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Lightning strike protection of composite structures is an increasingly studied subject in the aerospace industry
due to the need for finding novel protection solutions for low conductive composites. This work presents two
silver-based lightning protective conductive coatings for potential replacement of expanded copper foil (ECF) as
lightning strike protection (LSP). The first solution consists of an electroless method to produce silver-coated
carbon fibres (SCCF). The SCCF are integrated as a sacrificial ply on a carbon fibre reinforced polymer (CFRP)
panel with four different areal densities, using an epoxy-based primer or a PEDOT:PSS conductive ink as binder.
The second solution is a silver-based commercial product consisting of a two-part epoxy with silver flakes, which
acts as a sprayable thin coating beneath the paint layer.

The protected CFRP panels were covered with aerospace-grade paint for realistic finishing and were subjected
to high impulse current strikes. All four conductive coatings containing SCCF exhibited around 45%-50%
retention of flexural strength, although largely inferior to painted expanded copper foil’s resistance to emulated
lightning strikes. The silver-based commercial product showed 83% retention of flexural strength and 97%
retention of effective bending modulus, with a comparable performance to the painted expanded copper foil. The
resulting retention of flexural strength, the absence of severe damage to the structure, its versatility for complex
geometries and the easy manufacturability of the silver-based commercial coating makes this approach a good
candidate for the replacement of ECF as a solution for LSP.

1. Introduction companies to devise strategies and implement reduction plans such as

converting their fleet to lighter and more efficient aircraft and using

As global warming becomes an increasingly predominant issue in the
modern world, many countries are introducing strict legislation to curb
the growth of greenhouse gas emissions of many industries, including
the aviation industry, which represented 2.4% of global greenhouse gas
emissions in 2018 [1,2]. These countries have set their goal to reach
carbon-neutral growth by 2035 and a net reduction of their emissions
over the long term (2050) [3,4], following the Carbon Offsetting and
Reduction Scheme for International Aviation (CORSIA) [5]. A major
obstacle to the reduction of commercial aircraft emissions is the rising
demand for passenger and freight post-pandemic transportation, and the
carbon-neutral growth has not yet been reached [2]. The strict emission
reduction requirements imposed to the industry force the aerospace

* Corresponding author.

bio-sourced jet fuels [5]. Life cycle assessment demonstrated that the
introduction of composite aircraft provides significant environmental
benefits [6] and net negative emissions, even when taking into account
the increased emissions from the manufacturing and decommissioning
phases [7].

Composite structures however come with some limitations: they
generally exhibit a much lower electrical conductivity than aluminum
alloys, and unprotected elements are prone to sustaining significant
damage when exposed to lightning strikes [8]. The ability to withstand
lightning strikes without catastrophic failure is of capital importance for
the airworthiness of a commercial aircraft, hence the resistance to
lightning is an important design factor imposed by the Federal Aviation
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Administration (FAA) [9], with recommended practices by the Society
of Automotive Engineers (SAE) [10]. A solution that is widely used in
the industry is the integration of a layer of expanded copper foil (ECF) on
the outer surfaces of structures and assemblies prone to lightning strikes
by co-curing them with the addition of resin on the composites [11]. ECF
protective layers offer a good protection against damage from direct
lightning strike, but add a significant weight penalty to composite
structures due to their manufacturing process [11]. In addition, repairs
of the outer layer after lightning events are complicated due to the need
to correctly re-establish the conductive network in the copper foil [12].
Thus, despite the very good protection they offer, there is a need to
search for new protective coatings to overcome the downsides of ECF.
Conductive resin systems [13-15], nanofillers and buckypapers [16,17],
conductive carbon fibre veils [18], metallic coatings [19,20], conduc-
tive fabric crimping [21,22], nickel-coated CF veils [23], conductive
paints [24] and silver-coated carbon nanofibres [25,26] are just a few of
the numerous solutions that are actively studied as alternatives to ECF.
Silver being the only metal electrically and thermally more conductive
than copper with respectively 6.2 x 107 S m™* and 420 W m™! K, it is
considered as a very good candidate material for developing a LSP so-
lution [27].

Cauchy et al. studied hybrid core-shell high aspect ratio carbon-
—silver nanofibres with a continuous silver coating, which effectively
diverted the current strike with a conductivity of 2.5 x 10% S/m for a
loading rate of 6.3% (vol.) [25]. Farahani et al. also studied the synthesis
of silver nanoparticles, spread into a conductive ink and treated with an
annealing process that resulted in a 4.2 x 107> Q cm™2 [28] specific
sheet resistivity. Diamanti et al. studied the synthesis of carbon nano-
tube (CNT) buckypapers (BP) for lightning strike protection by prepar-
ing hybrid buckypapers with silver nanoparticles and graphene
nanosheets. The conductivity of the hybrid buckypaper reached 6.7 x
10* S/m for the biggest areal mass [29]. However, the application of
such nanoscale solutions at an industrial scale would present significant
risks for workers, and would require the development of conscientious
methods of manufacturing as well as proper protection equipment and
installations [30,31].

Previous work using silver-coated carbon nanofibres as a lightning
strike protection system [25] showed good results, but has been only
demonstrated on small panels so far and lacked the scalability required
to cover large aerospace structures. In this paper, we present two
silver-based conductive coatings for effective lightning strike protection
without the health hazards of nanoscale solutions. The performance of
these solutions are compared to that of ECF protected panels, which we
consider as our baseline reference.

The first silver-based conductive coating consists of wet metallized
milled carbon fibres integrated with PEDOT:PSS ink that acts as a
sacrificial conductive coating on top of the carbon fibre reinforced
polymer (CFRP) panels. PEDOT:PSS ink is used in thin conductive
coatings, notably in the form of aqueous dispersion, solid film or
hydrogel. It is a promising conductive polymer which could be used to
create the basis of our network and potentially aid the conductive
network of silver-coated carbon fibres (SCCF). The second conductive
coating is a two-part epoxy coating with homogeneously dispersed silver
flakes, known under the commercial name of Ultraconductive 4010/
4011.

The emulated lightning strike experiments were performed on car-
bon fibre panels covered with the silver conductive coatings of different
areal densities and coated with aerospace-grade paint. For reference
panels, emulated lightning strikes were also conducted on painted CFRP
panels and painted CFRP panels embedded with ECF. The efficiencies of
the silver-based conductive coatings were assessed by measuring the
retention of mechanical properties after an emulated lightning strike.
The ultimate goal of this work is to obtain an efficient silver-based
conductive coating for LSP that performs equally well or better than
ECF, while being lighter.
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2. Material and methods
2.1. Materials

2.1.1. Reference panels

Numerous quasi-isotropic composite panels were manufactured by
autoclave consolidation of 8 plies of HTS40 3 k plain weave fabric from
Teijin pre-impregnated with the 5276-1 epoxy from Solvay and
assembled with a [0°/45°]ys sequence. The composite panels had a
thickness of 1.69 mm and were cut into 30.5 cm x 30.5 cm (1 ft x 1 ft
square samples) for emulated lightning strike experiments. The panels
were coated with aerospace-grade paint with a thickness of 220 pm to
serve as the unprotected reference (P-CFRP). Subsequently, ECF-
protected benchmark panels were fabricated with an embedded
expanded copper foil of 141 g m~2 and the addition of the surfacing film
and resin with an areal density of around 191 g m™2, amounting to a
total integrated areal density of 322 g m™~2, hence the weight penalty
aforementioned. The remaining CFRP panels were used for the inte-
gration of our conductive coatings, which their preparation is described
in the experimental section.

2.1.2. Integration of the SCCF as a protective coating on CFRP panels

Prior to their deposition on the CFRP panels, the SCCF were filtered
from their DI water solution with the filtering apparatus and then
completely dried for 2 h at 90 °C in a vacuum oven to remove residual
water. The SCCF plating process is described in the appendix.

2.1.2.1. Integration with primer. To improve the adhesion of the SCCF, a
thin mist of MIL-PRF-23377 K, type I, class N epoxy primer from
Hentzen was deposited on the panels with a 3 M Accuspray spray gun
using a nozzle diameter of 1.4 mm. The dried SCCF were then evenly
distributed on top of the panel with a 30 cm #100 sieve (opening size of
150 pm). A final coating of primer has been applied to seal the surface
and prevent displacement of the SCCF. The panels were cured in an oven
according to the specifications of the epoxy primer before being
weighted and further tested.

2.1.2.2. Integration with conductive ink. The second method consisted of
coating the surface-prepared panels with Ossila F HC Solar PEDOT:PSS
(1.5% wt in aqueous solution), denominated as conductive ink. A thin
coating was airbrushed with an ABEST gravity feed dual-action airbrush
paint spray between each SCCF layers. After applying the PEDOT:PSS
coating, the same sieving and sealing process as described above was
used the integration with the primer. However, three surface densities of
protective coatings were tested (not including the areal density of paint):
70 gm~2 150 g m~2 and 190 g m~2 with the [PEDOT:PSS/SCCF]; — 1,93
stacking sequence, where i is the number of layers in the stack. The
repetition of layers thus adds more areal weight of the conductive
coating on the panel. These conductive coatings and their stacking
sequence are presented in Fig. 1, where each layer of each configuration
is illustrated.

2.1.3. Integration of ultraconductive

The Ultraconductive 4010/4011 two-part epoxy commercial solu-
tion is a single layer sprayable coating that is certified for Zone 1A and
Zone 2A, which represent the first return stroke zone and swept stroke
zone defined in SAE’s Aerospace Recommended Practices 5414 [10].
The product commercialized by LORD was produced and bought from
Socomore to be integrated in our test plan as an alternative silver-based
conductive coating but possesses a different conductive network due to
the silver flakes that are integrated in the resin. The two products were
shaken with a paint shaker for 10 min to disperse the silver flakes ho-
mogeneously within the mixture. This sprayable coating must to be
applied on the tool mold of a composite piece or assembly before
stacking pre-impregnated carbon cloths to form the protected composite
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Configuration P-CFRP P-ECF
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Fig. 1. Schematics of integrated layers with the areal densities of conductive coatings tested.

structure. The product was applied with a gravity gun, according to the
manufacturer’s recommendations, in order to form a uniform and wet
appearing coating of 150 pm on the tool mold of the planar panels. The
coating was then pre-baked 100 °C for 30 min in order to remove the
solvent present in the product and to strengthen the coating. Then the
pre-impregnated unidirectional carbon fibre fabrics were layed-up on
top of the Ultraconductive layer and cured by autoclave moulding to
form the protected CFRP panels. The panels were subsequently painted
on the Ultraconductive side up, according to Bell Textron Canada Ltd’s
standard painting practices, and are referred to as Ultra Painted in this
manuscript.

2.2. Electrical resistivity measurements

Measurements of the electrical resistivity of the coatings were made
per ASTM F1711-96 [32] with an in-house four-point probe apparatus
consisting of four spring-loaded pins distanced 5 mm apart, welded on a
printed circuit board (PCB). A Keithley 6620 DC current source and a
Keithley 2182A nanovoltmeter were used for current injection and
voltage measurements respectively. These measurements were done on
the solutions integrated on the panels before painting, since after the
painting, it was not possible to establish anymore an electrical contact
between the spring-loaded pins and the conductive coating to properly
measure the sheet resistivity.

2.3. Emulated lightning strikes

Emulated lightning strikes with a peak current of ~ 40 kA were
produced by the discharge of a bank of capacitors into a modified
resistor-inductor (RL) circuit, as presented in Figure A1l in the appendix.
Details about the development of this lightning strike emulator are given
in the PhD thesis of R. Ponnada [33]. The emulator consists in a bank of
capacitors that can be charged at a voltage up to 60 kV, a series resistor
of 1 Q, two graphite spheres that act as a spark gap and a free-wheeling
diode. The current is injected in the samples with a 12.7 mm copper
electrode with a tapered conical tip. The role of the diodes in parallel to
the sample is to remove the oscillating behaviour of the underdamped
RLC circuit to produce a current waveform similar to waveform A
defined in the SAE ARP5412 standard [34]. The current is injected at the
centre of the 30.5 cm x 30.5 cm panels. The sample is connected back to
the capacitors by an aluminum frame pressed on the perimeter of the
sample. The surface of the sample in contact with the aluminum frame is
sanded to remove any paint or surface resin, which is essential to ensure
good electrical contact with the aluminum frame. The current passing
through the sample and the electrical voltage in the capacitors were
recorded during the emulated lightning strikes with a Lecroy Wavesurfer
422 oscilloscope. The current was measured with a Rogowski Current
Waveform Transducer CWT 600B from Power Electronic Measurements

Ltd.
2.4. Mechanical testing

The flexural strength and modulus were evaluated by four-point
bending test, according to the ASTM D6272 [35] standard. Degraded
specimens were cut from the centre of the panels struck by lightning,
with the specimen centred on the damaged section. The damaged cou-
pons were solicited in bending, with the damaged side solicited in ten-
sion. In addition to specimens at the centre of the degraded panels,
additional reference specimens were cut along the sides of the panels, far
from the impacted zone. Each configuration had five damaged and un-
damaged coupons tested, except for the TRPE-SCCF conductive coating,
which had only three damaged coupons, due to the high cost of the
process and the challenge of integrating the coating at high areal density
(190 g m~3).

These damaged coupons were thus compared to the baseline coupons
that were cut outside of the damaged impact area, in order to limit the
variations of properties among panels with very similar conductive
coatings. The maximum flexural strength and the effective bending
modulus were measured using the Instron 1362 frame with MTS ReNew
controller (load cell capacity of 5 kN, MTS TW-Elite software). The
deflection of each coupon was recorded using a displacement gauge
(model: MTS 632-06H-30).

Fig. 2a) shows the four-point bending test apparatus used to solic-
itate the damaged side in tension (damaged side up). Fig. 2b) shows a
typical loading curve on the specimens during the four-point bending
test. The load at the first maximum deflection (P) and the displacement
at the first maximum deflection (D) are used to calculate the maximum
flexural strength and the effective bending stiffness. The results have
been normalized for each sample tested. Fig. 2c) shows a photography of
the apparatus with the installed deflectometer used to capture the
displacement of the tested coupons during the four-point bending test.

2.5. Non destructive testing

Through-thickness and pulse-echo C-scans were carried-out with a
TecScan’s NDT Ultrasonic 12-axis gantry system. The panels were
clamped vertically in the multi-axis gantry system. The gantry system
uses a water jet coupling through-thickness transmission 5 MHz probe
that scans the striked panels on the damaged side to assess the magni-
tude of subsurface damage and provide a quantitative value of the
attenuation of the signal (due to defect detection) in decibels. The travel
speed of the probe is 330 mm/s, the increment is 3 mm, which gives 110
passes to cover 100% of the panel’s surface. The pattern is S-shaped,
starting from the lower right corner to the upper left corner.
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Fig. 2. Four-point-bending test schematics: a) Schematics of the loading span and support span with the damaged specimen side up, b) standard deflection-load

curve, c) photography of the testing apparatus with the deflectometer.
3. Results
3.1. Optical and electron microscopy

Fig. 3 shows the SCCF at different magnification levels to assess
quality of the electroless plating on the mCFs using the Tollen’s reaction
described in the experimental section. Fig. 3a) shows a view of an
ensemble of SCCF, Fig. 3b) and c) demonstrate the continuity of the
coating around the cross section and on the length of the carbon fibres.
Fig. 3d) shows the measured thickness of the coating produced on the
SCCF with scanning electron microscope (SEM). The silver coating
thickness on each fibre, following the silvering process described above,

0.5 mm

was found to be about 0.35 pm.

To take advantage of the high electrical conductivity of silver, a
continuously connected network of mCF is desirable. Silver seeds for-
mation on the milled carbon fibres are undesirable. We rather seek an
uniform coating that can help achieve the continuous network and to
reduce contact resistance between individual mCFs to a minimum [25].
Fig. 3a)-3d) confirm the presence of continuous coatings on each mCFs.
Fig. 3e) and f) respectively show the dispersion of the SCCF in the
PR-SCCF sample and the sedimentation of the SCCF in the cured paint.
Their dispersion through the paint could potentially reduce dielectric
breakdown energy required, leading to lesser damage.

Fig. 3. Silver coated carbon fibres (SCCF) produced with the Tollen’s reaction under Scanning Electron Microscopy (a—d). a) Silver coated milled carbon fibres, b)
Side view of plated SCCF, c) Circular cross-section of SCCF, d) Coating thickness measurement of SCCF, €) Cross section view of integrated conductive coating PR-
SCCF with paint (optical microscope), f) Sanded surface view of the perimeter of the panel (optical microscope).
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3.2. Post-lightning strike results

Following the lightning strike tests, various measurements were
performed to assess the damage induced by the strike. Both mechanical
tests and non-destructive testing (NDT) methods were used. High im-
pulse current strikes reflecting real lightning conditions induce many
physical constraints that interact with each other in complex ways on
the tested materials. Fig. 4 shows the current waveforms recorded on the
various LSP-protected samples studied, as well as the respective
decaying trend of the current for each sample. Generally, similar peak
currents were reached for all samples. The slight variations are due to
variation of initial charge of the capacitor bank of the lightning strike
emulator (60 kV + 5%). As a rule of thumb, the decaying time of each
waveform is closely related to the sheet resistivity of the conductive
coating. P-ECF and Ultra Painted samples were the most conductive ones
and their currents decayed with the slowest rate: the time to half of the
peak current amplitude was larger than that of the samples with less
conductive coatings.

Table 1 shows the current strike parameters recorded, such as the
peak current, the charge transfer and the action integral, defined as the
integral of the square of the current with respect to time. The action
integral is used to gauge the severity of the damage caused by the
lightning current to the specimens’ surfaces and is a representative value
to quantify the amount of energy converting into heat in the specimens
[36]. PR-SCCF, PE-SCCF, DPE-SCCF and TRPE-SCCF show a higher
charge transfer as their sheet resistivity decreases. The same trend can
be observed for their action integral. Ultra Painted shows the highest
charge transfer and action integral among all silver-based conductive
coatings. P-ECF, which is the most conductive solution obtained so far in
term of sheet resistivity, shows the highest action integral among all and
P-CFRP results in the lowest action integral and charge transfer among
all panels tested. Note that all charge transfer and action integral values
obtained in these tests are lower than what is required by the ARP5412
standard to certify a LSP solution (considering the scale-down current of
40 kA). This is partly explained by the higher surface resistance of the
LSP solutions than that of traditional plain aluminum panels, as well as
by some limitations of the in-house lightning strike emulator, which is
slightly more sensitive to the samples’ resistance than a full-scale cur-
rent generator in a certification laboratory.

Fig. 5 shows in (i) a top view of the tested panels, in (ii) a cross
section view of the point of impact, and in (iii) a C-scan view of the
tested panels. In Fig. 5 row (i), PR-SCCF, PE-SCCF, DPE-SCCF and TRPE-
SCCF all show significant area of fibre breakage. Ultra Painted shows no
fibre breakage, with only sublimation of the paint and the Ultra-
conductive coating. P-ECF shows virtually no visual damage. P-CFRP
shows a significant area of damage around the entry point of the current
strike, being the unprotected reference. Visual analysis of the top views

40
R a) PR-SCCF
35 b) PE-SCCF
=== ¢) DPE-SCCF
30 —-= d) TRPE-SCCF
~ s ¢) Ultra Painted
§ = -== f)P-ECF
; 20 — g) P-CFRP
8
215
o
10
S5
0
200 300 400

Time (us)

Fig. 4. Experimental current waveforms recorded for the different LS
conductive coatings tested.
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Table 1
Summary of electrical properties and lightning strike performances of all pro-
duced in this paper.

Sample Peak current ~ Charge Action Integral ~ Sheet resistivity
(kA) transfer (C) (A%s) /0

PR-SCCF 36.208 1.217 23.42 x 10° 0.029

PE-SCCF 36.211 1.301 22,17 x 10° 0.028

DPE-SCCF  35.948 1.376 24.98 x 10° 0.021

TRPE- 33.811 1.402 25.37 x 10° 0.020
SCCF

Ultra 33.435 1.741 27.91 x 10° 0.012
Painted

P-ECF 36.201 2.907 50.15 x 10° 0.007

P-CFRP 35.707 1.216 22.56 x 10° 0.250

also shows that all conductive coatings except P-ECF present paint
sublimation following the current strike.

In Fig. 5 (ii) a) through d), significant delamination in the first two
plies at the centre of current strike can be observed in all SCCF-based
conductive coatings. Ultra Painted and P-ECF show no delamination at
the point of impact, thus no distinct layers of the laminates have been
separated from each other. P-CFRP shows delamination in the first two
plies of the laminate, like the SCCF-based silver coatings. In Fig. 5 (iii),
the C-scan with ultrasonic inspection a) through d) show that there is
damage at the point of impact and irregularities in the conductive
coatings over the whole surface of the panels. For the conductive coat-
ings that have more than one SCCF layer, namely DPE-SCCF and TRPE-
SCCF, the irregularity of thickness of the SCCF layers seem to appear as
damage on the C-scan, but are in fact caused by the difficulty of inte-
gration of the subsequent SCCF and conductive ink layers. This seem-
ingly observed damage around the point of impact (outside of the point
of impact) is in fact attributed to the non uniformity of the coating
thickness. It is to note that a constant thickness of paint on these more
aerially dense conductive coatings was also difficult to achieve due to
their manual integration, which contributed to the non-uniformity of the
layers. Ultra Painted LSP shows slight damage at the point of entry of the
impulse current, while P-ECF shows no damage in the underlying plies
of the composite. P-CFRP shows substantial damage at the entry point.

3.3. Mechanical testing results

Fig. 6a) shows the retention of flexural strength of each conductive
coating. PR-SCCF shows 25% lower retention of flexural strength than
DPE-SCCF. Both conductive coatings possess the same areal density
(150 g m~2), which indicates the importance of using a conductive
binder (PEDOT:PSS) that can effectively create a conductive network,
leading to better shielding against lightning strike. The results of the
mechanical tests on DPE-SCCF and TRPE-SCCF show that no remarkable
improvement of retention of flexural strength was observed after two
layers of SCCF coating. Indeed, TRPE-SCCF exhibits 3% less flexural
strength retention than DPE-SCCF. Ultra Painted and P-ECF retained
respectively 83% and 92% of their initial flexural strength. P-CFRP
shows the most important loss of mechanical properties by retaining
only 27% of its original flexural strength. The importance of proper
protection stems in the need to avoid critical failure in the composite
structures.

These results in flexural strength retention are in agreement with the
cross sectional observation in Fig. 5 (ii), where all SCCF conductive
coatings showed delamination in the first two plies, as well as fibre
breakage, whereas Ultra Painted and P-ECF show no delamination or
fibre breakage, which confirms their higher exhibited retention of me-
chanical properties. Fig. 6b) shows the charge recorded during the tests
of every conductive coating. The least resistive coatings conduct more
electrical charge from the emulated lightning strike. The samples with
these coatings also retain better their flexural strength after impact.
Fig. 6¢) shows the effective bending modulus of each tested sample. The
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Fig. 5. Damage results on each tested conductive coating after lightning strike tests. (i) Photograph of the panel tested with red dotted line showing superficial fibre
breakage; (ii) Optical image of the cross section of the point of impact showing delaminated plies; (iii) C-scan view of damaged panel where yellow to blue indicates
progressive aggravation of damage and irregularity of coating for DPE-SCCF and TRPE-SCCF.

trend of effective bending modulus retention for each one is very similar
to that of the retention of flexural strength. The retention of effective
bending stiffness tends to be higher than retention of flexural strength
due to Young’s Modulus being less sensible to delamination [37].

Fig. 6d) shows the area of damage inflicted on the tested specimens.
The silver-based solutions show big areas of damage compared to Ultra
Painted and P-ECF. The area of damage of the conductive solutions is
closely related to the retention of mechanical properties, as more aeri-
ally damaged specimens show lower retention of flexural strength and
effective bending stiffness. Ultra Painted and P-ECF exhibit the least
amount of damage respectively (628 mm? and 328 mm?), which is
correlated to their low sheet resistivity. The lightning damage is mainly
due to the degradation and the evaporation of the resin of the CFRP
structure caused by rapid heat generation from 1) the Joule heating
created when the current goes through the matrix and 2) the heat

associated to the electric arc that injects the current through dielectric
materials such as resin and paint [33,38]. Severe damage can also be
attributed to a acoustic shockwave and overpressure inside the laminate,
leading to exploding damage [39].

4. Discussion

Our study aimed to compare a variety of silver-based conductive
coatings on equal ground in conditions reflecting reality. Thereby,
painted conductive coatings on CFRP panels were tested under emulated
but realistic lightning strikes to see how well they would sustain this
violent impact. The samples with SCCF conductive coatings (PR-SCCF,
PE-SCCF, DPE-SCF and TRPE-SCCF) suffered substantial damage during
lightning strike. Since the SCCF conductive coatings consisted of a thin
layer of adhesive (primer or PEDOT:PSS) and a non-continuous coating,
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Fig. 6. a) Ultimate flexural strength retention (¢,) (%), b) Charge transmitted to conductive coating during lightning strike, c) Effective bending stiffness retention

(Ep) (%), d) Effective damaged area after lightning strike (mm?).

the energy from the current strike may have rapidly vaporized the thin
silver coating on the carbon fibres. In turn, this may have disrupted the
thermal and electrical continuity of the coating, as the latent heat of
vaporization of silver is 2.26 kJ g1, while it is 5.07 kJ g~ for copper
[27]. Therefore, the performances of the SCCF conductive coatings were
inferior to that of the reference (and standard) P-ECF.

The Ultra Painted samples performed the best amongst the silver
solutions with a retention of flexural strength of 83%, only 9% less than
P-ECF. The loading of the silver flakes in the epoxy matrix lowered the
resistivity of the epoxy resin to achieve a similar sheet resistivity than
that of ECF integrated in resin. The observation of damage on the Ultra
Painted samples shown in Fig. 5e) (iii) with ultrasonic inspection shows
no visible sign of delamination or fibre breakage, and the area of damage
is significantly less than all SCCF solutions, as per Fig. 6d). Ultra Painted
thus provides a sufficiently conductive network to sustain thermal and
electrical dissipation and could potentially be a satisfactory solution for
a safe operation after a lightning strike.

5. Conclusion

The development of silver-based conductive coatings of composite
panels as a solution for lightning strike protection was investigated in
realistic conditions. The carbon fibre reinforced polymer (CFRP) panels
with these experimental conductive coatings were produced and painted
with aerospace-grade paint and tested under a modified A-waveform
conformal to the SAE ARP5412 standard. The measurement of residual
mechanical properties allowed for a quantitative assessment of the
impact of damage and the structural integrity of the panels. The
conductive coatings PE-SCCF, DPE-SCCF and TRPE-SCCF (Fig. 1) offered
a similar retention of flexural strength (45%, 50% and 47.5% respec-
tively), despite their gradual increase in areal density. A sheet resistivity

of one order of magnitude more than that of P-ECF was reached with the
silver-based conductive coatings, with at best a value of 0.02 Q/[]. The
silver-based conductive coatings tested protected the composite panels
better than the unprotected P-CFRP but still remained less performant
than P-ECF.

Ultra Painted was the best candidate found. It offers similar protec-
tion than P-ECF, with 83% of retention in flexural strength and 97% of
retention of effective bending stiffness. The manufacturing process of
both silver-based conductive coatings (SCCF and Ultra Painted) allows
for an adjustable areal density and has the potential to be implemented
on geometries other than planar ones, and of larger areas.

The availability of an in-house lightning strike emulator setup pro-
vided us with a strong base of instrumentation and gave us good insights
about the damage mechanisms of hybrid carbon-metal solutions.
Further work on C-component behaviour (conformal to SAE ARP5412B)
and electromagnetic shielding (EMI) should be conducted for the qual-
ification of new silver-based lightning protection. Numerical modelling
could also be a key tool to help us understand the mechanisms at work
for the silver-based solutions presented in this paper.
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Fig. Al. Simplified electrical diagram of the lightning strike emulator: C represents the capacitors, Rs and Lg represent the resistance and inductance of the sample
loop, Lg represents the inductance of the upstream circuit, G represents the sparkgap and A represents the Rogowski current probe.

7.2. Thermal imaging

A Telops MS M350 thermal camera was used to record the surface temperature on the coated side of the panels for 4.5 s, at a rate of 350 images per
seconds. The thermal data could be recorded in a range of 20 °C-338 °C, limited by the type of optical filter used. The recording was synchronized with
a light detector that was activated by the intense luminosity of the electric arc produced during the emulated lightning strike. The thermal data
indicated when pyrolysis temperature was achieved. However due to the range of the filter, temperatures rapidly exceeded the 338 °C higher bound of
the filter, leaving saturated pixels on the camera recordings. Thus, the observed rise and decay of temperature on the surface of the tested panels
helped make a qualitative assessment of how conductive the coatings were but were not sufficient to conduct proper analysis.
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Fig. A2. Thermal profile of impacted silver-based conductive coatings a) 0.02 s after lightning strike, b) 0.15 s after lightning strike, c¢) 0.65 s after lightning strike, d)
recorded temperature at centre of impact over time after lightning strike

7.3. Fabrication of Silver Coated Carbon Fibres (SCCF)

The silver deposition was performed on milled carbon fibres (mCF) PX-30 from Zoltek. The processed fibres had an average length of 150 pm and a
diameter of 7 pm per company specifications.

The silvering process was based on the Tollen’s reaction and adapted from the work of Cauchy et al. [25], but it has been scaled up for a large batch
production of plated carbon fibres. The sensitization process was performed with stannous chloride dihydrate (SnCly -H20 98%) and hydrochloric acid
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(HCI ACS 36.5-38%) from Anachemia. The silvering process was performed with D-(4)-Glucose (dextrose), anhydrous ACS, potassium hydroxide
(KOH ACS 45% weight fraction of Hy0), nitric acid (HNO3 ACS 68-70%) from VWR BDH Chemicals, denatured reagent Alcohol 94-96% from Macron
Fine Chemicals, silver nitrate (AgNO3 ACS) and ammonium hydroxide (NH4OH ACS 28%) from Anachemia.

7.3.1. Sensitization process

The sensitization of the mCF prepared the surface for the deposition of silver (Ag). This step produces a uniform coating of tin (Sn) on the surface of
the mCF that facilitates the adhesion of the silver salts during the silvering process.

The sensitization was performed in a 1 1 beaker with a Sonics ultrasonic processor matched to a probe with a 12 mm straight tip. The treated mCF
were filtered out of the treatment solution with a 90 mm diameter vacuum membrane filtration apparatus with a capacity of 4 1. To process a batch of
5 g of raw mCF, 8 g of SnCl, -H,0 were mixed in 800 ml of deionized (DI) water to obtain a sensitization solution concentration of 10 g 17L. With the
addition 3 ml of HCl, we obtained a solution with a concentration of 160 mmol of HCl. The raw mCF (5 g) were then dispersed in the sensitization
solution and sonicated during 20 min while keeping the solution below 45 °C. The functionalized mCF were subsequently rinsed at least 5 times in a
vacuum filtration apparatus with DI water until a neutral pH was reached and no Cl~ ions were detected, while never letting the mCF dry.

During the rinsing step, the presence of Cl™ ions can be determined by adding aqueous silver nitrate. If Cl™ ions are present in solution, silver
chloride (AgCl) precipitates and the solution turns cloudy.

7.3.2. Silvering process

The silvering process was based on an electroless deposition of silver salts on the sensitized mCF. The reducing solution (A) and the Tollen’s reagent
(B) were prepared separately before the silver deposition. All the reported masses and volumes of reagents have been calculated for the treatment of
the initial 5 g of raw mCF sensitized during the sensitization step.

Reducing solution (A). The reducing solution was based on a dextrose solution with ethanol. It was produced by preparing a 20% w/w dextrose
solution by dissolving 72 g of dextrose in 288 g of DI water and by adding 75 ml of denatured ethanol into 360 g of the dextrose mother solution. A
larger volume of the reducing solution can be prepared ahead of time and used as needed.

Tollen’s reagent (B). The Tollen’s reagent is a solution of diamminesilver(I+) coordination complex that is later reduced by the reducing solution (A)
to form silver salts. The Tollen’s reagent was always freshly prepared before the silvering process when needed by combining 2 ml of KOH (ACS 45%)
with 369 ml of DI water to obtain a 6.2 x 10~2 M solution. A mass of 25.5 g of AgNO3 was mixed into 360 ml of DI water to reach a 0.5 M solution
(89.94 g 1Y), Under magnetic stirring, 10 ml of the 6.2 x 10~2 M KOH solution were added into the 0.5 M AgNOj3 solution: the resulting solution
turned cloudy and brown upon the reaction. Finally, 10 ml of NH4OH were added dropwise until the solution became transparent again.

Silvering deposition process. Prior to the usual step of reducing solution A with solution B, sensitized mCF were added to solution A to promote galvanic
exchange of silver ions on their surface. This step improved the uniformity of the silver coating obtained during the silvering process [39]. The plating
process took place in a 1 1 beaker that was prealably cleaned by swirling HNO3 on the inside and rinsing with DI water until neutral pH was reached.
The 5 g of sensitized mCF were put to rest in the Tollen’s reagent for 5 min to let the galvanic exchange between tin and silver occur. The reducing
solution (A) was poured into the beaker followed by Tollen’s reagent (B) mixed with the sensitized mCF. The reaction was left to procede for 25 min
under magnetic stirring at 650 rpm. After the silvering reaction had completed, the fibres were rinsed out in a vacuum filtration apparatus with a pore
size of 5 pm with DI water until the solution became neutral. The SCCF were stored in DI water for future use.
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