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Carbon fiber reinforced polymer metallization via a conductive silver nanowires polyurethane coating for electromagnetic shielding

INTRODUCTION

Abstract

For electromagnetic shielding in space environment, the metallization of car bon fiber reinforced polymer (CFRP) is required. A specific attention is paid due to the thermal expansion coefficient difference between substrate and metal coating. A surface metallization of a CFRP has been elaborated by elec trodeposition. This study presents an original process based on an electrically conductive polymer coating elaborated from a polyurethane matrix filled with a low content of silver nanowires ( <10%vol). A continuous and adherent deposit is obtained by an optirnization of the electroplating parameters. A min imal volume fraction was determined at 3%vol associated with an applied cur rent density estirnated near 0.1 Ndm 2

• The growth speed is 7 µm/h at 0.1 Ndm 2

• The adhesion was checked in severe environmental conditions (-196 to 165 °C). The effectiveness shielding obtained with this solution reaches an attenuation value higher than 90 dB between 1 and 26 GHz neces sary for spaoe communication applications.
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The weight reduction in spaoe transportation applications is a key point to limit the energy consumption. A large weight increase of the embedded electronic devices is due to the protection against the electromagnetic interfer ences (EMI). The EMI could affect the signal information generated or received by electronic equipment. The con ventional solution consists in a shielding of the equip ment by an irnpervious metallic box containing the electronic devices. In the case of satellites telecommuni cations systems, the weight of this metallic structure could me more important than the electronic equipment itself. The EMI encountered in satellites could emanate from a wide variety of sources (equipment and devioes) 1 and affect the electronic and electrical equipment perfor mances. This kind of application must be protected with high shielding effectiveness in the gigahertz frequency range. 2 -s The best results for shielding are obtained with metals 9 due to their high electrical conductivity. The metal structure was realized in aluminum due to his low density: then, the surface is electroplated by a high elec trical conductive metal like gold or silver.

The weight reduction of these metallic shielding structure can be achieved by replacing the metal compo nents structure by carbon fiber reinforoed polymer (CFRP), according to mechanical and mass properties requirements. The weight saving relative to the mechanical performances is estimated near 30%. 10 In all cases the CFRP must be metallized to reach the shielding requirement. The CFRP surface conductivity is not enough to allow an electrodeposition classically used on aluminum. The application of a conductive underlayer is necessary to reach a highly conductive surface. This underlayer can be realized by different processes as electroless deposition, 11 chemical vapor deposition, 12 physical vapor deposition, 13 and dynamic chemical plating. 14 These processes create a metallic layer directly on the CFRP surface. But, this metal layer exhibits a weak surface adhesion. A dramatic detachment of this metal layer was observed for large temperature variation due to the difference of thermal expansion coefficient (CTE) with the CFRP substrate. This parameter is crucial for space applications due to the environmental temperature variation.

The conductive layer between the CFRP and the electroplated metal surface is the key point to permit an effective shielding on a wide temperature range. This layer must be sufficiently conductive to allow the electroplating, mechanically optimized to withstand the difference of thermal expansion coefficient and promoted a significant final grip of the metal surface layer. These specifications orientate our choice towards organic conductive layers. Intrinsic conductive polymers 15-18 could be used as conductive layer but their electrical conductivity are very dependent from temperature. Furthermore, their sensitivity to oxidation prevent them from an industrial application. A conductive composite coating polymer-based was preferred. Their extrinsic conductivity is time stable and along the electroplating process. The choice of the metallic filler to realize the conductive coating was essentially led by their electrical conductivity level and their resistance to oxidation. Metallic particles provide the highest electrical conductivity such as silver, 19,20 gold, 21,22 nickel, 23 and copper. 20,24 The conductive composites filled with silver particles are preferred to prevent the oxidation phenomenon. The percolation threshold is established around 15%vol 25 for spherical silver particles and the conductivity level is reached around 10 2 S/m. 25,26 Conventional conductive coatings are filled with 20%vol of silver particles. This filler content increases significantly the composite weight and deteriorates its mechanical properties. Lower percolation threshold could be obtained by increasing the particles aspect ratio ξ (ratio length to diameter). 25,27 Previous works of conductive composites filled with carbon fibers and Carbon NanoTubes (CNT) exhibit a low percolation threshold near 0.1-1%wt and an electrical conductivity around 10 -2 -10 -1 S/m above the percolation threshold. [28][29][30] Silver nanowires (AgNWs) with high aspect ratio allow us to provide a higher electrical conductivity for a small amount of nanowires (below 5%vol). For these low rates, 31 the mechanical properties were preserved.

The aim of this study is to metallize CFRP substrate via a conductive underlayer composed of polyurethane (PU) matrix and AgNWs. We use a waterborne twocomponent PU to limit solvent emissions (volatile organic compounds) studied in a previous work. 32 The electrical conductivity behavior of the PU/AgNWs coating is presented. Above the percolation threshold, the conductivity level allows the metallic electroplating. The minimal volume fraction of AgNWs to obtain a continuous metallic deposit is studied. The adhesion of this deposit according to the applied current density is discussed. The conductive coating adhesion is analyzed as function of temperature. Finally, the shielding effectiveness for different configurations is measured and shows the interest to metallize CFRP.

| EXPERIMENTAL SECTION

| Nanowires processing

AgNWs were synthesized by reducing AgNO 3 with ethylene glycol in presence of poly(vinyl pyrrolidone) (M w = 55,000 g/mol). The reaction was carried out at 160 C in a round-bottom balloon with magnetic stirring bar for 1 h. This technique and the solution concentrations were described by Sun et al. 33,34 AgNWs were elaborated in this work with only few variations. 19 This process permits to obtain nanowires with an aspect ratio around 222. 19 After the process, AgNWs were cleaned by successive washing of water and ethanol. Clean AgNWs were stored in ethanol and dispersed using an ultrasonic bath for short time.

| Electrodeposition processing

Silver electroplating of CFRP process was achieved in two steps: First, the coating application of PU/AgNWs on CFRP to obtain a conductive surface layer followed by the silver electroplating. For this last step, an original silver electroplating cyanide free bath based was used. a.

Step 1: PU/AgNWs coating on CFRP: The PU coating is a two components system: Poly(2-hydroxypropylmethacrylate) (PHPMA), MACRYNAL® VSM 6299w/42WA (Allnex, Belgium), in 40%wt water; and Easaqua™ X D 401 (Vencorex, France) composed of hexamethylene diisocyanate, isocyanurate (45%wt), and 3-isocyanatomethyl-3,5,5-trimethylcyclohexyl isocyanate (30%wt) in 15%wt n-butyl acetate. The two parts are mixed at room temperature (ratio 3:1) with the appropriate volume fraction of AgNWs. The mixture is sprayed with a high volume low pressure (HVLP) spray gun. The curing process is 30 min at 80 C. b.

Step 2: Silver electroplating of PU/AgNWs: The electrolysis was performed at 50 C with silver as anode and the PU/AgNWs coating on CFRP as cathode. The composition of silver electroplating bath is gathered in Table 1. The metallic coating adhesion depends on the current density. The current density value will be discussed in this work.

| Scanning electron microscopy

The coating surface was observed using a JEOL JSM 6700F. Images were collected under 10 keV accelerating voltage and were obtained using the back-scattered electron detection mode.

| Electrical conductivity

The electrical conductivity of the PU/AgNWs composites was measured by a four-point probe technique using a Keithley 2420 for sample impedance less than 10 Ω. The electrical conductivity measurements were carried out by recording the complex conductivity σ * (ω) using a Novocontrol broadband spectrometer (BDS) for impedance above 10 Ω. Measurements were done in the frequency range from 10 -2 to 10 6 Hz at room temperature. The real part, σ 0 (ω) of the complex conductivity σ * (ω) was investigated. The value of σ 0 (ω) at 10 -2 Hz was taken as DC conductivity σ dc .

The bulk electrical conductivity is determined from the measured resistance of the sample between two electrodes. Samples were disks with a diameter of 20 mm and thickness of 500 μm. Samples were placed between 20 mm gold plated electrodes.

The surface electrical conductivity σ surf is related to the measured resistance R surf according to ASTM D257 between two concentric electrodes separated by an insulator at the surface of the sample:

σ surf = ln R 2 R 1 2πR surf ð1Þ 
With R 1 and R 2 the radius of the inner and outer electrode, respectively. Samples were coating (thickness $ 50 μm) on isolated substrates of 12 × 12 cm 2 . The conductivity is normalized to surface unit (S.Sqr).

| Adhesion test

The adhesion strength of the plated silver deposit was estimated by a cross-cut tape test (ISO 2409). This test consists in applying and removing a pressure-sensitive adhesive tape over 25 cross-hatched squares of 2 × 2 mm 2 . The cut area of the test coating was examined and classified from 0 (excellent adhesion) to 5 (bad adhesion) by a visual comparison with illustrations in the standard, depending on the amount of flaked coating.

| Thermal expansion and complex mechanical compliance

The thermal expansion coefficient α and the complex mechanical compliance J Ã ω T ð Þ was determined by dynamic mechanical analysis using an ARES G1 strain controlled rheometer (Rheometrics Scientific). Experiments were carried out in rectangular torsion geometry over the linear range (10 -2 % strain at angular frequency of 1 rad/s) from -145 to 150 C with an heating rate of 3 C/min. PU and composites samples were sprayed on silicone mold with 45 mm in length and 10 mm in width. After the curing process, the sample thickness is approximately 500 μm.

| Electromagnetic shielding

The electromagnetic shielding was carried out with a mode-stirred reverberation chamber SMART 700 Chamber (ETS-Lindgren). The frequency range was from 1 to 26 GHz. The samples dimensions were 12 × 12 cm 2 screwed on an aluminum casing with a silicone seal filled with silvered copper particles. The treated surface (conductive coating or metallic deposit) has been oriented inwards to maximize electrical continuity. The effectiveness criterion over the frequency range tested is chosen at 90 dB (dependent on application). Before each test, the shielding effectiveness of a 50 Ω standard is measured to check the coaxial cable state linked to aluminum casing. The effectiveness measured is the maximal effectiveness accessible by the mode-stirred reverberation chamber.

| RESULTS AND DISCUSSIONS

| Conductive PU/AgNWs coating

The bulk and surface conductivity of the PU/AgNWs coating were measured as function of AgNWs volume fraction and given in Table 2. At low volume fraction, the conductivity is close to the neat PU value, that is, 10 -14 S/m for bulk and 10 -13 S.Sqr for surface. The percolation threshold has been determined near 0.6%vol for bulk and 0.8%vol for surface. Above the percolation threshold, electrical conductivity values, 100 S/m for bulk and 10 -2 S.Sqr for surface, are enough for electrodeposition process.

3.2 | Electrolytic deposit

| Electrodeposition lower limit

At low volume fraction of AgNWs in PU matrix, the electrodeposition process is possible. A continuous metallic deposit is obtained since a regular surface conductive network is formed at the microscopic scale.

The gap between nanowires is an important parameter directly linked to the quantity of nanowires dispersed in the matrix. The electrolytic deposits have been realized on coatings as function of AgNWs volume fraction with a current density of 0.1 A/dm 2 during 2 h. The scanning electron microscopy (SEM) images are shown in Figure 1. No silver deposit was observed for a volume fraction of 0.7%vol close to the percolation threshold. Some metallic silver germs began to grow at 1%vol of AgNWs. The germs density increased with the volume fraction of nanowires and coalesced to form little clusters from 2.5%vol. The surface was totally covered by the silver deposit above 3%vol. This value is the lower limit to obtain a continuous silver layer on the conductive coating surface. The same result was confirmed for higher content of AgNWs. The optimal rate of nanowires was chosen at 4%vol to insure a good reproducibility of electrolytic deposit.

For the same rate of AgNWs, the current density influences the metallic deposit speed but also its microstructure. The germination phenomenon was improved by high current density inducing a silver layer growth in all directions. This uncontrolled growth provides a spongy silver structure. For low density, the germination becomes less important promoting the crystal growth as large crystal structures (Figure 2).

| Apparent current density

The metallic deposit adhesion has been checked as function of the current density. The CFRP substrates have been coated with a layer of PU/AgNWs filled with 4% vol. The electrodeposition times have been adjusted to obtain metallic deposits with a quasiconstant thickness (between 10 and 20 μm). The adhesion quality, according to ISO 2409 standard, is represented versus the current density on Figure 2. For current densities lower that 0.2 A/dm 2 , the adhesion class is 0 corresponding to a maximum adhesion. For higher current densities, the deposit adhesion is altered. This phenomenon is accentuated by the current density increase. In addition, we have observed a polymer surface degradation certainly due to a local increase of the temperature at the vicinity of 1 × 10 -13 ± 5 × 10 -14 0.2 8 × 10 -14 ± 1 × 10 -14 0.5 1 × 10 -13 ± 3 × 10 -14

5 × 10 -13 ± 2 × 10 -13 0.7 1 × 10 -2 ± 3 × 10 -3 1 2 × 10 -1 ± 1 × 10 -2 3 × 10 -5 ± 1 × 10 -6 1.5 5.2 ± 4 × 10 -1 2 1 0 ± 2 2 × 10 -3 ± 3 × 10 -4 3 33 ± 11 1 × 10 -2 ± 4 × 10 -3 4 68 ± 23 3 × 10 -2 ± 7 × 10 -3 5 125 ± 44 7 × 10 -2 ± 6 × 10 -3 6 120 ± 32 9 × 10 -2 ± 3 × 10 -3
Abbreviations: AgNWs, silver nanowires; PU, polyurethane.

metallic germs for high current density. This thermal degradation implies a decrease of the adhesion. We observe a lack of adhesion of metallic deposit for high current density. In order to understand, the current density really seen by the AgNWs was studied. The current density J is dependent from the applied current A and the conductive surface S. The current lines are focused on the conductive fillers; that is, the conductive coating is composed of an insulated polymer matrix and conductive nanowires. The electrolytic deposit is only initiated on the site occupied by AgNWs at the surface of the coating (S Ag ).

The involved surface S Ag has been determined by coupling the SEM images analysis of the PU/AgNWs coating surface with the nanowires volume fraction. This surface S Ag corresponds to AgNWs area in direct contact with Figure 4 shows the apparent current density versus the AgNWs volume fraction for different applied current densities. The apparent current density corresponds to the current density normalized by S Ag , determined by SEM observations of coating surface.

The applied current densities in electroplating on metal, as aluminum, are 0.5-1 A/dm 2 . For a 4%vol coating filled, we determined an apparent current density near 10 A/dm 2 . This high value induces an increase of local temperature at the AgNWs/PU matrix interface leading to polymer degradation. After the adhesion test, nanowires present on the surface are removed from the PU matrix and stay with the electrolytic deposit. The polymer degradation induced by high current density probably damage also the interactions between nanowires and polymer matrix.

If we applied a maximum value of current densities close to 0.2 A/dm 2 for a coating filled with 4%vol of AgNWs, the apparent current densities have similar values (or lower) than current densities values used classically for bulk metal surface. The interface between nanowires and polymer was preserved and a good value for adhesion test is obtained. In this work, we have chosen to process electrolytic deposits with a current density of 0.1 A/dm 2 . This last value allows us to obtain good reproducibility in term of the electrolytic deposit adhesion (Figure 5).

| Metallic deposit thickness

Parameters leading the deposit thickness are the current density value and the time. The deposit thickness has been studied for AgNWs content above the electrodeposition limit (from 3 to 6%vol) with a current density of 0.1 A/dm 2 during 2 h (Figure 5(a)). The thickness looks to be independent from the volume fraction. The homogeneous conductive network coated on the surface allows us to cover it with a continuous metal layer.

The Figure 5(b) describes the growth kinetics of the electrolytic deposit on the PU/AgNWs coating filled with 4%vol with a current density of 0.1 A/dm 2 . The growth is linear with a deposit speed around 7 μm/h. Literature reports an optimized electromagnetic shielding value for an electroplating thickness between 5 and 10 μm. [START_REF] Ghanem | Elaboration et caractérisation de films de cuivre par la méthode de dépôt chimique dynamique[END_REF] In this case, it is possible to obtain a shielding higher than 90 dB for the high frequencies domain close to 1 GHz. The Figure 5(b) allows us to extrapolate the corresponding electrolytic treatment time near 45 min to obtain the expected thickness.

| Adaptation of thermal expansion

Due to the space environment, the coatings adhesion is required on a wide temperature range (between -180 and 165 C). The thermal expansion coefficient (CTE) of CFRP is very different from the metallic layer. The CTE difference would create mechanical stresses at the interface. The metallic layer adhesion could be altered during temperature cycling. So, weakly filled polymer coating between metallic layer and CFRP substrate could absorb the expansion difference.

In order to check these assumptions, different cases of stress versus CTE for a three layers assembly are shown in Figure 6. The first layer can be assimilated to the metallic deposit, the second layer to PU/AgNWs coating and the third layer to CFRP substrate. In the case 1 and 4, when the expansion coefficient of the conductive coating is higher or lower than two others layers (CFRP and metal), tensile and compressive stresses are opposite to interfaces, creating shear stresses. The PU/AgNWs coating presents a good F I G U R E 6 Schematic representation of stresses induced by the different coatings thermal expansion coefficients compatibility with the CFRP substrate, which allows to maintain adhesion with the presence of these stresses at interface. In the case 2 and 3, the expansion coefficient is intermediate which generates supplementary shear stresses in the PU/AgNWs coating. The conductive coating should have an expansion coefficient higher or lower than two others layers to limit shear stresses.

Strain versus temperature is shown for the CFRP substrate, the PU matrix, the PU/AgNWs coating filled with 2%-6%vol and bulk silver on the Figure 7(a). The thermal expansion coefficients are given in Table 3.

For silver bulk and CFRP substrate the strain behavior as function of temperature is quasi linear. For PU matrix and PU/AgNWs composites, the thermal expansion coefficient is dependent on T g . Two coefficients α are observed according to vitreous and rubbery states. α value is not dependent on nanowires ratio in the vitreous state; it is due to the weak mobility below T g . In contrast, α values increases above T g and decrease with nanowires content. Nanowires play the role of additional entanglements for macromolecules on the rubbery plateau. Despite these modification, PU/AgNWs composites point out an α value higher than silver bulk and CFRP substrate. This configuration is consistent with the case 1 of Figure 6.

The adaptation of thermal expansion phenomenon could be described by the thermal expansion coefficient and mechanical compliance. The PU/AgNWs coating should have a high mechanical compliance to adapt the shear stresses at the interfaces. The storage compliance J' versus temperature is shown in Figure 7(b), calculated from storage G' and dissipative G" shear modulus as following:

J 0 = G 0 G 02 + G 00 2 ð2Þ 
We note a storage compliance of the PU matrix higher than the silver and the substrate mechanical compliance over all the temperature range. At low temperature, the value is around 10 -9 Pa -1 and reaches 10 -6 Pa -1 for high temperature. The mechanical compliance decreases by insertion of AgNWs. For low volume fraction of AgNWs, the PU/AgNWs coating absorbs stresses by adapting the induced strain with the thermal expansion of different materials (case 1, Figure 6).

The thermal shocks cycling process was chosen to simulate the worst case for expansion adaptation. The estimated time between two extreme values of temperature is about 1 min. The maximal temperatures chosen are similar with the thermal cycling temperature (-180 to 165 C) in space environment. The system suffered two successive thermal shocks (cooling and heating) with temperature variation of 360 C. Figure 8 reports the schematic representation of the thermal cycling.

After two thermal shocks, adhesion test was performed to confirm the expansion adaptation of the CFRP metallized sample with the PU filled with 4%vol of AgNWs. An excellent adhesion value was obtained before the thermal treatment for a metallic deposit with a current density of 0.1 A/dm 2 . After these two accelerated aging, a class 1 adhesion result was measured corresponding to the industry requirements. The PU matrix adapts the difference of thermal expansion coefficient of the CFRP substrate and the silver deposit absorbs the induced mechanical stresses. The higher compliance with a maintain of ductility is obtained with a volume fraction of AgNWs lower than 5%vol 31 and provides the expected adhesion level.

F I G U R E 7 Strain and storage compliance of polyurethane (PU)/silver nanowires (AgNWs) coatings

| Electromagnetic shielding effectiveness

The shielding effectiveness tests are presented on the frequency range from 1 to 26 GHz. The shielding effectiveness and the 90 dB criterion expected by spatial industry are reported on Figure 9.

The CFRP substrate has the lowest attenuation and its shielding effectiveness decreases linearly with frequency range. This frequency behavior is well known in the literature for metallic grids. [START_REF] Evans | Design guidelines for shielding effectiveness, cur rent carrying capability, and the enhancement of conductivity of composite materials[END_REF] The studied CFRP is constituted of twill weave carbon fiber; its shielding effectiveness was compared to a grid model illuminated by a plane wave:

SE = 20 log λ 2g ð3Þ 
With g the grid mesh and λ the wavelength.

For the grid model with for g = 20 μm, results are reported in dashed line on Figure 9. The CFRP frequency behavior could be compared to a 20 μm grid. The equivalent spacing is the same order of magnitude than carbon fibers diameter near 7 μm.

The CFRP substrate coated with PU/AgNWs filled with 4%vol presents a shielding effectiveness higher than 90 dB up to 20 GHz. For specific frequency, as 2 GHz for example, we observe shielding effectiveness loss peak (for 
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  I G U R E 1 Electrolytic deposits realized on coatings as function of silver nanowires volume fraction observed by scanning electron microscopy the electroplating bath and involve in the electrodeposition process. Data are reported in Figure3. The behavior law is linear for coatings filled up to 6%vol. The electroactive AgNWs occupied surface is less than 20% for low volume fractions.
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  I G U R E 2 Adhesion of electrolytic coating according to current density values F I G U R E 3 Surface occupied by silver nanowires (AgNWs) versus the nanowires volume fraction F I G U R E 4 Apparent current density of the polyurethane/ silver nanowires (AgNWs) for different current density
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  I G U R E 5 Electrolytic deposition thickness versus volume fraction of silver nanowires (AgNWs) (a) and time (b)
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