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13 1. ABSTRACT

14 Lightning strike emulator was employed for evaluating the response of copper electroless 

15 coatings on epoxy-CFRP laminates under these high demanding electrical events. Samples 

16 were coated for 15 and 30 min producing 0.6 and 1.2 µm thick layers, respectively, and their 

17 performances were compared with commercially protected and naked laminates. Data show 

18 that a thin copper layer can improve the performance of CFRP under 40 kA discharges by 

19 absorbing part of the electrical energy, as a sacrificial protection. The surface of delaminated 

20 composite was lower whereas the coating area affected was larger for samples treated at longer 

21 times. An interesting relationship was found between the charge transfer and the damaged 

22 area, for all samples. In addition, sustained 30 A injection tests were performed and both 

23 electrical data and thermal imaging showed a better tolerance to continuous currents and a 

24 better heat dissipation of 30 min versus 15 min coated samples.

25 Keywords: A. Carbon fibre; A. Polymer-matrix composites (PMCs); B. Electrical properties; D. 

26 Ultrasonics.

27
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29 2. INTRODUCTION

30 It is known that carbon fiber reinforced polymers (CFRP) generally present some degree of 

31 electrical conductivity due to the carbonaceous nature of the fibers. However, under certain 

32 conditions, the electrical performance of these materials is insufficient, especially when high 

33 levels of conduction are needed, i.e. in electromagnetic shielding or under lightning strike 

34 events. Aeronautic statistics point out that every airliner is struck by lightning once a year on 

35 average [1]. In the case of aircrafts with metal structure, this event usually is not critical [2]. By 

36 contrast, CFRP parts may not present sufficiently good electrical performances to overcome the 

37 lightning requirements. Thus, it is a very common strategy for aircraft manufacturers to attach 

38 lightning strike protection (LSP) systems to CFRP skin panels in order to increase their 

39 resistance against lightning.

40 The damages produced by a lightning impact on composites have their origin in different 

41 aspects of the discharge. In their review, Kumar et al. [3] gathered the most important studies in 

42 the field and identified all the causes contributing to the damage of CFRP struck by a lightning. 

43 It is known that the direct and indirect damages are closely related to the lightning waveform 

44 parameters such as the current peak, the discharge time and the charge transfer. The thermal 

45 loading of the Joule effect heating that occurs in the conducing paths causes sudden 

46 sublimation of the resin. The release of expanding gases results very often in composite 

47 delamination and fiber breakage. On the other hand, the mechanical effect that the ionized dart 

48 of the lightning has on the composite is remarkable. The discharge creates plasma that heats 

49 up the immediate surroundings very rapidly. The air expands immediately causing shock waves 

50 that impact mechanically against the surface of the lightning attachment point. A minor factor 

51 involves the magnetic forces that the laminates may experience, which may cause arcing 

52 between carbon fibers and contribute to damage the part.

53 Very often, LSP are thin metal foils and meshes (mainly copper and bronze) bonded to the outer 

54 surface of the composite. These elements drastically improve the electrical conduction and 

55 allow releasing the currents to other areas of the aircraft, thus avoiding critical damages, which 

56 might compromise the flight safety [4]. Although some LSP solutions for composites seem to be 
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57 suitable to protect conveniently the aircraft parts, they present particular drawbacks. Very 

58 generally these systems are difficult to apply manually by workers due to their sensitivity to 

59 mechanical stress. The meshes and foils usually show cracks, wrinkles and distortions after 

60 placement on the composite, which might not be acceptable under certain manufacturing 

61 criteria. Also, manual placement leads to big amounts of scrap material that is discarded. In 

62 addition, LSP are normally expensive products and increase the part weight, especially in rivet 

63 lines. Composites protection systems typically add weight to the part between 70 g/m2 to 200 

64 g/m2, depending on the degree of protection needed [5].

65 In such scenario, a number of approaches have been proposed and studied to substitute the 

66 metal foils. In particular, the use of carbon-based protections [6][7][8] is one of the most popular. 

67 Also, some other groups have studied the use of conductive polymers [9] or other metallization 

68 techniques such as cold spray of metals or electroless nickel [10][11][12]. The performance of 

69 the new proposed solutions, in some cases, could be studied employing lightning strike 

70 emulators. These devices replicate the electrical conditions of the natural lightning events 

71 employing high voltage circuit components to emulate a lightning waveform. Standardized 

72 impact lightning tests are carried out by subjecting the sample to standard current waveforms 

73 defined in the Aerospace Recommended Practices SAE ARP5412B [13]. The document states 

74 four different stages during the natural electrical discharge, namely components A to D (fig. 1).

75 The A- and D-components are first and secondary return strokes with typical amplitudes of 200 

76 kA and 100 kA, respectively. The C-component is known as continuing current, with quite lower 

77 intensity level but a high charge transfer due to its significantly longer duration. On the other 

78 hand, B is the intermediate stage between A and C and can be considered of lower relevance 

79 as compared to the other stages of the event.

80 A number of studies relied on lightning strike emulators for evaluating different facets of the 

81 phenomenon and novel protection systems. Hirano et al. [14] employed a combination of high-

82 voltage and high current generators to achieve the appropriate waveform for testing 

83 graphite/epoxy laminates. The study identified interesting correlations between different 

84 parameters of the waveforms and the nature of the damages observed. Using the same 
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85 emulator, Sonehara et al. [15] evaluated the shock waves generated during the electrical 

86 discharge on CFRP laminates, and differences were found depending on the geometry of the 

87 injection electrodes. More recently, Rajesh et al. [10] conducted emulation tests injecting 40 kA 

88 of current in silver and copper/tin coated CFRP employing self-designed equipment. Also, 

89 Yokozeki et al. [9] used the impulse generator developed by Otowa Electric Co. Ltd., at Nagoya 

90 University [16], to test polyaniline-based coatings on CFRP under peak currents of 40 kA and 

91 100 kA with positive results. Guo et al. [17] demonstrated in 2019 the exceptional performance 

92 of nickel-coated carbon fiber veils as LSP under aircraft zone 2 lightning emulations. On their 

93 side, Xia et al. [18] modified a carbon bucky paper with silver to increase the thermal damage 

94 tolerance of the CFRP. Kumar et al. [19], in a similar approach, presented their study of a bucky 

95 paper-interleaved CFRP with increased through-thickness conductivity, which enhanced the 

96 sublimation resistance of the polymeric matrix.

97 In our work, electroless copper coatings were applied to epoxy CFRP with the aim of reducing 

98 LSP weight and its overall cost, by employing a more easily attachable method than hand 

99 positioning. Copper coatings were achieved by chemical means via wet deposition, and the 

100 performances of the samples were compared to the naked CFRP and a reference sample 

101 protected with a LSP commercial screen. The samples were tested employing the lightning 

102 strike emulator used by Rajesh et al., available at the Electrical Engineering Department of 

103 Polytechnique Montreal. This low-cost equipment is capable of producing close-to-standard A-

104 component shaped waveform discharges up to 40 kA, which is perfect to perform preliminary 

105 assessment of new LSP systems. Then, ultrasonic inspection was employed after tests for 

106 evaluating the extent of the damages. Furthermore, the continuous current component of the 

107 lightning strike was generated separately by a self-designed setup, and the electrical and 

108 thermal responses of the samples were evaluated by voltage measurements and thermography, 

109 respectively.

110 3. MATERIALS AND PROCEDURES

111 3.1 Samples manufacturing
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112 Samples were manufactured with the same procedure as that described in our previous small-

113 scale study [20]. The CFRP laminates used for the study were obtained by automatic tape lay-

114 up (ATL) of epoxy-based carbon fiber unidirectional tape prepreg, following the stacking 

115 sequence (+45/-45/0/90/+45/-45)s. Preforms were then cured in autoclave and the samples 

116 were cut by a rotatory disk cutter. The copper coatings were obtained in a five stage procedure 

117 employing a very generic combination of reagents. Cleaning and degreasing, chemical etching, 

118 sensitization and activation of the samples were carried out prior to plating. A new coating setup 

119 was prepared in this study for the electroless copper plating on relatively large surfaces. More 

120 precisely, the geometries of samples employed were 305 x 305 mm and 100 x 150 mm for A-

121 component emulation and C-component emulation tests, respectively. 

122 Among all the available parameters of the electroless plating baths that can be tuned to obtain 

123 different coatings, time of immersion is the simplest and easiest controllable. Concentrations of 

124 the metal salt and reducing agent, pH of the bath, temperature of the medium or fluid stirring 

125 rate are some of the parameters that affect the result. Nevertheless, in our effort to simplify the 

126 process, the absence of bath stabilizers and other additives in our pilot line, normally used to 

127 help control the reaction, represented a handicap in tuning many parameters. Thus, the 

128 samples were immersed in the electroless bath for two different times, as shown in table 1. 

129 Times of immersion were unavoidably less than 45 min since problems of detachment of the 

130 layer in samples exposed for longer periods were experienced. Also, variations in the setup 

131 conditions between the immersions (residual temperature, concentration of formaldehyde, 

132 evaporation of the aqueous solution, etc.) due to the lack of automatic controllers limited us to 

133 produce more samples.

134 After immersion, the samples were rapidly rinsed and thoroughly dried employing desiccant 

135 paper and air current before being stored in sealed plastic bags. As reference samples for the 

136 study, uncoated neat CFRP and expanded copper foil (ECF) protected panels of the same 

137 dimensions were also tested. The protection used for the latter is a commercially available 

138 epoxy resin ECF prepreg of 175 g/m2 of areal weight. The LSP was manually placed on the 
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139 tooling side of the uncured preform before autoclaving, and subsequently co-cured with the 

140 CFRP.

141 The coated samples presented a homogeneous copper layer, with the exception of some small 

142 regions, especially at the sample ends (fig. 2). The explanation is that the necessary stirring of 

143 the fluid for homogenization of the solutes concentrations produced high turbulence at the 

144 sample edges during the electroless plating. This turbulence may have inhibited the reduction of 

145 metal at the nucleation stage, locally preventing the copper layer to form. However, it was 

146 considered more an aesthetic issue than a critical problem, since 20 mm of the sample edges 

147 were covered by the electrode frame during tests.

148 It was also observed that samples plated for 30 min presented more intense metallic 

149 appearance than the coatings on the 15 min samples. In addition, better homogeneity of the 

150 copper coating was observed for the 30 min samples: there were noticeable changes in the 

151 luster of the coating between different areas in the latter. Besides, due to the drying process, the 

152 coatings presented brownish stains that appeared at the sites where the remains of the rinsing 

153 water stayed for a longer time. Suspended residual particles such as detached copper grains or 

154 reaction sub-products were probably dragged and accumulated by the surface tension forces in 

155 the liquid.

156 3.2 Testing techniques

157 3.2.1 Electrical conductivity measurements

158 The surface electrical conductivity of the samples was tested using a Keithley 2400 ohmmeter 

159 employing a self-designed four-wire probe setup. The measurements were performed with a 

160 current injection of 0.1 A and no correction factor was necessary since the samples’ dimensions 

161 were significantly larger than the characteristic distance of the probe (3.2 mm), according to 

162 literature [21].

163 3.2.2 Lightning strike emulation
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164 This study was devoted to evaluate the behavior of the coatings under severe high demanding 

165 electrical events. This work is focused on the effects of A, C and D components of the standard 

166 lightning curve. In order to replicate the first return stroke of the A-component (and D-

167 component) in a single equipment, Rajesh et al. created their own apparatus based on a 

168 controlled capacitive discharge, which was successfully employed in similar studies before this 

169 one [10].Basically, the system retains electrical energy in high voltage capacitors, which is 

170 suddenly released through a metallic tip placed at a certain distance of the center of square-

171 shape samples, producing the desired spark with a controlled waveform. The shape of the 

172 waveform was studied and tuned by the creators of the apparatus to be similar to that specified 

173 in SAE ARP5412B, employing a unique combination of electrical devices. The data collection 

174 was performed by an oscilloscope connected to a Rogowski current sensor placed around the 

175 ground return wire. However, due to system construction constraints and safety considerations, 

176 the maximum peak current that can be achieved during the discharge is 40 kA. Although the 

177 value is lower than that of the standard A or D components, it is still high enough to evaluate the 

178 preliminary performances of the LSP systems. Indeed, according to Katunin [22] the internal 

179 aircraft manufacturer regulations and statistical reports indicate that the most common natural 

180 lightning discharges are in the range of 5-10 kA. In addition, in some other works such as that of 

181 Feraboli et al. [23], Yokozeki et al. [9], Kamiyama et al. [24] and Xia et al. [18], lightning 

182 emulation experiments were conducted employing discharges of lower currents than those 

183 stated in the ARP directive, considering that it was sufficiently high current anyways for inflicting 

184 damage to coupon-level specimens (much smaller than full-size aircraft parts).

185 In addition to lightning strikes emulation, another test was prepared for evaluating the response 

186 of the coatings to a steady current injection, just as that occurring in the C-component of the 

187 waveform. A 30 A continuous current was superficially injected in the samples for 1 second, 

188 employing a self-designed testing rig connected to a power supply. The electrical data was 

189 analyzed and the physical response of the specimens was evaluated by infrared camera 

190 imaging.

191 4. RESULTS AND DISCUSSION
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192 4.1 Coating thickness

193 Some of the electroless coated samples were prepared for studying the thickness of the copper 

194 layer. Samples were cut, embedded in cold-setting resin and polished, and observed in SEM. 

195 As shown in fig. 3, the layers are relatively homogeneous in thickness and continuous along the 

196 samples.

197 The thickness of the coatings was measured at tens of different locations, showing a significant 

198 difference between LS1 and LS2, as expected. More precisely, LS1 is 0.6 µm in thickness on 

199 average, whereas LS2 shows almost twice that thickness, 1.15 µm on average. When 

200 comparing these results with that of our previous study [20], we quickly realized that the 

201 coatings are 30 – 40 % thinner than those obtained previously for similar plating times. Although 

202 the metallization process, including pre-treatment of the samples, nature of the reagents, 

203 temperatures and concentrations, were identical, the baths were notably bigger this time. This 

204 difference in size seems to be playing an important role in the deposition kinetics.

205 The areal weight is a key parameter for lightning protection systems, since large areas of the 

206 aircraft must be covered, so the final extra mass must be considered. In the case of LS1, the 

207 theoretical areal weight added is 5.39 g/m2, and this number is 10.28 g/m2 for LS2. These 

208 values represent 3 and 6 % respectively of that of the conventional protection (175 g/m2). It is 

209 noteworthy that an electroless coating with the same areal weight would be almost 20 µm thick. 

210 That means that we have much room for improvement by increasing the thickness of the copper 

211 layer before the mass addition becomes penalizing.

212 4.2 Sheet resistance measurements

213 The surface electrical measurements on the samples prior to lightning strike tests revealed 

214 interesting data. The third row of table 2 shows the results of the four-point probe 

215 measurements. It is remarkable that both the neat reference and the commercially protected 

216 composite did not show any electrical conductivity at their surface. The naked composite 

217 surface does not present electrical feature due to the accumulation of resin from the interior of 

218 the part during autoclaving. Indeed, a thin layer of resin surrounds the fibers preventing any 
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219 surface conductivity. It is known that the bulk of the composite does present in-plane electrical 

220 conductivity because of the carbonaceous nature of the fibers though [25]. On the other hand, 

221 the lightning protection applied to the composite is composed of a metallic expanded foil 

222 embedded in a resin carrier. The carrier has three different functions: 1) making the manual 

223 placement easier thanks to its tacking characteristic, preventing the foil distortion during 

224 placement; 2) providing attachment to the composite via co-curing; and 3) protecting the metal 

225 layer from exterior damages after processing. Such carrier protection blocks also low electrical 

226 currents from outside the part, and thus no electrical conductivity is observed at its surface.

227 Metallized samples LS1 and LS2 exhibit sheet resistances above that shown by the previous 

228 study on smaller samples [20]. The sheet resistance for 15 min plated samples is near 700 

229 mΩ/□, whereas we observed slightly below 100 mΩ/□ for the same plating time on laboratory 

230 scale samples. In the case of 30 min samples, the average value is near 300 mΩ/□, which is 

231 significantly higher than the values that can be extrapolated from the data of our previous work 

232 (~ 80 mΩ/□ [20]). The difference in the values is directly linked to the thinner coatings achieved. 

233 During the plating process, we observed a delay before the beginning of the plating process 

234 reaction. In electroless deposition the copper reduction is only achieved in certain conditions of 

235 pH, temperature and concentration of reactants. Although the bath temperature, pH and 

236 concentration of metal salt were identical to that of our laboratory-scale work [20], a longer 

237 induction time was noticed in this case. The creation of the incipient metal crystals in smaller 

238 baths (few hundreds of ml) was observed to happen within the first 90 s after the addition of the 

239 reducing agent, whereas for the bigger system (several liters) the inception occurred after 300 s. 

240 The bath size therefore plays an important role in the kinetics of the electroless reaction.

241 4.3 A-component emulation test results

242 A-component emulation tests were conducted with a pulse of 40 kA injected from the impactor 

243 tip, placed 8 mm above the middle point of squared 305 x 305 mm samples. The discharges 

244 were achieved by discharging pre-charged high voltage capacitors. A pair of graphite spheres 

245 forming a spark gap was used to trigger the discharge. In this work, the capacitors were 

246 charged to a potential of 68 kV. This potential was monitored during the charging process, in 
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247 order to make sure we obtained the desired peak current in CFRP samples of nearly 2 mm of 

248 thickness during the discharge (quasi-linear relationship between the capacitors’ voltage and 

249 the current peak). The current waveform was recorded with an oscilloscope triggered on its 

250 rising front.

251 Although the current waveform is not exactly as that in the standards, it is very close to it and it 

252 produces damages of the same nature on the laminates. As seen in fig. 4, the damages caused 

253 look very different depending on the sample. A very clear delamination zone in REF samples 

254 can be observed with visibly broken fibers and pull out of material in the fiber direction of the 

255 first layer ply (45º). We can reasonably suppose that the rise in temperature led to the 

256 sublimation of material, with subsequent release of gas that ejected the fibers out of the 

257 composite. By contrast, the test print in LSP samples is small and only few mm2 are affected. It 

258 can be seen that the resin layer has been removed at the damage location and the metal 

259 protection underneath disappeared, but no visible sign of delamination is found. Coated 

260 samples LS1 and LS2 present fiber delamination but significantly lower than REF. We can 

261 clearly see that the coating nearby was sublimated, leaving a larger uncoated area in 30 min 

262 samples as compared to that in 15 min samples, and producing concentric ring-like marks in the 

263 coating surroundings.

264 Fig. 5 shows the evolution of the current pulse with time. In each case, there is a rapid rise of 

265 the current at the beginning of the pulse, in which the peak of 42 kA is achieved within the first 6 

266 µs, followed by a moderate drop in the following 10 µs. After that, the current decreases at a 

267 slower rate until the discharge is complete. However, the different electrical behavior of the 

268 samples can be observed by looking at the “tail” of the curve after reaching the peak. Significant 

269 differences can be observed between samples, including the current decay rate and pulse 

270 duration (see table 2). Lightning strike protected samples (LSP) present the longest pulse time 

271 of 260 µs, whereas the naked CFRP reference (REF) showed the shortest time of 98 ms. The 

272 coated samples LS1 and LS2 exhibit pulse times between those of REF and LSP, but clearly 

273 closer to REF. Samples coated for 15 min show 115 µs and those coated for 30 min present 

274 125 µs of pulse duration. However, the peak of the pulse is achieved at 6 µs regardless the 
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275 sample. This overall behavior was expected since the lightning strike emulator has been 

276 devised to inject a controlled peak current in the sample regardless of its nature. However, the 

277 current decay highly depends on the electrical resistance of the sample.

278 Another parameter extracted from the curves is the charge transfer. It is obtained by the 

279 integration of the current with respect to time, so graphically it is the area under the curve 

280 calculated from the beginning to the end of the discharge. In practice, the time interval for the 

281 integration was set from 0 µs to the end of the current injection, considered as the moment at 

282 which the current falls below 1 kA. Obviously, for a given current level, the longer the injection 

283 time, the higher the charge transferred. Table 2 shows that the charge transfer through the LSP 

284 sample is the highest, with nearly 3.5 C, whereas the REF sample presents the lowest one, with 

285 1.25 C. LS1 and LS2 samples exhibit intermediate charge transfers with 1.44 C and 1.58 C 

286 respectively. These values can give some idea of the capability of each sample to dissipate the 

287 lightning electrical charge. In this case, LSP is the best performing, followed by LS2 and then 

288 LS1.

289 The charge transfer values are instructive but they cannot be related precisely to the total 

290 energy dissipated in the samples, because we do not know exactly their electrical resistance, 

291 which can vary with time as damages occur. Even though the capacitors are charged at similar 

292 voltage level at the beginning of every experiment (~ 67 kV), it is not possible to know exactly 

293 which proportion of this voltage is taken by the sample, and it is not possible to measure the 

294 voltage neither because of the harsh high voltage/high current environment prevailing near the 

295 sample during the pulse.

296 The damage caused to the samples was investigated by ultrasonic inspection. For a better 

297 understanding, fig. 6 shows the C-scans of the particular samples shown in fig. 2, in a color 

298 scale. Data were obtained employing the double through-transmission under water technique. 

299 The scale is from blue (0 dB) to white (31 dB), which are respectively related to the non-affected 

300 and severely affected areas. After processing and binary image treatment, the critically affected 

301 areas of the samples were obtained and included in table 2. Great differences in the size and 

302 shape of the white regions can be noticed among the specimens. REF samples present large 
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303 and concentrated damage areas of nearly 6600 mm2 on average, whereas LS1 and LS2 show 

304 quite smaller critical areas, 2639 mm2 and 2434 mm2 respectively, with the presence of 

305 scattered small green zones. The green zones surrounding the critically delaminated ones might 

306 be related with the sublimation of the coating and surface damages caused by the temperature 

307 rise. On the other hand, LSP samples do not present a critically affected region (i.e. no white 

308 area), so the damage is minimal, affecting only to the resin carrier of the protection.

309 Going back to table 2, we can observe an inverse relationship between the charge transfer and 

310 the critically damaged area of the struck samples. REF samples exhibit the lowest charge 

311 transfer and the highest damage area, while LSP shows the largest charge transfer and no 

312 critical damage. Furthermore, electrolessly coated samples show intermediate values of both 

313 with slight differences between them. Samples coated for 15 min have a lower charge transfer 

314 than the 30 min samples, and vice versa when it comes to damage area. Thus, under the same 

315 level of peak lightning current, the lower the charge transfer, the higher the damage area (fig. 7).

316 As mentioned during the coating thickness evaluation, the copper layer areal weight, and thus 

317 the amount of metal in it, is 3 to 6 % of that of the commercial protection. This huge difference in 

318 protective mass is likely to be the main cause for the damages observed in LS1 and LS2 

319 samples. The thickness of the copper layer seems insufficient for such high demanding 

320 discharge. One can make a crude linear approximation attending to the difference in damaged 

321 areas between LS1 and LS2 samples. In this case, an electroless copper layer of 7.07 µm 

322 would be required in order to show nearly zero damage on the panels. This coating would 

323 theoretically present an areal density of 63 g/m2 which is still 64 % less weight than the 

324 commercial protection.

325 4.4 C-component emulation test results

326 C-component emulation tests were carried out on coated samples to assess the physical 

327 response to high current injections. As mentioned in the introduction, one of the most important 

328 effects of the electric discharge is the thermal response of the materials when it conducts a low 

329 or medium intensity sustained current. Tests were performed by attaching the coated samples 
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330 to a testing rig equipped with two copper bars acting as the electrodes for the current injection. 

331 The power supply was controlled by an electronic driver connected to a PC, and the voltage 

332 difference between two locations at the surface of the sample, 50 mm apart along the current 

333 flow direction, was measured with a data acquisition card. A steady current of 30 A was injected 

334 through the terminals for 1 s and a FLIR camera was employed for recording the temperature 

335 rise.

336 The testing setup is shown in fig. 8 A. Before the test, the samples were covered with masking 

337 tape to improve the accuracy of the surface temperature measurement, because the reflecting 

338 nature of the copper coatings to the IR light prevented good measurements. One can also see 

339 the two voltage probe terminals that are attached to the sample in its central part. In fig. 8 B, we 

340 can clearly realize how the material sublimates right after the current injection, with the release 

341 of smoke and ejection of flames. Burning of the composite occurs principally near the contacts, 

342 or at least the smoke release in these areas is more intense. However, the masking tape might 

343 have acted as a barrier for the smoke to come out from the surface, but no burning signs were 

344 visible more than 30 mm away from the electrodes. Due to the nature of the test and the 

345 isolating surface characteristics of REF and LSP samples, the injection of current and the 

346 voltage measurements on their surfaces was not possible.

347 The IR camera was employed to record the thermal response of the coated samples during and 

348 after the 30 A current injection. Rapid temperature rise was observed just tenths of second after 

349 beginning the injection, as observed in fig. 8 C. The picture shows the immediate formation of 

350 extremely hot straight lines with two preferential directions. These orientations correspond with 

351 the +45º and -45º of the first and second carbon layers respectively, which mean that an 

352 important fraction of the current travelled through the first two layers of the laminate, which is 

353 obviously not desired. The +45º orientation (first layer) presents higher temperature paths as 

354 compared to -45º one. The IR snapshot also shows the appearance of isolated small hot spots, 

355 some of them in line with the hot straight traces. When observing in detail, these spots show up 

356 surrounded by cross-like hot areas, which could be an indicator that these are electrical 

357 punctual bonds between carbon fiber layers. 
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358 As observed after the tests, the coating under the terminals suffered great damage, including 

359 sublimation of material. The thin coatings were not capable to withstand the electrical solicitation 

360 they were subjected to, and thus they were rapidly destroyed by electric current crowding effect. 

361 The high resistance between the test rig contacts and the coating underneath might have 

362 created initial “heat seeds” by Joule effect. When the hot sites reached a sufficiently high 

363 temperature, the coating locally evaporated and then the current was deviated through the 

364 carbon fibers, which was the only remaining conducting path available. Furthermore, the coating 

365 removal and the surface resin degradation led to the uncovering of some of the carbon fibers, 

366 creating new electrical connections between the electrodes and the substrate. This means that, 

367 although the injection is performed superficially, some electrical bonds are created between the 

368 coating and the carbon fibers, and also between fibers of adjacent plies, after the 

369 disappearance of intermediate material. The leakage of current towards the fibers probably 

370 resulted in a rapid increase of the sample temperature to more than 150 ºC (the maximum 

371 observable by the IR sensor), due to their high electrical resistance as compared to copper. 

372 Moreover, the sublimation and removal of material under the electrodes led to higher 

373 temperature rise of these areas.

374 Fig. 9 (left) shows the electrical response (current and voltage between the electrodes of the rig) 

375 of a LS1 sample, showing a sharp increase and subsequent stabilization of the current at 30 A. 

376 We can notice a short peak of 80 ms at the beginning of the current curve, reaching 36 A, which 

377 can be attributed to the delay in the compensation of the controller during fast physical evolution 

378 of the material. The red curve shows the voltage measured on LS1, which has an initial irregular 

379 behavior and only reaches a stable plateau 600 ms after the beginning of the injection. Within 

380 the first milliseconds of the current injection, the voltage measurement at the coating shows a 

381 peak with a strong drop. A similar behavior was also observed on LS2 samples.

382 Additionally, fig. 9 (right) shows voltage measurements during the initial stage of the tests. The 

383 current measured by the voltage taps on the coatings is plotted in solid color. Ohm’s law was 

384 employed to transform the voltage measurements in amperes of current. Since the coating 

385 resistance (R) measured between the tabs was the same before and after experiments, we 
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386 could assume that R remained constant all along the pulse. In the same graph, the total 

387 currents injected by the power supply are plotted in dotted lines for comparison.

388 What is rapidly realized is the irregular injection in the first 30 ms for both samples: the dotted 

389 lines present strong variations over this time lapse. The physical phenomena occurring inside 

390 the samples seem to be affecting strongly the way that the controller modulates the current, 

391 especially at the early stage of the injection. Initially, the current in the coating increases in both 

392 samples, in parallel with the injected current curves, until reaching the maximum values of 3.27 

393 A and 6.46 A in LS1 and LS2 samples, respectively. The higher peak value of LS2 compared to 

394 LS1 is likely related to a lower tolerance to current flow of the 15 min coatings. The fact that the 

395 highest current through the coating is observed at this stage can be interpreted as the first 

396 degradation event of the coatings underneath the electrodes. In addition, the next local 

397 maximums are shown simultaneously in the injected currents and the coating current curves. It 

398 means that the current is travelling across the coating purely in the first microseconds, and the 

399 current interruptions by the hot spots underneath the electrodes are producing the subsequent 

400 current waving. Once maximum currents are reached, the injected currents bounce up and 

401 down, while currents in the coatings behave similarly but showing a decreasing amplitude over 

402 time. This strong and quick variation could be in accordance with a creation-burning effect of 

403 new contact points between the electrodes and the sample. Anyhow, the increasing difference 

404 between the injected currents and the coating currents is a strong sign that most of the current 

405 leaked to the substrate, and maybe to other zones of the coating.

406 The damaged coating near and underneath the electrodes might have prevented the current 

407 from flowing into the rest of the coating, eventually giving the opportunity to the fibers nearby to 

408 begin conducting current, increasing even more the current leakage (fig. 10 A-C). Also, the 

409 appearance of multiple electric paths in the coating due to dynamical changes of its morphology 

410 could have strongly affected the measurements. The currents could have been deviated off the 

411 measuring area, throwing unreal current values (fig. 10 D-E).  The final horizontal, near-zero 

412 values of the curves in fig. 9 (right) confirm that only a residual part of the total current injected 

413 really flows between voltage taps after 30 ms.
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414 The surface temperature record 20 s after the injection is plotted in fig. 8 D. It reveals interesting 

415 information about the samples regarding heat diffusion. Once the maximum temperature is 

416 reached right after the test, the heat start to diffuse from the current flow paths to the 

417 surrounding material. The curves show differences between LS1 and LS2 samples. The latter 

418 experienced a faster drop of the maximum temperature observed at any point on the surface. 

419 Fig. 11 shows IR snapshots of LS1 and LS2 samples exactly 20 s after the 30 A current 

420 injections. The maximum observed temperature for 15 min coated sample is 76.7 ºC while for 

421 30 min coated sample is 53.0 ºC. Also, it can be seen that the temperature distribution in LS2 is 

422 slightly more homogeneous than in LS1. So despite the fact that the coatings did not show a 

423 strong positive effect in the electrical performance of the samples under these conditions of 

424 current, some differences were observed in the thermal behavior after the test. Considering that 

425 the samples reached similar peaks of temperature during injection, there is a clear difference of 

426 more than 20 ºC in the maximum temperature after 20 s. The heat dissipation seems more 

427 effective in the 30 min coated samples than that in the 15 min ones.

428 4.5 Future considerations for the electroless coatings as LSP

429 The implementation of a new coating technology as LSP of CFRP involves some important 

430 considerations. One of the most relevant is that metals experience galvanic corrosion when in 

431 contact with carbon materials in an electrolyte [26]. In particular, the effect of the galvanic 

432 corrosion of copper and aluminum meshes in contact with carbon fibers was studied by Zhang 

433 et al. [27]. The experiments revealed that the copper mesh begins to corrode very quickly after 

434 being put in contact with the fibers under a salt electrolyte. Furthermore, the degradation 

435 process not only affects the metal. The composite may also suffer damage by the formation of 

436 hydrogen blisters on its surface [28].

437 As a functional layer, LSP in aircraft is covered by the exterior paint. The layer of paint has an 

438 esthetic purpose, but it also protects the layers underneath from environment (humidity, ice, sun 

439 radiation, impacts, etc.). Paints block the presence of electrolyte and prevent galvanic corrosion 

440 of the metallic layer. Nevertheless, the protective paint may eventually suffer local detachment 
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441 or removal. In addition, although carbon fibers are embedded in resin, which blocks galvanic 

442 currents, it happens that some of them are exposed and enter in contact with the metal layer.

443 In this scenario, an interesting approach to prevent galvanic corrosion would be to block totally 

444 the contact between the carbon fibers and the coating. Attaching thin layers of resin or applying 

445 compatible isolating gel-coats on the CFRP surface may be a feasible solution to solve this 

446 issue.

447 5. CONCLUSIONS

448 In this work, electrolessly copper-coated epoxy-CFRP samples were subjected to lightning 

449 strike emulation tests to evaluate their response to these high demanding situations. The 

450 samples were coated for 15 min (LS1) and 30 min (LS2) employing a relatively conventional 

451 electroless copper plating procedure in five stages. In our testing approach, we divided the 

452 standard lightning waveform described in SAE ARP5412B directive in its main stages, and we 

453 employed different testing setups to emulate them separately. Coated samples were subjected 

454 to 40 kA strikes and the results were compared with the CFRP naked reference (REF) and with 

455 samples protected by commercial solutions (LSP). Furthermore, the coated samples were also 

456 tested under 30 A C-component continuous current conditions.

457 Based on C-scan NDT inspections, the coated samples subjected to high current strikes 

458 presented fiber delamination, but significantly lower than REF. In addition, LS2 samples 

459 presented a lower critical damage area than LS1. However, a larger area of the coating was 

460 destroyed in the 30 min coated samples, which could be related to a better sacrificial 

461 performance of the metallic layer, absorbing a higher fraction of the energy transferred. LSP 

462 samples showed the smallest amount of damages among all. We concluded that the charge 

463 transfer is higher and the discharge is longer in the best performing coatings, showing lower 

464 damage areas. Also, the electroless coatings seemed to be insufficiently thick to withstand the 

465 electric strikes without any damage, as the LSP samples did.

466 During the C-component testing, we realized that the currents traveled not only through the 

467 metal coatings, but also through the first two layers of laminates, producing heating of the fibers 
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468 and sublimation of the copper coatings. However, LS2 samples showed better tolerance to 

469 sustained currents than LS1. Also, with IR imaging, we could observe more effective heat 

470 dissipation in 30 min coated samples than in 15 min samples. The electric data was also 

471 analyzed and it is believed that the fluctuations in the electric paths due to material damage 

472 during heating processes could have brought current leakage to the carbon fibers and current 

473 crowding in some specific areas of the coatings. In the future, investigations by numerical 

474 simulations could be a good mean to better understand the complex current flow paths 

475 observed in these experiments.

476 The use of electroless coatings as LSP of CFRP aircraft elements has proved to be an 

477 interesting approach to develop: the promising performance as LSP, its automation and 

478 industrialization potential, and the low cost of materials and application are key factors on which 

479 one should focus. However, some important issues such as galvanic corrosion must be carefully 

480 addressed before a full industrial development. 

481 This research did not receive any specific grant from funding agencies in the public, 

482 commercial, or not-for-profit sectors.
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573 TABLES

574 Table 1 Lightning strike emulation samples list.

Sample
Electroless 

time (min)
Description

REF - Uncoated reference

LSP -
Resin embedded expanded 

copper foil

LS1 15 Electroless copper coated

LS2 30 Electroless copper coated

575 Table 2 Most relevant results of the tests.

REF LSP LS1 LS2

Thickness of the metal 
layer (µm) - 43 ± 0.2 0.602 ± 0.096 1.148 ± 0.166

Areal weight of the 
protection (g/m2) - 175 5.39* 10.28*

Four-point probe sheet 
resistance (mΩ/□) ∞ ∞ 694 ± 169 295 ± 75

A-component pulse 
duration (µs) 97.58 ± 1.84 260.34 ± 2.71 115.12 ± 2.14 125.10 ± 2.55

A-component charge 
transfer (C) 1.257 3.45 1.438 1.578

A-component critical 
damage area (mm2) 6592 ± 1335 0 2639 ± 51 2434 ± 123

Max. temp. 20 s after C-
component pulse (ºC) - - 76.1 53

Max. current withstand by 
coating (A) - - 3.27 6.46

576 * Theoretical data

577

578
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579 Figure 1 Current waveform employed in standardized lightning tests [12].

580 Figure 2 Tested samples. (A) Naked reference. (B) ECF protected sample. (C) 15 min electroless coated. 
581 (D) 30 min electroless coated.

582 Figure 3 SEM micrographs of the cross section of LS1 (A) and LS2 (B). CFRP substrate is shown below 
583 the copper layer.

584 Figure 4 Pictures of samples struck by A-component. (A) Uncoated reference (REF); (B) Lightning strike 
585 protected (LSP); (C) Samples coated for 15 min (LS1); (D) Samples coated for 30 min (LS2).

586 Figure 5 Current waveform of the A-component tests.

587 Figure 6 Double through-transmission under water C-scans. (A) Uncoated reference (REF); (B) Lightning 
588 strike protected (LSP); (C) Coated for 15 min (LS1); (D) Coated for 30 min (LS2).

589 Figure 7 Graph showing the relationship between charge transfer and damage area. The higher the 
590 charge transfer, the lower the damage area.

591 Figure 8 C-component testing. (A) Test setup showing the current injection rig and the voltage probes on 
592 the center of the sample. The coated samples are masked to avoid IR light reflections of the surroundings; 
593 (B) Photography of the event showing flames and ejection of gas; (C) IR snapshot during the current 
594 injection in LS2 sample; (D) Graphs showing the evolution of the maximum surface temperature in the 
595 samples after the current injection.

596 Figure 9 C-component electrical measurements. Left: Overall injection data in LS1; Right: Initial stage of 
597 current injection.

598 Figure 10 (A-C) Schematic illustration of the proposed mechanism of the current leakage in carbon fibers. 
599 The defects in the coating (A) produce hot spots by Joule effect (B), and the interruption of the coating 
600 leads to the current leakage to fibers (C). (D-E) Variation of the electrical current flow during C- component 
601 test. Initially, the electrical current flows homogeneously along the coating (D); the current accumulation in 
602 defects and thinner regions of the coating burns locally the copper, and thus current lines are deviated to 
603 remaining conducing paths and are eventually completely blocked, affecting the measurement (E).

604 Figure 11 IR spectra of LS1 (left) and LS2 (right) samples 20 seconds after the 30 A injection.

605
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612 Highlights

613  Copper electroless as a sacrificial protection in lightning strike of composites

614  Chemical deposition is cheaper than metallic meshes and allow protection tuning

615  Charge transfer is related with the damages in lightning emulation of composites

616  Defects in protection cause leakages of current to conductive carbon fibers

617  Currents reaching the substrate responsible for the rapid increase in temperature

618
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