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In this work, different sizing agent aqueous dispersions based on polyetherimide (PEI) were elaborated in order to improve the interface between carbon fibers and a thermoplastic matrix (PEEK). The dispersions were obtained by the emulsion/solvent evaporation technique. To optimize the stability and the film formation on the fibers, two surfactants were tested at different concentrations, with different concentrations of PEI. The dispersions obtained were characterized by dynamic light scattering (DLS) and the stability evaluated by analytical centrifugation (LUMiFuge). The selected dispersions were tested for film formation ability by scanning electron microscopy (SEM), and the sizing performance was assessed by observation of the fiber/matrix interface by SEM. The results revealed that an aqueous dispersion of PEI, stabilized by sodium dodecyl sulfate as the surfactant, led to very stable sizing agent aqueous dispersion with ideal film formation and better interface adhesion.

Introduction

Carbon fiber is widely used as a reinforcing material in composites, especially in advanced composites [START_REF] Morgan | Carbon Fibers and Their Composites[END_REF][START_REF] Chung | Carbon Fiber Composites[END_REF]. As carbon fibers are brittle, many problems, such as filament breakage and fluffing, arise due to mechanical friction during the manufacturing process [START_REF] Fernandez | [END_REF][4][5]. Therefore, carbon fibers are generally sized or coated by a sizing layer on the surface, which is usually obtained from a solution or emulsion consisting of polymeric components [6,7]. Sizing eases fiber handling and can also provide a coupling agent for the fiber/matrix bond [8][9][10][11]. The nature of the sizing is often kept secret by manufacturers of carbon fibers. However, sizing is chosen according to the nature of the matrix and is generally a pre-polymer or polymer. Most of the composites are made from epoxy resin, and sizing agents are often of the same nature [5,[12][13][14]. This is a problem when the matrix is a high-temperature thermoplastic polymer since the degradation temperature of this type of sizing is around 250 • C [15]. For polyimides, PEEK and other high-temperature thermoplastic polymers, the functional groups provided by the traditional epoxy-compatible sizing do not react chemically with these polymers and weak interfacial shear strengths result [16]. Moreover, for composites molded with polyimides or PEEK, high processing temperatures during manufacture and continuous use in high-temperature environments degrade the epoxy sizing and, consequently, weaken the fiber/matrix interface, producing voids and delaminations [17][18][19]. All of these observations underline the importance of having sizing that is suitable for high-temperature thermoplastic matrices. From a practical point of view, the sizing formulation should be easy to use, non-toxic and environmentally friendly. In this paper, we report the first example of preparation an aqueous dispersion of a thermoplastic sizing agent for carbon fiber by emulsion/solvent evaporation.

Experimental

Materials

The polyetherimide PEI (Ultem 1000) was obtained from Sabic ® . The sodium dodecyl sulfate (SDS) and the chloroform were provided by Sigma-Aldrich, the benzalkonium chloride (BC) was from Fluka (C 12 60%, C 14 40%). The AS4 carbon fiber tow, provided by Hexcel, was treated unsized and contained 12,000 fibers. The polyetheretherketone (PEEK) provided by Victrex was a 100 m thick film. The remolding agent was CIREX 041WB from SICOMIN.

Preparation of PEI dispersions by emulsion/evaporation

In order to reduce the toxicity and to respect the environment, organic solvents must be avoided in the final sizing agent formulation. For these reasons, we decided to elaborate aqueous dispersions. These can be made by a variety of methods [20][21][22][23] leading, at the end, to stable hydrophobic particles in water. The preparation process described here was largely inspired by emulsion/solvent evaporation, an encapsulation technique used in the pharmaceutical industry to prepare aqueous dispersions of polymer nanoparticles or microspheres.

Emulsion/solvent evaporation involves a two-step process (Fig. 1): the emulsification of a polymer solution containing the encapsulated substance, followed by particle hardening through solvent evaporation and polymer precipitation. During the water emulsification, the polymer in solution in the volatile, waterimmiscible solvent is broken into microdroplets by the shear stress produced by either a homogenizer or a sonicator in the presence of a surface-active agent until the polymer precipitates [24][25][26][27].

This method was used to prepare a stable aqueous dispersion of PEI as the sizing agent. We used two different surfactants, sodium dodecyl sulfate (SDS) and benzalkonium chloride (BC) at different concentrations (0.3%, 0.5% and 1 wt%). The final concentrations of PEI were 0.1%, 0.3%, 0.5% and 1 wt%. The PEI dispersion at 0.5 wt% in a 0.5 wt% surfactant solution was prepared as follows. In a 5-mL flask, 0.1005 g of PEI was dissolved in 2 mL of chloroform. This solution was poured into another flask containing 20 mL of the surfactant solution. The mixture was emulsified by ultrasound shearing (Vibra Cell, Bioblock Scientific 600W, 20 Hz). The shearing lasted 5 min at power 4. A water bath was used to maintain the solution at room temperature. Then, magnetic stirring of the emulsion at 1200 rpm for 12 h allowed total evaporation of the chloroform.

Characterization of PEI dispersions 2.3.1. Particle size analysis

Dynamic light scattering (DLS) was performed using a Malvern Instruments Nano ZS with a He-Ne laser (633 nm) at a scattering angle of 173 • and at 25 ± 1 • C. The hydrodynamic mean diameter of the nanoparticles was determined using the software provided by Malvern Instruments. The Contin model was applied to obtain size data. All the auto-correlation function fits were checked and found to be in accordance with the experimental data. Five measurements were made on each sample with an accuracy of about 2 nm.

Evaluation of stability using analytical centrifugation

A separation analyzer (LUMiFuge, L.U.M. Berlin, Germany) was used to determine the separation behavior of dispersions under the influence of various centrifugal forces (5-1000 × g). This apparatus is based on a low-speed centrifuge combined with an optoelectronic measuring system that records the light transmission over the entire sample cuvette (Fig. 2). The cuvettes containing the suspension are positioned in the horizontal plane on the rotor of the centrifuge. During centrifugation a light source positioned above the rotor emits radiation (near-infrared) onto the sample. Transmitted light is detected by a CCD line sensor below the rotor plane and is analyzed by a microcontroller, which generates a lighttransmission profile of the sample area for every measurement step.

This technique is very appropriate for the study and optimization of very stable aqueous dispersions. The centrifugal force accelerates the destabilization of the dispersion and rapidly determines the shelf life of the dispersion [28]. Moreover, the possibility of studying 8 samples at the same time enables different formulations to be compared immediately [29,30]. The dispersions are naturally stable over 6 months so we chose to simulate 3 years of aging. The data acquisition corresponded to 255 profiles recorded every every seconds at 4000 rpm. The temperature was 20 • C.

Sizing treatment of carbon fiber and composite preparation 2.4.1. Sizing of carbon fiber

Different methods can be used to size carbon fibers, such as electrodeposition [31,32] or electropolymerization [33,34], but the most common is bath coating. We tested the sizing at laboratory scale so, in this case, the most suitable technique was to spray the dispersion directly on to the fiber surface. An unsized fiber tow was strained by a weight to keep it vertical, allowing uniform spraying of the sizing at the fiber surface (Fig. 3). After sizing, the fibers were dried at room temperature. 

Composite preparation

We also prepared PEEK/unidirectional carbon fiber samples at laboratory scale. The samples were prepared by hot press molding. The press used was a Carver 4128 CE equipped with heating plates. The processing took place in several steps. The sample was first prepared, then molded in the hot press and finally cooled and remolded. In order to keep all the carbon fibers in the same direction during the different steps, the strands of carbon fiber were inserted in a folded PEEK film (Fig. 4).

The sample was then placed in an aluminum mold previously coated with the remolding agent. Then the mold was placed between the two plates, previously heated to 400 • C, and kept in contact for 15 min to allow the PEEK to melt uniformly. 6 MPa of pressure was then applied for 30 s to let the PEEK impregnate the fibers. Finally, the sample was air cooled and remolded at room temperature. The final sample contained 30 wt% of carbon fibers.

Characterization of PEI films and composite

Scanning electron microscopy (SEM) analysis

The different samples were examined using a scanning electron microscope (JEOL JSM 6700F) with an accelerating voltage of 5 kV. The films obtained after natural drying at room temperature were mounted on aluminum stubs and sputter coated with gold. The composites were freeze fractured in order to observe the rupture faces.

Results and discussion

Sizing agent formulation

Stability study

We selected PEI as the sizing agent because it is a thermoplastic polymer with high heat resistance [35], miscible with polyetheretherketone (PEEK) [36], and soluble in chlorinated solvents like chloroform. Several factors influence the stability of the dispersion, such as the nature and the amount of surfactant. Usually, the choice of surfactant depends on the nature of the particles and, in particular, their surface charge. Since PEI has no special charge, the surfactant can be anionic or cationic. It is also important to determine the right quantity of surfactant to maintain a stable dispersion. PEI concentration is also an important parameter. The emulsion/evaporation method is not suitable for the preparation of concentrated dispersions but, in the case of sizing, this is not a limitation because the concentration of polymer does not exceed 1 wt% [37,[START_REF] Chung | Carbon Fiber Composites[END_REF].

First, we studied the influence of the nature and the concentration of the surfactant, and also the influence of the PEI concentration on the characteristics of the sizing dispersions.

The first parameter to be considered was the particle size as it is well known that the smaller the particles are, the more stable the dispersion will be. Dynamic light scattering measurements (DLS) were performed on all the dispersions. The influence of the surfactant on the mean diameter of particles can be seen in Fig. 5.

The mean diameters of the particles were less than 100 nm and favored stable dispersions. The nature of the surfactant did not have a significant effect on the particle size even though the particles seemed smaller with the BC surfactant. On the other hand, the diameters varied noticeably with the surfactant concentration. The higher the concentration was, the smaller were the particles. At low concentration, there was not enough surfactant to maintain small droplets of chloroform and this determined the final size of the particles. Although the smallest particles were obtained for 1 wt%, the concentration of 0.5% was preferred in order to minimize the amount of surfactant in the final formulation.

The same study was performed to observe the influence of the PEI concentration (Fig. 6). The particle size increased quite linearly with the concentration for both surfactants but the mean diameter remained under 100 nm. This result was related to several factors. The first was the ratio between the concentration of surfactant and the amount of chloroform phase containing the dissolved PEI [23]. The second was the viscosity of the organic phase [23]. Increasing the PEI concentration in chloroform increased the viscosity of the solution. Given that the shear forces were always the same, when the concentration of PEI was too high, there was not sufficient enough available to create small droplets of chloroform. The particle size for the lowest concentrations was very small, leading, in principle, to the most stable dispersions. However, for a sizing formulation, the dispersions must have a minimum of 0.5% or 1 wt% of PEI.

An interesting stability analysis consisted in determining a destabilization velocity by accelerating the gravitation by centrifugation. This kind of analysis could be performed with the "LUMiFuge" apparatus. This technique is suitable to optimize very stable dispersions (stable for more than 6 months).

From the profiles, an integral transmission was calculated as a function of time. For instance, the influence of the PEI concentration on the stability can be highlighted immediately (Fig. 7).

From this graph, a clarification velocity, corresponding to the slope of the first linear part of the curves, was calculated by the "SEPView" software. The steeper the slope, the more unstable the dispersion. The clarification velocity was calculated for the different dispersions and compared so as to highlight the effect of different parameters.

As shown in Fig. 8, the nature of the surfactant did not have a significant influence on the velocity, except for 0.1 wt% PEI solution, where BC was less efficient. Considering the surfactant concentration, it seems that, from 0.5 wt%, the stability reaches a plateau. This result indicates that it is not necessary to use more than 0.5 wt% surfactant solutions to increase the stability.

As expected, the PEI concentration had a major impact on the dispersion stability (Fig. 9). The clarification velocity tripled between 0.5% and 1 wt%. Although the shelf life cannot be determined directly from the clarification velocity, the real stability period extrapolated from the data was estimated to be around 6 months for the 1% PEI dispersion.

Considering the above results, both the tested surfactants were usable. However, benzalkonium chloride might be more interesting because of its antimicrobial and low foaming properties. Concerning the different concentrations, a good compromise seems to be 0.5 wt% of surfactant and 0.5 wt% of PEI.

Film formation

For sizing, the coating, and consequently the formation of a film, is a very important property. All the aqueous dispersions prepared were able to form films after water evaporation. To ensure the quality of the film, two chosen dispersions were observed by SEM. One was made with SDS and the other with BC, and both contained 0.5 wt% of surfactant and 0.5 wt% of PEI.

The surface aspect of the PEI film obtained with SDS was very homogeneous (Fig. 10). The cracks were due to uncontrolled evaporation. This parameter will need to be taken into account for further applications. The magnification of this film shows partially fused PEI particles (Fig. 11). This observation is typical of latex film formation, and is ideal for a homogeneous coating.

The PEI film formed by the BC dispersion was very different. Fig. 12 is an SEM observation of this film showing a heterogeneous surface. The magnification shows that, in fact, the particles formed agglomerates but did not fuse (Fig. 13). The difference in film formation could be explained by the ability of the surfactant to be drained out of the evaporating film [START_REF] Kientz | [END_REF][40][41]. We have to consider the affinity of the surfactant with the surface of the PEI particles to explain this behavior. It seems that, compared to BC, SDS has a lower affinity with the surface of the particles and is mainly drained out of the film, leading to the fusion of the unprotected particles and finally to a homogeneous film. Considering these film formation results, the best dispersions for a sizing application seem to be those obtained with SDS as the surfactant. It is very important to obtain a homogeneous coating on the carbon fibers.

Sizing evaluation

The aim of this study was to elaborate a stable aqueous dispersion usable as a thermoplastic sizing formulation for carbon fibers. The sizing has various roles, such as facilitating the handling of fibers and improving the interactions between the matrix and the fibers.

To evaluate the effect of this new sizing, PEEK/carbon fiber composites were made; one with unsized carbon fibers and another with PEI sized carbon fibers. The chosen sizing was the aqueous dispersion with 0.5 wt% of PEI and 0.5 wt% of SDS. The best way to highlight the influence of the sizing was to observe the fiber/matrix interface. For that purpose, the composites were freeze fractured transversally and observed by scanning electron microscopy. Fig. 14 corresponds to an unsized carbon fiber composite and, as we can see, there are voids and no interactions between the PEEK matrix and the carbon fibers. In contrast, the interface between the composite and the PEI sized carbon fibers is continuous (Fig. 15). In this case, there is a real bond between the PEEK and the carbon fibers. These observations confirm not only that the sizing remains during the composite processing but also that the matrix and the carbon fibers are connected by the sizing agent.

Conclusions

The analyses performed on the different aqueous dispersions revealed that the quantity of particles was a significant factor for stability. The particle size increased greatly with the PEI concentration, which tended to decrease the stability of the dispersion. The LUMiFuge study confirmed this result. The best PEI concentration obtainable by the emulsion/evaporation technique was 0.5 wt%. The dispersions were stable 1 year at 0.5 wt%, nevertheless the dispersion at 1 wt% remained stable for 3 months. Concerning the nature of the surfactant, benzalkonium and SDS allowed stable dispersions to be obtained. Nevertheless, the benzalkonium dispersion did not form a homogeneous film and so was not suitable for a sizing application. In contrast, with SDS dispersion, the film was really uniform and we observed a coalescence phenomenon typical of latex film formation. The concentration of the surfactant also had an influence on the particle size and stability, and 0.3% was not enough to obtain a good dispersion. The gain in stability obtained at 1% did not justify the use of such a concentration considering that there was only 0.5 wt% of PEI. So the best concentration of surfactant was 0.5 wt%.

Considering all the results, the chosen dispersion for sizing was 0.5% PEI and 0.5% SDS. The efficiency of this new sizing agent aqueous dispersion was appreciated through SEM observations, which showed a continuous interface between the carbon fibers and the PEEK matrix.
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 10 Fig. 10. SEM observation of the film from the SDS dispersion.

Fig. 11 .

 11 Fig. 11. Magnification of Fig. 10.

Fig. 12 .
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