
First A. Author, Second B. Author and Third C. Author 
ECCM18 - 18th European Conference on Composite Materials





Athens, Greece, 24-28th June 2018
7

Experimental investigation of intra-tow fluid storage mechanisms in dual-scale reinforcements
Mathieu Imbert1,2, Sebastien Comas-Cardona1, Emmanuelle

Abisset-Chavanne3, David Prono2
1 GeM - Institut de recherche en Genie civil et Mecanique, UMR CNRS 6183 - Ecole

Centrale de Nantes , 1 rue de la noe, 44321 Nantes, France

2 ESI Group, EXCELCAR , La Janais, BP 57633, 35176 Chartres de Bretagne, France

3 Institut de Calcul Intensif, Ecole Centrale de Nantes, 1 rue de la noe, 44321 Nantes,France
Keywords: Fabrics, Flow, Monitoring, Dual-scale
Abstract

Fibrous reinforcements feature dual-scale porous microstructures. During injections (high speed RTM), these microstructures induce intra-tow resin storage. The latter is considered permanent in the literature. However, in order to optimize high speed processes, a finer understanding of the storage and release mechanisms is required. An experimental program has been followed and is based on the injection of colored model fluids and UV-curing fluids. Then the distribution of the colorant during the injection has been studied in a quantitative manner at the macroscopic and microscopic scales. It has been observed that storage is transient and that the release rate depends on the average FVF, the fiber orientation and the architecture of the reinforcement. 

1.
Introduction
The High speed reactive RTM process aims at producing structural composite parts at a high cadence. To achieve this goal, a reactive resin mixed on-line is injected in the closed cavity of a mold in which a fibrous structural reinforcement has been placed. In order to lower cycle times, injection times are shortened and the process parameters are set to reduce the curing time. It induces significant evolution of the resin properties (viscosity and degree of cure) during injection. Therefore, the optimization of this process is very difficult due to the thermo-chemo-rheological couplings involved in the curing of the resin and the complex resin flow in the structural reinforcements (especially due to the dual-scale porous micro-structures). Therefore, a deep investigation of the flow mechanisms involved in the High speed reactive RTM process has been undertaken.
2.
State of the art
Continuous fiber materials as woven or Non-Crimp Fabrics (NCFs), that feature good mechanical properties, are used for structural applications. These reinforcements made of fiber tows are dual-scale porous materials due to the difference between the size of the intra-tow pores (in the range of 10 µm) and the inter-tow pores (in the range of 0.1-1 mm). The dual-scale character induces (i) the presence of an unsaturated region at the flow front and (ii) the intra-tow resin storage in the saturated region. 

In the frame of this study, intra-tow resin storage is of primarily interest in the saturated region. This effect has been observed with model fluids by Shih et al. [1] in 1998. Also Roy et al. [2] conducted in 2005 a qualitative experiment consisting in injecting in a sequential manner a curing resin colored with two different colorants in a biaxial NCF. Storage of the firstly injected resin was observed in the tows in the experiments. Consequently to these experiments, simulation approaches were developed to take this effect into account and determine its influence on the process [3-7]. However, due to the qualitative character of the experiments, the treatment of the storage mechanism was limited to the strong assumption of permanent intra-tow storage for its modeling. Therefore, the verification of the permanent storage assumption as well as a finer identification of the storage mechanisms and their influencing parameters (fiber volume fraction (FVF), textile architecture, fiber orientation, etc.) would be of great interest. 

Within this context, the objectives of this study of flow in dual-scale fibrous media are to:

· Verify whether the intra-tow storage is permanent or not

· Quantify the storage and release of the resin in the tows.

The used materials as well as the experimental setups will be first introduced. Then, the results obtained from macroscopic and microscopic investigations will be presented and discussed. Finally, a macroscopic parameter will be proposed to help determine the high or low storage tendency of the reinforcements. 

3 
Materials

3.1. 
Fibrous reinforcements

Three reinforcements have been studied: a stitched unidirectional (UD), a stitched triaxial (Triaxial) and a woven (Satin) material (provided by Chomarat). All textiles are made with E-glass fibers. Figure 1 presents the studied textiles and views of their microstructures. Different properties of the reinforcements have been characterized. The macroscopic saturated permeabilities (Km) of the dry reinforcements in the main flow directions have been measured for several FVF using a permeability device using transient air flow.
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Figure 1. Description of the three materials of the study.

3.2. 
Fluids

Different fluids and colorants have been used. Viscosity measurements of the fluids were realized with a Brookfield viscometer referenced DV1MLVTJ0 equipped with a ULA spindle. A model fluid consisting of glycerol blend, containing 75%/25% in mass of technical Glycerol (provided by VWR) and of water has been used for the macroscopic investigation experiments. This fluid has been colored with a blue diazo food dye (Brilliant Black provided by Colorey). Its viscosity is 35 mPa s ±2 mPa s. The introduction of colorant did not generate noticeable modifications in the surface tension of the blend. An ultra-violet (UV) curing unsaturated polyester resin used for this study is SPR-UV CLEAR (provided by Shaper). It has been blended with styrene in an 80/20 mass proportion to reach a viscosity of 100 mPa s ± 10 mPa s. Two batches of resin have been prepared, one Yellow colored with a green fluorescent xanthene dye (Solvent Yellow by Colorey) and the other one with a Violet triarmylmethane dye (Gentian Violet G2039, Sigma Aldrich).

4. 
Setup

Two types of experiments have been realized from a single setup (Fig. 2), ensuring identical compaction conditions of the reinforcements. The 100x100 mm² sample made of several plies of reinforcement is positioned in the cavity. The mold is closed by screwing steel rods on both sides of the transparent glass plates.

The principle of both experiments consists in injecting, using vacuum, firstly a dark colored and then a transparent or light colored fluid in the samples. The first experimental protocol consists in quantifying macroscopically the storage and its evolution along injection by injecting a model non-reactive fluid (glycerol blend) and using a technique inspired from the spectrophotometry. Light transmission is used to record the discoloration kinetics (linked to release). The second experimental protocol deals with identifying, at the microscopic scale, the intra-tow storage and potential release mechanisms. To do this, blue and then green colored UVcuring resins are injected and cured whenever desired to realize micrographs of the part and investigate the colorant locations in the microstructure. Therefore, both experimental protocols focus on the dual-scale flow mechanisms in conditions.
[image: image2.emf]
Figure 2. Injection setup.

5. Results and analysis
The images recorded for the sample of UD at FVF = 0.51 have been divided into five regions along its flow direction (Fig. 3 (left)) and the colorant concentration has been plotted versus the Normalized Injected Volume (Fig. 3 (right)). The quantified trends in Fig. 3 confirm that the colorant content is decreasing in every region of the sample. It can especially be observed that even in the top fifth (5/5) of the sample, the colorant concentration is divided by about 2 within 10 Normalized Injected Volumes. This means that for an injection length of 1.10 m, the region located between 8 and 10 cm from the entry would only contain 54% of the fluid it contained initially at its saturation.
The discoloration mechanism involved in this region (5/5) is interesting as it is not related to the boundary (entrance) effect and is therefore the mechanism expected to occur further away in the parts measuring more than some centimeters (which is expected for industrial parts). 

[image: image3.emf]
Figure 3. UD tow storage evolution during injection
Figure 4 presents the evolution of the colorant concentration along the flow direction in three samples of the triaxial material at VF = 0.52 and three samples at FVF = 0.59 for fiber orientations 0/+45/45. First, good repeatability is observed. The second result is that, with increasing FVF, the colorant concentration decreases significantly faster. Finally, the colorant content in the top fifth of the Triaxial samples seem to tend to 0 for all the samples and FVF. Therefore, the FVF appears to have a significant influence on intra-tow resin storage and release rate in the Triaxial and not in the asymptotic value. The main result of these experiments is that the intra-tow storage is not permanent.
[image: image4.emf]
Figure 4. Triaxial tow storage evolution for different FVF.
Figure 5 presents the comparative discoloration kinetics of the three different textiles considered in this study at comparable FVF (0.51 for the UD, and 0.52 for the Triaxial and the Satin) and for an injection in the warp direction (0). It can be first observed that colorant evacuation is much faster in the Satin and in the Triaxial than in the UD. Additionally, discoloration kinetics of the Satin and the Triaxial are very similar until approximately 5 Normalized Injected Volumes. Beyond this value, the colorant concentration in the Satin reaches a constant asymptotic value in the range of 20% of the initial content, while in the Triaxial, the colorant content further decreases. It appears therefore that the textiles architecture plays a significant role as well on the release kinetic as on the asymptotic storage.
[image: image5.emf]
Figure 5. Tow storage evolution for different materials.
The macroscopic investigations have shown the influence of FVF and architecture on the storage/release rate and that the storage is not constant for the three architectures of the study.  
Deeper investigations at the tow scale have been undertaken. Micrographs of a single well identified tow, at various distances from the entry has been studied. It belongs to the UD material at FVF = 0.48 in which 5 Normalized Volumes have been injected. Figure 6 presents the sample (left), the colorant distribution obtained from pictures realized with a macro objective (middle) and the local FVF distribution computed from the SEM images made on the same pictures (right).
[image: image6.emf]
Figure 6. Tow storage evolution along a single tow from the fluid inlet (bottom) to outlet (top).
It can be first observed that, as expected, channels surrounding the considered tow are fully occupied with yellow-green resin indicating that all the firstly injected violet colorant has been removed. Additionally, it can be noticed that some regions on the periphery of the tow cross sections are discolored on the whole length of the tow. Finally, particular schemes appear in regions noted I and II in Fig. 6: these regions are discolored even if upstream regions in the tows are not. This indicates that local out-of-principal direction flows occur, evacuating locally the colorant stored in the tows. The local fiber volume fraction (Figure 6 (right) provides also information on the intra-tow FVF distribution. The intra-tow FVF mapping color scale (right) has been chosen to fit with the colorant distribution (left). The value of FVF = 0.6 reveals a good agreement between the regions of high FVF values and the regions still  storing violet resin after 5 Normalized Injected Volumes. It seems thus that the intra-tow discoloration mechanism is intimately linked to the local intra-tow FVF distribution. Therefore a local FVF>0.6 is an indicator of storage capacity and storage localization in the tows.

6.
Conclusions
Resin storage is not a permanent mechanism for the fibrous materials of the study. Storage is transient and tow-channel release mechanisms are measurable in injection conditions. Intra-tow flow mechanism has been identified: it is the flow out of the principal flow direction and is driven by locally low intra-tow FVF regions. Finally, it has been established that locally high intra-tow FVF (>60%) regions can store fluid in a permanent manner for the considered injection durations (as observed in the Satin and the UD material). 

Macroscopic quantitative investigations revealed that increasing the average FVF accelerates the evacuation of the resin stored in the tows, as well as changing the orientation of the tows. Finally, and even if the discoloration mechanisms are intimately linked to the very local FVF distribution, the macroscopic/average intra-tow permeability ratio has been demonstrated to be a good indicator of the tendency for a reinforcement to store the fluid [8]. This ratio is quite simple to access and provides a potential classification, however it does not allow a fine description of the kinetics of release of the intra-tow resin nor of the asymptotic storage content. For these reasons, another indicator and/or a numerical method should be proposed to enable the integration of the transient storage in a numerical

simulation code for the reactive RTM process in dual-scale porous materials [9]. 
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