmoulded parts[END_REF]]. An example of the skin-core crystalline microstructure of PP specimens injected with different thicknesses is presented in Fig. 2-2 [START_REF] Galeski | Nano-and micromechanics of semicrystalline polymers[END_REF]. The characterization of the crystallinity content and transition temperature was made using a TA Instruments Q1000. Non-isothermal analyses were made under a nitrogen environment of specimens taken from injected plates. The specimens were cut out and then polished manually at low speeds under water to reach a thickness of ~0.2 mm. For this purpose, metal holders with different depths were designed to hold the disks taken from the plates to enable polishing Fig. 23. The disks were fixed to the holders by only using water from the holder side, which held the disks by static forces during polishing. 

Depth [mm]

DSC measurements and the second melting peak of PBT Specimens were heated at a cooling rate of 10 °C/min until a temperature of 275° C. Afterwards; the temperature was isotherm for 2 minutes and then cooled to room temperature under the same rate of 10 °C/min. Fig. 234presents an example of the measured data for the two variants. While the melt temperature was exact for both, the crystallization temperature was different, which is due to the nucleating effect of the fibers. These measurements were made for a different number of specimens also at a rate of 50° C/min with results showing similar transition temperatures. It is however to be noted that in injection molding the cooling rates are much faster (from melt to mold temperature in few seconds). With faster cooling rates, a lower crystallization temperature is obtained and more advanced DSC measurement options should be used [START_REF] Poel | High performance differential scanning calorimetry (HPer DSC): A powerful analytical tool for the study of the metastability of polymers[END_REF]. An interesting outcome is the small crystallization peak just before melting and a very slight second melting peak after the major melting peak. To better, understand this behavior in PBT, Fig. 2-5a presents a measurement with a slower heating rate of 3 °C/min. The crystallization peak becomes clearer with it melting slightly afterwards. The two melting peaks were also verified using modulated DSC on a neat-PBT specimen with the a rate of 3° C/min and a modulation of ± 0.48 °C every 60 seconds ran for 2 cycles Fig. 2-5b. The second crystallization peak after running the measurement for a 2 nd heating cycle melts before the main melting temperature. This peak was believed to be related to additives to the material such as a co-polymer [START_REF] Song | Blends of poly(butylene terephthalate) with co[poly(ethylene terephthalatep-oxybenzoate)]: Crystallization behaviors[END_REF]. However, the material supplier informed that the behavior is related to the PBT itself and is similar to secondary crystallization [START_REF] Hobbs | Multiple melting in poly(butylene terephthalate)[END_REF]. Recent studies on PBT have shown that the fast cooling of the material (as in injection molding) leads to the suppression of the homogeneous nucleation of crystallization (the material did not completely crystallize With the endothermic heat of fusion, the exothermic heat of cold crystallization, heat of fusion of a reference sample with 100% crystallinity and is the weight fraction of the fiber content. The value of was obtained from literature and defined as 145 -145.5 J/g [START_REF] Granado | Phase behavior and mechanical properties of blends of poly(butylene terephthalate) and poly(amino-ether) resin[END_REF][START_REF] Jansen | The incorporation of rigid diol monomers into poly(butylene terephthalate) via solidstate copolymerization and melt copolymerization[END_REF]. and were then integrated with assistance from the software TA instruments universal analysis 2000.

In PBT-GF30 samples, the fiber weight was obtained by thermal gravimetric analysis (TGA) using a TA Instruments Q500. After the DSC tests, is measured by weighting the samples before and after heating until complete polymer degradation to define the fiber content. The temperature was ramped to 950 °C at 10 °C/min; however, a platue was already reached at ~550 °C. The fiber content measurements correlated well with the expected one of the material (30 % ± 2 % wt. of glass fibers).

Results showed that varies only slightly ranging between 30% and 33%. An example of the results for the 1.5 mm case is in Table 2-1. A slight increase of the content at skin compared to core by about 1 % can be explained by the influence of the shear-induced orientation at the skin region. Similarly, the 1.5 mm specimens had higher compared to the 3 mm ones, which can also be explained by the influence of shear-induced orientation of the molecular chains. The increase of mold temperature (decrease of cooling rate) had no clear effect on and no influence of the fillers can be seen. In summary, for the injected plates a very similar crystallinity content was obtained. The slight variations are not expected to have an influential role on the mechanical properties.

A cold crystallization behavior means that the material did not crystallize completely Chapter 2
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during injection, which is due to the rapid cooling in injection molding. Choosing the same matrix material law in simulation with different process parameters is validated.

The influence of crystallinity at the WLs is discussed in Chapter 1. In injection molding, the changes in the crystallinity content are not yet quite clear and their influence is hard to quantify. In this work, the influence of the crystallinity at WLs is not taken into account. 

Rheology and reptation time

In Sec.1.2.1 the influence of the matrix healing on the WL strength was discussed. To enable estimating the healing quality of a polymer, the reptation time tw of a material has to be characterized Fig. 12345. The reptation time is assessed by the terminal relaxation time (time for the longest macromolecule to re-entangle). For this purpose, frequency sweeps of rheological measurements were made. An Anton Paar MCR 502 and ARES (TA-Instruments) rotational rheometers were used under isothermal temperature conditions. The rheometers had a parallel aluminum disk-disk configuration with 1 mm distance between them during the tests. To avoid the influence of polymer degradation, the tests were done as rapidly as possible in a nitrogen environment.

Usually polymer granulates are used for rheology measurements. However, controlling the granulates rapidly is difficult and some air voids that might remain between them would influence the measurements. Thus, instead of granulates, disks taken from injected plates were tested. They had the same diameter as the one of the rheometer disks enabling faster positioning of the samples and eliminating influences of air pockets.

To define the reptation time, measurements at different temperatures were made. temperature is above the melting temperature of 223 °C and the remaining two are in the bounds of recommended temperatures for injection molding by the material supplier.

For both materials, strain sweep tests were made at first to define the linear viscoelastic regime. The sweep tests were made at a low frequency of 1 rad/s to remain in the Newtonian regime. Results showed that for the neat variant, the linear regime is higher than 1% strain. Strain sweeps at higher frequencies have shown that 1% strain guarantees that the tests are made at the linear regime.

First, the results with the neat variant are discussed. Frequency sweeps were nearly identical for different tested samples. For the temperature of 275 °C, it was complex to achieve results at the lower frequency regimes due to the lower viscosities in both used rheometers. The results for the three temperatures with the estimation of the weightaverage terminal relaxation time tw (as explained in Sec.1.2.1) are presented in Fig. 234567.

The slopes of two and one for the storage and loss modulus respectively were found for the three temperatures. The results with 275 °C were the best achieved as they showed textbook rheology measurements. These were chosen to estimate the reptation time and fitting of the Arrhenius law. The ratio E/R can be defined by fitting the results with the viscosity measurements using:

= Eq. 2-2
To improve the accuracy of the estimation from the viscosity data, sweeps at temperatures of 290 and 300 °C were used. The results of the fitting of the viscosity data are presented in Fig. 2-8a.

After obtaining E/R, the pre-exponential factor K can be obtained by substituting the measured value of the reptation time at 275 °C (tw ≈ 0.00145 s) in Eq. 1-4. Estimations at different temperatures can be then obtained from the Arrhenius law. The prediction of the master curve of the Arrhenius law boded well with the estimated reptation time at the two tested temperatures. The results show how tw decreases with increasing temperature.

For the PBT matrix used in this work, the reptation time ranged between 0.001 and 0.0038 s for the used injection temperatures. This indicates a very good healing quality for the material. The molecules would have a sufficient time to reptate across the WL interface, especially at core. Even near to the crystallization temperature of the unreinforced variant, the reptation time was less than 0.1 s.

The design of the flowing WL mold was based on process simulation. The goal is to design a mold that induces an influential WL with a high degree of perturbation in fiber orientation (FO). This was a preliminary study of the influence of flowing WLs on FO and its correlation with the mold geometry. Moldflow® 2016 was employed to simulate a filling and packing analysis. The mesh had 12 element layers across the thickness and 1.5 mm element edge size. The mesh size was chosen upon comparisons with measured data of a case without WL. The RSC FO model was used with its parameters internally optimized to achieve a best fit with the measured data. The process parameters of the simulations were fixed at: (melt temperature = 265 °C, mold temperature = 60 °C, packing pressure = 40 MPa for 8 seconds, filling time = 1 s). Simulations showed that changes in these parameters had negligible influence on the simulated FO.

To accord for industrial demands, different kinds of WLs were to be induced. Two thicknesses (1.5 and 3 mm) and three insert shapes (slit, cylinder and prism) were predefined. The sizes of the insert, plate, gate and shape of the runner were unknown. Three criteria were considered to define the suitable choice for these unknowns:

 The macroscopic WL length (LC): The distance between the insert tip and the point where the angle between the two meeting flow fronts was nearly equal to 180° Fig. 2-12a. The criteria was set to induce an as long as possible WL length and influence region. At first, two plate sizes were tested: 125 × 125 and 70 × 70 mm 2 . However, it was noticed that the influence of the WL is persistent for at least 100 mm, thus the larger plate size was chosen. The plate size had an influence on the critical WL length too, where the larger plate increased LC by at least 15 mm.

Second step was to choose a suitable runner and edge (film) gate size. Results had shown that varying both had negligible influence on the FO at the WL. Small changes were noticed away from the WL region however are not expected to influence the mechanical properties. The shape and size for the runner and the gate were chosen in a way to assure that the melt enters the plate in a symmetric and uniform manner. as in a frontal WL. As the influence of the frontal WL is considered with a different mold, the rectangular shape was disregarded.

The previous simulations were made for both 1.5 and 3 mm plates. Results were analogue in both regarding the behavior with slightly lower gradients for the 1.5 mm plates due to a higher orientation away from the WL Fig. 2-14a. The higher orientation away from the WL is explained by the increase of the influence of the shear rate. In order to evaluate the distance required for the WL's influence on the FO to vanish, a simulation on a plate with 225 mm length was made. It was noticed that while using an insert diameter of 30 mm, at least 200 mm were required until no gradient could be clearly seen at core. This gives a further explanation to the choice of a larger plate size. However, to experimentally validate this prediction is material and time expensive.

The use of the large insert required attention to the influence of the divergent and convergent (parallel) flows. Using a large insert means that the flow at the insert region will be divergent due to the reduction and then increase of the flow's cross section. For this, replaceable lateral inserts were designed to reduce the width at the insert and induce a parallel flow. Process simulations have shown no influence of the flow behavior on the FO at the WL. However, a clear change away from the WL was noticed with an increase of the degree of orientation in flow direction for the parallel flows.

In summary, it was noticed that in order to induce an influential WL a larger plate and insert size is essential. Further geometrical factors (gate thickness, process parameters, runner type, …) had much less influence on the microstructure at the WL. The mold was designed based on these findings. A sketch of the cavity and the replaceable parts is presented in Fig. 2-15. The mold had overall 32 replaceable parts. The plate and inserts dimensions are presented in Fig. 2345678910111213141516.

The parts of the cavity were all replaceable while fixed on the external mold. The bed was replaceable to enable injecting two thicknesses; lateral inserts to induce parallel and diverging flows and the inserts were also replaceable. Two pressure and temperature sensors (Kistler 6190C) were added to the cavity. One sensor was introduced in the gate side and the other on the end side (bedside) of the plate. In order to induce reference specimens without a WL, two further inserts were designed. The cavity was then installed on an outer mold, which contained the cooling system.

Injection molding

The injection molding was carried out in a DK-Codim 175/410 machine. Around 250 Kg of polymer were used for injections. The granulates were dried in an oven for 4 hours at A design of experiment was made with different process parameters. First goal was to define the influence of process parameters on the quality of WLs in the used material. Secondly, in case of big variations in the mechanical properties with different process parameters, the most critical WL cases were to be further characterized. Finally, the results can help in realizing if the planned simulation methods at the WL were able to capture these variations.

The procedure of the design of experiment for both frontal and flowing WLs was similar.

The injection time and packing pressure were fixed. Then different temperatures for the mold and melt were injected and their influence in quasi-static tensile testing evaluated.

As mentioned in Sec.1.1, the injection time had a very low influence on the mechanical properties of WLs. Thus, it was chosen to induce the same velocity at the flow front at WLs seen in industrial parts. Filling simulations on different industrial parts were made and the flow front velocities at the vicinities of different WLs were measured. The values varied between 2 and 15 cm/s with 5 cm/s the most frequent. Thus, the injection time was fixed at ~2. The influence of injection time was tested for both WL types later in this work and results had shown as expected nearly no influence on the mechanical properties. Fixing the injection time for both thicknesses was also made to account for the cooling and heat transfer. In the thinner parts the cooling is quicker, thus lower flow rates are needed to have similar conditions as in the 3 mm parts.

As a second step, the suitable packing pressure was defined. Four different packing pressures were tested on frontal WLs: 10, 20, 40 and 60 MPa. Higher packing pressures were avoided to avoid huge distortions of the WL microstructure. The results of the mechanical testing are discussed in a following section. The packing time was defined by measuring the weight of the injected parts (average of 3 parts after removal of the runner).

The time length where no increase of weight is noticed was chosen. A packing time of 5 s for frontal WLs and 8 s for flowing WLs were enough for the gate to freeze completely.

The results correlated well with process simulation, which showed that the temperature at the core of the gates reached solidification temperature at a similar time length.

Two minimum and maximum temperatures of mold and melt were defined from the range recommended by the supplier Table 2-2. The temperature profiles from the hopper to the nozzle in are presented in Table 23. Lower melt temperatures (235 °C) for the frontal WL case could not be tested, as the polymer was too viscous to fill the whole cavity. The combinations of these temperatures were then injected and evaluated. A summary of the used process parameters is presented in Table 234.

Table 2-2 Used melt and mold temperatures for injection.

Table 2-3

Temperature profile along the screw for the two melt temperatures. The injection process for all injected specimens was controlled by screw position. Short shots were made to control the filling behavior and assure no heterogeneities in filling.

After defining the suitable screw position for complete filling, the packing pressure was introduced. In the case of frontal WLs, the screw position was chosen in a way to fill the specimen nearly completely at the WL with about 0.5 % of the part to be filled Fig. 23456789101112131415161718. This would guarantee complete filling during the packing phase and no big distortions due to collision or packing pressure. In fact, the specimen in Fig. 2-18 is a good example of the need for sufficient packing pressure to assure a complete filling and eliminate the presence of v-notches and voids. For flowing WLs, the screw position was chosen to guarantee similar pressure signals at the two sensors at the start and end of the plate.

Fig. 2-18

Frontal WL specimen at the onset of packing. advised to add two reference holes (on the sides of the plate) to ease the mounting of the plates and guarantee much easier and less time consuming referencing. Compared to milling with a saw cutter, water jetting gave much smoother surfaces and less deviation in the obtained tensile testing results. The specimen shape was based on the 1BA shape of the ISO527 standard with a slight modification to reduce the shoulder radius and assure stress concentration only at the WL. At least three plates were tested for each of the flowing WL cases and five specimens tested for the frontal WL ones. 

Influence of weld lines on the mechanical properties

The main influence of WLs on the mechanical properties with both materials is presented in Fig. 23456789101112131415161718192021. Both types of neat-PBT WLs did not have any effect when compared to pristine samples. For all 20 tested cases injected with neat-PBT, no failure at the WL was present. Failure took place at the shoulder of the specimens that is where structural FE simulation predicted the highest stress localization. These results correlate well with the small measured reptation times (0.001 -0.0038) s in Sec.2.1.2. In flowing WLs [Kim, et al., 1997] and frontal WLs [START_REF] Nadkarni | The influence of knit-lines on the tensile properties of fiberglass reinforced thermoplastics[END_REF] of unreinforced PBT a similar influence was seen regarding the influence of the WL, however a slight influence of the frontal WLs was reported.

The only changes noticed with neat-PBT are a very slight increase of strength (1 -3) % with increasing thickness or increasing temperatures of the mold and melt. Tensile tests on without WL neat-PBT specimens in flow and transverse to flow direction gave very similar behavior. This result points to a very small influence of the molecular orientation. Due to the absence of the influence of the WLs on neat-PBT, only the results with PBT-GF are to be focused upon.

Contrarily, all specimens of PBT-GF30 failed exactly at the WL. Frontal WLs exhibited a reduction that reached 55 % on strength and 40 % on failure strain. Lower reduction in the strength (10 -20) % and failure strain (30 -40) % were obtained with flowing WLs. The elastic modulus was hugely influenced due to the frontal WL with a reduction in modulus of around 45%. In flowing WL, the reduction reached 5-10 % on the elastic modulus. The changes in the elastic modulus indicate a clear change in the fiber microstructure at the WL, especially for the frontal WLs.

A factor that played a role on the results without WL is the specimen shape. Higher strengths without WL was obtained with the specimen shape used in the flowing WL (Fig. 234567891011121314151617181920) compared to the one of the frontal WL mold (Fig. 2345678910). This can be explained by the higher stress concentration of the shoulders, which was also proven by simulation. Thus, the results without WL are given from the specimen shape used in flowing WLs.

The influence of the strain rate was studied briefly and results showed that a lower strain rate of 1 mm/min leads to a slight increase of failure strain by around ~0.2% of strain and a decrease of failure stress. The effect of the testing environment temperature was not considered, however, for a similar material tests with different temperatures of frontal WLs were made by [START_REF] Hashemi | Temperature, strain rate and weldine effects on strength and micromechanical parameters of short glass fibre reinforced polybutylene terephthalate[END_REF]. Results showed a clear decrease of strength by increasing temperature, however, the WL factor was very slightly decreased at the highest tested temperature. 

Influence of packing pressure

The first process parameter that was tested was the packing pressure on frontal WLs. Fig. 2-22 presents the results with 4 tested packing pressures. In the 1.5 mm specimens, the influence is nearly non-existent. A slightly higher influence can be seen with the 3 mm thickness with increasing strength by increasing packing pressure. The minimum packing pressure recommended for the used material is 35 MPa. Thus, the packing pressure of 40 MPa was chosen for further characterizations to avoid fiber distortions at the WL that might take place with higher packing pressures. Three packing pressures were tested with two flowing WL cases (10, 40 and 70) MPa. Results have shown nearly no influence of the packing pressure at different positions on flowing WLs. The influence of the changes of the packing pressure on the microstructure of frontal WLs is discussed extensively in Chapter 4.

Influence of temperature

For both frontal and flowing WLs different combinations of temperature were tested Fig.

2-23.

The influence of increasing temperature for both cases was very small. A very slight increase in strength is noticed with increasing temperature. However, the increase did not surpass 2 MPa. It has been suggested by [START_REF] Xiping | Fiber orientation in melt confluent process for reinforced injection molded part[END_REF] that the increase of mold temperature would have an influence on the fiber microstructure at the WL. However, in the case of the used material, no influence can be seen of the mold temperature on the strength. In turn, it would be expected that the microstructure did not vary greatly. The low influence of the temperature correlates with the high healing quality measured for the unreinforced PBT. A further flowing WL case with a slit insert of 3 mm plates injected at While the previous results considered only the failure strength, a similar behavior was obtained when considering the changes in failure strain. 

Influence of injection time

The injection time was chosen to induce similar velocities at the flow fronts seen in industrial parts (discussed in Sec.2.3). The influence of injection time on the mechanical strength was still tested. Frontal WL specimens at three different injection times were injected. Nearly no influence of the injection time could be seen. A very slight increase of strength in the 3 mm thickness with decreasing injection time can be noticed but the changes are within the margin of experimental deviation.

For flowing WLs, two injection speeds were tested and the behavior was the same. A very slight increase of strength of around 1 MPa with higher injection speed was obtained, which is also in the margin of the experimental uncertainty.

Influence of flow distance, insert shape and flow type in flowing WLs

The spatial properties of the flowing WLs have shown a higher influence compared to the process parameters. The different distances from the insert and the role of the insert shapes were tested. The results are summarized in Fig. 2-24 for both failure stress and failure strain. An increase of failure strain along the flow is witnessed in all inserts and thicknesses. This correlates with the results reported by [START_REF] Ayadi | Large-Scale X-Ray Microtomography Analysis of Fiber Orientation in Weld Line of Short Glass Fiber Reinforced Thermoplastic and Related Elasticity Behavior[END_REF] on a flowing In the case of a flowing WL with 32 % wt. GF-reinforced PBT less strength and slightly less variations were reported with a 3 mm thickness [START_REF] Kim | Morphology and mechanical properties of injection molded articles with weld-lines[END_REF]. However, in their case a rectangular insert that covered most of the width of the plates was used. The tested positions were mostly in locations where the two flow fronts met in opposite direction similar to the frontal WL case. When the flow behavior changed to a flowing WL case, a slight increase of strength started to take place similar to the results reported in this work.

The insert shape affected the properties along the flow regarding the size of the insert (meeting angle of the two flow fronts). For the prism and cylindrical inserts, similar behavior was obtained along the flow. However, for the slit insert a clear difference to the two other is seen. Exactly after the slit insert tip, the results show a considerable difference that is persistent along the flow. Higher strength and a lower failure strain is obtained, especially for the 3 mm case. Interestingly, in the 1.5 mm plates the strength at the first position after the insert was near to the one without a WL accompanied with much lower failure strain. A similar behavior was reported similarly by Yamada, et al. (2005) in unreinforced PS considering fracture toughness. This can be explained by an increase of fibers oriented in the load direction due to the influence of the insert. A fourth insert shape was also tested in 3 mm plates using a pin of 1 mm radius. The tensile test results were very similar to the slit case. This supports the fact that only the meeting angle of the two flow fronts plays the major role on the mechanical properties.

The measured elastic modulus varied slightly along the positions (decrease by 7.5 % from position 1 to 5 where the elastic modulus was ~ 8000 MPa at position 1) and the stressstrain curves followed as similar behavior.

The flow type (divergent and parallel) was compared using the cylindrical insert. No distinguished influence could be seen with a very slight increase of the strength by around 1 MPa with the divergent flow. The slight increase can be explained by the slight increase of strength with the divergent flow can be explained by a change of FO in transversal to flow direction with divergent flows [START_REF] Azaiez | State-of-the-Art on numerical simulation of fiber-reinforced thermoplastic forming processes[END_REF]. As the fibers become more oriented transversal to flow in the plates, they become more oriented in loading direction increasing the strength.

Summary for the characterization of PBT-GF30

From the previous results, it can be concluded that the biggest impact on strength of WLs is actually from the section thickness. The thinner frontal WL was the strongest and the thickest flowing WL showed the highest strength. The fact that the unreinforced variant did not suffer from the WL combined with the influence of the thicknesses, changes of strength after the inserts of the flowing WL and absence of a notable effect of the process parameters point to a dominance of the FO on the used material. The increase of the failure strain along the flowing WL probably indicates an interaction between the fiber orientation and a possible change of the matrix inter-diffusion. The highest change of the process parameters was obtained with the packing pressure, which relates more to changes in the fiber orientation.

Characterization of weld lines of PBT-GF50

The influence of the filler content with the used materials was tested with the 50 % wt. filled variant of PBT. The influence of increasing volume fraction has been studied previously (Sec.1.1.2) but mostly for frontal WLs.

Results showed a clear decrease of the WL factor for frontal WLs with PBT-GF50 compared to PBT-GF30. The WL factor decreased from ~0.5 to ~0.3 by increasing the fiber volume content. The strength of the WLs was reduced by the higher content and was around ~50 MPa compared to ~58 MPa with PBT-GF30. This value is actually lower than the one of the unreinforced variant (~53 MPa). This suggests a very high stress concentration at the WL due to the higher fiber content. These results correlate well with the results in different literature mentioned in (Sec. 1.1.2). The influence of packing pressure was also studied with PBT-GF50 and a similar influence to the one reported in PBT-GF30 with increasing packing pressure was seen. An average increase of strength of about 3 MPa was obtained by increasing the packing pressure from 40 to 60 MPa.

With flowing WLs, the behavior seen with PBT-GF50 was similar with respect to the increase of strength and failure strain along the WL. The values dropped with the 3 mm case by around 10% where the average strength for the flowing WLs of PBT-GF50 dropped to 58 MPa compared to around 65 MPa with PBT-30. The WL factor showed a decrease from ~0.85 to ~0.75.

The previous results with both frontal and flowing WLs meant that increasing the fiber volume content would not increase the strength. It would have been interesting to test lower volume contents to check if the strength might increase. Results with a flowing WL of reinforced PA6.6 made by [START_REF] Hopmann | Integrative Festigkeitsanalyse kurzfaserverstärkter Thermoplastbauteile unter Berücksichtigung des Einflusses von Bindenähten[END_REF] have shown that flowing WLs with 30 wt.% had a slightly higher strength compared to the 15 wt.% ones. This suggests that the influence of fibers might start to become negative after a certain fiber volume content.

Tensile testing assisted with digital image correlation

The deformation at the WLs were studied using digital image correlation (DIC). A Q-400 system from the company LIMESS and the software ISTRA4D (4.4.4) from Dantec Dynamics were used. The system used two 6 MPixel cameras set on two angles. The controller was an Instron Labtronic 8400 and the testing machine was a servohydraulic Schenck POZ 160. Before testing, the specimens were sprayed with white spray to introduce speckles necessary for the evaluation of the strain fields. The strain fields were analyzed using a pixel size ranging between 17 and 21 µm. The results were evaluated at different time steps with an interval of 0.04 to 0.06 s between each step until failure.

Clamp velocity was fixed at 10 mm/min and the test time until failure ranged between 6 and 10 s. Comparisons of the failure strain between different steps would depend on the time step of the evaluation. Thus, the results of failure strain were measured at failure initiation (first measured drop in stress). This time step usually took place 2-8 time steps before final failure.

Strains in the direction transversal to loading and shear strains were negligible and showed no changes due to the WL. Tests on different specimens of same cases have shown very similar (nearly identical) strain profiles and evolution with only minor changes at the failure step. Thus, only results of one specimen of each case are focused upon.

An example of the obtained strain field of a frontal WL is presented in Fig. 2-25a. Results of deformations in loading direction have shown a clear strain localization at the WL. A similar strain localization was seen with the flowing WLs with lower measured values (~5 -6 %) at failure. The strain localization at flowing WLs correlate well with the results of Kalus & Jørgensen (2014) and [START_REF] Ayadi | Large-Scale X-Ray Microtomography Analysis of Fiber Orientation in Weld Line of Short Glass Fiber Reinforced Thermoplastic and Related Elasticity Behavior[END_REF]. For the flowing WLs, the increase of failure strain along the WL was also measured with DIC.

The high strain localization explain the low change of the elastic modulus measured by the extensometer as seen in the stress-strain curve in Fig. 2-21. To accurately measure the elastic modulus, it is best to measure the deformation of a point exactly at the WL. An example of the stress-strain diagram measured at a point exactly at the WL is given in clear peak starts to appear at the later stages showing a localization of deformation at the WL. In all tested cases of both WLs, the peak started to appear and acutely increase when the stress levels reached the values of failure (necking) stress of the neat variant (53 -55) MPa. It is known that failure in composite materials has different damage mechanisms such as matrix failure, fiber breakage and matrix fiber debonding [START_REF] Notta-Cuvier | Damage of short-fibre reinforced materials with anisotropy induced by complex fibres orientations[END_REF]. The initiation of failure at a stress near to the failure stress of the matrix is an indicator of matrix base failure at the WL.

Different cases of both WLs were studied under DIC. The main results, the comparisons and the correlation with the microstructure are discussed in detail in Chapter 3 and Chapter 4. The results were also used to compare with simulations in Chapter 5.

Fiber orientation characterization

X-ray computed tomography (X-CT) was used to quantitatively characterize the frontal and flowing WLs. The effect of thickness, meeting angle and changes along the flow were focused upon. X-CT is however time and resources consuming. Optical microscopy can be used to analyze the fiber orientation (FO); however, the obtained results with the used material were not satisfactory. Thus, scanning electron microscopy (SEM) was used as a first step for a qualitative analysis. Results would assist in choosing the suitable cases for the characterization using X-CT. Moreover, it would be tested if changes in the microstructure along the flow or with different process parameters require specific attention. This section will focus on the characterization using SEM. Chapters 3 and 4 deal on the results with flowing and frontal WLs using X-CT.

Fiber orientation under scanning electron microscopy

SEM images to study the FO were made using a HITACHI 4800 II microscope. The scan parameters were: 15 KV voltage, 10 µA intensity and back scattered electron rate of 100%. The WL position was marked with a notch to ease locating the WL during the scans. Samples were cut using a diamond disk at moderate speed on the planned scan side (machine: Struers Discotom6). The use of a diamond disk was necessary to avoid micro cracks and high roughness of the surface [Sawyer, et al., 2008]. The specimens were fixed in plastic resin for polishing of the effects of the specimen cutting and to assure a smooth surface for metallization. Based on different polishing techniques [START_REF] Régnier | A simplified method to determine the 3D orientation of an injection molded fiber-filled polymer[END_REF][START_REF] Vélez-García | Sample preparation and image acquisition using optical-reflective microscopy in the measurement of fiber orientation in thermoplastic composites[END_REF] and several trials, an optimal polishing procedure was reached as presented in Table 2-5 (Struers polishing machine). Between each polishing step, the specimen was washed with water and controlled under an optical microscope. At the end, the specimen was cleaned by an ultrasonic bath for 2 minutes inside an Ethanol solution; afterwards it was dried and cleaned of dust. The use of the 15 KV voltage beam requires surface metallization to enable a contrast between the fiber and matrix. Thus, the specimens were coated with a very thin layer of gold prior to the scan. To enable a good understanding of the FO at the WLs, the scan region's length varied between 10 and 15 mm. For each specimen, images of the complete region were taken at a magnification of 150 x with an overlap of ~50 µm between each image. The overlap was needed for image reconstruction. The images were then stitched using the software ImageJ with the deprecated 2D image-stitching plug-in [START_REF] Preibisch | Globally Optimal Stitching of Tiled 3D Microscopic Image Acquisitions[END_REF]. Each row of images were stitched into one, the resulting images were merged together manually. Due to the low difference regarding the mechanical properties between the prism and cylindrical inserts, only cylindrical and slit were tested. The scans were made asymmetrically to the WL to include a larger region when scanning in the transverse to flow direction. Scans of specimens without WL were made to have a qualitative assessment of the behavior without WL. 25 scans were made with chosen results presented in this section.

For frontal WLs, the scans in flow direction clearly showed the fountain flow influence on the FO Fig. 2-27. Two regions can mainly be noticed, first region exactly at the WL with fibers orientated in thickness direction and then a neighboring region where fibers orient transversally to the flow. The complete width of the perturbation of the FO at the WL is between 3 and 4 mm for the 3 mm-thick specimen and it reduces slightly in the 1.5 mm WLs. Scans in transverse to flow direction of sections cut exactly at the WL location have shown that the FO at the WL is qualitatively symmetric. A region of random FO near the sidewalls (lateral walls) of the cavity can be noticed. Scans of specimens injected with different packing pressures, melt and mold temperatures showed the same qualitative behavior and no clear differences by varying the process parameters could be seen.

Polishing 

Conclusions and summary

In this chapter, an extensive characterization of the used material and its WLs was presented. Results showed that the crystalline content does not vary significantly between different thicknesses, by fiber presence or at different mold temperatures. Thus, the measured matrix material law from a neat variant is valid to use in structural FE simulation codes when the material is fiber-reinforced.

Rheology measurements showed a very high healing ability of WLs of PBT. The estimated reptation (relaxation) time ranged between 0.001 and 0.0038 s at the used injection temperatures. These findings were proven in tensile tests on the neat-PBT where no influence of the WL was noticed and nor failure took place at the WL.

Two molds were designed for frontal and flowing WLs assisted with process simulation.

A change of FO along the flowing WL and insert shape dependency were seen. Furthermore, the injection molding methods were discussed in detail.

Tensile tests with optical extensometers and assisted with digital image correlation were made. The severity of WLs was seen and the biggest change of the strength was obtained from the thickness and type of WLs. Process parameters had negligible influence and the only influential was the packing pressure in frontal WLs. The changes of the mechanical properties along the flow in flowing WLs and the difference between the different inserts correlate with the simulated changes in the FO along the flow. These results indicate a dominance of FO on the mechanical properties of WLs over the diffusion of the matrix.

Introduction

In injection-molded thermoplastic parts, weld lines (WLs) form during the filling phase at the interface where two melt fronts collide. Multiple injection gates, inserts or pins inside the mold cavity lead to the separation of the melt and WL formation. WLs induce a significant reduction of the mechanical properties, especially in the case of short fiber-reinforced polymers. The occurrence of WLs is nearly unavoidable in complex industrial parts and they often cause the failure of those parts [1]. Current industrial and environmental needs demand a reliable prediction of the mechanical properties at the WLs for an improved economical design. This requires comprehensive physical and mechanical understanding of the process-induced microstructure at the WLs. The effect of WLs on the mechanical properties of fiber-reinforced thermoplastics has been studied extensively [1][2][3][4][5][6][7][8][9][10][11][14][15][16].

Most of the research on WLs shows mechanical characterizations considering the influence of process parameters, filler content and angle of WL formation. According to literature, the WL strength is improved slightly by setting higher melt temperatures [7,10]. It has been shown that the severity of a WL increases with the filler content [8]. On the other hand, some authors reported an increase of WL strength by enlarging the insert size for flowing WLs made of unreinforced polystyrene [10]. The weakness of a WL can be attributed to the following phenomena [1][2][3][4][5][6][7][8][9]:

1 Incomplete molecular diffusion (insufficient healing of the polymer matrix): Due to the rapid cooling rates in injection molding, the polymer chains might have less time than required to reptate and reach the entanglement density of the bulk. 2 Strong fiber orientation (FO) gradient: Fibers align parallel to the WL surface, substantially reducing their role in strengthening the part across the WL plane. 3 High molecular orientation: Because of the fountain flow phenomenon, the molecules also orient parallel to the WL surface. The molecular orientation however has a negligible contribution to the strength reduction in comparison with the FO gradient [11]. 4 V-notches: The formation of V-notches at the surface of WLs has been documented elsewhere [1,6]. They act as stress concentrators at the WLs, but their formation can be avoided by using ventilation channels and controlling the process parameters, especially the packing (holding) pressure.

Investigations of the microstructure near the WLs and its influence on the mechanical properties is less common in the literature. In this work, the focus is put on the microstructural aspect of WLs. Vaxman et al. [12] used reflected light microscopy to show that in a frontal WL the fibers tend to align parallel to the WL surface. Other researchers used scanning electron microscopy for studying the FO at the WLs [9] and found that the fibers in flowing WLs orient in the flow direction https://doi.org/10.1016/j.polymertesting.2018.12.017 Received 24 October 2018; Accepted 18 December 2018 through the thickness, eliminating the typical skin-core microstructure.

The use of X-ray computed tomography (CT) enables a three-dimensional reconstruction of the microstructure of fiber-reinforced thermoplastics. Prade el al. [13] used X-ray vector radiography on fiber-reinforced parts with flowing WLs to validate the characterization method. The authors showed a qualitative assessment of the FO at the WL, but the detailed microstructure of the WL does not appear in their publication. In other work [14], based on several CT scans at different positions along a flowing WL, an increase of FO in the out-of-plane direction at the core of the WL was reported. Another group used X-ray scatter dark field imaging and X-ray CT to describe the FO at a flowing WL [15]. They confirmed that in a flowing WL the main FO direction is parallel to the flow. Microstructural analysis with X-ray CT at a flowing WL by Ayadi et al. [16] showed a complex FO across the thickness after the insert. The authors noticed a FO gradient around the WL and random FO at the weld region. The higher strain localization at the WL was attributed to the existence of out-of-plane fibers at the core layer of the WL zone. Using a larger scale analysis at the WL, Ayadi et al. [17] arrived to the same conclusion. In addition, they analyzed the FO and fiber volume fraction (VF) quantitatively, showing changes both in WL direction and transversally to the WL plane. According to the publication, the variations in VF are also responsible for the variations of the mechanical properties.

Yamada et al. [6] showed that in a flowing WL (made of an unreinforced thermoplastic) the mechanical behavior is highly influenced by the molecular morphology at the surface of the WL. The main factor reducing the mechanical properties at the WL was the V-notch, which induced a stress concentration over the polymer layer beneath it, which was not completely healed. Furthermore, they noticed a high molecular orientation in the flow direction at the WL. The use of DIC to study the strain field during the tensile test of a bar containing a flowing WL was reported by Kalus et al. [19]. They showed the development of a strong strain localization at the WL. In the case of a 30 wt% glass fiber-reinforced PA12, the strain was localized in a region of 2 mm around the WL. Based on the convergence of the estimated local elastic modulus at the WL for the fiber-reinforced and unreinforced PA12 tensile bars, they suggested that there is no fiber crossing at the WL in the fiber-reinforced case.

In general, the available characterizations of the microstructure at WLs are mainly qualitative and limited to relative small regions around the WL. In this work, a specific mold to perform a comprehensive microstructural study of flowing WLs was developed. Firstly stresses and strains at break were measured to mechanically quantify the effect of WLs. Both FO and VF at different positions along the WL were quantified by analyzing X-ray computed tomography data. The effect of the insert shape and part thickness on the induced FO gradients was studied. The plate thickness changes at the WL were also measured in order to correlate it with the induced FO. The induced FO and the mechanical tensile tests results were analyzed in front of the strain fields measured with digital image correlation (DIC).

Experimental methods

Sample preparation

A polybutylene-terephthalate reinforced with 30 wt% glass fibers (average VF of 0.18) was used. The glass fibers in the composite had a mean fiber length of 200 μm, a diameter of 10 μm and cylindrical shape. The flowing WL mold was designed with the assistance of rheological simulations using Moldflow ® 2016. It was found that the bigger the insert the greater the influence on the FO at the WL. A plate-form mold cavity of 125 × 125 mm with two thicknesses (1.5 and 3.0 mm) and two insert shapes (slit with 1 mm width and cylindrical with 15 mm radius) was used, as shown in Fig. 1.

The injection molding was carried out in a DK-Codim 175/410 injection molding machine. The process parameters were fixed as follows:

Packing pressure of 40 MPa, injection time of 2.3 s, mold temperature of 60 °C and melt temperature of 250 °C. Plates without insert (i.e. without WL) were injected in order to extract tensile test specimens without a WL at a distance of 25.5 mm after the insert tip. The aim of using the same injection time for both thicknesses was to obtain similar velocities at the flow front, as usually encountered in industrial parts. Using water jetting, tensile test specimens were cut from the plates with WL at six different flow distances from the insert tip: 3.5, 14.5, 25.5, 47.5, 69.5 and 91.5 mm. The flowing WL plane was in the middle of each tensile test specimen, which had a width of 5 mm at this location. The total length of the specimen was 85 mm (Fig. 1).

Mechanical testing and digital image correlation

Quasi-static tensile tests were carried out using an Instron 5966 machine with an optical extensometer, with a gauge length varied between 10 and 13 mm. The clamp speed was fixed to 10 mm/min. The strain fields under tensile loading of some selected specimens were also evaluated with DIC using a Q-400 system from LIMESS combined with ISTRA4D (4.4.4) software from Dantec Dynamics. In this case, the tensile testing machine was a Schenck POZ 160. The strain fields were analyzed using a pixel size ranging between 17 and 21 μm.

Thickness measurements

Thickness measurements were made by means of a 3D profilometry technique using a Veeco Dektak 150 with a 12 μm stylus.

X-ray computed tomography

Some tensile test specimens, cut at flow distances of 3.5, 25.5 and 69.5 mm after the insert, were selected for microstructural analysis and were labelled as positions 1, 2 and 3, respectively, (see Fig. 1). The CT scan was performed directly on the tensile test bar by fixing it on a holder. Volumes of 5 × 10 × 3 mm 3 or 5 × 10 × 1.5 mm 3 for 8 cases were scanned, as explained in Table 1.

A CT system GE v|tome|x m 300/180 Metrology Edition with a Nanofocus x-ray tube was employed using the following parameters: Mode 1, x-ray tube voltage 100 kV, x-ray tube current 135 μA, exposure time per projection 500 ms, 3300 projections, no pre-filtration and a voxel size of 2.9 μm. The system used a 16 MPixel detector dynamic 41/ 100 without any binning. Each scan took ~3 h and resulted in a data set of about 20 GB size.

Determination of fiber orientation and volume fraction

The CT data were analyzed using VG Studio Max 3.1 software from Volume Graphics. The evaluation of FO and VF was based on a local filtering method, which uses gradient threshold values and computes a local FO for each voxel. This method does not perform a segmentation of single fibers. A regular hexahedral mesh was used for averaging the computed voxel values inside each mesh element. The element size was fixed at 0.2 mm, which is statistically representative for the given fiber content. In fact, it was estimated that on average nearly 70 fibers lie inside each mesh element. The mesh for microstructure reconstruction was placed in such a way that the three main FO tensor components correspond to the directions of the Cartesian coordinates shown in Fig. 1. This means that the a 11 component corresponds to the FO in x direction (flow direction), a 22 is the FO in y direction (transversal to flow) and a 33 is the FO in z direction (thickness direction). These three directions are very close to the main principle directions given the very low values of the off-diagonal tensor components. In the evaluation, the outer layers in flow direction were not considered, i.e. at the water jet boundaries. For each mesh element, VG Studio Max 3.1 computed a second-order FO tensors, as defined by Advani and Tucker [18]. Fig. 2 shows an example of the results obtained on the mesh. The regular mesh can be divided along a given direction into layers containing the elements at the given direction coordinate. In the following, the FO results are presented by averaging the values of each layer according to the direction of analysis. The standard deviation of the mean value depends on the number of layers under consideration, however their maximal values was of 0.022 for a single evaluation point.

Results and discussion

Mechanical properties of flowing weld lines

Based on previous rheological tests, it was known that the healing ability of the PBT matrix is very high. Indeed, at the selected injection temperature the relaxation time of the unreinforced PBT matrix is approximately 4 ms [9].

This means that the FO is the dominant factor controlling the mechanical properties of the flowing WLs for the material at hand. In fact, V-notches did not appear at the WLs and failure always took place at the WL. In general, a strength reduction factor of 0.85 (reduction of 15%) was found for flowing WLs, which is higher than the factor of frontal WLs [9]. In Fig. 3, the evolution of the mean failure strain and stress along the flowing WL is plotted for all the cases of the experimental work. Breaking of the specimens with WL always took place exactly at the WL plane. Results show that mostly, a slow increase of failure strength and a failure strain towards the values without WL takes place along the distance of the flowing WL. Given the high healing ability of the PBT matrix, the increase of failure strain can be attributed to the changes in FO along the WL. However, while the measured failure stress reflects the WL strength, the measured engineering failure strains do not reflect necessarily the strain levels at the WL.

The measured failure strain with the optical extensometer is in fact the sum of both failure strain at the WL and strain outside of the WL region (Fig. 3). Using DIC during the tensile tests, a local failure strain at the WL of around 4-8% was determined. This means that the increase of engineering failure strain towards the failure strain values of without WL observed in Fig. 3b is related to the changes of FO at and around the WL. Failure stress just after the cylindrical insert for the 1.5 mm plate was the highest compared to other positions along the flowing WL; it even surpassed the quasi-static strength of the case without WL.

These results show the severity of the WLs and the necessity to study the influence of the process-induced microstructure on the mechanical properties at the WL. No V-notches at the WL were found in the samples 

Table 1

Positions of the computed tomography scans for each case of flowing WL. studied, a fact that rules out their role on the mechanical properties obtained.

Fiber orientation

In general, the FO of the flowing WLs exhibits some common aspects. The near the WL plane the more the fibers orient in flow direction reaching a maximum of alignment at the WL plane. The FO tensor at the WL plane was similar in all cases, and the tensor component in flow direction (a 11 ) had an average value of 0.8 across the thickness (Fig. 4a). A slight increase of the FO tensor component was also observed in the thickness direction (a 33 ) at the WL. This FO gradient in y direction, transversally to flow direction, can explain the phenomenon of strain localization at the WL observed with DIC. This strain localization could be explained by a higher orientation in the x direction that is perpendicular to the loading direction (y). The width of the FO gradient reached ~8 mm, i.e. ~4 mm from each side of the WL plane. However, the width of the FO gradient varied depending on the part thickness and the flow distance after the insert.

Fiber orientation across the thickness

Fig. 5 presents the FO tensors divided in different layers across the thickness for the 3.0 mm and 1.5 mm plates in order to better understand the induced FO at the WL. Seven layers across the thickness can be identified: Skin, shell, intermediate, core, intermediate, shell and skin. Table 2 shows the thicknesses of the mentioned layers. The skin layer, which is in contact with the mold wall, was the least influenced by the WL, whose FO gradient had a width of ~2 mm (Fig. 5a). The nearer to the core, the greater the FO gradient around the WL. In fact, the FO gradient widened for the shell and inner layers (Fig. 5(b andc)). The width of FO gradient was the largest at the core and reached more than 8 mm in the plate with a thickness of 3 mm. The core layer was highly oriented in the flow direction and showed a slight tendency to orient in the out-of-plane direction, which reached a maximum exactly at the WL plane (Fig. 5d).

Thickness measurements at the WL on the same samples scanned by CT are presented in Fig. 6. An increase of thickness was found at the WL of around 9 μm and 15 μm for the 1.5 mm and 3.0 mm plate, respectively. In the thicker plate, the region of increased thickness was wider. This region of increased thickness was persistent along the WL until the end of the plate.

The increase of FO in the out-of-plane direction at core can explain the changes in plate thickness at the WL presented in Fig. 6. The fact of having more fibers oriented in the thickness direction reduced the shrinkage at the WL in comparison with regions far apart from the WL plane. The typical skin-core microstructure induced by flow between parallel walls disappeared progressively as the WL plane was approached, where fibers in the core layer were predominately oriented in the flow direction. This shows the huge influence of the WL on the FO, especially in the inner layers of the plate. The later solidification of the inner layers in comparison to the skin layer can explain the higher influence of the flowing WL on the fiber orientation at the core. In the plates of 1.5 mm, the WL had a high influence on the FO only at the core layer, where the width of the FO gradient was ~6 mm. In the other layers, the width of FO gradient was reduced to 2 mm. Fig. 7 compares the width of averaged FO in thickness direction between the two thicknesses under study. The WL in the thicker plate, which has larger shell and core regions, exhibited a larger FO variation in transversal direction than that of the thinner plate. The difference in FO variation in transversal direction can be explained in fact by the results in Fig. 5. The FO in the thicker plate was more influenced by the weld line compared to the FO in the thinner one. The higher FO in the flow direction across the thickness for the 1.5 mm plate (Fig. 7) explains the lower tensile strength (loading in transversal direction) of the corresponding flowing WLs (Fig. 3).

The preferential FO in the flow direction at the core and the width of FO gradient indicate that a flowing WL has a comparable effect on FO as a mold wall. In fact, similar to a mold wall, the fibers oriented parallel to the WL surface and the FO gradient spread some millimeters from the wall.

In Fig. 8, the averaged FO at the WL across the normalized thickness is compared for the two thicknesses under study. The FO averaging at the WL was performed using all the FO evaluations, which lay at normal distances shorter than 2 mm from the WL plane (between y =-2mm and y = 2 mm). In both slit and cylindrical inserts, the averaged FO profile along the thickness is similar for the two thicknesses under study. The typical core region disappeared with high orientation in the transversal-to-flow direction (y).

Influence of the insert shape

To compare the role of the insert shape on the induced FO, Fig. 9 (a and b) compares the slit with the cylindrical insert by averaging, across the thickness, two mesh layers 0.5 mm after the insert and two mesh layers 5 mm after the insert. The induced FO was different at short flow distances (0.5 mm after the insert), but then the induced FO reached a comparable state independently of the insert type. Actually, the FO induced by the cylindrical insert required around 3.5-4 mm after the insert to reach a similar FO state as in the slit insert (Fig. 10). This means that the insert shape has the main influence on the induced FO at the meeting point of the two flow fronts. Simulations of the flow behavior around the cylindrical insert showed that the two flow fronts meet frontally at the beginning of the WL and then the two flows are oriented quickly in the flow direction. The changes in FO just after the insert could be related to the increase of the shearing deformation caused by the insert walls of the cylindrical insert and to the change of the velocity direction of flow front: it is very difficult to quantify the influence of these two phenomena. A slight difference in the FO gradient (variation in transversal direction) was noticed according to the insert used; in fact, the zone of FO distortion around the WL for the slit insert was narrower than that for the cylindrical insert. The insert shape also had an impact on the failure strain along the WL length, as presented in Fig. 3. For example, the specimens extracted from the 3 mm plates with cylindrical insert exhibited a higher failure strain than the specimens extracted from the 3 mm plates with slit insert. This is in agreement with the higher FO gradients in the flowing WLs produced by the slit insert.

In order to get more information about the influence of the insert on the induced FO around the WL, an additional CT scan was performed at position 3 of a 3.0 mm plate injected with a cylindrical insert. The scanned volume was asymmetrical with respect to the WL plane (y =0) in order to include a larger area transversally to the WL. Fig. 11 shows that the cylindrical insert induced a smaller FO gradient in the transversal direction than the slit insert. As mentioned before, this difference in FO can explain the difference in failure strain presented in Fig. 3, given the fact that a smaller FO gradient in transverse direction would lead to larger failure strains. The microstructural information in Fig. 11 also reveals that the width of the FO gradient can be larger than 10 mm, even after 70 mm of flowing distance. Fig. 12 shows the changes of induced FO along the WL for the different insert types. The induced FO tensor at the WL plane and 0.5 mm away from that plane did not change substantially along the WL. However, the FO gradient seems to flatten gradually with the distance from the insert tip. In the 1.5 mm plate, the FO gradient induced by the WL was strongly smoothed after 70 mm.

In order to have a better understanding of the changes along the WL, Fig. 13 presents the induced FO per layers (as in Fig. 5). For the 3 mm plates, the FO gradient changed strongly at short flow distances in the skin and shell layers until it is hardly detectable 65 mm after the insert. The FO gradient in the intermediate layer exhibits, however, progressive decrease with the flow distance. The fibers at core, on the contrary, kept their orientation along the WL with only a slight change 65 mm after the insert tip. In the case of 1.5 mm, after 65 mm of flow distance, the FO gradient is only detectable at skin and core. Unlike at the core, where there was no reorientation along the WL; at the skin, shell and intermediate layers the induced FO at the WL evolved substantially with the flow distance. The existence of a FO gradient along the WL explains why failure always took place at the WL, even when the WL failure stress (90 mm after the insert tip) is comparable to the failure stress of a sample without WL.

The smaller FO gradient for the 1.5 mm plates could explain the quicker increase of the failure stress towards the value of the bulk strength after the insert (Fig. 3), where it can be postulated that the FO The part thickness influenced the FO profile along the flow direction. In the 1.5 mm plate, the FO gradient transverse to flow direction across the layers (Fig. 13) was more affected by the flow distance along the WL than that in the 3 mm plate. The similar injection time of both plates induced a higher shear rate in the thinner plate. On one hand, the higher shear rates oriented the fibers predominantly in the flow direction around the WL, reducing the FO gradient at the WL region and enabling a higher increase of the mechanical properties (failure stress and failure strain) towards the values without weld line for the 1.5 mm plates. On the other hand, in the 3 mm plate, only the two outer layers (skin and shell) were influenced by the proximity to the cavity walls and show a reduction of the FO gradient. The lower influence on the intermediate and core layers preserved, in turn, the FO gradient for the 3 mm plate and explains the low increase of mechanical properties along the flow distance.

Using scanning electronic microscopy on the same samples, an FO gradient was found at the core layer, even 91 mm after the insert [9]. The decrease of the FO gradient (transversal to the WL plane) in combination with the strain increase observed in Fig. 3 suggests that the impact of a flowing WL on the mechanical properties would vanish only when the induced FO gradient disappears completely.

Correlation with DIC results

In order to achieve a better understanding of the mechanical behavior at the WL, the strain field during a quasi-static tensile test of the same specimens used for the CT scans was tracked using DIC. In Fig. 14, the strain field in the loading direction (transversal to the WL on one line) is presented for different positions along the WL and for different types of insert. Each strain profile represents the same macroscopic stress level (approximately 60 MPa). A strain gradient, which reaches a width of around 8 mm and has a maximum at the WL plane can be noted. At a given stress level, there was a reduction of the strain gradient with the flow distance from the insert tip. The strain localization at the WL can be correlated directly with the FO gradient shown in Figs. 5 and13a. The strong strain localization at the WL is, in fact, the result of the unfavorable fiber orientation around the WL (fibers are mainly oriented in flow direction, transversally to the loading direction); which in turn concentrates the stresses in the polymer matrix. The difference in engineering failure strain (measured with extensometer) of the 3 mm samples extracted in position 3 between the slit and cylindrical inserts (Fig. 3b) can be explained in the light of the DIC results in Fig. 14b, where higher strain levels are observed for the cylindrical insert, both at the WL plane and far from it. The strain profiles in 14b correspond to a stress level of ~60.5 MPa, which is close to the failure stress of the sample extracted from the plate with cylindrical insert. The difference of measured strains between the cylindrical and slit insert correlates with the results of FO in Fig. 11. In fact, in the plates with a cylindrical insert the fibers away from the WL plane (2-3 mm from plane) were more oriented in the flow direction than their counterparts in the plates with a slit insert. This would lead to higher deformations when the sample was loaded transversally to the flow direction.

The results from DIC were also used to estimate the local Young's modulus (E) at the WL region and at zones far away from the WL plane. The moduli were calculated by taking the difference of global stress corresponding to a change of local strain going from 0.15% to 0.8%. It was found that the local Young's modulus diminishes with proximity to the WL plane. For all flowing WL cases, E at the WL ranged between 3650 and 3900 MPa. For points in a section 4 mm away from the WL plane, E increased and ranged between 4500 and 5000 MPa. In order to check if the measured local Young's moduli are plausible, the local Young's moduli were estimated analytically by mean field homogenization using the FO measured via CT. The Mori-Tanaka model [20] was chosen for the calculations. In terms of the polymer matrix, a Young's modulus of 2230 MPa and a Poisson's ratio of 0.4 were used. These values were obtained from tensile tests performed on injectionmolded samples of the non-reinforced PBT compound. For the E-glass fibers, a Young's modulus of 72 GPa, a Poisson's ratio of 0.22 [21] and an aspect ratio of 20 were set. The analytical calculations were done in two regions, one exactly at the WL plane and the other 4 mm away from the WL plane for the case of 3 mm plate at position 1 with a slit insert. A multilayer representative volume element was generated using the same layers and the FO tensors given in Fig. 13. The glass fiber volumetric fraction was defined equal to 0.18 in all layers. In this framework, estimated theoretical E values at the WL and 4 mm away from the WL plane were equal to 3600 MPa and 4500 MPa, respectively. In front of those theoretical values, the E values determined experimentally via DIC at the WL and 4 mm away from the WL plane were approximately 3730 MPa and 4400 MPa, respectively. These results indicate that, for the material used in this study, the decrease of the Young's modulus in the direction of the WL is related to the FO gradients presented in the Fig. 13.

Volume fraction

The changes in VF at the flowing WL were very similar, independently of the insert type, position and thickness. To eliminate the uncertainty of the VF analysis at the boundaries of the scan, only a region of 8 mm was considered. Results in Fig. 15 show that, in the shell layer and more notably in the core layer, the VF decreased as the WL plane was approached. One would expect an increase of VF at the core layer in the vicinity of the WL plane due to the higher FO in flow direction, which would facilitate the fiber compaction. This decrease in VF can be explained by the change in flow front velocity at the WL interface. As mentioned in Sec. 3.2, a WL acts as a wall, especially at the core layer. In fact, lower VFs near the cavity walls have been reported in the literature, where the phenomenon was related to high shear rates and fiber migration [22,23]. The same behavior can explain the decrease of fiber content at the WL surface.

Conclusions

A flowing WL acted similar to a mold wall in terms of the induced FO. The largest influence on FO was located at the core layer of the WL in the injection-molded part. A flowing WL induced a large FO variation in transversal direction that reached a maximum at the WL plane. The width of the FO gradient (variation in transversal direction) induced by a flowing WL can be larger than 8-10 mm. The FO gradient slowly decreased along the flow distance, which explains the increase of failure strain and failure stress along the WL. At the flowing WL, there was an increase of fibers oriented in the thickness direction, which modified the shrinkage behavior at the WL and can lead to an increase of the part thickness at the WL. The insert shape did not influence the local FO at the WL, but had an impact on the FO gradient transversally to the WL plane. A cylindrical insert (diameter of 30 mm) induced a larger FO gradient than a slit insert (width of 1 mm). The flowing WLs in thinner parts exhibited shorter flow distances for vanishing the FO gradient induced by the WL. The induced FO gradient at the intermediate and shell layers disappeared with the flow distance, but the FO gradients at core and skin layers were persistent, even after 90 mm of flow distance.

Local strain analysis assisted by DIC during a quasi-static tensile test proved that the FO gradient at the flowing WL was responsible for the strong strain localization in the vicinities of the WL plane, which led finally to the failure of the specimen.

Complementary discussion

Comparison to the simulation prediction of fiber orientation

The simulation chain to predict the mechanical properties of reinforced parts depends highly on the simulated FO. However, the accuracy of the FO prediction is unknown at the WLs. To evaluate the prediction, Moldflow® 2018.1 was employed. Three models were tested: Reduced Strain Closure (RSC) with a factor Ki of 0.05 and 0.1, Moldlfow Rotational Diffusion (MRD) with automatically calculated coefficients of asymmetry (D1 = 1.0, D2 = 0.8, D3 = 0.15) and Folgar-Tucker (FT). In all models, the coefficient of interaction (Ci = 0.006) was defined from the material parameters (Sec. 1.2.2.1). Comparisons were made with a filling and packing analysis. Mesh was 3D type including the runner with an element edge size of 1.5 mm and 12 layers throughout the thickness. The same process parameters used in the injection process were used as input. The thermal properties of the material card used in simulation was updated according to the DSC measurements made for this purpose.

The predicted FO was mapped into the same hexahedral mesh used in the evaluation of the CT scans using Digimat® Map. The evaluation was made by means of the root mean square error (RMSE) of each main FO component (aii) in each element. To have an indicator of the simulation prediction error, the RMSE value of the error of all elements was considered:

= √ ∑ -

Eq. 3-1

The reference for the evaluation was based on evaluations of CT scans without WL. Scans of different materials with a similar fiber content made internally at the company Robert Bosch GmbH were used for this purpose. The RMSE values ranged depending on the used model between 0.07 (RSC) and 0.12 (FT). The highest error values for the reference specimens located at the core layer. Similar outcome was reported by Tseng, et al. (2018). The prediction error increased with increasing fiber content. Some evaluation results of the different specimens are detailed in Table 3-1. The RMSE value of FO prediction reached ~0.16 with the Folgar-Tucker model. RSC fared the best, however most predictions showed around 10 % error in prediction. Fig. 3-1 shows that the error actually decreases at the WL compared to away from it. This is explained by the absence of the transverse orientation at the core layer at the WL, which coincidentally helped the simulation software to achieve better results. However, the error prediction at the WL increased along the flow. The simulation predicts a decrease of the maximum orientation at the WL (Fig. 234567891011121314), which experimentally was seen to be as constant maximum orientation of ~0.8 even 75 mm after the insert tip.

Chapter 4 Mechanical and Microstructural Characterization of Frontal Weld Lines

The characterization of the reinforced frontal WLs showed a severe influence on the mechanical properties. A considerable dependency on the packing pressure and thickness was noticed and a clear change of the fiber orientation at the WL region was visible. This chapter presents a complete characterization of frontal WLs. It enables understanding the correlation between the process-induced microstructure and the obtained part properties.

It is presented as a paper accepted in the journal Polymer Composites titled: Frontal Weld Lines in Injection-Molded Short Fiber-Reinforced PBT -Extensive Microstructure Characterization for Mechanical Performance Evaluation.

References of this chapter are separate from the references of the thesis. almost 40% of the strain at break is observed despite the complete matrix healing at the WL interface and the absence of V-notches. Frontal WLs induce a FO gradient starting 2 to 3 mm before the WL plane. The fibers in the WL region mainly orient in transverseto-flow and thickness direction. This FO gradient localizes the deformations, which leads to failure at a strength near to the one of the unreinforced variant. Voids formation in f r o n t a lW L ss e e m st ob ed r i v e nb yl a r g eg r a d ients of FO and subsequent anisotropic shrinkage. In addition, this shrinkage behavior at the WL causes an increase of thickness.

By applying higher packing pressures, the fibers orient more in flow direction at the core of the WL, leading to a higher tensile strength and a lower content of voids. Finally, we can conclude that the FO is the dominant factor controlling the mechanical performance in frontal WLs. KEYWORDS injection molding, mechanical properties, microstructure, X-ray, orientation

| INTRODUCTION

Weld line (WL) formation during the injection molding of thermoplastic parts is unavoidable. WLs form when separate polymer flow fronts meet during injection. Multiple flow fronts can appear due to multiple injection gates, inserts inside the mold cavity or pins. [1] We can distinguish between two kinds of WLs:

1. Frontal WLs: Melt fronts meet and stagnate simultaneously. 2. Flowing WLs: Melt fronts meet and then flow through the mold.

Frontal WLs induce a significant reduction on the mechanical properties (quasi-static tensile strength and failure strain) that can reach up to 50%, especially with short fiber-reinforced polymers. Several phenomena can explain the negative influence of WLs on the mechanical properties at failure under quasi-static tensile loading [1-11] :

1. Incomplete molecular diffusion (insufficient polymer matrix healing): Rapid cooling rates in injection molding might give the molecules less time than required to reptate and reach the entanglement density of the bulk polymer.

2. Fiber orientation (FO) gradient: At the WL, the fibers orient preferentially parallel to the WL surface, reducing the fiber strengthening of the composite when loading in the normal direction of the WL surface. 3. Molecular orientation: Similar to the fibers, the polymer molecules will also orient parallel to the WL surface due to an elongational flow induced by the fountain flow at front. [12] However, the influence of molecular orientation on strength reduction in short fiber-reinforced thermoplastics is nearly negligible. [8] 4. V-notches and voids: Both act as stress concentrators at the WL, but their influence can be limited using ventilation channels and by controlling process parameters, especially packing (holding) pressure. [9,10] Investigations on frontal WLs have been mostly made by mechanical characterization considering the influence of process parameters or filler content. An accepted rule of thumb states that with increasing melt or mold temperatures, the WL exhibits higher mechanical strength. [2,3,7] A similar behavior has been observed with increasing packing pressure. [3] With higher filler content, WLs have higher impact on the reduction of quasi-static tensile strength and failure strain. [4,6,13] The strength of the WLs did not vary in parts with different thicknesses of PP composites. [14] In terms of microstructure characterization at the frontal WLs, reflected light microscopy showed how fibers orient parallel to the frontal WL surface. [11] By means of scanning electron microscopy (SEM) images, it has been shown a FO gradient with a width of at least 1 to 2 mm at frontal WLs. [5] Using SEM and light transmission microscopy, it was demonstrated that the FO at the WL is dominant over the Vnotches on determining the frontal WL strength. [15] Because of a good compromise between resolution and analyzed volume, X-Ray computed tomography (CT) has been widely used in the characterization of the microstructure of thermoplastics. Different characterizations of flowing WLs using CT are reported that is, in References [16-21] .A frontal WL was scanned with microfocus X-ray CT by Nagura et al. [22] A quantitative analysis at four different 364 × 364 × 364 μm 3 zones showed that fibers at the WL orient in the transversal-to-flow direction and in the thickness direction. Lee et al. [23] used micro-CT at a frontal WL and reconstructed the microstructure showing that the FO at the WL zone is mostly perpendicular to the flow direction.

Voids are also a factor of influence on the strength of injection-molded thermoplastic parts.

Recently, the use of CT scans to characterize voids has been widely spread as it enables an accurate determination of the void's size and content. [24-26] Voids can form due to inhomogeneous thermo-mechanical shrinkage across the thickness, [27] which takes place in injection-molded fiber-reinforced thermoplastics. The presence of voids has been also attributed to temperature, fiber content, and fiber length gradients that in turn lead to a different volumetric shrinkage behavior. [28] Nevertheless, void formation at the WLs is less studied to the extent of the authors' knowledge. Voids were present at the frontal WL plane of 4 and 6 mm thick specimens, which were attributed to air entrapment. [15] The formation of micro-voids at regions of transition of FO near the frontal WL were reported as a possible reason in weakening the WL region. However, the volume fraction of the microvoids was very small (less than 1%). [29] Studies about the influence of the packing phase on the injection-molded parts show some ambiguities regarding its role on the FO. The influence of packing pressure is frequently correlated with the analysis of microstructure images or FO simulation results. A study suggests that during the packing phase, the FO at the core tends to orient more in the transverse direction. [30] Using SEM images, an increase of thickness of the core layer has been noticed with higher packing pressure. [31] On the other hand, using a theoretical model for long glass fibers, Tseng et al. [32] found that the core thickness is reduced and the fibers become more oriented in flow direction during the packing phase.

For an economical and environmentally friendly part design, we need a reliable prediction of the mechanical properties at the WLs, which can be highly loaded regions of the part under service. Current integrative simulation chain approaches combine process and structural simulation to predict the mechanical behavior of a part. The phenomenon of molecular-diffusion at the WL interface has been modeled for unreinforced amorphous polymers by Kim and Suh. [9] In the case of reinforced polymers, the prediction of the mechanical properties with WLs is however not reliable. [33] WLs have actually proven to be a bottleneck in designing thermoplastic parts. In order to better predict the mechanical properties of WLs, a better understanding of the phenomena influencing their properties is required.

The FO behavior exactly at frontal WLs is well established, but mostly only based on 2D images. The state of the art lacks a quantitative characterization at the WL region. Studies in the literature are limited to small regions mainly at the WL plane. More importantly, the contribution of the several factors affecting the WL performance (polymer diffusion, fiber microstructure, voids, and V-notches) are not well studied. This work employs state of the art techniques to characterize the microstructure and correlate its influence on the shrinkage behavior at the WL, the formation of voids and the mechanical properties. Furthermore, the influence of the packing pressure and thickness on the microstructure of the WLs is studied. The influence of the factors weakening the WL is investigated to attain information on their relative contribution to the mechanical performance of frontal WLs in glass fiber-reinforced polybutylene-terephthalate (PBT).

For this purpose, a specific mold was designed and two part thicknesses and two packing pressures were considered. Fiber volume fraction (VF), FO, and void content were determined quantitatively by X-ray CT at the frontal WL region. Surface topology scans were performed to understand the influence of FO changes on the thickness changes and shrinkage behavior at the WL. Tensile tests assisted by digital image correlation (DIC) were done to correlate the mechanical response with the quantified process-induced microstructure at the WLs.

| EXPERIMENTAL 2.1 | Sample preparation

A PBT reinforced with 30 wt% glass fibers was used (average VF = 0.18, mean fiber length = 200 μm, and fiber diameter = 10 μm). The injection-molded specimen is described in Figure 1. A width of 15 mm larger than the one of standard ISO 527 tensile sample was chosen to limit the influence of sidewalls (lateral walls). The mold was provided with ventilation channels at the WL zone (10 mm width and 0.01 mm depth) to limit the appearance of V-notches and voids induced by air entrapment. Specimens with two thicknesses (1.5 and 3.0) mm were produced using an injection-molding machine DK-Codim 175/410. The following process parameters were fixed: Injection time ~2.3 s, mold temperature of 60 C, melt temperature of 250 C, and holding time of 5 s. The holding pressure was varied in two levels: 40 and 60 MPa.

| Mechanical testing

Quasi-static tensile tests were made using an Instron 5966 machine. The strain was measured with an optical extensometer with an initial reference length between 10 and 12 mm. Clamp speed was fixed at 10 mm/min. Further evaluations of the strain field were made with a DIC system Q-400 from LIMESS and the software ISTRA4D (4.4.4) from Dantec Dynamics. The DIC evaluations were made on the same specimens of the ones scanned with CT analysis.

| X-ray computed tomography

Injection molded specimens were scanned directly without machining them. Positions of the scanned regions are shown in Figure 1. Scans were made using a CT system GE v|tome| x m 300/180 Metrology Edition with a Nanofocus X-ray tube and the following parameters: Mode 1, X-ray tube voltage 100 kV, X-ray tube current 135 μA, exposure time per projection 500 ms, 3300 projections, no prefiltration and a voxel size of 2.9 μm. The system used a 16 MPixel detector dynamic 41/100 without any binning. A first series of CT scans were carried out on the specimens injection molded with a packing pressure of 40 MPa (PP40). Each scan zone had a size of 5 × 10 × 1.5 or 5 × 10 × 1.5 mm 3 and was transversal to the WL. The scans were merged together into a single microstructure to obtain the FO and VF results on a 10 × 10 × t mm 3 zone. A second series of CT scans (10 × 10 × 3 mm 3 ) was done on a 3 mm specimen injection molded with a packing pressure of 60 MPa (PP60).

| Determination of fiber orientation, fiber volume fraction, and void content

The software VG Studio Max 3.1 from the company Volume Graphics was used to reconstruct the CT images. The evaluation of FO and VF was based on a local filtering method, which uses gradient threshold values and computes a local FO for each voxel without performing a segmentation of single fibers. The computed voxel values of FO and VF were averaged on the elements of a regular hexahedral mesh with an element size of 0.2 mm. For each mesh element, VG Studio Max 3.1 computes a second-order FO tensor as defined by Advani and Tucker. [34] Figure 2 shows an example of the obtained FO results on the hexahedral mesh. In each main direction, the mesh can be divided into layers. In the following, the FO results are presented by averaging the values of each layer according to the direction of analysis. The SD of the mean value of the component of the second-order FO tensor depended on the number of layers under consideration. The maximal obtained value was ~0.035 for a single evaluation point. Due to the low value of deviation, it will not be plotted in the figures. The mesh was placed so that the three main FO tensor components are in the directions of the Cartesian coordinates shown in Figure 1. This means that the a 11 component corresponds to the FO in x direction (flow direction), a 22 is the FO in y direction (transversal to flow) and a 33 is the FO in z direction (thickness direction). These three directions are very close to the main principle directions given the very low values of the measured off-diagonal tensor components (a 12 , a 23 , a 13 ).

Quantitative analysis of the void content were performed by applying a median filtering to eliminate the noise inside the voids followed by a surface determination to define the void boundaries. Micro voids smaller than 36 voxels (ie, 900 μm 3 ) were neglected due to software limitations in the quantitative analysis of voids.

| Surface profilometry measurement

Surface topology measurements were made with a Veeco Dektak 150 Profilometer (12.5 μm radius stylus, resolution 2.4 μm) assisted with the software Vision (4.2). The preset measuring-profile used was "Hills&Valleys" with a stylus force of 3 mg. The reference plane is chosen as the one with the most probable height level, which was coincident with the specimen surface away from the WL.

| RESULTS AND DISCUSSION

| Mechanical properties of frontal weld lines

Rheological tests have shown that the longest relaxation time of the used PBT matrix is approximately 4 ms at the selected injection temperature. [5,21] For the processing times used in this work, then a complete matrix healing at the WL surface is expected. Tensile tests on the unreinforced PBT specimens proved the complete matrix healing at the WL given the fact that the specimens with and without WL did not exhibit different tensile stress/strain at yield (Figure 3). Failure of the specimens with WL of the unreinforced variant took place at the shoulder of the specimen and not at the WL.

Tensile testing results in Figure 4 of the fiber-reinforced PBT show the severity of frontal WLs (five specimens for each case). The failure always took place exactly at the WL and the strength reduction factor reached about 0.55. The tensile strength at break of the 1.5 mm-thick sample with WL is 7% higher than the one of 3 mm (Figure 4A). Failure strain is reduced by 35% and 45% for the 3.0 and 1.5 mm samples with WL, respectively. The 1.5 mm-thick WL have a higher strength, however, a lower failure strain than the 3.0 mm-thick sample. This can be attributed to the thinner core layer of the 1.5 mm specimen. In injection-molded thermoplastics, a skin-core microstructure is present with fibers oriented in flow direction at the skin (shell) layers and transversally to the flow at the core layer and the thickness of the core layer increases with increasing thickness. [35] The influence of the packing pressure on the WL strength was found to be significant (T-Student at 95% of confidence). In fact, the average failure strength of the specimens with 60 MPa increased by around 3 MPa with respect to the one of the specimens with 40 MPa. The increase of strength of the WLs with increasing packing pressure has also been reported by Kagitci and Tarakcioglu. [36] The fact that the used matrix in this work exhibits a very high healing ability at welding eliminates the role of the lack of matrix healing (interdiffusion) on weakening the WL. The mold and melt temperatures played no role in increasing the strength of the WL [5] that further confirms the good welding ability of the PBT polymer matrix under injection-molding conditions. The failure strength at the WL was 3 to 7 MPa higher than the maximum strength of the unreinforced matrix, which indicates that composite failure was reached after matrix failure.

| Fiber orientation

Figure 5A plots the FO along the flow direction of the 3 mm WL (PP40 case, average value taken across the width and thickness). The region near to the specimen side surface (2 mm) was not considered to eliminate the lateral wall effects. Large variations of a 11 and a 22 appear 2 mm before the WL plane, which means that the induced FO microstructure at the WL is at least 4 mm wide. In fact, fibers start to orient more in thickness and transverse direction by nearing the WL plane. In the WL plane, most of the fibers are oriented in the transverse direction (a 22 component reaches a maximum value of about 0.75). This wide FO gradient in the flow direction ( Δa 11 Δx ) could be explained by the extent of the fountain flow front. As the flow stops at the frontal WL, the remaining FO microstructure at the frontal WL is characteristic of the FO induced by the fountain flow.

For the 3.0 mm-thick specimen with WL, the highest orientations in thickness direction are not found at the WL plane, but at regions beside the WL plane that are located ~2 mm away from the WL plane (see Figure 5A).

The FO along the WL, that is, in the transversal-to-flow direction, can be visualized in Figure 5B. The fibers are preferentially oriented in the flow direction at the specimen's sidewall, but their orientation evolves over a distance of around 1.5 mm. From this position, fibers orient mainly parallel to the WL surface and remain with this global orientation.

The high orientation in flow direction at the sidewall could be explained by the influence of the shear rate profile near the wall, which orients the fibers in flow direction. The increase of FO in thickness direction at the sidewall will be discussed later in this work.

Figure 5C compares the FO results in thickness direction at the WL region. The highest FO in thickness direction takes place at the core. In fact, at the core region, the fibers orient only in thickness and transverse to flow direction. This behavior depicts the typical fountain flow behavior associated with injection molding. This means that nearly no fibers are oriented in the flow direction. As consequence, when loading this frontal WL in flow direction the fibers will practically not reinforce the parts.

| Influence of thickness on the fiber orientation at the weld line

Figure 6A compares the FO at the WL between the two studied thicknesses: 1.5 and 3 mm. The results are presented in flow direction, it means that results have been averaged over the thickness and the width of the specimen (2 mm at the sidewall were not considered to exclude the particular microstructure observed in Figure 5B). On one hand, the FO gradient in flow direction at the WL in the 1.5 mm specimens is smaller than the one in 3 mm specimens. On the other hand, the change of FO along the flow direction in the 1.5 mm specimen is less abrupt. The FO in the 1.5-mm thick specimen is less oriented at the WL region. In fact, in the 1.5 mm case, the fibers are oriented more in thickness direction and less in transverse direction compared to the 3.0-mm thick specimen. The increase of the fibers oriented in flow direction can be explained by the higher shear rates in flow direction found in thinner parts, which would tend to orient To understand the difference in FO between the two thicknesses, Figure 6B plots the FO over the normalized thickness averaged at the WL region, that is, volume found at distances lower than 1.5 mm from the WL plane. In the thinner part, the FO is less oriented and in average nearly isotropic in space. In both thicknesses, however, the FO in the thickness direction increases from the skin to the core layer.

The higher FO in thickness direction exactly at the WL plane in the thinner part compared to the thicker part can be supported by the wider WL region at the 3 mm part as shown in Figure 7.

The images were taken from the CT-scans at a section 4 mm away from the sidewall (y = 4 mm). When considering the core region, the width of the WL can be qualitatively measured from the fibers oriented preferentially in thickness direction. The WL region of the 3.0 mm specimen is around 2 mm wide and the fibers oriented in thickness direction lay mainly besides the WL plane (dashed lines in Figure 7B). In the 1.5 mm part, the width of the WL is ~0.5 mm with fibers oriented in thickness direction exactly at the WL. This induced microstructure in both thicknesses was also observed in other specimens examined under SEM.

The difference of the FO with changing thickness could be related with the development of the flow front profile along the flow. The development of the fountain flow at the flow front has been simulated elsewhere. [37] Higher velocities develop faster the fountain flow and in turn orient faster the fibers in the thickness direction at the flow front. However, this hypothesis could be rejected by considering the flow distance until the WL location (50 mm), which could be sufficient for developing completely the fountain flow in both thickness. A further explanation could be based on the fact that the thickness of the solidified layer at the wall (or regions with high viscosity due to cooling) is the same for the two specimens in absolute value, but not relatively to the cavity thickness. This would induce a change of velocity gradient across the thickness, which could be responsible for the observed differences of FO at the WL zone.

CT-scans on short shots at the flow front or mechanistic direct fiber simulation could help better understand the influence of the thickness on the development of the FO at the flow front and provide more robust explanations of the microstructure in Figure 7.

In addition, the flow-induced FO at the WL is more distorted by the packing pressure phase in the 3 mm case than in the 1.5 one. [5] The influence of the packing pressure is more important in the 3 mm case because of the slower solidification in comparison with the 1.5 mm specimens. The influence of the packing pressure will be discussed more in detail later on.

| Shrinkage behavior at the weld line: Influence of fiber orientation

A surface topology scan at one side of the WL is presented in Figure 8. The reference plane is the specimen surface WL. This result excludes the formation of a V-notch at the WL. This increase in thickness is related to the increase of FO in thickness direction at the WL shown in Figure 5C, which is related to the fountain flow behavior.

In fact, as the flow stops at the frontal WL also the development of FO ceases and the final FO at the frontal WL is associated to the microstructure induced by the fountain region, which orients the fibers perpendicular to the flow direction (ie, in transversal and thickness direction). As consequence, the fibers that remain oriented in thickness direction limit the shrinkage at the WL region compared to the regions away from the WL. This increase in thickness can be observed in Figure 7.

An increase of the thickness-averaged FO component in thickness direction (a 33 ) from ~0.2 in the 3 mm case to ~0.35 in the 1.5 mm case, led to an increase of the surface height from 15 to 30 μm. This suggests a relation between the shrinkage-driven surface height at the WLs and the FO in thickness direction.

To support the correlation between FO and shrinkage behavior, anisotropic FE simulations were made using a thermoelastic matrix material law and a Mori Tanaka homogenization scheme. [38] For this calculation, an averaged FO tensor over the thickness at the WL plane was employed. For the Eglass fibers, an elastic modulus of 72 GPa, a Poisson's ratio of 0.22 [39] and an aspect ratio of 25 were supposed. For the polymer matrix, an elastic modulus of 2230 MPa and a Poisson's ratio of 0.4 were used, which were identified from tensile test experiments carried out on the respective unreinforced PBT. Coefficients of thermal expansion at different temperatures were measured for the PBT-matrix using a TMA analysis between -20 Ca n d1 7 5 C. The values ranged between ~7 × 10 -5 and~1.5×10 -4 .

A thermal simulation on a cube was performed by cooling from melt temperature (250 C) to mold temperature (60 C). Results show a clear difference in the shrinkage with the different FO tensors. The 1.5 mm case (a 11 = 0.25, a 22 = 0.4, and a 33 = 0.35) has led to nearly half the displacement in z direction compared to the 3 mm one (a 11 = 0.17, a 22 = 0.63, and a 33 = 0.2). These results support the correlation between FO and shrinkage behavior in the thickness direction at the WL. A correlation between the FO and the shrinkage of a thin walled part in general was also suggested in Reference [40] .

At the sidewalls of the specimens, an increase in surface height of nearly 65 μm is also clear. This behavior can also be explained by the induced FO at the walls. Figure 5B shows the increase of the FO in thickness direction at the sides of the specimen (from y = 0 mm to y = 0.6 mm). The increase of FO at the walls should be induced by the complex velocity gradient associated with a three walls confinement. The slower velocities of the flow front at the sidewalls compared to the center of the specimen might also play a role.

The increase of thickness at the walls was nearly two times higher than at the WL, however, FO tensor component in thickness direction was similar and close to 0.35. This could be related to a constrained shrinkage at the sidewall in comparison with regions in the middle of the sample. In both cases, however, the FO in thickness direction at the WL reduces the shrinkage potential of the polymer matrix and hinders the apparition of V-notches at the WL.

| Influence of packing pressure

The influence of packing pressure was studied by comparing the FO of the 3 mm specimens injected with packing pressure of 40 MPa (PP40) and 60 MPa (PP60). Figure 9A shows a comparison of the FO in flow direction by averaging the orientation tensors in width and thickness directions of the scan. At normal distances higher than ~3 mm from the WL plane (at x = 0), the change in packing pressure has a low impact on the induced FO and both cases exhibit a similar behavior. However, at the WL plane, a distortion of FO by increasing the packing pressure is noticed. The higher packing pressure (PP60) led to a reduction of the FO gradient ( Δa 22 Δx ) at the WL with less fibers oriented in the transversal to flow direction.

Figure 9B compares the FO at the WL through the thickness by averaging the orientation tensors between x = -1.5 mm and x = 1.5 mm. At the core layer, one observes the larger differences of induced FO. With the higher packing pressure, the fibers orient more in flow direction. The small increase of FO in flow direction and the respective smoothing of the FO gradient explain the slight increase in tensile strength with higher packing pressure (section 3.1). In fact, those specimens exhibited a tensile strength difference of ~4.5 MPa.

Figure 10 presents comparison of the FO results at the core layer (from z = 0.8 mm to z = 1.4 mm) between the two packing pressures. The FO shows clear changes with the higher packing pressure at the core layer. The FO gradient exactly at the WL is nearly eliminated. On the contrary, the FO at the skin layers was very similar between both specimens.

Due to a probable nonsymmetric thickness of solid layers on each side of the WL, the flow during the postfilling can explain this reorientation of the fibers at core. In fact, the flow at core induced by the higher packing pressure would tend to reorient the fibers also in flow direction at the boundary between the solidified polymer layers and the molten core. This would explain the two peaks of a 11 at the core of the PP60 specimen in Figure 9B. In addition, the flow during packing would also deform the WL plane leading to a smoothing of the FO gradient at core. The previous results agree with the findings in Reference [31] , where the authors explain that during the postfilling stage, the viscosity in the core region is lower than the one in the shell layers leading to a higher orientation in flow direction.

| Fiber volume fraction

Fiber VF analysis shows a sharp decrease at the WL plane for the 1.5 mm sample and a smoother reduction around the WL region for the 3 mm one (Figure 11). In both cases, a decrease in VF of around 0.010 to 0.012 is observed, which means a reduction of weight fraction of about 2% to 3%. The variation of packing pressure on the 3 mm specimens did not bring differences in the VF distribution. The reduction of VF in the vicinity of the WL plane of the 1.5 mm sample can also be visualized in Figure 7A.

In general, the measured decrease of VF can be explained by the fiber migration induced by the higher deformation rate encountered at the flow front. In fact, particle migration is triggered by shear rate gradients [41,42] and the characteristic elongational deformation of fountain flow [43] would then promote the fibers to move away from the flow front. This phenomenon has been simulated by Kurth et al. with a mechanistic model to predict the movement of short fibers near the flow front. [44] It was explained that due to fiberfiber interactions fibers could not reach the flow front. The collision of the two flow fronts at the frontal WL would then induce a reduction of the fiber VF in a region around the WL, whose extend depends on the profile of the developed flow front.

The impact of the observed variations in VF on the mechanical performance at the WL is expected however to be low. In fact, by varying the VF in the range measured for this material, we estimated a change of up to 4.0% on the Young's modulus in the three principal directions using the Mori Tanaka micromechanical model and the material parameters mentioned before in section 3.4. This variation of Young's modulus should not have a significant impact on the WL strength. only at ~0.9 mm from the specimen surface, voids started to be visible. Interestingly, nearly no voids were observed at the WL. The size and quantity of voids increased across the thickness and reached a maximum at the core as shown in Figure 12B. It is possible to identify two regions of high concentration of voids. One region near to the wall side of the mold (marked in yellow) and another region located at ~3 mm before the WL plane (marked in blue). The location of the voids in the region near the wall (marked in yellow) lays at the same y-position, where the FO gradient in transverse to flow direction exhibits an abrupt change, as shown in Figure 5B.

| Void content

The voids in the central region (marked in blue) correlate similarly to the induced FO in Figure 5A, where voids locate at the region where fibers exhibit a steeped change in fiber orientation.

The specimen injected with packing pressure of 60 MPa showed a similar voids distribution as described for the PP40 sample. However, the void size (void VF) is reduced with higher packing pressures. In fact, based on a quantitative 3D analysis performed at the core layers of the PP40 and PP60 samples showed a reduction of voids content from 0.41 to 0.163 mm 3 by enhancing the packing pressure from 40 to 60 MPa.

In the 1.5 mm case, a lower voids content was observed, but with an analogue spatial distribution. The voids are found from z = ~0.65 mm to z = ~0.85 mm. The void content reaches a maximum at z = ~0.75 mm, which is the mid plane of the thickness. A high concentration of voids was also visible before the WL plane (~1 mm from it) and near the sidewall of the cavity. Similar to the case of 3 mm, the voids are concentrated within regions where a steeped change in FO gradient takes place. For example, the voids that form in the planes y~± 1 mm (coplanar to the WL plane) are located in a region before where the FO in thickness direction changes abruptly (Figure 6A).

The previous results suggest a strong correlation between the FO and void formation. Regions that solidify later in the injection process, that is, core zones, are prone to void formation by anisotropic shrinkage potential. Voids form before the WL-plane and close to the sidewalls. These two regions show steeped changes of FO gradient. This change of FO would influence the local shrinkage behavior. Higher packing pressures can however reduce the void content due, from one hand, to the higher core densification and, from the other one, to the smoothing of the induced FO gradient.

The concentration of the voids was found at least 1 to 3 mm besides the WL plane. Tensile tests on all specimens with WL failed exactly at the WL plane. This could point out a low influence of the voids on the WL strength. However, the voids could affect the stress distribution at the WL region and, in consequence, the transferred load to the WL plane. Thus, we lack of information for providing a definitive statement concerning the impact of voids on the quasistatic tensile properties of frontal WLs.

In this specific case, no voids were formed due to air entrapment at the WL surface, suggesting the positive influence of ventilation channels and a suitable choice of process parameters. A further CT-scan made on a 3 mm frontal WL specimen injected with a packing pressure of 40 MPa and without ventilation exhibited a similar voids distribution to the one injected with ventilation channels. This suggests that the formation of voids at the WLs with fiber-reinforced thermoplastics is mainly related to the anisotropic shrinkage driven by the induced FO.

| Analysis of strain fields with digital image correlation

Figure 13 presents the strain field in loading direction (ie, flow direction) at a stress level of ~56.5 MPa, which corresponds to the onset of failure of the PP40 specimen. A probe line A strain localization at the WL is clear and can be explained by the FO gradient presented in Figure 5A. In addition, in all specimens analyzed with DIC, the highest strains took place in probe lines located at ~1 to 2 mm from the specimen sidewalls. This failure initiation region coincides with a region of complex FO at the WL, which can be shown in Figure 5B.

Next to the sidewalls (at about 1 mm form the cavity wall), the FO exhibit the most prominent variation in comparison with other regions of the WL plane and would lead to the strain localization at this position of the WL plane. Examination of the fracture surfaces at the WL have also shown a stress-whitening region at this location, which is a sign of micro cracks and ductile failure initiation. [45] The fact that failure takes place exactly at the WL and initiates at regions with steeped changes of FO gradients point out the predominant role of the FO on the WL strength. In fact, no V-notches were observed as showed in Figure 7 and the matrix is able to heal completely at the WL interface according to Figure 3 and rheological measurements of relaxation time.

The elastic modulus was estimated along the frontal WL using the stress data for local strains of 0.05%. The Young's modulus varied along the WL, going from ~3600 MPa at the point of highest deformation to ~4500 MPa at the mid plane of the specimen. The elastic modulus of the matrix (without fibers) is about 2230 MPa. The higher values determined at the WL with the composite suggest a reinforcement effect of the fibers at the WL. Away from the WL plane, the estimated Young's modulus ranged between 7000 and 8000 MPa. These changes correlate with the changes in the FO presented in Figure 5. The decrease of the Young's modulus due to the WL has been reported elsewhere. [1-3] In Figure 13, a strain profile of the specimen injected with higher packing pressure at the same stress level (~56.5 MPa) is also shown. In this case, however, the strain localization at the WL is barely perceptible. The reduced strain localization with the PP60 sample shows the impact of the changes in FO at the core of the WL on the macroscopic mechanical behavior. In fact, the increase of FO in flow direction and the smoothing of the FO gradient at the core have led to a larger strength of the specimen in the flow direction.

The previous results point out that the tensile strength at the frontal WL is strongly influenced by the FO gradient showed in Figure 5A. This gradient concentrates the strains and stresses exactly at the WL, where the fibers are mainly oriented in transverse to loading direction.

| CONCLUSIONS

Glass fiber (30 wt%) reinforced PBT sample were injection molded with a frontal WL. First, measurements of the terminal relaxation time and tensile tests on the unreinforced variant show no influence of the polymer matrix healing. By putting vents in the mold in the WL zone and an adequate holding pressure, V-notches were eliminated. Nevertheless, the frontal WLs of the fiber-reinforced PBT induce a loss more than 50% of the stress at break and almost 40% of the strain at break. By measurements of FO thanks to CT scans, the study shows a strong wide gradient of FO in the WL zone. Most of fibers end up parallel to the WL plane whatever the part thickness and therefore these fibers do not play any role in the reinforcement of the material. This explains the reduction of quasi-static tensile strength and strain at failure as well as localization of deformation. The gradient of FO spreads up to around 2 to 3 mm from the WL plane for both studied thicknesses. The FO changes in thickness direction cause an increase in thickness at the WL due to the increase of a 33 and then a decrease of shrinkage in thickness direction.

The influence of the packing phase is concentrated at the core region where it forced a reorientation in the flow direction at the WL. If the cavity pressure is not balanced on each side of the WL, then a higher packing pressure reduces the FO gradient at the WL.

The fiber VF witnesses, a decrease at the WL region (3% of the total mass) but this low variation had no theoretical influence on the elastic properties.

Void formation is nearly unavoidable with frontal WLs because of the influence of the anisotropic FO inducing local anisotropic shrinkage behavior. Voids mainly lay at regions at the start of strong FO gradients in the WL region and near the walls. A higher packing pressure has reduced the void VF. As the influence of packing pressure can been clearly explained by the FO variation, it is difficult to quantify the role of voids on mechanical properties at failure under quasistatic tensile loading. Nevertheless, they are absent from the surface of fracture.

Measurements with DIC show the localization of strains at the WLs and the clear influence of the packing pressure on mechanical properties. The failure took place exactly at the WL plane where a 11 reached a minimum.

Finally, we can conclude that the FO is the dominant factor controlling the mechanical performance and only a good prediction of this FO in frontal WL allow a reliable prediction of mechanical properties in a structural calculation.
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Comparison to simulation

To quantify the quality of prediction of the FO at frontal WLs the same procedure used in Sec.3.2.1 was employed. In addition, the software Moldex® was tested using the iARD model with the same parameters implemented in Moldflow®. Evaluations were made with the optimized heat transfer coefficient based on the sensors and using a Fill + Pack + Cool (FEM) analysis in Moldflow®, which helps in achieving results that are more reliable. Ventilation channels were modelled and their introduction had a positive influence on the obtained RMSE values (reduction of ~ 0.05). To assure a fair comparison the evaluations were positioned in a way to assure that the two WL panes are in the same position as accurately as possible. The results presented in Table 4-1 were evaluated at the WL region considering a width of 3 mm (same region evaluated in Fig. 5c of this chapter). The RMSE value of FO prediction on average was at around ~0.22, which is more than double the error evaluated without WL. These values are considerably higher than the ones presented by Tseng, et al. (2018) using an iARD-RPR model (Improved Anisotropic Rotary Diffusion and Retarding Principal Rate). This can be explained by the relatively small studied region (1 mm radius) and the use of optimized parameters for their material. Varying the parameters in this work did not prove fruitful and the error values stayed in the same region. Moreover, mesh refinement at the WL to an element edge size of 0.4 mm led to a decrease of the error value only by ~ 0.03, however with very high computation cost (10x increase in simulation time). Increasing the number of layers in thickness direction led to a negligible change in the evaluation. [START_REF] Niedrig | Investigation of factors influencing the weld line strength and its ca lculation in FE simulations[END_REF] tried to improve the prediction of FO of frontal WLs by changing the time step before of filling before contact. For the case in this work, a refinement of the filling step to 0.1 s led also to negligible changes in the RMSE value.

The highest RMSE values were located exactly at the WL plane and in the shell and core areas of the WL region. By considering the evaluation along the flow, it was evident that the gradient before the WL was also not correctly predicted. An example of the deviation between measured and best case of simulated FO (3 mm, MRD model) at the WL in thickness direction is shown in Fig. 4 indicator of the level of the difference of computation at the WL. In fact, the RMSE values was as high as 0.35 when modelling without ventilation channels and a cooling analysis at the WL. This difference between FO prediction and CT measurements means that the structural simulation would predict higher strength of the WLs than it is actually is due to the clear increase of fibers oriented in flow (loading) direction. The different tries to improve the prediction (finer mesh, finer time steps, cool analysis, FO models parameter, …) did not lead to a considerable change. The influence of these predictions on the mechanical properties is discussed in detail in the next chapter. 

Chapter 5 Simulation and Prediction of the Mechanical and Matrix Healing Properties at the Weld Lines

The main aim of this work is to improve the mechanical properties' prediction of weld lines (WLs) using an integrative process to structural simulation chain. In the three previous chapters, it was suggested that for reinforced PBT the fiber orientation (FO) is the dominant factor on the mechanical strength of WLs. The main question to answer is if having the accurate FO at the WL is sufficient to compute reliably the mechanical properties. If yes, this concludes that the FO is the sole factor influencing WL strength, while v-notches, voids, macro-molecular inter-diffusion, molecular orientation and fiber content play a negligible role. In case the prediction is not correct, then further influences beside the induced FO have to be taken into consideration.

In this chapter, the FE simulation of the mechanical properties of WLs is investigated. The theory and constitutive laws behind the structural simulations are presented. Different matrix material laws are tested and the contribution of the FO on the strength is extensively discussed. Both measured and simulated (using process simulation) FOs were used to assess the reliability of the simulation chain. The failure mechanism at the WL is discussed experimentally and based on FE simulation results. Furthermore, for materials with lower matrix healing qualities than the one used in this work a, simulation method is needed to account for the influence of the incomplete healing. For this purpose, a simulation method is proposed.

Prediction of the matrix healing quality at weld lines

The conclusion of the review in Chapter 1 showed that for fiber-reinforced materials two main factors influence the WL strength: the matrix healing quality and the FO. A correlation between the polymer's reptation time and the mechanical performance at the WL was noticed. Most of the injection-molding software packages are able to predict the formation and the final location of WLs, but no quantitative information of the polymer matrix healing at the WL interface is given. In such scenario, a material-dependent estimation of the polymer healing quality at the WL is needed. This section presents a simulation methodology to predict the healing quality of the matrix at WL interfaces.

For this purpose, the reptation theory explained in detail in Sec.1.2.1 was employed. At the WL, the time required for the polymer chains to completely inter-diffuse across the WL interface can be estimated based on the longest relaxation time of the polymer. Thus, in order to predict the healing quality of the WL at a certain location, the integrated ratio between the physical elapsed time until solidification (crystallization or glass transition for semi-crystalline or amorphous thermoplastics, respectively) and the reptation time is needed Eq. 1-3. The dependence of the reptation time on temperature can be modelled based on Eq. 1-4.

A simulation code was written in Python and then imbedded into Moldflow®. A brief description of the code is given in this section. The time-dependent velocity, flow front velocity, pressure and temperature fields, as well as the WL formation and filling time results are computed in Moldflow and used as input variables in the post-processing routine. The 3D WL geometry is reconstructed and the respective thermal history at the interface is determined taking as basis the nodes at its formation location (seeds) and the velocity, temperature and filling fields. An example of different streamlines from a single seed formed from different time steps is presented in Fig. 5-1a. After the WL is completely built, the healing quality of each end node can be computed depending on its calculated thermo-mechanical history using Eq. 1-3. If the obtained value is equal or higher than 1, then it indicates that the end node has reached complete healing, while values between 0 and 1 indicate an incomplete healing. Fig. 5-1b presents an example of the obtained field for a flowing 3 mm-thick WL using PBT-GF30. The results show that for flowing WLs, the WL matrix has completely healed. In fact, in most cases with PBT-GF30, the WL matrix was completely healed. A slight decrease of healing quality values to ~0.9 with flowing WLs exactly after the insert was noticed with 1.5 mm-thick plates. 93 exhibiting lower healing qualities at the WL than the one used in this work is currently under investigation.

Structural simulation of short fiber-reinforced thermoplastics: constitutive theory

In order to design industrial parts a reliable knowledge of their mechanical properties is essential. The most reliable method to design thermoplastic parts is experimental characterization [START_REF] Tian | Numerical evaluation on mechanical properties of short-fiber-reinforced metal matrix composites: Two-step mean-field homogenization procedure[END_REF]. However, this process is time consuming and for complex parts and loading cases it requires costly testing benches. Moreover, it implies the need for a different mold cavity for each tested design in the case of injection-molded thermoplastics. Thus, as an alternative simulation is often used as discussed in the introduction of this work.

The previous chapters showed the high degree of misalignment of the orientation of fibers in injected parts. Part thickness, number of injection locations, geometry and process parameters would influence the FO and in turn the mechanical properties. To predict the strength under a certain FO state, the effective stresses and strains are required.

Currently, two methods to predict the mechanical strength properties of short fiberreinforced thermoplastics are available. First method is a multiscale analysis using representative volume elements (RVEs) [e.g. [START_REF] Sukiman | Effective thermal and mechanical properties of randomly oriented short and long fiber composites[END_REF]. The RVE should be statistically representative to produce the behavior expected of the whole microstructure.

In reinforced thermoplastics, RVEs are generated depending on the filler orientation distribution function (see sec.1.2.2.1), length distribution and volume fraction [e.g. [START_REF] Babu | Development of an RVE and its stiffness predictions based on mathematical homogenization theory for short fibre composites[END_REF]. The generated RVE is meshed and each phase (filler and matrix) assigned its constitutive properties. FE simulations under external loading will then give the effective properties of the microstructure under different loading directions [e.g. [START_REF] Pietrogrande | A novel pseudo-grain approach for the estimation of the elastic stress distributions within the matrix of short fiber-reinforced polymers[END_REF]. Although, RVE based homogenization would yield an accurate evaluation of the mechanical properties [START_REF] Ganesh | Effect of particle orientation anisotropy on the tensile behavior of metal matrix composites: experiments and microstructure-based simulation[END_REF], it requires a very costly computational effort for generation, FE calculation and post processing [START_REF] Ogierman | Generation of the representative volume elements of composite materials with misaligned inclusions[END_REF]. In an industrial context, such high computational efforts are not preferred and are sometimes not feasible. To generate a microstructure for each FO state and loading case and simulate its response might take days or even months to finish.

The second method to predict the mechanical properties is based on analytical homogenization schemes [START_REF] Dray | Comparison of several closure approximations for evaluating the thermoelastic properties of an injection molded short-fiber composite[END_REF]. There exists different models to compute the effective properties of heterogeneous materials. Comparisons made by [START_REF] Tucker | Stiffness predictions for unidirectional short-fiber composites: Review and evaluation[END_REF] based on the prediction of elastic properties had shown that the so-called Mori-Tanaka model gave the best predictions for composites with up to 30 % wt. glass fiber content. Similar results were reported also by [START_REF] Raju | A review of micromechanics based models for effective elastic properties of reinforced polymer matrix composites[END_REF]. Thus, the Mori-Tanaka model is often used for such evaluations [START_REF] Jain | Pseudo-grain discretization and full Mori Tanaka formulation for random heterogeneous media: Predictive abilities for stresses in individual inclusions and the matrix[END_REF][START_REF] Schemmann | Anisotropic meanfield modeling of debonding and matrix damage in SMC composites[END_REF]. In this case, the effective stiffness of a unit cell with an inclusion surrounded by a matrix is computed using the strain concentration factor in an inclusion based on the Eshelby solution [START_REF] Jain | Pseudo-grain discretization and full Mori Tanaka formulation for random heterogeneous media: Predictive abilities for stresses in individual inclusions and the matrix[END_REF]:

= ∑ - =
In order for the Mori-Tanaka model to give reliable results, the inclusions in the unit cell should be of the same aspect ratio and orientation state. Thus, a two-step Mori-Tanaka homogenization scheme is introduced [START_REF] Doghri | Micromechanical modeling and computation of elasto-plastic materials reinforced with distributed-orientation fibers[END_REF][START_REF] Doghri | Micromechanics of inelastic composites with misaligned inclusions: Numerical treatment of orientation[END_REF]. In this scheme, firstly the filler distribution function is obtained from the orientation tensors using a suitable closure approximation. Then the microstructure is discretized into different socalled pseudo grains containing fillers aligned in the same direction depending on its orientation distribution function. The first step is then completed by homogenizing each pseudo grain separately using the Mori-Tanaka scheme. Second step is obtaining the volume average of the homogenized pseudo grains for example using a self-consistent scheme [START_REF] Kammoun | Micromechanical modeling of the progressive failure in short glass-fiber reinforced thermoplastics -First Pseudo-Grain Damage model[END_REF], Voigt or Reuse models [START_REF] Tchalla | Incremental mean-fields micromechanics scheme for non-linear response of ductile damaged composite materials[END_REF]. This approach gave more accurate results compared to the direct implementation of the Mori-Tanaka model. It enables accounting for the non-linear anisotropy in the considered microstructure and its use has been validated in several works [START_REF] Kaiser | Micromechanical modeling and strength prediction of short fiber reinforced polymers[END_REF][START_REF] Tian | Numerical evaluation on mechanical properties of short-fiber-reinforced metal matrix composites: Two-step mean-field homogenization procedure[END_REF][START_REF] Sabiston | Evaluating the number of fibre orientations required in homogenization schemes to predict the elastic response of long fibre sheet moulding compound composites from X-ray computed tomography measured fibre orientation distributions[END_REF]. Further developments on the two-step scheme were introduced by [START_REF] Kammoun | First pseudo-grain failure model for inelastic composites with misaligned short fibers[END_REF]. They used an incremental implementation of the Mori-Tanaka scheme where for each pseudo grain the failure stresses are defined. When a pseudo grain fails, its role in carrying additional loads is neglected, in turn accounting for progressive failure Fig. 5-2.

Most of the previously mentioned literature dealt with the prediction of the effective elastic properties. However, the prediction of the composite behavior in the plastic deformation regime is essential. The glass fibers are very rigid and have an elastic behavior. The polymer matrix has a nonlinear behavior that has to be modelled. It has been shown that the isotropic hardening of the matrix follows in the plastic regime an exponential-linear law [START_REF] Doghri | Micromechanical modeling and computation of elasto-plastic materials reinforced with distributed-orientation fibers[END_REF][START_REF] Selmi | Micromechanical simulations of biaxial yield, hardening and plastic flow in short glass fiber reinforced polyamide[END_REF]:

= ∞ -- Eq. 5-1
Where is the accumulated plastic strain, linear hardening modulus, ∞ hardening modulus and the hardening exponent. In turn, the elastoplastic behavior can be described using a J2 elastoplastic model:

f = σ -R p -σ ⩽ Eq. 5-2
The stress state in the plastic regime is non-uniform but a uniform stress state is essential for the employment of analytical homogenization models. Thus, to enable the use of a Mori-Tanaka homogenization in the plastic regime, certain simplifying steps have been introduced [START_REF] Doghri | Mean-field homogenization of elasto-viscoplastic composites based on a general incrementally affine linearization method[END_REF][START_REF] Brassart | Homogenization of elasto-(visco) plastic composites based on an incremental variational principle[END_REF]. First, a linearization is made (either incremental or affine) to enable relating the stress and strain rates of each material phase with a tangent operator. Due to the non-linearity of the matrix, the tangent operator is also non-uniform, which means that the use of the Eshelby theory is invalid. Thus, virtual or comparison materials are generated with uniform tangent operators to reach the uniform state. The tangent of each phase is computed using the real material model and its volume averaged strain field. It has been shown by [START_REF] Doghri | Homogenization of two-phase elasto-plastic composite materials and structures: Study of tangent operators, cyclic plasticity and numerical algorithms[END_REF] that the computed tangent operator is anisotropic and gives too stiff results. Thus, as a final step an isotropization of the tangent is needed as extensively explained by [START_REF] Pierard | An enhanced affine formulation and the corresponding numerical algorithms for the mean-field homogenization of elasto-viscoplastic composites[END_REF]. A similar approach of the mentioned steps to extend the Mori-Tanaka scheme to the non-linear regime has been reported and validated by [START_REF] Tchalla | Incremental mean-fields micromechanics scheme for non-linear response of ductile damaged composite materials[END_REF].

In this work, a Mori-Tanaka homogenization scheme has been used. The two-step scheme and the improvements of [START_REF] Kammoun | Micromechanical modeling of the progressive failure in short glass-fiber reinforced thermoplastics -First Pseudo-Grain Damage model[END_REF] were employed. An incremental linearization method has been used with an elastic law for the fibers and a j2 plasticity law for the matrix. Strain rate dependency was not considered for the studied quasi-static simulations. The simulations were made using a coupling of Abaqus® (2016, 2017) with the software Digimat® MF (2018, 2019) for homogenization. [START_REF] Kammoun | Micromechanical modeling of the progressive failure in short glass-fiber reinforced thermoplastics -First Pseudo-Grain Damage model[END_REF].

Definition of failure of a composite

In order to compute the failure step and location from FE simulation, a failure indicator is required. It compares a given stress (or strain) state combination to the strength of the material to define the failure point. In literature, numerous failure criteria that are mostly deduced for unidirectional fibers are present [START_REF] Sun | Failure criteria of unidirectional carbon fiber reinforced polymer composites informed by a computational micromechanics model[END_REF]. However, recently these indicators have been successfully extended for use in the case of short fiber-reinforced thermoplastics [START_REF] Notta-Cuvier | Modelling of progressive fibre/matrix debonding in short-fibre reinforced composites up to failure[END_REF].

Often, failure indicators are written in a normalized dimensionless value ranging between 0 and 1 with values higher than 1 meaning failure is reached. The most simple failure indicator is the one of maximum stress or strain. If the stress in an integration point exceeded the predefined maximum stress of the material, the failure is reached (failure indicator > 1). In this work, a Tsai-Hill strain based failure indicator has been used as defined by [START_REF] Kammoun | First pseudo-grain failure model for inelastic composites with misaligned short fibers[END_REF]:

= ˜ - ˜ ˜ ˜ ˜ Eq. 5-3
, , are maximum strain parameters and can be defined from experimental references. The failure was considered when the first element reached a value of 1. The Tsai-Hill criteria was successfully used in predicting the tensile strength of short fiberreinforced polymer composites [START_REF] Mortazavian | Effects of fiber orientation and anisotropy on tensile strength and elastic modulus of short fiber reinforced polymer composites[END_REF].

Numerical FE model

The FE simulations aimed to simulate the quasi-static tensile tests made for mechanical characterization of WLs in this work. Thus, the same specimen shapes were used (see Sec.2.2). To capture the FO changes across the thickness (the skin-core microstructure), the parts were meshed with 12 elements in the thickness direction Fig. 5-3. The same number of elements in the thickness direction was used in the process simulation. Upon a mesh dependency study, an element size of 0.5 mm was chosen using eight-node linear elements (C3D8). The use of higher order elements or different shapes did not have an influence on the results. The boundary conditions mimicked the experimental quasi-static tensile tests of Sec.2.4. One clamp was fixed in the three main directions and the second was moved in the tensile testing direction. The optical extensometer was modeled by choosing two reference nodes at the two sides of the WL. The distance between the nodes was the same as the one of the experimental extensometer (~ 10 mm). The displacements of the nodes were used to compute the engineering strains. The external load was computed from the sum of the reaction forces at the clamps. The deformations of a node exactly at the WL were also followed in the loading direction to compare using DIC evaluated tensile tests.

The measured and simulated FO were mapped into the structural mesh using Digimat® MAP. The mapping is essential, as the mesh used for process simulations (tetrahedral) is different to the one of structural simulation (hexahedral).

predicted response was much stronger (tougher) and a higher load resistance was predicted. The stronger response at the plastic regime using the experimentally measured matrix data using the Mori-Tanaka scheme has been reported by [START_REF] Koyama | A modification of the Mori-Tanaka estimate of average elastoplastic behavior of composites and polycrystals with interfacial debonding[END_REF] and [START_REF] Kursa | Elastic-plastic properties of metal matrix composites: Validation of mean-field approaches[END_REF]. With increasing filler content, the strength prediction became higher than it actually should be. The need to consider the damage in the matrix and a modelling approach combined with the Mori-Tanaka homogenization scheme has been presented by [START_REF] Meraghni | Micromechanical modelling of matrix degradation in randomly oriented discontinuous-fibre composites[END_REF]. In the majority of the mentioned literature in Sec.5.2, the validation of the homogenization methods was based on comparisons with FE simulations on RVEs using the same matrix material law or with focus only on the elastic properties. Better results were reported in the plastic region using a combined incremental Mori-Tanaka and double inclusion homogenization scheme [START_REF] Tian | A new interpolative homogenization model for evaluation of the effective elasto-plastic responses of two-phase composites[END_REF]. However, the use of a double inclusion scheme in this work led to stronger results and the origin of the matrix material data in their work was not presented. The used matrix material law is obtained from a tensile test. The experimental reference is the average of 5 curves with a standard deviation of the mean that is less than 0.25 MPa for the stress.

The higher predicted strength is related to the presence of fibers [START_REF] Koyama | A modification of the Mori-Tanaka estimate of average elastoplastic behavior of composites and polycrystals with interfacial debonding[END_REF]. With higher fiber volume fractions, stress localization at fiber ends, debonding between fibers and matrix change and a localization of plasticity in the matrix between clustered fibers take place [START_REF] Notta-Cuvier | Modelling of progressive fibre/matrix debonding in short-fibre reinforced composites up to failure[END_REF]. This in turn damages the matrix material behavior [START_REF] Doghri | Investigation of localization due to damage in elasto-plastic materials[END_REF]. These damages are not accounted for in the used homogenization schemes. A workaround is to define the matrix material law with the presence of fibers using an inverse method [START_REF] Doghri | Micromechanical modeling and computation of elasto-plastic materials reinforced with distributed-orientation fibers[END_REF] or a fitting of the material related parameters [START_REF] Kammoun | First pseudo-grain failure model for inelastic composites with misaligned short fibers[END_REF]. Another method is the introduction of a damage law [START_REF] Kammoun | Micromechanical modeling of the progressive failure in short glass-fiber reinforced thermoplastics -First Pseudo-Grain Damage model[END_REF], which is discussed in a different section. In both cases, an inverse definition of the material parameters is necessary.

Inverse definition of the matrix material law with the presence of fibers: incorporation of damage

To obtain the matrix material law with the presence of a high volume fraction of fibers, an inverse characterization using experiments at different loading directions was done. The different loading directions would give the behavior in different possible FO states. Tensile specimens were water-jetted at different directions to the flow of plates without WL. Three main directions were tested (0° that is flow direction, 45°, 90° that is transverse to flow direction) for the two thicknesses: 1.5 and 3 mm. An RVE was constructed with the FO without WL obtained from Moldflow® simulation. It was loaded in the three directions and its response under loading was homogenized using Digimat® MF. The predicted elastic and plastic properties were evaluated against the experimental results using an iterative analysis with only the plasticity parameters of Eq. 5-1 varied. The parameters of the matrix were then iterated until a best fit in all directions was obtained. The dividing rectangles optimization algorithm was used to find the most suitable material parameters [START_REF] Dakota | Multilevel Parallel Object-Oriented Framework for Design Optimization[END_REF]. The results of the prediction on an RVE at the different directions using the optimized matrix material law are presented in Fig. 5-5.

The experimental reference is the average of five different curves. The standard deviation of the mean these cases was low as 0.25 MPa, thus it was not presented in the results for better visualization. The obtained parameters gave a very good prediction in the three directions. The parameters of the maximum strains in of the previously mentioned Tsai-Hill failure indicator (Eq. 5-3) were also defined in the process.

To compare the two matrix material laws the two curves are plotted in Fig. 56. The matrix under the influence of fibers yields earlier and has a lower strength. Furthermore, the
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need for inverse identification of material parameters is highlighted by the need of the parameters of the failure indicator. Compared to the experimentally defined neat-PBT law the inverse one gives nearly an exact reproduction of the experimental tensile test in terms of behavior and failure prediction (x marked point). The inversely defined law gave also nearly an exact prediction of the stress-strain curve with the 1.5 mm case and when considering specimens without WL taken in the flow direction. For the simulations used in this work, both matrix material laws were used. The behavior was similar in all cases and only the obtained curve shifted similar to Fig. 567. Thus, for simulations considering the influence of FO on mechanical properties the results with the inverse characterized material law was presented.

A further validation of the obtained matrix material law was made using a second reference tests. In an internal work at the company Robert Bosch GmbH, tensile dog bone specimens of the same material taken of 2 mm thick plates at 5 difference directions (0°, 30°, 45°, 60° 90°) were tested. The material law was then reverse engineered accordingly.

The obtained law was very similar to the one obtained in this work. This validates the obtained behavior of the matrix under fillers.

Prediction of the mechanical properties of weld lines with PBT-GF30

Frontal and flowing WLs were studied separately because of the different behavior in formation, strength and FO. The experimental reference is the average tensile testing curve of 3-5 specimens and the results of the evaluation with DIC. The standard deviation of the mean of these cases ranged between 0.5-2 MPa, thus it was not plotted on the curves. The simulations with measured FO were compared with DIC measured data of the same specimens used for X-CT. This would improve the reliability of the comparisons regarding the influence of the FO. However, the DIC evaluations and the experimental average of different specimens of the same case were always coincident Fig. 2-25.

The stress-strain curves of the simulation were plotted until the predicted failure time step was reached as presented in Sec.5.3. The focus in the following sections was on the strain and stress in the three main direction (flow, transverse to flow and thickness). FO measurements have shown that the three main principle directions of the FO tensors were very near to the values of the FO in the main directions. Furthermore, FE structural simulations have shown nearly no difference between the predicted behaviors using the measured off diagonal FO compared to setting these values to 0. The FO values of the off-diagonal components were still used but the induced stresses and strains were not presented due to their very low values.

Flowing weld lines

Simulated tensile behavior and influence of simulated and measured FO

As discussed in Sec.3.2.1, an RMSE value of ~0.08 -0.16 was estimated between the CT-measured and simulated FO of flowing WLs. The best-obtained prediction was with the RSC model, which was used in the simulations of this chapter. FE simulations showed a clear influence of the choice of the FO model on the obtained mechanical properties. The error in structural behavior prediction increased with increasing FO prediction error.

A deviation between the predicted and simulated tensile test curves when using the simulated FO is present. Using the CT-measured FO led to better results in terms of the stress-strain curve and failure point prediction. The failure location that is at the WL was predicted correctly in both FOs. At position 1 (for reference see Fig. 2-20) of the cylindrical insert, the results were nearly similar in behavior and failure point prediction between both orientations. This correlates with the low error evaluation of the prediction of the FO. The stress-strain behavior was described correctly and the failure location. Results of the tensile test at position 1 of the slit insert with 3 mm thickness are presented in Fig. 5-8a. At this position, the difference between the simulated and measured FO was at its highest with flowing WLs. A clear change of around 0.5 % in failure strain due to the FO difference is noticed. The stress-strain behavior including the elastic modulus shows a clear deviation. The error in FE prediction using simulated FO at this position is due to the deviation in the FO gradient prediction transversally to the WL. It was seen in Chapter 3 how the flowing WL with the slit insert induces a higher gradient to the one predicted in simulation. The results using measured FO gave nearly an exact prediction of the stressstrain curve. This point to a sole domination of the FO on the flowing WLs.

Evaluation of behavior exactly at the WL: matrix based failure

An evaluation was made using the strain fields obtained with DIC on the same specimen used for the FO-CT measurement. When using the measured or predicted FO, the FE simulation was able to produce qualitatively the same strain field seen under DIC (Chapter 3).

(a) (b) Fig. 5-8b plots the deformations of a node exactly at the WL, at which the highest localization of strains took place. The results were compared with the strains of a point exactly at the same position of the DIC evaluations. The node's position in simulation and experiment were as near as possible (± 0.2 mm). The results showed that the measured and predicted FO give nearly similar values at the WL. This correlates with what was reported in Sec.3.2.1 where the lowest prediction error was seen exactly at the WL. However, both simulations showed a slight deviation from the DIC evaluated deformation at the WL with a stronger response predicted. The stronger response predicted by simulation can be explained by the localization of damage at the WL. In the previous section, the influence of the matrix material law was discussed. The fact that the damage in the matrix leads to a damage of the response of the composite was shown. Similarly, at the WL the localization of damage would lead to a weaker matrix behavior. This can explain the higher strength predicted by FE simulations as the induced damage in the matrix due to the localization of the strains is not accounted for.

Influence of the fiber orientation in the core layer

The stress state at the WL was homogeneous as can be seen in Fig. 5-9 with the Von Mises stress plotted. The homogeneous stress state correlates with the constant FO value along the thickness exactly at the WL. The absence of the core region at the WL is clear with the fibers away from the WL at core carrying much of the stresses. This anisotropic behavior away from the WL further explains the need of the accurate FO at this region to better model the mechanical properties. 

Weld line surface
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105 increase of strains at core of ~0.5 %, which can be explained by the increase of FO gradient at core and the higher orientation in flow direction (transversal to loading). 5 mm away from the WL, the difference ranged between 1 -2 MPa in the evaluated stresses at the same strain for both simulated and DIC measured data.

Influence of the fiber orientation gradient (orientation in the transversal to WL region) on the mechanical properties

In Fig. 5-8b, the prediction between the simulated and measured FO did not show a huge deviation. However, when considering positions along the flow a clear difference started to appear. The FE simulation using simulated FO deviated from experimental results. This is due to the decrease of the FO in flow direction at the WL predicted by the simulation as presented in Fig. 2-14. Results in Chapter 3 show however that the FO exactly at the WL keeps the same values along the flow.

To illustrate the influence of the FO gradient away from the WL, results using the slit insert at three positions are presented in Fig. 5-11a. Simulations were made with the CTmeasured FO. A clear change of the FO gradient was present with the values at the WL persistent but away from the WL changing. The impact of these FO changes transmits to the FE simulations. A clear change in the stress-strain behavior is reproduced by using the measured FO in the three positions. This behavior was not well predicted when using the simulated FO and less variation were seen due to the wrong prediction of the FO gradient.

The influence of the FO gradient was also present when evaluating the results at a point exactly at the WL. Although the FO at the WL was similar, a variation of the behavior took place across the flowing WL that was also seen in experiment under DIC. The changes in mechanical properties with a changing FO gradient were reproduced with the 1.5 mm plates and the cylindrical insert Fig. 5-11b.

To test the influence of the FO gradient, a simulation was made by fixing the FO value for all the elements similar to the values at the WL. The FO in all elements was fixed to a value of [0.8 0.05 0.15], which was taken from the specimen at position 2 with a slit insert (thickness = 3 mm). The results in Fig. 5-11c show the clear difference between the two simulations. Both the stress-strain behavior and failure point were different with the fixed FO showing a clear unreliable prediction. This point to the necessity of considering WLs when designing thermoplastic parts, especially regarding the anisotropy of the FO. In fact, using an elastic law or a constant FO for the regions outside the CT-measured regions (only 10 mm regions were measured) had a negative influence on the results. 

Influence of the fiber content distribution

The previous simulations had a constant fiber volume fraction (VF) across the WL (0.18). However, CT measurements showed variations of the fiber content around the flowing WL. To test the influence of the changes of the VF, their distribution was introduced into the FE simulation. The measured VF was mapped into the structural simulation mesh and each element was assigned a material law depending on its fiber content. The elements away from the scanned regions were assigned a constant value. The FE simulation results have shown nearly no influence by this variation. The overall stress-strain behavior was nearly similar with a variation of around 1 -2%. The results were similar for both cases of 1.5 and 3 mm thicknesses. These results eliminate the influence of the VF changes at the WL for this material that were suggested by [START_REF] Kalus | Measuring deformation and mechanical properties of weld lines in short fibre reinforced thermoplastics using digital image correlation[END_REF]. However, the material used in their work was much more viscous (PA12) and the flowing WL might had a higher influence on the VF.

Influence of the plate thickness

FO measurements and tensile testing results showed an influence of both the plate thickness and insert shape. Results in Fig. 5-12 allow to validate the assumption that the FO changes with changing thickness play the major on the mechanical strength properties. The comparison is between the 1.5 and 3 mm-thick flowing WLs at position 1 with a slit insert. This behavior was also reproduced using a cylindrical insert. The increase of fibers oriented in transverse to flow direction led to the increase of strength. The simulation with 1.5 mm was slightly stronger (1 -2 MPa increase of predicted maximum strength), which suggests a slightly higher strain and damage with the thinner flowing WL. In fact, for the 1.5 mm flowing WL at position 1 the measured strength was the lowest of flowing WL cases with a strength of ~52 MPa that is lower than the one of the unreinforced PBT (53 -55 MPa). Combined with the higher strength prediction of the stress-strain behavior, it indicates a high localization effect for this position and thickness. The consideration of the fiber content distribution at this position (slit position 1 with 1.5 mm thickness) did not influence the results. Topography scans measured no vnotches. A further influence that might have played a role in the small reduction is the healing of the matrix. The near insert and lower thickness might have played a role in cooling the polymer matrix much faster compared to the remaining positions or at different thicknesses. The faster cooling might have led to incomplete healing of the matrix, however computations of the matrix healing quality at this position (as presented in Sec.5.1) have shown the matrix has a healing quality of at least 0.9. The maximum strength would decrease by ~2.5 % at this quality range. This influence might have had a role in reducing the strength of the WL to levels below the one of the strength of the matrix. The small decrease of matrix healing quality can be explained by the fast solidification of the matrix exactly after the insert where the insert has an additional cooling influence with the walls at the thickness of 1.5 mm.

Influence of the fiber orientation in thickness direction (a33)

The previous simulation and experimental results showed that at the WL a localization of strains in the loading direction takes place. Furthermore, FE simulations predicted a localization of strains in thickness direction at the WL, especially in the matrix. In the work of [START_REF] Ayadi | An original approach to assess elastic properties of a short glass fibre reinforced thermoplastic combining X-ray tomography and finite element computation[END_REF] and [START_REF] Ayadi | Large-Scale X-Ray Microtomography Analysis of Fiber Orientation in Weld Line of Short Glass Fiber Reinforced Thermoplastic and Related Elasticity Behavior[END_REF] it was suggested that the increase of FO in thickness direction at the WL explains a measured strain localization.

In order to test the influence of the FO in thickness direction at the WL, a simulation was made by eliminating the increase of fibers in thickness direction. The FO in thickness direction at the WL was synthetically reduced from 0.15 to 0.05 that is the value away from the WL. The 0.1 difference was added to the FO in the remaining two main directions to assure a trace of 1 for the FO tensor. These changes meant that at the 10 mm WL region the FO component in thickness direction was constant at 0.05 and no gradient in this direction was present. Results showed nearly an exact behavior regarding the stressstrain diagram, the localization of strains and failure location. The strains increase by around 0.1 % in loading direction when fixing the FO. A very slight increase of the strains in thickness direction exactly at the WL was seen by fixing the FO (an increase from 4.2 % to 4.6 %). This increase can be explained by the decrease of fibers in thickness direction.

These results show that the localization of strains at the WL is not due to the increase of fibers oriented in thickness direction. The FO gradients in flow and transverse to flow direction had the highest influence. In fact, knowledge of the FO in these two directions at the region around the WL would be sufficient to predict the mechanical properties of flowing WLs.

Summary and conclusion of the flowing weld line FE simulations

To predict the mechanical properties of flowing WLs with the currently used material, it is sufficient to have an accurate prediction of the FO in the flow and transverse to flow directions. Further factors of WL strength such as fiber content, fiber length distributions, matrix healing quality and v-notches do not play a significant role. However, it is essential to have the accurate FO measurements at a region of at least 10 mm around the WL. The induced FO gradient and its changes along the flow have proven to be the dominant factor on the WL strength.

The best predicted FO results using the RSC model still led to deviations of the predicted mechanical behavior from the experimental results. The CT-measured FO always gave better-predicted FE results. In fact, the reliability of the simulated FO on predicting the mechanical strength properties decreased the further the flowing WL flows and the smaller the insert gets. This is explained by the smaller FO gradient predicted by simulation for the smaller inserts and by the decrease of FO at the WL along the flow, which was shown to be persistent experimentally.

The localization of strains at the WL induce a damage localization and a weakening in the matrix behavior. This suggests the need of a damage law at the matrix level exactly at the WL to obtain accurate predictions.

In an industrial context, CT measurements of the FO on each part are not always possible and are very costly in terms of time and expenses. Thus, the prediction of the FO at the WL has to be improved. Changing the parameters of the used FO models, mesh size or time step did not seem to improve the results. The persistency and strong effect of the polymeric wall induced by the flowing WL has to be addressed in the simulation code to improve the simulation. On the conservative side and as a quick workaround, it might be suggested to use the same FO exactly after the insert for all positions along the flowing WL. The insert size could be increased in the simulated part to induce the similar FO gradient obtained in experiment, which is not correctly predicted with a small insert. However, by increasing the insert size, the FO after the insert will differ and by choosing the same FO gradient after the insert (just as in the cylindrical case) the results will not be correct. Another maneuver is manually changing the FO values at the WL to the values measured in this work especially for cases away from the insert.

Frontal weld lines

Frontal WLs had a larger influence on the mechanical properties experimentally compared to flowing WLs. The results of the CT scans showed besides the strong FO gradient, the existence of voids and changes in the fiber content at the WL. Topography scans on frontal WLs injected with neat-PBT showed a small increase of thickness (~ 5 µm) at the WL that suggest a slight change in the molecular orientation at the WL. As mentioned in the introduction of this chapter, the main question to answer is which parameters should be considered to predict correctly the mechanical properties of the WLs. In this section, the measured FO was used to predict the mechanical properties of the WLs. As presented in Chapter 4, the frontal WLs were scanned at a 10×10×t mm 3 region. The total specimen width is actually 15 mm, which means that for the remaining 5 mm of the WL region that was not CT scanned FO info is needed. Thus, the symmetry of the WL was used to map the results to the non-scanned side. The symmetry of the frontal WL parallel to the WL was validated by a CT-scan made at the start of this work on a 15×3×3 mm 3 specimen.

The simulated FO of frontal WLs had more than two times the prediction error compared to no WL or flowing WL cases. The best-obtained values were with the MRD model, which was used in the FE simulations combined with the optimizations mentioned in Sec.4.3.

Similar to flowing WLs, the volume content changes had a negligible influence on the mechanical properties. Thus, a fixed value of the one witnessed in the material was used (0.18). In turn, the influence of the volume fraction changes is eliminated.

The influence of the molecular orientation changes at the frontal WL (detected by changes in the thickness with neat-PBT) was experimentally tested. Tensile tests on neat-PBT specimens taken in the flow and transversal to flow direction from both 1.5 and 3 mm plates had nearly an exact stress-strain behavior. Thus, the influence of molecular orientation could be neglected for this material. In fact, the very fast reptation time estimated for PBT hints to its low molecular weight and in turn low influence of molecular orientation.

FE Simulated structural behavior: influence of simulated and measured fiber orientation on both thicknesses

Results presented in Fig. 5-13 present the FE simulation evaluation of both frontal WLs injected with packing pressure of 40 MPa. Results clearly show the influence of the FO on the mechanical properties. The error of the simulated FO is transmitted to the predicted stress-strain behavior. The prediction with the simulated FO is much stronger with an increase of failure strength of ~20 MPa. The improvement of the MRD-FO model compared to the RSC model is well noticed with the 3 mm thickness. Less influence between the two models is noticed with the 1.5 mm thickness, which is explained by the similar FO prediction RMSE (Table 4-1). In fact, FE simulations with the Folgar-Tucker model, which led to higher FO prediction errors, increased the error in predicted strength by ~2.5 MPa compared to when using the RSC model.

The results with the CT-measured FO showed a clear improvement especially at the elastic region. The elastic modulus is accurately predicted by the FE structural simulation proving the accuracy of the CT scan. However, in both thicknesses and especially for the 3 mm case the plastic regime was not to correctly predicted. An increase of strength was predicted at failure. This increase was also repeated with the specimen of 3 mm with a packing pressure of 60 MPa.

The higher predicted strength in the plastic regime suggests that damage took place at the WL, which was not accounted for in the FE simulation. [START_REF] Koyama | A modification of the Mori-Tanaka estimate of average elastoplastic behavior of composites and polycrystals with interfacial debonding[END_REF] modeled filler and matrix debonding (No WL) in order to account for the increased predicted strength. In this work, several issues might have played a role contributing to this increase of predicted strength. The polymer matrix at the WL might not have completely healed. However, the computation of the healing quality as presented in Sec.5.1 have pointed to 

Influence of the fiber orientation gradient

For the measurements of the FO with CT, a 10 mm wide region was scanned transversally to the WL. However, the evaluation results showed that the FO gradient had a complete width of 4-5 mm. The previous simulations were made by merging (correcting) the FO of the simulation at the WL. Multiple FE simulations were made in order to have information about the width needed of the measured FO to obtain a reliable prediction. The width of the merged region from CT was reduced in each simulation. This means that the corrected region of the simulated FO was reduced by each simulation. Results showed that when using a width at the WL that is less than 3 mm, the prediction of the mechanical behavior clearly deviates from the experimental one. This correlates with the measured FO gradient width of 4 mm in Chapter 4 and the increase of the FO prediction error the nearer the evaluation is to the WL. In case a CT scan was needed to acquire accurate information about the mechanical properties at the frontal WL, a 3 -4 mm wide scan would be sufficient; however, it has to be combined with a most accurate simulated FO away from the WL.

Influence of the presence of voids

A further issue that has to be tackled is the presence of voids before the WL surface at the core layers (Fig. 12 in Chapter 4). It is not straightforward to judge the influence of voids, as they are not present at the failure surface but 1 -3 mm before it. Their presence would change the stress distribution around the WL. Two simple FE simulation approaches were made to quantify their influence. Firstly, 40 elements were deleted from the core region around the WL and near to the wall similar to the location of voids seen in CT. Results showed an increase of failure strain due to the change of the stress leading to a damage in the matrix, which was not considered in simulation. Remaining factors such as molecular orientation, matrix healing quality and fiber content distribution do not play a significant role. Voids could have played a minor role on the strength and failure strain of the frontal WLs, however their presence away from the WL and simple FE approaches have shown the their presence (at the measured low VF) is not influential.

The FO dominated the mechanical behavior at the frontal WLs and its correct prediction would lead to acceptable prediction of the mechanical properties. Still the behavior in the plastic domain has to be better modeled by considering the damage in the matrix. This issue is discussed in the following section.

5.6

Matrix based damage at the weld line

Introduction and experimental quantification

The previous results especially with frontal WLs hinted to a localization of stresses and strains in the matrix at the WL and a matrix-damage driven failure. Thus, to model correctly the mechanical properties at WLs, a consideration of the damage behavior in the matrix is needed. Further experimental characterizations were made using SEM to further validate the assumption of matrix-based failure at the WLs.

Firstly, fracture surfaces of failed tensile-tested specimens with WLs (where the failure always took place at the WL) of PBT-GF30 were studied. In frontal WLs, surfaces have shown a region nearly 1.5 mm wide spread across the complete thickness where the matrix has a much lighter color at the fracture surface of specimens with WLs. This region was easily detected visibly without the need of a microscope. It located at the sidewall of the specimen. A similar behavior with a narrower whitened region was visible with flowing WLs. The fracture surfaces were experimentally investigated under SEM (equipment described in Sec.2.5.1). Two zones of the fracture could be distinguished as presented in Fig. 5-16 for a 3 mm frontal WL. In Fig. 5-16a the image is taken at the sidewall of the specimen where the whitening of the surface is seen. In fact, the difference in color affected the SEM scan that the brightness had to be reduced to obtain a visible image. This region showed a clear sign of crazing between the fibers and micro cracks. These could explain the whitening of the matrix by the phenomenon of stress whitening, which is a sign of ductile and plastic deformation [Osswald & Menges, 2012]. The micro cracks between the neighboring spherulites and crazes between the fillers coupled with changes in the molecular orientation could explain the changes in color and hint to a plastic damage and failure initiation at this region. This behavior can also be a sign of complete matrix healing at the interface. This region is coincident with the failure initiation seen under DIC and predicted by FE simulation. Furthermore, it can be seen that at this region no fiber breakage is visible. region of brittle failure qualitatively a higher amount of broken fibers could be detected, which might explain the higher strength of flowing WLs.

A further characterization of damage initiation of the WLs was made using in-situ tensile testing under SEM. A rectangular specimen was machined 3 mm from the slit insert of a 1.5 mm plate and polished according to Table 2345. The polished side was at the plane of thickness and transverse to flow direction (same plane used to examine the FO in Fig.

2-28).

A three point bending stage was used with the center of bending located exactly at the WL. The maximum bending was localized exactly at the WL and the displacement was increased stepwise. Images were taken at each loading step until failure at the tensioned region of the specimen. Fig. 5-17 shows the damage behavior at the onset of failure. The matrix exactly at the WL started to fail and the interface between the fibers became damaged. With increasing displacements, the matrix damage transmitted through the fiber interfaces, however nearly no fibers were broken and only matrix-fiber debonding took place. The only broken fiber was oriented slightly transversely to the flow. The specimen failed while the displacement was fixed at the time taking this image (displacement of 5 mm). A similar behavior was seen for a 3 mm flowing WL specimen.

These results combined with failure initiation seen under DIC at stress levels similar to the one of the matrix and FE simulations further support the assumption of matrix-based failure at the WLs. An approach to consider this damage in FE simulations is presented in the next section.

FE simulation with a matrix based damage with weld lines

In Sec.5.4, an inverse characterization of the matrix material law showed that the matrix yields earlier and has macroscopically lower strength than the unreinforced matrix. This would account to the damage in the matrix due to a concentration of stresses between the fibers and fiber-matrix debonding. In this section to point to the need of a damage law at the WL, the experimentally measured matrix material law combined with a damage mechanism based on the matrix is presented. To model the damage, continuum damage mechanics was employed. This approach has been used in fiber-reinforced composites to model different failure and damage modes [Mehdipour, et al., 2019;[START_REF] Nguyen | A mechanistic approach to damage in short-fiber composites based on micromechanical and continuum damage mechanics descriptions[END_REF][START_REF] Mahboob | Mesoscale modelling of tensile response and damage evolution in natural fibre reinforced laminates[END_REF][START_REF] Nguyen | A mechanistic approach to damage in short-fiber composites based on micromechanical and continuum damage mechanics descriptions[END_REF]. It takes into account the micro defects in a material after reaching a yield point or plastic deformation and the simple form of this approach can be given by [START_REF] Lemaitre | Mechanics of Solid Materials[END_REF]]:

= -Eq. 5-4
Where d is a damage variable that depends on the application of the method and increases with increasing damage. The damage initiation is usually a function of stress or strain. In this framework, the initiation in the damage was dependent on the strain value in the main principal direction. After initiation, the damage evolution has to be described to model the progressive failure. Different evolution laws exist and in this work, a power law has been used based on [START_REF] Matzenmiller | A constitutive model for anisotropic damage in fiber-composites[END_REF]:

D f =f α /f max α Eq. 5-5
Where α is material dependent and is the difference between the strain at failure initiation (yield) and the strain at rupture. can be deduced from the experimental tests and was equal to ~0.165 Fig. 23456789101112131415161718192021. The described damage law was implemented within the homogenization scheme.

This approach requires the identification of the failure parameters based on experimental results. The measured neat-PBT matrix material law was used (see Sec.2.3). The parameters of the exponential power law of the plastic behavior of the matrix (see Eq. 5-1) were fitted to the experimental results: = 3, ∞ = 16.9 and = 236.44.

For modelling of the damage in the matrix, two main parameters still require to be identified: α that controls the slope of the failure in the matrix and the failure initiation strain. For the identification of the two parameters multiple simulations were made on the 3 mm without WL specimen taken in the transversally to the flow direction. As the damage and rupture were localized near the shoulder of the no WL specimen, DIC evaluated strain fields were used to compare the experimental and simulated tensile tests. It should be mentioned that the failure in the specimen without WL is not only related to the matrix as fibers also play a role. However, only a small fraction of fibers is oriented in the loading direction (FO tensor component in the loading direction ~0.15), which would concentrate the failure in the matrix.

Identification of the damage parameters

The first tested damage initiation was the one of the yield strain of the matrix measured by tensile testing (~ 3.5 %). For each failure initiation, the parameter α was optimized to have a best fit to the experimental results. Fig. 5-18a presents the stress-strain diagram followed at a node at the failure location (shoulder) of the specimen measured from DIC and simulation. The strains are plotted in the loading direction. Results show that the damage initiation at the yield strain of the matrix led to a higher predicted strength than the one of the material. In fact, this damage had a slight influence on the predicted results.

To explain this behavior a simulation was made on an RVE of the FO microstructure at the studied point. The RVE was generated using Digimat FE with the two phases of the matrix and fiber having the same parameters used for the FE simulation (measured elastoplastic matrix law and elastic fibers). The RVE had an average FO tensor of [0.15 0.8 0.05] which is similar to the average values at the studied region without a WL. These FO values were obtained form process simulation. The cubic RVE was meshed with a voxel mesh at a size of 1.5 µm and had an edge length of 200 µm. The reached fiber VF Thus, for the failure initiation a lower value was fitted to experimental results. The damage in the microstructure initiates at a macroscopic strain value of ~1.5 %. A simulation on the RVE with this loading condition predicted that at this strain step the probability of elements with strains higher than the yield strain of the matrix starts to increase and is at around 4 % as presented in Fig. 5-18b. The failure strain prediction when using an extensometer was accurate. Furthermore, the strength prediction changed from a higher predicted strength of ~15 MPa without consideration of damage to a more accurate predicted strength with a predicted strength nearly 1 MPa less than the strength of the specimen.

Application of the damage model on flowing weld lines

The identified damage model was applied to both cases of WLs. At a first step, the damage model was applied only to elements exactly at the WL. A better prediction compared to the non-damage law was obtained but the predicted strength was still higher than experiment. Thus, the damage law was applied to elements of the WL region. Results with flowing WLs followed at a node exactly at the WL and with a 10 mm virtual extensometer are presented in Fig. 5678910111213141516171819. The 3 mm plate at position 1 with a slit insert is chosen. Simulations were made with CT-measured FO and the same specimen was used for DIC evaluations. The implemented damage law gave nearly an exact prediction of the strength values at the WL. The strain-profile development was correctly predicted, however the final strain until failure was over estimated. The damage localized at a 2 mm wide region at the WL. Evaluations with an extensometer show an accurate prediction of the failure strain and a slight overestimation of the failure stress by ~4 MPa.

These results show that by only considering the damage in the matrix the mechanical properties can be well predicted for flowing WLs. The failure strain at the WL region the strength were reliably predicted. Exactly at the WL, although the failure initiation was correctly predicted, the final failure strain was higher than the one measured in DIC. This can be attributed to a slightly higher damage evolution due to the concentration of the FO gradient, which means that the maximum damage is reached earlier than in the case without WL. The results were clearly more accurate when considering flowing WL specimens far from the insert (Position 5) where the FO gradient becomes flatter with nearly an exact prediction of the behavior.

Application of the damage model on frontal WLs

Evaluations with frontal WLs differed. The damage model had a positive influence, but the damage initiation point was not correctly predicted. The failure initiation region had a random FO state as seen in Fig. 5 of Chapter 4. Similar to the microscale simulations made before, an RVE was generated with the random (isotropic) FO state at the failure initiation region of the WL [0.34 0.33 0.33]. Fig. 5-20 shows the distribution of the strains in the matrix at a global strain of 1.5 % compared to the one of a highly oriented FO state.

Conclusion and outlook

Weld Lines (WL) frequently appear in the manufacturing of injection-molded thermoplastic parts. They form during the filling phase when separate polymer melt fronts meet. Their presence is often unavoidable and induces a significant reduction in the mechanical strength properties, especially for short fiber-reinforced materials. Thus, a reliable prediction of the WL properties during the product design phase is essential to avoid financial and time losses. Current process and structural simulation tools do not offer a reliable prediction of the WL properties, which limits the design's quality.

Literature research in the first chapter on WLs' induced local morphological and microstructural changes pointed to two main phenomena causing WL weakness: an incomplete polymer matrix healing (molecules do not completely inter-diffuse due to rapid cooling) and the change of fiber orientation (FO) at the WL. The mechanical properties of WLs are not reliably predicted especially for short fiber-reinforced parts and the contribution of these phenomena is not quantified. This work aimed to improve the prediction of the properties of WLs by quantifying the physical reasons behind their weakness. The conclusions and outlook can be divided as following:

Prediction of the matrix healing quality at the weld line interface

Rheology measurements and tensile testes indicated a very fast molecular diffusion ability for the unreinforced-PBT with an estimated reptation time in the range of (1-8) ms. In terms of the prediction of the quality of the matrix healing, a physical model based on the reptation theory is implemented into a commercial process simulation software. The obtained matrix quality field can be mapped into the structural simulation chain with a penalty parameter corresponding to its quality. No significant reduction of matrix healing is predicted for the studied PBT matrix. In order to validate the developed matrix healing quality computation approach and suggested penalization method, WLs with an unreinforced amorphous polymer should be investigated.

Mechanical characterization of weld lines

The effect of WLs on thermoplastic parts injected with 30 % wt. glass fiber-reinforced PBT was studied. The two types of WLs (frontal and flowing) were molded at two thicknesses and different flow cases. The mechanical strength properties were measured using tensile tests assisted with digital image correlation. The frontal WLs of reinforced PBT reduced the strength by ~55 % and the failure strain by ~40 % The insert size only played a major influence after the insert and the mechanical strength improved along the flow distance. Results showed a low influence of process parameters on the strength the WLs and a strain localization at the WL. The crystallinity content did not vary greatly across the thickness or by the presence of fibers when measured by DSC.

The evaluation of the mechanical properties under DIC took place at the surface. An approach to have more understanding of the mechanical behavior could be using DIC at different depths of the specimen. The specimens could be milled and polished until the shell and core layers to be evaluated as presented in [START_REF] Bernasconi | Experimental investigation on the true local fatigue strength of shellco re shell layered, injection moulded specimens of short fibre reinforced polyamide[END_REF].

The used material showed high healing abilities, which allowed disregarding the influence of molecular diffusion. It would be of interest to conduct a similar characterization on more viscous materials with lower healing abilities. Preliminary characterizations on a PA6T/6I material showed higher packing pressure and processing temperature dependencies.

Microstructural characterization of the weld line

The fiber microstructure was quantified using extensive X-ray computed tomography (CT) scans at large-scale regions and using SEM. Flowing WLs act like a cavity wall and induce an at least 8 -10 mm wide FO gradient that does not vanish even after 90 mm of flow. The increase of the strength along the flowing WL correlated with the measured change of the induced orientation gradient. Frontal WLs, showed a 4 mm wide gradient and the microstructure was dependent on the thickness and packing pressure. The stronger the orientation gradient the higher the influence on the stress-strain properties.

Profilometry measurements showed no v-notches in both WLs, instead an increase of thickness was measured. The FO changes in thickness direction cause an increase in thickness at the WL and possibly an attenuation of the v-notches. This is due to the increase of a33 and then a decrease of shrinkage in thickness direction. Void formation is nearly unavoidable with frontal WLs because of the influence of the anisotropic FO inducing local anisotropic shrinkage behavior. No voids were present with flowing WLs.

By comparing the CT-FO measurements with the predictions at the WL using commercial software, it is evident that the macroscopic FO models still have room for improvement. The error in prediction of the FO at the WLs transmitted to the prediction of the mechanical properties. In flowing WLs, only after the cylindrical insert were the predictions reliable using simulated FO. In frontal WLs, the predictions of the mechanical properties using simulated FO deviated greatly from experimental results even at the elastic region.

To further understand the FO formation at the WLs, CT scans at the flow front of different short shots are needed. This would give a better understanding of the changes of the orientation along the flow and at the WL. In addition, the influence of the packing pressure on the orientation would be eliminated. In turn, it would lead to a better modelling approach of the FO at WLs. CT scans on short shots to study the fiber concentration with long fiber-reinforced composites were made by [START_REF] Goris | Process-induced fiber matrix separation in long fiber-reinforced thermoplastics[END_REF]. An approach to study the changes of FO along the flow and at the flow front in a center-gated disk reinforced with short fibers using optical microscopy can be seen in [START_REF] Mazahir | Fiber orientation in the frontal region of a centergated disk: Experiments and simulation[END_REF].

Another method to understand the FO behavior especially at frontal WLs is using direct numerical simulations of the colluding flow fronts. Although this type of simulation could be quite computationally extensive, it has been implemented in [e.g. [START_REF] Mezher | Analysis of the Folgar & Tucker model for concentrated fibre suspensions in unconfined and confined shear flows via direct numerical simulation[END_REF][START_REF] Ausias | Direct simulation for concentrated fibre suspensions in transient and steady state shear flows[END_REF]. It could also help explain the increase of the FO in thickness direction seen at the sidewalls seen in Chapter 4.

The complexity and changes of the FO at the WLs might require the coupling of the flow behavior and the viscosity changes with the FO as discussed in [START_REF] Li | Flow-fiber coupled viscosity in injection molding simulations of short fiber r einforced thermoplastics[END_REF].

Prediction of the mechanical properties at the weld lines

To predict the mechanical properties, the use of the measured unreinforced matrix material law led to higher strength predictions than in experiment. Thus, instead an inverse characterization of the matrix material law with presence of fibers was made. The results correlated will with the experiment when using the CT measured FO. For the studied material, the FO is the main factor influencing the WL strength and the matrix healing played a negligible role. Other factors such as molecular orientation, fiber content variation and voids played also minor role. To correctly predict the mechanical properties of flowing WLs, the accurate FO accompanied with a suitable matrix material law is sufficient. For frontal WLs, a consideration of the damage localization at the WL is necessary to correctly predict the strength.

Simulating the mechanical behavior of the microstructure without homogenization would offer a better understanding of the influence of the fiber microstructure on the strength of WLs. The localization of the strains at the WL plane could be better understood and the exact extent of the induced damage in the matrix and its initiation step could be obtained. 2D simulations on synthetic microstructures similar to the ones at the WL made in this work gave promising results. However, to create a similar microstructure in 3D requires very high computational efforts. Recently, fast Fourier transform based solvers have been used for highly complex computations [START_REF] Wang | Progressive damage analysis of 3D braided composites using FFT-based method[END_REF]. [START_REF] Fliegener | Investigations into the damage mechanisms of glass fiber reinforced polypropylene based on micro specimens and precise models of their microstructure[END_REF] used a mesh free fast Fourier transform simulations on raw CT voxel data of a micro tensile specimen and the results showed a good correlation to experiment. A similar approach could be applied to the CT-scanned microstructures at the WLs. A workaround to reduce the complexity of the microstructure is by generating synthetic microstructures with the same orientation values as in [START_REF] Schneider | The sequential addition and migration method to generate representative volume elements for the homogenization of short fiber reinforced plastics[END_REF].

The predictions used in this work employed the 2 nd order FO tensors. Although quite computationally extensive to obtain and implement, it would be possible to obtain the 4 th order tensor from the CT-scanned microstructures. Their use in the evaluation of the mechanical properties might lead to a more accurate evaluation as in [START_REF] Müller | Prediction of effective elastic properties of fiber reinforced composites using fiber orientation tensors[END_REF]. Furthermore, data-driven FO prediction could be used to obtain closure-free FO predictions [START_REF] Scheuer | Data-driven upscaling of orientation kinematics in suspensions of rigid fibres[END_REF].

Résumé étendu 1. Contexte et objectifs de la thèse

Les matériaux composites constitués de thermoplastiques renforcés de fibres courtes, de par leur rapport rigidité sur masse avantageux et leur bon comportement mécanique sont largement utilisés dans les technologies industrielles comme l'aéronautique et l'automobile : c'est un facteur essentiel pour diminuer le coût des pièces et réduire leur empreinte écologique [START_REF] Chawla | Composite Materials: Science and Engineering[END_REF].

La technologie la plus utilisée pour la production de ces pièces plastiques renforcées par des fibres courtes est le moulage par injection [START_REF] Zheng | Injection Molding Integration of Theory and Modeling Methods[END_REF]. Elle permet la production de pièces de géométrie complexe avec des cadences de production très élevées.

Le procédé de moulage par injection est un procédé complexe qui peut induire de nombreux défauts, notamment des déformations et des gauchissements qui sont parmi les plus critiques pour les industriels [START_REF] Eyerer | Einführung in Polymer Engineering[END_REF]. Le Centre de Recherche à Renningen de la société Robert Bosch GmbH qui est à l'origine de l'étude et qui a financé ce travail s'intéresse à la problématique d'un autre défaut que sont des lignes de soudure de matière fondu pour des thermoplastiques renforcés de fibres courtes moulés par injection. Outre leurs effets visuels potentiellement négatifs, ces lignes de soudure peuvent induire de sévères réductions de résistance à la rupture des matériaux [Selden, 1997] et plus particulièrement dans les polymères renforcés par des fibres [Fisa & Rahmani, 1991]. Parmi les matériaux très utilisés par la société Bosch, le polybutylène téréphtalate (PBT) renforcé par 30% en poids de fibre de verre voit une réduction de près de 50% de sa contrainte et de sa déformation à rupture en présence d'une ligne de soudure frontale [START_REF] Hashemi | Temperature, strain rate and weldine effects on strength and micromechanical parameters of short glass fibre reinforced polybutylene terephthalate[END_REF].

Les raisons qui peuvent conduire à la séparation de la matière plastique fondue et à la formation de ligne de soudure sont les points d'injection multiples, les inserts ou broches installés dans le moule pour réaliser des trous ou des orifices dans les pièces, les différences d'épaisseur et plus généralement la complexité géométrique des cavités. Ainsi, plus la géométrie de la pièce est complexe, plus elle contiendra de lignes de soudure qui sont classées en deux types (Fig. 1) :

-Les lignes de soudure frontales lorsque deux fronts de matière fondue se rencontrent dans un flux de sens opposé : l'écoulement s'arrête macroscopiquement brutalement. -Les lignes de soudure que nous qualifierons de tangentielles ou de fuyantes lorsque les fronts de matière fondue se rencontrent et continuent leur écoulement dans la même direction avec une ligne de soudure qui a tendance à s'estomper avec la distance d'écoulement. Ces lignes de soudure sont pour la plupart inévitables et incontournables [START_REF] Papathanasiou | Flow-induced alignment in injection molding of fiber-reinforced polymer composites[END_REF], une alternative est d'essayer de diminuer leur influence lors de la conception des pièces en les plaçant dans des régions moins critiques en modifiant par exemple la position des points d'injection. Dans certains cas, l'optimisation des conditions de procédé peut diminuer leur criticité, mais sans jamais éliminer leur effet. [START_REF] Ditocco | Design for in-flow to strengthen weld lines in injection molded polypropylene parts[END_REF][START_REF] Kim | Interactive robust optimal design of plastic injection products with minimum weldlines[END_REF][START_REF] Janko | Weld line improvement of short fiber reinforced thermoplastics with a movable flow obstacle[END_REF][START_REF] Koponen | Advanced injection molding mold and molding process for improvement of weld line strengths and isotropy of glass fiber filled aromatic polyester LCP[END_REF][START_REF] Xie | Effect of gate dimension on micro injection molded weld line strength with polypropylene (PP) and high-density polyethylene (HDPE)[END_REF][START_REF] Geyer | Enhancing the weld line strength of injection molded components by means of a new molding tool technology[END_REF][START_REF] Hallowell | An investigation of weldline strength issues a ssociated with injection molded products[END_REF].

Les raisons physiques et mécaniques de la faiblesse des propriétés du matériau au niveau des lignes de soudure sont multiples :

-La cicatrisation de l'interface est tributaire de la diffusion macromoléculaire à l'interface. Or les refroidissements très rapides durant le procédé ne donnent bien souvent pas le temps aux macromolécules de venir se ré-enchevêtrer à travers l'interface, notamment près de la surface du moule, ce qui induit dans les polymères des énergies critiques à rupture beaucoup plus faibles que dans le matériau à coeur [START_REF] Wool | Strength of Polymer Interfaces[END_REF].

-Dans les polymères renforcés de fibres, la résistance mécanique est très dépendante de l'orientation des fibres [Mortazian & Fatemi, 2015], or l'écoulement particulier en front de matière connu sous le nom d'effet fontaine génère une répartition spécifique au niveau de la ligne de soudure [START_REF] Papathanasiou | Flow-induced alignment in injection molding of fiber-reinforced polymer composites[END_REF], en figeant notamment cette orientation particulière pour les lignes de soudage frontales (Fig. 2), ce qui a été confirmé par des mesures en tomographie X [START_REF] Belmonte | Local microstructure and stress distributions at the crack initiation site in a short fiber reinforced polyamide under fatigue loading[END_REF].

-La présence d'encoches en forme de V sont souvent visibles au niveau de la rencontre des flux de matière entrainant une variation locale d'épaisseur [START_REF] Onken | Prediction of weld line strength in injection-moulded parts made of unreinforced amorphous thermoplastics[END_REF] et ainsi une zone de faiblesse (Fig. 3).

-Enfin dans une moindre mesure, des micro-vides ou des micro-bulles d'air ont été observées au niveau des lignes de soudure [Meddad & Fisa, 1995]. L'approche utilisée actuellement pour prédire les propriétés mécaniques des polymères renforcés par des fibres est une chaîne de simulation par éléments finis dite intégrative [START_REF] Ogierman | A study on fiber orientation influence on the mechanical response of a short fiber composite structure[END_REF][START_REF] Kammoun | Micromechanical modeling of the progressive failure in short glass-fiber reinforced thermoplastics -First Pseudo-Grain Damage model[END_REF][START_REF] Doghri | Micromechanical modeling and computation of elasto-plastic materials reinforced with distributed-orientation fibers[END_REF] (Fig. 4). 

Les échantillons de l'étude

Les matériaux de l'étude

Le choix s'est porté sur un polybutylène téréphtalate (PBT) renforcé de 30% en poids de fibre courtes (18% en volume) dont il était possible d'obtenir chez le fournisseur la matrice seule.

Pour estimer l'aptitude du polymère à diffuser aux interfaces, nous avons estimé les temps de reptation moyen en poids des macromolécules par une détermination expérimentale du temps de relaxation terminal à différentes températures sur la matrice seule en rhéologie dynamique à plateaux. Ce temps de relaxation terminal qui est de l'ordre de 0.01 s à 230°C varie avec la température en suivant un modèle d'Arrhenius ayant la même énergie d'activation (10500 J/mol) que celle de sa viscosité qui a pour valeur environ 60 Pa.s à 230°C.

Des essais en calorimétrie différentielle en peau et à coeur des plaques injectées ont montré que le taux de cristallinité ne variait pas de façon significative et avait des valeurs se situant autour de 32%. Ainsi, nous avons supposé que les propriétés mécaniques de la matrice seule ne variaient pas significativement dans l'épaisseur de la pièce.

Moulage des échantillons par injection

Deux moules ont été conçus pour générer des lignes de soudure modèles, frontales et fuyantes, sur des échantillons de deux épaisseurs : 1.5 et 3 mm. Le moulage par injection a été effectué sur une presse à injecter DK CODIM 175-410 de 1750 daN de force de fermeture.

Le moule pour ligne de soudure frontale a été conçu avec une forme d'échantillon pour essais mécaniques basée sur la norme ISO 527. L'échantillon a été élargi pour réduire l'influence des parois latérales. Le moule avait deux commutateurs rotatifs pour alimenter les extrémités de l'échantillon. En alimentant qu'une seule extrémité, des échantillons sans ligne de soudure pouvaient être injectés. Un capteur de pression et de température Kistler 6190C a été ajouté sur le canal central d'alimentation de l'échantillon. Pour limiter la formation de micro-vides et des encoches en V, des évents de 10 mm de large ont été ajoutés à l'emplacement prévu des lignes de soudure (Fig. 5). Enfin, l'application d'une pression de maintien de 40 MPa en buse a permis d'éliminer la présence des encoches en V. Le moule pour ligne de soudure fuyante est un moule de plaque d'épaisseur 1.5 ou 3 mm avec une alimentation en nappe (Fig. 6). Un insert cylindre et un insert fente ont été choisis pour engendrer des lignes de soudure fuyantes représentatives des problématiques industrielles. L'insert fente est intéressant pour l'étude car il permet de séparer le flux de matière fondue sans perturber macroscopiquement l'écoulement.

Une étude rhéologique préliminaire sur le code Moldflow  a permis de dimensionner le système d'alimentation en nappe, les seuils, la taille et la forme des inserts et la forme de la plaque qui permet de garder ou pas une section constante autour des inserts et d'éviter ou pas un écoulement élongationnel après l'insert cylindrique (Fig. 6).

Fig. 6 -Géométrie des inserts et des plaques avec lignes de soudure fuyantes

Mise en évidence des pertes de propriétés mécaniques

Des essais mécaniques en traction uniaxiale ont été réalisés perpendiculairement aux lignes de soudure, aussi bien pour les lignes de soudure frontales que fuyantes. La figure 7 récapitule bien l'ensemble de ces essais mécaniques réalisés sur des échantillons de 3 mm d'épaisseur. Sur les échantillons renforcés de fibre, en dehors de la zone de la ligne de soudure, les fibres sont principalement orientées dans la direction de sollicitation dans les échantillons avec ligne de soudure frontales tandis qu'elles sont principalement orientées perpendiculairement à la direction de sollicitation dans les échantillons avec une ligne de soudure fuyante, ainsi le contraste entre les propriétés mécaniques des échantillons avec ou sans ligne de soudure est naturellement beaucoup plus important pour les échantillons avec ligne de soudure frontale. Les essais mécaniques sur la matrice seule montrent la faible influence des lignes de soudure et confirme que les macromolécules ont le temps de diffuser aux interfaces dans les temps de refroidissement imposés par le procédé (Fig. 7b). Les essais mécaniques sur la matrice seule sur des éprouvettes sans ligne de soudure donnent des résultats similaires pour les deux épaisseurs considérées quelle que soit l'orientation des éprouvettes par rapport à la direction d'écoulement, ce qui montre la faible influence de l'orientation moléculaire induite et de la cristallisation induite par l'écoulement pour ce polymère de faible masse moléculaire. Sachant que les encoches en V engendrés par la rencontre des flux de matière ont pu être supprimés sur l'ensemble des échantillons en imposant après le remplissage un maintien en pression adéquat, il apparait que la baisse des propriétés mécaniques est donc essentiellement due aux orientations des fibres dans la zone des lignes de soudure.

Analyse de l'orientation des fibres par tomographie X

Les mesures en tomographie X ont permis d'analyser les orientations des fibres dans la zone des lignes de soudure dans des volumes d'une longueur de 

Microstructure et propriétés mécaniques des lignes de soudure fuyantes

Evolution des propriétés mécaniques

La réduction des contraintes à rupture dans les échantillons avec lignes de soudure fuyantes peut atteindre 20% et près de 50% pour l'allongement à rupture au début de la ligne de soudure (Fig. 8). Les résultats montrent une recouvrance plutôt lente des contraintes à rupture. Cependant, bien que les contraintes à rupture mesurées reflètent la tenue du matériau, les déformations mesurées par extensomètre ne reflètent pas celles effectives au niveau des lignes de soudure qui sont en fait deux fois plus importantes (Fig. L'augmentation de a11 dans la ligne de soudure fuyante, de 0.6 à plus de 0.8, donc de l'orientation des fibres dans la direction de l'écoulement, conduit naturellement à une localisation des déformations dans la ligne de soudure (Fig. 9b), la direction de chargement étant perpendiculaire à cette orientation.

Variation de la distribution d'orientation des fibres dans la zone de soudure

La Figure 10 montre les changements de l'orientation des fibres le long des lignes de soudure fuyantes pour les deux types d'insert. Quels que soient l'épaisseur, le type d'insert ou la distance à l'insert, on note une augmentation de a11 dans la ligne de soudure, et donc une orientation plus marquée des fibres dans la direction de l'écoulement, principalement au détriment de a22. En fait, c'est la microstructure à coeur qui est la plus largement affectée : les fibres ont tendance à s'orienter perpendiculairement à l'écoulement à coeur dans un écoulement de cisaillement, mais les fibres s'orientent parallèlement à l'écoulement dans la zone de la ligne de soudure (Fig. 11) comme si chaque front de matière jouait le rôle de paroi pour l'autre.

On remarque également une légère augmentation de a33 qui se caractérise par une augmentation des épaisseurs au niveau de la ligne de soudure (Fig. 9c) due à un retrait 

Variation de la concentration en fibre

L'écoulement au niveau du front de matière induit dans le procédé d'injection des concentrations de fibre en peau inférieure et à coeur supérieure (Fig. 12), qui seraient dus aux taux de cisaillement élevés en peau [Kaiser & Stommel, 2014]. Des calculs par couche ont montré que ces variations de la concentration en fibre n'induisaient pas de variation significative sur les propriétés mécaniques en traction.

Au niveau de la ligne de soudure, les concentrations en fibre qui s'uniformisent pourraient s'expliquer par un taux de cisaillement inférieur. La forme de l'insert, la distance à l'insert et l'épaisseur n'ont pas d'influence sur la concentration en fibre dans la ligne de soudure. La modification de l'orientation globale dans cette ligne de soudure avec une légère augmentation de a33 entraine une légère augmentation de l'épaisseur lié à un retrait dans l'épaisseur qui diminue et qui rend la ligne de soudure visible à l'oeil nu malgré un compactage efficace.

La forme de l'insert joue peu sur les niveaux d'orientation excepté au début de la ligne de soudure qui est plutôt de type frontale pour un insert cylindrique.

Enfin, les orientations de fibre sont naturellement plus importantes dans la direction de l'écoulement pour les plaques de 1.5 mm que pour celles de 3 mm, à cause des taux de cisaillement plus intenses, et ceci reste vrai dans la ligne de soudure fuyante. En conséquence, les propriétés à rupture dans la direction transverse des plaques avec ligne de soudure de 1.5 mm sont inférieures à celles de 3 mm, mais respectivement dans à peu près la même proportion que les propriétés des plaques sans lignes de soudure : la réduction des contraintes à rupture peut atteindre 20% et près de 50% pour l'allongement à rupture au début de la ligne de soudure.

La baisse des propriétés mécaniques à rupture s'explique très bien qualitativement par les variations d'orientation de fibre.

orientées dans la direction transverse avec un coefficient a22 d'environ 0,65 et ceci de façon constante de la peau au coeur. En revanche on observe à coeur une augmentation de l'orientation dans la direction de l'épaisseur et très peu de fibres dans la direction de l'écoulement avec ainsi des fibres très majoritairement orientées dans le plan de la ligne de soudure.

Cette distribution particulière de l'orientation des fibres de verre au niveau de la ligne de soudure peut s'expliquer par le figeage des flux de matière après leur rencontre avec une orientation des fibres caractéristique de celle induite par l'écoulement fontaine au niveau du front de matière. Ainsi, on comprend bien la chute drastique des propriétés mécaniques dans les échantillons avec ligne de soudure frontale puisque quasiment aucune fibre est orientée dans la direction de l'écoulement qui est la direction de sollicitation.

Influence de l'épaisseur En dehors de la zone de soudure, la structure coeur-peau caractéristique des pièces injectées a pour effet d'avoir en moyenne une orientation des fibres dans la direction de l'écoulement qui diminue avec l'augmentation de l'épaisseur (Fig. 16) car la zone de coeur dans laquelle les fibres s'orientent plutôt perpendiculairement à la direction d'écoulement augmente avec l'épaisseur. Ceci explique que les propriétés à rupture dans la direction de l'écoulement diminuent avec l'augmentation de l'épaisseur.

Dans la ligne de soudure, on voit cependant que les gradients de a11 et a33 sont plus importants pour les faibles épaisseurs, ce qui explique également que la criticité des allongements à rupture des lignes de soudure frontales augmente légèrement avec la diminution de l'épaisseur. Comme pour les lignes de soudure fuyantes, l'augmentation de a33 dans la ligne de soudure induit une augmentation locale de l'épaisseur (Fig. 17) à cause du retrait contrarié par les fibres dans la direction de l'épaisseur, ce qui rend ces lignes de soudure visibles à l'oeil en créant bien souvent un défaut visuel inacceptable.

vides sont concentrés dans les régions où il y a un changement marqué du gradient d'orientation des fibres.

Ainsi, les gradients importants d'orientation combinés à un étagement de la solidification de la peau vers le coeur peuvent localement contrarier les retraits de la matrice et engendrer des micro-vides comme dans les accidents géométriques (nervures, coins, …). L'augmentation de la pression de maintien permet de réduire leur volume, mais il est difficile de déterminer leur influence car la rupture des échantillons a toujours eu lieu dans le plan de la ligne de soudure ou il n'y avait pas de micro-vides. 

Synthèse de l'étude expérimentale pour les lignes de soudure frontale

Dans la zone de la ligne de soudure, les fibres ont tendance à s'orienter perpendiculairement à la direction de l'écoulement (a22 + a33 proche de 0.9) avec un contraste particulièrement élevé à coeur entre la zone de soudure et le reste de l'échantillon. Sachant que la direction de sollicitation est normale au plan de soudure, les fibres dans le plan de soudure ne participent donc pratiquement pas à la tenue mécanique, ainsi les déformations se localisent rapidement dans le plan de soudure, ce qui induit des contraintes à rupture guère supérieures à celle de la matrice seule.

Les gradients d'orientation dans la zone de soudure sont plus importants pour les faibles épaisseurs et peuvent expliquer une criticité supérieure de l'allongement à rupture pour ces faibles épaisseurs.

A cause d'une solidification qui ne peut être parfaitement symétrique, l'augmentation de la pression de maintien occasionne un écoulement à coeur qui a tendance à rétablir l'orientation à coeur de l'échantillon et ainsi à diminuer la criticité des lignes de soudure frontales.

Comme pour les lignes de soudure fuyantes, la modification de l'orientation globale dans la ligne de soudure frontale avec une augmentation de a33 entraine une légère augmentation de l'épaisseur lié à un retrait contrarié dans l'épaisseur, ce qui rend la ligne de soudure visible à l'oeil nu malgré un compactage efficace.

Des micro-vides existent à coeur dans la zone de la soudure frontale où les gradients d'orientation sont forts, mais ils sont absents du plan effectif de soudure, plan dans lequel a systématiquement lieu la rupture. Il n'est donc pas facile de connaître leur influence sur les propriétés à rupture.

Ainsi la forte baisse des propriétés mécaniques à rupture s'explique donc très bien qualitativement par les variations d'orientation de fibre, sachant que la cicatrisation des interfaces polymères peut être considérée comme totale.

Prédiction des propriétés à rupture des lignes de soudure Prédiction de cicatrisation de l'interface

La cicatrisation des interfaces pour la matrice dépend de l'historique de température qui contrôle la diffusion des macromolécules à travers l'interface. La plupart des codes de simulation du moulage par injection sont capables de prédire la formation et l'emplacement final des lignes de soudure, mais aucune information quantitative de la qualité de la cicatrisation des interfaces basée sur un comportement physique du matériau n'est donnée.

En régime isotherme, le temps nécessaire pour que les chaînes polymères diffusent suffisamment à travers une interface pour la cicatriser peut être estimé à partir du temps de relaxation terminal du polymère w, qui est une bonne estimation du temps de reptation des chaînes les plus longues. Sachant que temps de relaxation terminal et viscosité sont proportionnels, le temps de relaxation varie avec la température selon les mêmes lois, Arrhenius ou WLF selon les cas. Pour le cas d'un soudage anisotherme, [START_REF] Yang | Healing of thermoplastic polymers at an interface under nonisothermal conditions[END_REF] ont défini un critère basé sur l'évolution théorique des propriétés mécaniques dépendant du temps passé au-dessus de la température de solidification. Ce critère D(t) permet d'évaluer la qualité de la cicatrisation en prenant en compte la dépendance du temps de relation avec la température et l'historique de la température au niveau de l'interface :

1/4 0 1 () () t w D t dt T       [1]
où w est le temps de relaxation en poids.

Un code de simulation a été réalisé en Python et intégré dans le code rhéologique Moldflow®. Les données récupérées dans le maillage utilisé par le code sont les noeuds initiaux où les fronts de matière se rencontrent. Pour chacun de ces noeuds et à chaque instant du remplissage et du post-remplissage, une ligne de courant est déterminée à partir des données de vitesse et de pression, ce qui permet de reconstruire la surface de soudure. Un exemple des différentes lignes d'écoulement issues d'un même noeud à des temps croissants est présenté à la Fig. 21.a. Une fois que la ligne de soudure est complètement construite, le critère de qualité de cicatrisation [1] à la fin de chaque ligne de courant peut être calculé en fonction de l'historique de température de la ligne de courant. Si la valeur obtenue est supérieure à 1, cela indique que le noeud final a atteint la cicatrisation complète tandis que les valeurs entre 0 et 1 indiquent une cicatrisation incomplète. La Fig. 21.b présente un exemple du champ des valeurs du critère de cicatrisation obtenu pour un échantillon de 3 mm d'épaisseur avec une ligne de soudure créée par l'insert cylindrique avec le matériau de l'étude PBT-GF30. Ces résultats confirment aussi bien pour les lignes de soudures fuyantes que frontales, que la matrice est quasiment complètement cicatrisée pour nos échantillons présentant des temps de relaxation terminaux très faibles. Une légère diminution des valeurs du critère de qualité de cicatrisation à environ 0.9 juste après l'insert a cependant été constatée avec des plaques de 1.5 mm d'épaisseur.

Dans le cas où ce critère n'est pas égal à 1, les valeurs de ce critère de cicatrisation pourraient être utilisés pour pénaliser la loi de comportement de la matrice au niveau de la ligne de soudure, par exemple en diminuant l'allongement à rupture sur la courbe contrainte-déformation. Une validation de la méthodologie est actuellement à l'étude avec des polymères ayant des viscosités et des temps de diffusion supérieurs à ceux utilisée dans ce travail. encoches en V ont pu être éliminées dans tous les échantillons par des conditions de procédé adéquates. Seuls des micro-vides mis en évidence à coeur dans la zone des lignes de soudure frontales pourraient jouer un rôle, cependant ces microcavités sont absentes du plan de soudure dans lequel sont apparus systématiquement toutes les ruptures.

Méthodologie de prédiction des propriétés

Ainsi, nous avons pris le parti de mettre en place une méthodologie de prédiction des propriétés mécaniques des échantillons basée sur la prédiction des propriétés d'un matériau composite renforcé par des fibres courtes ayant elles même un comportement élastique, en faisant appel aux techniques d'homogénéisation et en particulier au modèle de Mori-Tanaka qui s'est montré très efficace pour ce type de matériau et de calcul [START_REF] Jain | Pseudo-grain discretization and full Mori Tanaka formulation for random heterogeneous media: Predictive abilities for stresses in individual inclusions and the matrix[END_REF]Schemman et al, 2018]. Les tenseurs d'ordre 4 d'orientation des fibres ont été déterminés à partir des tenseurs d'ordre 2 et d'une approximation de fermeture orthogonale.

Pour que le modèle Mori-Tanaka donne des résultats plus fiables, un schéma d'homogénéisation Mori-Tanaka en deux étapes a été introduit pour chaque élément du maillage [START_REF] Doghri | Micromechanical modeling and computation of elasto-plastic materials reinforced with distributed-orientation fibers[END_REF][START_REF] Doghri | Micromechanics of inelastic composites with misaligned inclusions: Numerical treatment of orientation[END_REF]. Dans ce schéma, la microstructure définie par ses tenseurs d'orientation est d'abord discrétisée en une douzaine de pseudo-grains contenant des fibres toutes alignées dans la même direction. Ensuite l'homogénéisation de chaque pseudo-grain est réalisée séparément en utilisant le schéma Mori-Tanaka. La deuxième étape consiste à obtenir la moyenne en volume des pseudo-grains homogénéisés en utilisant un schéma autocohérent [START_REF] Kammoun | Micromechanical modeling of the progressive failure in short glass-fiber reinforced thermoplastics -First Pseudo-Grain Damage model[END_REF]. Cette approche a donné des résultats plus précis que la mise en oeuvre directe en une étape du modèle Mori-Tanaka. Elle permet de mieux rendre compte de l'anisotropie non linéaire dans la microstructure considérée et son utilisation a été validée dans plusieurs travaux [START_REF] Kaiser | Micromechanical modeling and strength prediction of short fiber reinforced polymers[END_REF][START_REF] Tian | Numerical evaluation on mechanical properties of short-fiber-reinforced metal matrix composites: Two-step mean-field homogenization procedure[END_REF][START_REF] Sabiston | Evaluating the number of fibre orientations required in homogenization schemes to predict the elastic response of long fibre sheet moulding compound composites from X-ray computed tomography measured fibre orientation distributions[END_REF].

Pour prendre en compte la rupture, le critère de Tsai-Hill a été introduit pour chaque pseudo-grain selon les développements réalisés par [START_REF] Kammoun | First pseudo-grain failure model for inelastic composites with misaligned short fibers[END_REF]. Lorsqu'un pseudo grain atteint la rupture, son rôle dans la transmission de contraintes est ignoré, ce qui a pour effet de générer des ruptures progressives initiées localement.

Les simulations ont été réalisées en utilisant un couplage des codes Abaqus® (2016, 2017) et Digimat® (2018, 2019) pour l'homogénéisation. Des comparaisons avec l'expérimentation sont réalisées en utilisant pour déformation un extensomètre virtuel de 10 mm de part et d'autre des lignes de soudure, comme sur les éprouvettes. Cette longueur de 10 mm correspond également à la longueur du volume analysé en tomographie X. La comparaison est effectuée avec la moyenne de 5 essais expérimentaux.

Identification du comportement de la matrice En prenant pour comportement de la matrice celui de la matrice pure en Figure 7, la mise en place du comportement décrit précédemment dans les simulations par éléments finis sur la microstructure identifiée en tomographie X prédit un bon comportement élastique du composite, mais des contraintes dans la zone plastique bien supérieures à celles mesurées (Fig. 22). Ce résultat met en évidence un comportement de la matrice surestimée en présence de fibre. On peut donc supposer qu'il y ait des endommagements dans la matrice en présence de cette fraction importante de fibres. La méthode la plus simple pour déterminer le comportement de la matrice endommagée est alors d'identifier le comportement de la matrice en présence de fibres par une méthode inverse (Fig. 23). Prédiction des propriétés mécaniques des lignes de soudure fuyantes La mesure des propriétés mécaniques est d'abord présentée pour une mesure de la déformation  sur une longueur de 10 mm qui correspond à l'ensemble du volume analysé en tomographie X et à la distance entre les points suivis par l'extensomètre optique sur les éprouvettes expérimentales et qui inclut la ligne de soudure (Fig. 24 et 25). Les contraintes et les déformations sont plutôt bien prédites, que ce soit pour les plaques de 1.5 mm ou 3 mm (Fig. 24), pour les différents inserts et tout le long de la ligne de soudure (Fig. 25). Analyse du comportement de la matrice dans les lignes de soudure Dans la surface de rupture au niveau des lignes de soudure frontales, il apparaît une région de près de 1.5 mm de large répartie sur toute l'épaisseur où la matrice a une couleur beaucoup plus claire (Fig. 29a). Cette région peut d'ailleurs être vu sans microscope. Un comportement similaire avec une région blanchie plus étroite était également visible pour les lignes de soudure fuyantes. Cette région présentait des microfissures dans la matrice avec un blanchiment qui est un signe de « crazing » et de déformation ductile et plastique [Osswald & Menges, 2012]. Ce comportement peut également être vu comme le signe d'une bonne diffusion des macromolécules à l'interface. Cette région coïncide aussi avec le début de la rupture observée par corrélation d'image. Notons également qu'aucune rupture de fibre n'est visible dans cette région, ce qui confirme que les fibres sont bien orientées dans le plan de soudure. La zone restante (Fig. 29b) présente une rupture fragile dans la matrice avec cavitation et avec quelques fibres cassées. Des observations similaires ont été obtenues dans les lignes de soudure frontale des pièces de 1.5 mm.

Ce comportement à la rupture indique que le gradient d'orientation de fibre a localisé les déformations au niveau de la matrice avec une rupture ductile ayant lieu dans les régions à fort gradient d'orientation, près de la paroi latérale de l'échantillon. La propagation sans doute rapide de la rupture devient ensuite fragile dans le reste de l'échantillon. Un comportement similaire a été observé dans lignes de soudure fuyantes, avec cependant une plus grande quantité de fibres cassées, ce qui pourrait en partie expliquer leurs plus grandes résistances.

Modélisation du comportement de la matrice dans les lignes de soudure Le très faible nombre de fibres cassées dans les surfaces de rupture au niveau des lignes de soudure montre que la matrice est largement endommagée lors de la sollicitation. Un modèle d'endommagement de Lemaître & Chaboche (1994) avec un endommagement basé sur l'approche de Matzenmiller et al. (1995) a été identifié : endommagements par séparation des endommagements causés aux fibres et à la matrice peut être vue dans [START_REF] Kim | Interactive robust optimal design of plastic injection products with minimum weldlines[END_REF] Pour certains matériaux dont la matrice est plus visqueuse, nous avons mis en place les outils qui permettent de caractériser les degrés locaux de cicatrisation pour des diffusions macromoléculaires insuffisantes aux interfaces. Il faudrait alors identifier une pénalisation du comportement de la matrice à l'interface en diminuant par exemple la contrainte à rupture sur la courbe contrainte-déformation.

Enfin, nous avons montré que les prédictions étaient sensibles aux orientations des fibres en comparant dans la modélisation du comportement mécanique les prédictions avec l'orientation des fibres obtenues par des simulations rhéologiques et par tomographie X. Les écart-types sur les meilleures prédictions pour les coefficients du tenseur d'ordre 2 varient entre 0.1 et 0.2 par rapport aux déterminations réalisées en tomographie X. Un travail approfondi devrait être mené dans ce domaine pour améliorer la difficile prédiction de l'orientation des fibres dans les écoulements, notamment par des techniques de « data driven » [START_REF] Scheuer | Data-driven upscaling of orientation kinematics in suspensions of rigid fibres[END_REF].

Abstract

Weld lines frequently appear by injection molding when separate polymer melt fronts meet. They induce a significant reduction in failure strength and strain, especially for composites. It is therefore essential to predict reliably their mechanical properties during the product design phase, but current simulation tools are still not able to do it. Literature points to two main reasons of weld line weakness: an incomplete polymer matrix healing and a change in the fiber orientation distribution. This work's objective is to characterize and quantify the contribution of these factors and to contribute to improving the prediction of the mechanical properties of injection molded short fiber-reinforced polymers.

Samples of 30 % wt. glass fiber-reinforced PBT were injection molded with frontal and flowing weld lines. The deformations in the mechanical tests were measured by of digital image correlation to quantify the location of deformation in the weld lines. The microstructure was quantified using X-ray computed tomography scans. In particular, we were able to show that the flowing weld lines were fading very slowly and that the material fronts behave towards each other like walls. A physical model based on reptation theory was implemented to determine a criterion for interface healing. Using the measured orientation distribution and an appropriate homogenization scheme for each element of a finite elements simulation, the mechanical properties up to the failure of the composite could be calculated and explain the reduction in mechanical properties at the weld lines, knowing that the interfaces were fully healed for the study material. Finally, for this semi-crystalline polymer, we have shown the need to use an elastoplastic constitutive law with a damage threshold depending on the orientation of the fibers.

Keywords: weld lines, short glass fiber-reinforced thermoplastics, PBT, microstructure, FEM simulation, injection molding

Résumé

Les lignes de soudure apparaissent fréquemment par moulage par injection lorsque des fronts séparés de polymère fondu se rencontrent. Elles induisent une réduction significative de la résistance et de la déformation à la rupture, particulièrement pour les composites. Il est donc essentiel de prévoir de façon fiable leurs propriétés mécaniques pendant la phase de conception du produit, mais les outils de simulation actuels ne sont pas encore en mesure de le faire. La littérature met en évidence deux raisons principales : une diffusion macromoléculaire incomplète de la matrice polymère aux interfaces et un changement de la distribution d'orientation des fibres. Ce travail s'est donné pour objectif de caractériser et de quantifier la contribution de ces facteurs et de contribuer à améliorer la prédiction des propriétés mécaniques des polymères renforcés de fibres courtes moulés par injection.

Des échantillons en PBT renforcé de fibres de verre à 30 % en poids ont été moulées avec des lignes de soudure frontale et fuyante. Les déformations dans les essais mécaniques ont été mesurées par corrélation d'images numériques pour quantifier la localisation dans les lignes de soudure. La microstructure a été déterminée par tomographie X. Nous avons pu notamment montrer que les lignes de soudure fuyantes ne s'estompaient que très lentement et que les fronts de matière se comportent vis-à-vis de l'autre comme des parois. Un modèle physique basé sur la théorie de la reptation a été mis en oeuvre pour déterminer un critère de cicatrisation de l'interface. En utilisant la distribution d'orientation Mots clés: lignes de soudure de flux, thermoplastiques renforcés de fibres de verre courte, PBT, microstructure, modélisation par éléments finis, moulage par injection
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 1 Fig. 1-11 Simulated fiber orientation (main principal component) averaged over thickness in an injectionmolded plate with an insert and a specimen with a frontal WL.
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 112 Fig. 1-12 Sketch of the v-notch at a frontal weld line and of the possible molecular orientation after filling [based on Liu, 2012].
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 1 Fig. 1-13 Weld line localization as predicted in simulation software Moldflow®.
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 2 Fig. 2-1 a-) Chemical structure of PBT b-) Fiber-matrix microstructure after injection molding under SEM.
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 22 Fig. 2-2 Crystallinity versus depth of 1 mm-and 3 mm-thick injection-molded PP plates: injection time = 1.6 s, mold temperature = 40 °C. Superimposition of microscopic view under polarized light of the associated crystalline microstructure [Galeski & Régnier, 2009].
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 24 Fig. 2-4 DSC measurements of fiber-reinforced and unreinforced samples of the used PBT.
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 26 Fig. 2-6 Integrated area to obtain the crystallinity content-The exothermic reaction of cold crystallization (vertical lines) is subtracted from the melting endotherm. Green dashed line is the base line.
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 2 Fig. 2-11 Insert shapes used in this study. Maximum fiber orientation gradient: The difference between the peak of FO amax at the WL and the FO value when a plateau is reached transversally to the WL amin Fig.2-12b. The gradient gives an idea about the extent of the change of FO with different inserts. A high gradient is aimed for to assure a high degree of perturbation. The changes of the gradient along the WL were monitored to assure a homogeneous WL (no large perturbations in a region of 5 mm, which is the width of a tensile test specimen). FO was measured transversally (normally) to the WL at the core region. At the skin, nearly no gradients were predicted by Moldflow®.  WL width: Measured from the FO gradient with a wider one preferred Fig.2-12b.
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 2 Fig. 2-12 a-) macroscopic WL length definition where the two flow fronts have an angle of 180°. b-) simulated fiber orientation transverse to flow (WL) and the definition of the gradient and its width. The plotted component is the one in flow direction evaluated at the core of the plate. The influential factors were the insert shape, size and thickness of the plate. The larger the insert the longer was the critical WL length. The least critical WL length were obtained with the slit insert. With an increase of the cylindrical insert size from 10 to 30 mm, LC increased from 26 to 47 mm. The influence of the insert size on the FO is presented in Fig. 2-12b. A higher FO gradient and width were obtained with the larger insert size of prism or cylindrical inserts. The insert shape had a clear influence on the obtained FO gradient where the slit insert induced a much lower influence compared to the other two Fig. 2-13a. The meeting angle of the two flow fronts had an influence on the FO. The increase of the degree of meeting angles led to a clear increase of the gradient along the flow Fig. 2-13b. A rectangular insert was tested and it was noted that after the insert the two flow fronts meet frontally
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  further criterion that was considered was the change of the FO gradient along the flow. A homogeneous change along the flow was needed to better quantify the influence of FO on the WL strength experimentally. Results have shown that the FO gradient reduces along the flow Fig. 2-14b. Mainly the orientation at the WL decreases to similar values to the regions neighboring them. The fibers away from the WL start orient more in flow direction along the flow. The increase of the FO away from the WL in flow direction can be explained by the increasing influence of the shear rate where after the gates the fibers tend to orient in more random manner. The changes along the flow at the WL and away from it were linear with the distance from the insert and no big changes were noticed. The highest changes were only few millimeters after the cylindrical insert.
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 2 Fig. 2-13 a-) Influence of insert shape on fiber orientation 10 mm after the insert (3 mm plate). b-) influence of meeting angle on fiber orientation 10 mm after the insert (3 mm plate).
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 2 Fig. 2-14 Simulated fiber orientation: a-) gradient changes along the WL as a function of the distance from the inducing insert tip (3 mm plate) b-) Influence of plate thickness on the induced fiber orientation (cylindrical insert).
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 2 Fig. 2-17 Velocity at the flow front for a 3 mm frontal WL specimen.
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 2 Fig. 2-20 Tensile testing specimen dimensions and positions water jetted from flowing WL plates at 6 different positions. Distance from insert tip to center of specimen:3.5, 14.5, 25.5, 47.5, 69.5 and 91 mm. 
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 2 Fig. 2-21 Stress-strain behavior with and without WL of 3 mm specimens: a-) frontal and flowing WLs with PBT-GF30 b-) Flowing WL with neat-PBT. Specimens injected with 250 °C melt temperature, 60 °C mold temperature, 40 MPa packing pressure and 2.3 s injection time.
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 2 Fig. 2-22 Influence of packing pressure on engineering failure properties of frontal WLs a-) failure stress b-) failure strain. Specimens injected with 250 °C melt temperature, 60 °C mold temperature and 2.3 s injection time.

  and 60 °C mold temperatures was tested. Only a slight decrease of the average failure stress of ~ 0.5 MPa for the average of all specimens was seen. The behavior with different temperatures studied by averaging the values for all the samples after the insert was similar to when studying the results for each single position separately.
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 2 Fig. 2-23 Effect of temperature on engineering WL strength a-) flowing WL taking the average of all positions after a cylindrical insert b-) frontal WL case.

  with 35 wt.% of glass fibers. The failure stress increases clearly for the 1.5 mm case along the WL. Less change for the 3 mm was present with only the slit insert showing a considerable change.
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 2 Fig. 2-24 Evolution of the tensile mechanical properties of the WL as a function of distance from the insert for plates with different insert shapes and different thicknesses. a-) Engineering failure stress and b-) engineering failure strain.

  The two kinds of WLs of the two thicknesses in both flow and transversal to flow directions were scanned. For the flowing WLs, two insert types and different position along the flow (Pos.1, Pos.3, Pos. 5 and Pos. 9 Fig. 2-20) were chosen based on the results of the tensile tests in Sec.2.4.1.

Fig. 1 .

 1 Fig. 1. a-) Plate dimensions of the flowing WL mold cavity. The positions of the X-ray computed tomography scans are marked in red. b-) Dimensions of the inserts used in our study for inducing a flowing WL.

Fig. 2 .

 2 Fig. 2. a-) Visualization of the FO analysis (component a 11 ) in a scanned region via X-ray computed tomography. b-) CT-based image of a section at core (z = 1.5 mm) that shows typical fiber shape and fiber-fiber distance.

Fig. 3 .

 3 Fig. 3. Evolution of the tensile mechanical properties of the WL along the flow direction (x) for plates with different insert shapes (cylindrical and slit) and different thicknesses (1.5 mm and 3 mm). a-) Engineering failure stress and b-) engineering failure strain.

Fig. 4 .

 4 Fig. 4. a-) FO averaged over thickness and flow direction for a flowing WL induced by a slit insert at position 2 (WL at 0 mm). b-) Strain field in loading direction (y) measured with DIC just before failure of the same specimen loaded transversally to the WL.

Fig. 5 .

 5 Fig. 5. FO gradient around the WL in the 4 characteristic layers across the thickness for a plate with slit insert at position 1 (3 mm to the left and 1.5 mm to the right): a-) Skin layer, b-) shell layer, c-) intermediate layer and d-) core layer.

Fig. 6 .

 6 Fig. 6. Thickness variations at the WL area induced in a-) a 1.5 mm plate with slit insert at position 1, b-) a 3 mm plate with a slit insert at position 1 and c-) a 3 mm plate with cylindrical insert.

Fig. 7 .

 7 Fig. 7. Influence of the plate thickness on the averaged FO at a flowing WL induced by a slit insert at position 1.

Fig. 8 .

 8 Fig. 8. Averaged FO around the WL region (between y = -2 mm and y = 2 mm) as a function of the normalized thickness at position 1 from a plate with a-) slit insert and b-) cylindrical insert.

Fig. 9 .

 9 Fig. 9. FO gradient around the WL at different distances from the insert tip (a-0.5 mm and b-5 mm) for plates (3 mm on the left and 1.5 mm on the right) with slit and cylindrical insert.

Fig. 10 .

 10 Fig. 10. Evolution of the mean FO along the flow direction for plates (3 mm on the left and 1.5 mm on the right) with slit and cylindrical insert.

Fig. 11 .

 11 Fig. 11. FO gradient at 65 mm after the insert tip for 3 mm plates with slit and cylindrical insert.

Fig. 12 .

 12 Fig. 12. FO gradient around the WL at different distances from the insert tip in a-) 3 mm plate with slit insert, b-) 3 mm plate with cylindrical insert and c-) 1.5 mm plate with cylindrical insert.

Fig. 13 .

 13 Fig. 13. FO around the WL at different distances from the insert tip in the 4 characteristic layers across the thickness for 3 mm plates with slit insert (left) and 1.5 mm plates with cylindrical insert (right): a-) Skin layer, b-) shell layer, c-) intermediate layer and d-) core layer.

Fig.

  Fig.14bcorrespond to a stress level of ~60.5 MPa, which is close to the failure stress of the sample extracted from the plate with cylindrical insert. The difference of measured strains between the cylindrical and slit insert correlates with the results of FO in Fig.11. In fact, in the plates with a cylindrical insert the fibers away from the WL plane (2-3 mm from plane) were more oriented in the flow direction than their counterparts in the plates with a slit insert. This would lead to higher deformations when the sample was loaded transversally to the flow direction.The results from DIC were also used to estimate the local Young's modulus (E) at the WL region and at zones far away from the WL plane. The moduli were calculated by taking the difference of global stress corresponding to a change of local strain going from 0.15% to 0.8%. It was found that the local Young's modulus diminishes with proximity to the WL plane. For all flowing WL cases, E at the WL ranged between 3650 and 3900 MPa. For points in a section 4 mm away from the WL plane, E increased and ranged between 4500 and 5000 MPa. In order to check if the measured local Young's moduli are plausible, the local Young's moduli were estimated analytically by mean field homogenization using the FO measured via CT. The Mori-Tanaka model[20] was chosen for the calculations. In terms of the polymer matrix, a Young's modulus of 2230 MPa and a Poisson's ratio of 0.4 were used. These values were obtained from tensile tests performed on injectionmolded samples of the non-reinforced PBT compound. For the E-glass fibers, a Young's modulus of 72 GPa, a Poisson's ratio of 0.22[21] and an aspect ratio of 20 were set. The analytical calculations were done in two regions, one exactly at the WL plane and the other 4 mm away from the WL plane for the case of 3 mm plate at position 1 with a slit insert. A multilayer representative volume element was generated using the same layers and the FO tensors given in Fig.13. The glass fiber volumetric fraction was defined equal to 0.18 in all layers. In this framework, estimated theoretical E values at the WL and 4 mm away from the WL plane were equal to 3600 MPa and 4500 MPa, respectively. In front of those theoretical values, the E values determined experimentally via DIC at the WL and 4 mm away from the WL plane were approximately 3730 MPa and 4400 MPa, respectively. These results indicate that, for the material used in this study, the decrease of the Young's modulus in the direction of the WL is related to the FO gradients presented in the Fig.13.

Fig. 14 .

 14 Fig. 14. True strain profile (WL at 0 mm) measured by DIC at a global stress of 60 MPa a-) for 2 positions in the 3 mm plate with slit insert and b-) for specimens in position 3 from 3 mm plates with different inserts.

Fig. 15 .

 15 Fig. 15. Fiber volume fraction in a flowing WL induced by a slit insert in a 3 mm plate at position 1. Profiles of fiber VF are given for 4 characteristic layers across the thickness and as average through the whole thickness.

FIGURE 1

 1 FIGURE 1Specimen dimension and the computed tomography scan regions (10 mm scanned of 15 mm complete width). The red marked region is for the 1.5 mm weld line (WL; symmetric). The blue marked region represents the 3 mm WL with two packing pressures(40, 60) MPa (scanned asymmetrically to include a larger region)

FIGURE 2 FIGURE 3

 23 FIGURE 2 Visualization of the fiber orientation evaluation in samples with two thicknesses: A, 1.5 mm; B, 3 mm

FIGURE 4

 4 FIGURE 4 A, Average failure stress; B, average failure strain of 30 wt% glass fiber PBT specimen with and without WLs. Error bar length is the SD of five tests. PBT, polybutyleneterephthalate; WL, weld line

FIGURE 5

 5 FIGURE 5 FO at the WL of a 3.0 mm sample (packing pressure 40 MPa) evaluated at the colored regions of the represented specimens. A, In flow direction (x) averaged over thickness and width (WL at 0 mm); B, parallel to WL (y-direction) averaged over thickness and 3 mm width (complete specimen width 15 mm); C, in thickness direction (z) averaged in x-and y-directions. FO, fiber orientation; WL, weld line

FIGURE 6

 6 FIGURE 6 Comparison of the FO between 1.5 and 3.0 mm-thick WLs. A, In flow direction (WL plane located at 0 mm), averaged over width and thickness. B, In thickness direction averaged over flow and transverse directions at the WL. FO, fiber orientation; WL, weld line

FIGURE 7

 7 FIGURE 7 Images from CT scan of sections in flow direction (y = 4 mm) across the WL (dashed lines) for two different specimen thicknesses: A, 1.5 mm; B, 3.0 mm. CT, computed tomography; WL, weld line

FIGURE 8

 8 FIGURE 8 Topology scans of frontal weld lines of different thicknesses: A, 1.5 mm; B, 3.0 mm (packing pressure of 40 MPa)

FIGURE 9

 9 FIGURE 9 Comparison of the FO between the two packing pressures (40 and 60 MPa) in 3 mm-thick specimens. A, In transverse to flow direction (WL at 0 mm) averaged over width and thickness. B, In thickness direction averaged of 3 mm width at the WL. FO, fiber orientation; WL, weld line

Figure 12 FIGURE 10

 1210 Figure 12 allows to identify voids at the cutting plane z = 1.5 mm in the vicinity of the frontal WL of the 3 mm specimen injected with a packing pressure of 40 MPa. The mentioned cutting plane, which extends from one sidewall up to 6 mm in the y-direction, is sketched in Figure12A. At the skin and shell layers, no voids were detected. In fact,

FIGURE 11

 11 FIGURE 11 Evaluation of the fiber volume fraction along flow direction (x;WLisatx = 0) and averaged over the thickness and width of the CT-scan sample. The evaluation of fiber volume fraction was performed in VG Studio Max 3.1. CT, computed tomography; WL, weld line

FIGURE 12 A

 12 FIGURE 12 A, Sketch of the plane (z = 1.5 mm) used for analyzing the voids content on a 3.0 mm-thick specimen. B, computed tomography-image of the analysis plane of a specimen injected with 40 MPa packing pressure

FIGURE 13

 13 FIGURE 13 True strain profile along flow direction (red pointdashed line) on 3.0 mm specimens with weld line (0 in the x-axis) injection-molded with different packing pressures (40 and 60 MPa) under similar tension stress (about 56 MPa)

Fig. 4 - 1

 41 Fig. 4-1 Comparison of simulated and measured FO at the frontal WL using the MRD model (best case) in a 3 mm frontal WL specimen (packing pressure = 40 MPa).

Fig. 5 -

 5 Fig. 5-1 a-) The movement of streamlines initiated from a seed along the flow depending on the computed velocity fields from process simulation. b-) Computed matrix healing quality at a flowing WL plate with a thickness of 3 mm.The results for the healing quality can be used to penalize the matrix material law at the WL depending on the quality. A validation of the simulation method with materials

Fig. 5 - 2

 52 Fig. 5-2 Two-step homogenization for a composite of misaligned short fibers[START_REF] Kammoun | Micromechanical modeling of the progressive failure in short glass-fiber reinforced thermoplastics -First Pseudo-Grain Damage model[END_REF].

Fig. 5 - 4

 54 Fig. 5-4 Experimental and simulated tensile tests of a 3 mm no weld line specimen (transversal to flow).The used matrix material law is obtained from a tensile test. The experimental reference is the average of 5 curves with a standard deviation of the mean that is less than 0.25 MPa for the stress.

Fig. 5 - 5

 55 Fig. 5-5 Prediction of behavior of PBT-GF30° under three loading direction (0° specimen in flow direction, 90° specimen transversal to flow direction) with inverse defined matrix material law.

Fig. 5 - 7

 57 Fig. 5-7 present the outcome of the simulated tensile test using FE calculations.Compared to the experimentally defined neat-PBT law the inverse one gives nearly an exact reproduction of the experimental tensile test in terms of behavior and failure prediction (x marked point). The inversely defined law gave also nearly an exact prediction of the stress-strain curve with the 1.5 mm case and when considering specimens without WL taken in the flow direction.

Fig. 5 - 6 Fig. 5 - 7

 5657 Fig. 5-6 Comparison of the two available matrix material laws.

Fig. 5 - 8

 58 Fig. 5-8 FE prediction of material behavior of a 3 mm plate slit flowing WL specimen at position 1 using CT-measured FO and Moldflow® predicted FO (with RSC model) a-) Comparison with behavior measured by an extensometer b-) comparison using DIC of a point exactly at the WL of the same specimens used for CT measurements.

Fig. 5 - 9

 59 Fig. 5-9 Von Mises stress distribution with cut made exactly at the WL. Results are on the composite level for a 3 mm-thick specimen with a slit insert at position 1.

Fig. 5 -

 5 Fig. 5-11 Stress-strain diagram evaluated by an extensometer of a 3 mm plate flowing WL with a-) slit insert and b-) cylindrical insert comparison between experimental and simulated behavior at different positions along the flow. c-) influence of using a fixed FO value of the one at the WL for all elements of the specimen.

Fig. 5 -

 5 Fig. 5-12 Comparison between simulated and experimental tensile tests of a slit insert at position 1.Simulation made with CT-measured FO.

Fig. 5 -

 5 Fig. 5-15 Comparison between DIC measured and FE simulated (using CT-measured FO) strain behavior in loading direction both taken at a similarly located point at failure of frontal WLs with 3 mm thickness.

Fig. 5 -

 5 Fig. 5-16 Fracture surface (at the WL) of a 3 mm frontal WL specimen under SEM a-) Taken from failure initiation region with crazing and a stress whitening behavior at the sidewall of the specimen. b-) Example of the brittle failure at the remaining region of the WL.

Fig. 5 -

 5 Fig. 5-17 Fracture development in a flowing WL under in-situ SEM bending test at the tensioned side at the onset of failure. Failure initiates in the matrix exactly at the WL.The remaining region (~13.5 mm wide) shows a brittle break as shown in an example in Fig.5-16b. This brittle failure could have been induced by the fracture in the region in Fig.5-16a. Some broken fibers were present and a brittle failure in the matrix with cavitation. These results were similar in 1.5 mm-thick frontal WLs. This fracture behavior indicates that the FO gradient localized the strains at the matrix leading to its failure without support of fibers. The failure initiated at the region of random FO near the sidewall specimen for frontal WLs. In flowing WLs, a similar behavior was seen; however, in the

Fig. 1 -

 1 Fig. 1 -Les deux types de ligne de soudure : a) frontale, b) fuyante

Fig. 2 -

 2 Fig.2 -Simulation de l'orientation moyenne des fibres dans l'épaisseur de pièces injectées avec lignes de soudure frontale et fuyante sous le code Moldflow  : visualisation du premier coefficient principal du tenseur d'ordre 2La production des moules pour le procédé d'injection des thermoplastiques est très coûteuse, et afin d'éviter la réalisation de moule prototype ou la modification des moules de série, la simulation est aujourd'hui intensivement utilisée comme outil pour prédire les défauts et les propriétés induites par le procédé[START_REF] Ogierman | A study on fiber orientation influence on the mechanical response of a short fiber composite structure[END_REF]. Cependant, les méthodes de simulation rhéologiques et de calcul de structure disponibles peuvent encore être améliorées, en particulier en ce qui concerne aujourd'hui la prédiction des propriétés du matériau au niveau des lignes de soudure.

Fig. 3 -

 3 Fig.3-Micrographie prise en lumière polarisée perpendiculairement à une ligne de soudure d'un polymère semi-cristallin[START_REF] Kühnert | Weld line behavior in injection molded parts[END_REF] 

Fig. 5 -

 5 Fig. 5 -Encoche en V dans un échantillon avec ligne de soudure frontale injecté sans pression de maintien

Fig. 7 -

 7 Fig. 7 -Courbes Contrainte-Déformation pour des échantillons de 3 mm d'épaisseu : a) PBT-GF30 b-) PBT seul, direction de sollicitation transverse à l'écoulement. Température d'injection 250 °C, température moule 60 °C.

Fig. 8 -

 8 Fig. 8 -Propriétés à rupture des échantillons composites avec ligne de soudure fuyante

Fig. 9 -

 9 Fig. 9 -Plaque de 3 mm avec insert cylindrique a) Orientation moyenne dans l'épaisseur mesurée par tomographie X induite à 25 mm de l'insert b) Champ de déformation mesuré par corrélation d'images juste avant la rupture c) Rugosité à la surface de la plaque

Fig. 10 -Fig. 11 -

 1011 Fig. 10 -Gradient dans la direction transverse à l'écoulement de l'orientation moyenne des fibres dans l'épaisseur. a) 3 mm avec insert fente, b) 3 mm avec insert cylindrique, c) 1.5 mm avec insert cylindrique

Fig. 12 -

 12 Fig. 12 -Variation de la concentration en fibre dans une plaque de 3 mm en position 1, transversalement à la ligne de soudure induite pat l'insert fente dans les différentes couches : peau, couche compactée, couche intermédiaire et coeur Synthèse de l'étude expérimentale pour les lignes de soudure fuyantes Dans la zone de la ligne de soudure, les fibres ont tendance à s'orienter dans la direction de l'écoulement avec un contraste particulièrement élevé à coeur comme si chaque front de matière jouait le rôle de paroi pour l'autre. Ce gradient d'orientation dans la direction transverse diminue lentement et les modifications de la microstructure sont étonnamment visibles après plus de 70 mm d'écoulement avec une zone affectée par ces modifications d'orientation de fibre qui varie entre 8 et 10 mm.

Fig. 16 -

 16 Fig.16 -Comparaison des distributions d'orientation de fibre dans la ligne de soudure frontale, moyennée dans l'épaisseur et la direction transverse entre les échantillons de 1.5 mm et 3 mm

Fig. 20 -

 20 Fig. 20 -Coupe médiane à z= 1.5 mm obtenue en tomographie x d'un échantillon de 3 mm avec ligne de soudure frontale compactée avec une pression de 40 MPa en buse.

Fig. 21 -

 21 Fig.21 -(a) Lignes de courant issues du même noeud d'un point de rencontre initial des flux de matière à différents temps de remplissage. (b) Champ du critère de cicatrisation le long de la ligne de soudure reconstituée

Fig. 22 -

 22 Fig.22 -Prédiction du comportement du composite PBT-GF30 par le schéma d'homogénéisation de Mori Tanaka en 2 étapes sur la microstructure identifiée en tomographie X sur une plaque injectée de 3 mm d'épaisseur. Déformation mesurée sur une distance de référence de 10 mm.

Fig. 23 -

 23 Fig. 23 -(b) Identification du comportement de la matrice en méthode inverse (a) pour prédire au mieux le comportement du composite PBT-GF30 (a) par le schéma d'homogénéisation de Mori Tanaka en 2 étapes sur les microstructures identifiées en tomographie X sur une plaque injectée de 3 mm d'épaisseur. On s'aperçoit alors que la contrainte au seuil d'écoulement de la matrice en présence de fibres doit être inférieure de 25% à celle de la matrice seule (Fig. 23.b) pour prédire correctement le comportement du composite dans trois directions de la plaque. Des essais sur des échantillons découpés dans plusieurs directions sur des plaques de 2

Fig. 24 -Fig. 25 -Fig. 26 -

 242526 Fig.24 -Prédiction des propriétés mécaniques du PBT-GF30 avec lignes de soudure fuyante induite par un insert fente, en position 1, avec la microstructure déterminée par tomographie X et le comportement de la matrice identifiée en méthode inverse.

Fig. 29 -

 29 Fig. 29 -Observation en microscopie électronique à balayage de la rupture au niveau de la ligne de soudure frontale d'un échantillon de 3 mm d'épaisseur. (a) Au niveau de la zone d'initiation de la rupture, (b) dans le reste de la surface de rupture.

  mesurée et un schéma d'homogénéisation adéquat pour chaque élément dans une simulation par éléments finis, les propriétés mécaniques jusqu'à la rupture du composite ont pu être calculées et expliquent la réduction des propriétés mécaniques au niveau des lignes de soudure, sachant que les interfaces étaient entièrement cicatrisées pour le matériau de l'étude. Enfin, pour cette matrice semi-cristalline, nous avons montré la nécessité d'utiliser une loi de comportement élastoplastique avec un seuil d'endommagement dépendant de l'orientation des fibres.
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 2 Thicknesses in z-direction of the identified FO layers at the WL zone.

		Skin	Shell	Intermediate	Core
	3.0 mm plate	0.2 mm	0.6 mm	0.6 mm	0.2 mm
	1.5 mm plate	0.215 mm	0.215 mm	0.215 mm	0.215 mm

Table 4 - 1

 41 Evaluation of simulative prediction of fiber orientation of frontal WLs using the RMSE between simulated and CT scanned regions at the WL.

  Une simulation rhéologique 3D du processus de moulage par injection est d'abord réalisée pour obtenir des informations locales sur l'orientation des fibres avec des codes commerciaux tel que Moldflow® ou Moldex®. Ensuite, des simulations structurelles de la pièce renforcée sont réalisées avec des codes tels que Abaqus® ou Ansys®, dans lesquelles le comportement local du matériau au niveau de chaque élément est déterminé au moyen de code interface tels que Digimat® ou Converse® et par des modèles micromécaniques d'homogénéisation qui prennent en compte

	Injection					
	point					
	a 1	0	0.25	0.5	0.75	1
	Surface		V-notch			
	Intersection					
	surface -core					
			Weld line			
			not visible			
	Core					

  5 mm de part et d'autre de la ligne de soudure et d'une largeur de 3 mm. Les données de tomographie X ont été analysées à l'aide du logiciel VG Studio Max 3.1 de Volume Graphics. Comme tenu de la taille du volume analysé (10 x 5 x 3 ou 1.5 mm 3 ) et de la taille du voxel (2.9 µm 3 ), l'évaluation de l'orientation des fibres n'a pas pu se faire par segmentation des fibres, elle s'est appuyée sur une évaluation locale qui utilise des valeurs de gradient de niveaux de gris autour de chaque voxel pour en déterminer un indice local d'orientation de fibre. La moyenne de l'indice local de chaque voxel a été calculée à l'intérieur de chaque élément d'un maillage hexaédrique régulier. La taille de ces éléments a été fixée à 0.2 mm de côté, ce qui est statistiquement représentatif avec en moyenne près de 70 fibres dans chaque élément.

	Ainsi des fonctions complètes d'orientation ne pouvaient être calculées, seuls des tenseurs d'orientation d'ordre 2 ont pu être déterminés pour chaque élément du

maillage, sans notamment avoir la possibilité de calculer des tenseurs d'ordre 4.
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Chapter 3 Mechanical and Microstructural Characterization of Flowing Weld Lines

The results of mechanical testing in the previous chapter have shown clear changes of the mechanical properties depending on the insert size, flow distance and thickness. SEM images and process simulation have shown clear changes of the microstructure along the flow. This chapter presents an extensive characterization of the microstructural, mechanical and shrinkage properties of flowing WLs. Due to the different formation process and influence the phenomena is separated from frontal WLs. distribution induced by the deleted elements. However, by removing the elements (edge size = 0.5 mm) implies much larger voids than in reality.

A second more reasonable approach was by generating a third material law with three phases to be homogenized: voids, fibers and matrix. First the matrix and the voids were homogenized then the obtained material response is homogenized with the fibers. The void shape was assumed spherical and their VF was set at 0.05. This void VF was obtained from the average content of voids in all elements of the CT-scanned regions. Analytical Mori-Tanaka evaluations have shown that the strength of the composites decreases by around 3 MPa when the voids were present. Furthermore, a decrease of the elastic modulus was induced by the voids by around 7 %. The change of the elastic modulus due to the voids has been reported elsewhere [START_REF] Huang | Effects of void geometry on elastic properties of unidirectional fiber reinforced composites[END_REF].

The modified three phase material law was assigned to elements at the core layer at regions besides the WL and near to the sidewalls with the same distribution seen under CT. The remaining elements were assigned the material law without voids. FE simulations on the frontal WL (3 mm thickness and packing pressure of 40 MPa) showed that the presence of the voids led to an increase of the failure strain of around 0.3 % and strength by around 2 MPa. This suggests a change of the stress distribution at the WL region that was beneficial for the toughness of the WL. This change in distribution was visible at the core region of the WL with the stresses slightly lower at the WL ~(1 -2 MPa) when the small concentration of voids were present. The voids induce a stress concentration that changes the stress distribution in composites [START_REF] Mehdikhani | Voids in fiber-reinforced polymer composites: A review on their formation, characteristics, and effects on mechanical performance[END_REF]. This concentration could have absorbed a small amount of the energy while loading in the case of the WLs inducing the increase of the failure strain. However, these influences at the WL are minor compared to the influence of FO. A direct numerical simulation with the microstructure at the WL with presence of voids would give a better conclusive outcome of the role of voids.

Summary of the simulation of mechanical properties at the frontal weld lines

The need for an improvement of the FO prediction in process simulation software for frontal WLs was highlighted by the results of the FE simulations. In no case using simulated FO were the outcome of the FE results reliable regarding the prediction of the stress-strain behavior, nor was the influence of changing the packing pressure correctly simulated. The elastic modulus and the failure strength were not correctly predicted. The results with CT-measured FO led to more accurate predictions, especially in the elastic domain. In the plastic domain, a deviation was seen with increasing predicted strength. Compared to DIC, the increase of strength was at its maximum at the WL. These results point to possible additional influences besides the FO at the WL, while the FO remains the dominant factor. FE results show a high damage localization in the matrix exactly at the WL. It is possible that the localization of damage induced an effect similar to a notch Damage behavior of weld lines FE structural simulations suggest that the failure mechanism at the WL is mainly in the matrix. The strains and stresses localized only in the matrix exactly at the WL. This was supported by in-situ tensile tests under SEM and scans on the fracture surfaces. A simple damage modelling approach considering only the damage in the matrix at different initiation steps depending on the FO state gave acceptable predictions of the strength and strain at failure. The localization of the strains in the matrix exactly at the WL region enabled the good prediction of the mechanical properties. For a better modelling approach, a damage model in the matrix for each FO state is needed. Micro-scale simulations on RVEs predicted that the distribution of the strains in the matrix changes with changing FO.

Acoustic emission could be used to assess the damage behavior at the WLs during tensile testing similar to the approach in [START_REF] Brunner | Identification of damage mechanisms in fiber-reinforced polymer-matrix composites with Acoustic Emission and the challenge of assessing structural integrity and service-life[END_REF][START_REF] Ritschel | Nondestructive evaluation of damage accumulation in tensile test specimens made from solid wood and layered wood materials[END_REF]]. An alternative state of the art approach to characterize the damage is in-situ tensile testing under x-ray CT. Synchrotron radiation tomography was used by [START_REF] Laiarinandrasana | Effect of Multiaxial Stress State on Morphology and Spatial Distribution of Voids in Deformed Semicrystalline Polymer Assessed by X-ray Tomography[END_REF] and [START_REF] Cayzac | Damage based constitutive relationships in semi-crystalline polymer by using multi-mechanisms model[END_REF] to characterize and model the damage in unreinforced PA6 specimens at different loading steps. The damage was modelled by a multi-mechanism constitutive model with parameters obtained from the mentioned setup. A further modelling possibility of damage is the Gurson-Tvergaard-Needleman model that can be modified for polymers [START_REF] Laiarinandrasana | Temperature dependent mechanical behaviour of PVDF: Experiments and numerical modelling[END_REF]. The application of in-situ tensile testing under tomography at the WL could help understand the required damage phenomena to consider at the WL and the extent of its influence. Further damage modelling techniques by considering the matrix debonding and void growth with activating element deletion when failure is reached is presented in [START_REF] Zaïri | Micromechanical modelling and simulation of chopped random fiber reinforced polymer composites with progressive debonding damage[END_REF].

The matrix material law was inversely characterized from specimens without WL at different loading directions. However, these specimens had a transversely oriented core region. A single matrix material law with the presence of fibers was then obtained. It would be interesting to obtain a matrix material law at each FO state. Milling can be used to obtain specimens of the highly oriented shell layer at different directions of the loading and then inversely characterize the material law accordingly. The obtained material laws can be then assigned to the elements depending on their average FO state. Instead of milling, injecting specimens with low thicknesses (1 mm) could also give highly oriented microstructures. However, the number of matrix material laws required for an accurate prediction could be as high as 60 [START_REF] Sabiston | Evaluating the number of fibre orientations required in homogenization schemes to predict the elastic response of long fibre sheet moulding compound composites from X-ray computed tomography measured fibre orientation distributions[END_REF].

pouvait être entièrement expliquée par les variations de l'orientation des fibres induite par l'écoulement dans la zone de soudure.

Pour les lignes de soudure frontales, des porosités ont été observées dans la zone de soudure qui s'étale sur une largeur de 8 à 10 mm, mais pas dans la surface de soudure.

Nous pensons donc que ces micro-vides induits par des retraits contrariés dans des zones isotropes jouent un rôle négligeable. Cette hypothèse pourrait être confirmée par des simulations directes dans un VER composé de fibres et de micro-vides avec la loi de comportement viscoplastique de la matrice avec critère de rupture qui a été identifiée.

Nous avons montré que les déformations se localisaient systématiquement dans la surface de soudure jusqu'à l'initiation de la rupture. Dans cette zone d'initiation de la rupture, nous n'avons pratiquement pas observé de fibres cassées et la couleur blanchie du polymère laisse penser à un endommagement ductile de la matrice. Pour prédire le comportement du composite qui dépend fortement de l'orientation des fibres, nous avons mis en place une méthode par éléments finis dont le comportement des éléments a été déterminé par un schéma d'homogénéisation de Mori Tanaka à deux étapes. Des comparaisons entre prédictions des propriétés mécaniques avec prise en compte de l'orientation mesurée des fibres par tomographie X et expérimentations ont pu être faites. Nous avons d'abord identifié une loi de comportement élastoplastique de la matrice par méthode inverse et montré que les niveaux de contraintes et de déformations de la matrice en présence de fibres étaient très largement inférieurs à celui de la matrice seule. Les niveaux de contraintes prédits par la méthodologie en fonction des déformations macroscopiques permettaient déjà d'expliquer le comportement global des échantillons avec lignes de soudure, mais les déformations localisées dans les zones de soudure étaient très largement sous estimées. Nous avons alors cherché à identifier une loi élastoplastique avec endommagement pour la matrice. Nous nous sommes rendus compte que le seuil de l'endommagement dépendait de l'orientation des fibres, ce qui a été confirmé par des simulations directes du comportement mécanique d'un VER constitué d'un ensemble de fibres et de matrice. Le comportement des lignes de soudure fuyantes a été bien modélisé par un seuil d'endommagement de la matrice à 1.5% pour des orientations de fibres assez marquées dans la direction de l'écoulement, tandis que celui des échantillons avec ligne de soudure frontale a nécessité un seuil d'endommagement à 1% dans la zone isotrope en fibres correspondant à l'initiation de la rupture. [START_REF] Lutz | Damage development in short-fiber reinforced injection molded composites[END_REF] avaient déjà souligné la nécessité d'un modèle d'endommagement dépendant de l'orientation des fibres dans les composites renforcés de fibres courtes.

Pour cela, il faudrait identifier les paramètres de la loi d'endommagement à partir d'essais mécaniques sur des échantillons avec des orientations relativement homogènes, mais ces échantillons ne peuvent pas être réalisés simplement. Des techniques d'identification de la loi de comportement de la matrice sur des échantillons avec des orientations hétérogènes pourraient être mis en place. Dans une moindre mesure, un autre facteur qui pourrait aussi être pris en compte est l'endommagement des fibres qui a lieu dans certaines zones. Une modélisation des