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Abstract 

With the aim of mitigating the disadvantages of the current metal meshes and foils, two 

different metallization strategies have been explored to study their potential as lightning strike 

protection (LSP) of carbon fiber reinforced polymer (CFRP) composites.  

In the first one, a sol-gel coating system was designed and later filled with self-synthesized 

copper nanowires (CuNW) with the aim of producing percolated networks of conductive 

particles. An ethanol diluted glycidylpropyl trimethoxysylane (GPTMS) and tetramethyl 

orthosilicate (TMOS) combination was found as the most indicated sol-gel system for creating 

homogeneous and adherent coatings. Extremely high aspect ratio CuNW were synthesized from 

very few chemicals in aqueous medium and were later incorporated to sol-gel. The formation of 

CuNW bundles in the mixture revealed problems of compatibility of the particles with the sol-

gel. The bad interaction between CuNW and GPTMS was improved by switching the dispersion 

medium from water to ethanol. During application, the CFRP was spray-coated producing 

adherent layers with a certain degree of conductivity, but significantly lower than the 

commercial protections. However, the CuNW-filled sol-gel approach presented a good 

improvement potential since several issues were found to be limiting its performance. 

Secondly, electroless deposition of copper was performed on the CFRP laboratory samples 

producing continuous and highly conductive 1 to 2 µm thick layers. The layer growth, the 

morphology of the samples and other physical characteristics were studied. After, the 

development of the strategy led to the production of bigger samples that were used to study their 

performance under emulated lightning strikes. The samples were subjected to 40 kA A-

component discharges presenting significantly less damage than the unprotected composite, as 

the ultrasonic inspection revealed. An approximation exercise led to think that a future 7 µm 

thick electroless coatings could withstand the strike without critical damage. In addition, 

interesting relationship between the charge transfer capabilities of the coatings and the damage 

was found. During the C-component emulation, a continuous current of 30 A was injected 

superficially for 1 s which produced leakage of currents towards the fibers that heated up 

rapidly. The potential of electroless copper as LSP was demonstrated and future works are 

foreseen for improving the performance of the layers. 

 

Keywords: Lightning strike protection; electrical conductivity enhancement; carbon-fiber 

reinforced polymer composites; sol-gel coatings; copper nanowires; electroless deposition of 

copper; lightning strike emulation. 
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PREFACE 

Motivation of the works 

In the last decades the commercial aircraft industry has increased exponentially, proportionally 

to the increasing demand of the market. The number of passengers grew more than eight times 

between 1970 and 2010 [1]. Nowadays, the market behavior established the belief in 

manufacturers that the total in-service aircraft fleet will double in the next 20 years [2,3]. 

Aviation market thus has experienced a proportional growth in market revenues which set the 

pillars of this prosperous field. The main drivers of this dynamic are a combination of the 

outstanding time-to-range ratio of the transportation (either passengers or cargo) as compared to 

others and the technical advancements in airliners in terms of aircraft efficiency, power plants, 

and optimized handling operations. On the other hand, the outstanding and highly conservative 

safety policies applied by the authorities led to extremely safe operations presenting the lowest 

rate of fatality/operation ratio among all transportation systems, with one fatal accident per 2.5 

million flights in 2018 [4]. Furthermore, the increased competitiveness in the market brought a 

natural drop on the travel costs, reducing the ticket prices to levels attainable by most of the 

population, bringing more potential customers to market. 

Among the major concerns of manufacturers it is to meet the highly demanding safety 

regulations and the increasingly restrictive environmental policies [5]. Safety measures include, 
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among others, the implementation of reliable systems and structures, or the use of interior 

materials with outstanding fire, smoke and toxicity (FST) properties. On the other hand, 

ecological commitments of states push the manufacturers to produce greener and more efficient 

aircraft. A big amount of the pollution released during the plane in-service life is due to the 

manufacturing itself. Aircraft parts usually need of complicated manufacturing processes with 

the involvement of heavy machinery. However, the major contamination vector is through the 

in-flight kerosene consumption. The fuel consumption of an aircraft is always proportional to 

the take-off weight, and thus there is a strong relation between the density of construction 

materials and the CO2 emissions. Also, the weight of the aircraft is strongly dependent on the 

construction architecture employed. Traditionally, planes were built following the truss model 

employing rafters and struts to produce a stiff structure. This strategy allowed supporting the 

control surfaces and withstanding the flight loads employing cheap and simple aluminum bars. 

The second generation of planes was developed following the monocoque structure in which the 

loads were supported entirely by the skin. It allowed having a higher free volume inside the 

aircraft to carry cargo or passengers with the same size. Nowadays, most of passenger aircraft 

are built following the semi-monocoque approach, which is an intermediate strategy. The outer 

skin brings the shape of the plane and supports the pressurization forces, whereas the inner 

stringers, spars, frames and ribs give the necessary stiffness for the flight forces. This strategy 

brought great payload volumes with a much stronger resistance to buckling, which was one of 

the main weaknesses of monocoque airframes [6,7]. 

Lightweight metal alloys have been traditionally used for aircraft structures due to their high 

specific mechanical properties. Some alloys extensively employed are aluminum-zinc and 

aluminum-copper because of their high stiffness, mechanical resistance, and a good fatigue and 

crack growth resistance [8]. However, the penetration of composite materials in the field has 

grown substantially in the last decades. More specifically, carbon fiber-based materials have 

attracted the attention due to their outstanding specific properties (much higher to that of 

aluminum alloys), chemical resistance and the recent developments in their manufacturing 

processes [9]. In the most modern airliners composites account for up to the 50% of the aircraft 

mass, above that in military aviation [10]. 

Despite all advantages most of the composite materials do not exhibit certain properties inherent 

to metals such as the electrical conductivity. This feature is extremely important in certain parts 

of the aircraft, especially the outer skins. During flight outer skins eventually receive lightning 

discharges which are potentially dangerous for the structure. Old generation metal planes were 

naturally protected against this event because of the inherent electrical conductivity. But new 

generation composite parts must be protected with extra devices, such as metal sheets and 

electric braids that add weight to the plane, and complexness and cost to the manufacturing [11]. 
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In this scenario, many efforts have been carried out to substitute the traditional protection by 

other lightweight, tunable and easily implementable systems. 

Origin of the thesis 

Among all the research lines of FIDAMC, the development of novel lightning protection 

systems (LSP) for aircraft components is one of most prolonged in time. It led to the 

participation in different works in which new metallization methods and electrical property 

enhancements were performed on CFRP. Some of these studies ended up with successful 

results, and in some cases, with the creation of industrial patents [12]. However, the 

metallization approaches developed were based in physical vapor deposition (PVD). This 

method implies the use of high vacuum chambers to achieve good results, which cost 

exponentially grows with the internal volume. This is a huge disadvantage if one notices the 

size of most aircraft parts. In this scenario, it arose the need to find alternative approaches for 

the metallization of CFRP different to PVD dodging the use of vacuum systems. This thesis was 

devoted to enlarging the know-how in this sense proposing and analyzing two novel approaches 

of LSP. 

Objectives 

The main objectives of this thesis are: 

1. To present a complete state of the art in mater of lightning strike protection of 

composites. 

2. To propose and study two alternative approaches to metal meshes for lightning strike 

protection of composites in aircraft.  

a. Produce samples for preliminary study. 

b. Perform the characterization of the samples at laboratory scale. 

3. To develop the most promising approach for its future industrialization. 

a. Scale-up the production method and create representative demonstrators of the 

technology. 

b. Perform lightning strike emulation tests. 

c. Establish the way forward of the approach. 
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Structure of the thesis 

This manuscript is structured according to the following scheme: 

 

Figure 1 Structure of the thesis. 
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1. CHAPTER 1 
INTRODUCTION 

1.1. Lightning phenomenon 

Aircraft are naturally exposed to lightning strikes during flight. These events can be generated 

in a cloud either towards ground, or towards a cloud region of a different polarity. Lightning 

phenomena are believed to happen when a local discharge between two differently charged 

zones of a cloud overruns the positive area (Fig. 2-A). Then, the electrons flow to the ground (or 

to another cloud) pushed by the high electric field generated between positively and negatively 

charged areas. Electrons travel using a vehicle called “stepped leader” (low current precursor of 

a lightning return stroke, accompanied by an intense electric field), whose name is due to the 

spatial path that follows: stepped leaders (SL) advance in a series of stages of about 50 meters 

length and about 1 microsecond duration. It is remarkable that SL is only about 1-inch diameter 

and take one twentieth of second to reach the ground, driven by the force of several million 

volts of potential. However, it is known that the stepped leader only carries few coulombs of 

electricity charge [13,14]. 
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Figure 2 Sequence of the lightning phenomenon. 

The stepped leader approaches ground (or another cloud) in short steps and varying its heading 

looking for the opposite charge in the electric field. Once close to ground, a large positive 

charge is induced to move upwards (Fig. 2-B), which climbs for 30-50 meters and finally meets 

the stepped leader. At that moment, the connection produced between the cloud and the ground 

leads to a “waterfall-like” movement of electrons in the so called “return stroke” phenomenon 

(Fig. 2-C). The cascade of electrons climbs up to the cloud quickly at the time it heats and 

ionizes the air in the surroundings. A high electric current is established producing an ascendant 

bright flash of light. This event is the main visible effect of the lightning [13]. 

After return stroke occurs, if the remaining charge in the cloud is enough to produce another 

stroke, a continuous leader called “dart leader” is formed. This will move along the channel of 

the first return stroke depositing negative charge in its path. Less energetic subsequent return 

strokes then happen for several times [14]. 

1.1.1. Lightning strike on planes 

Lightning strike impact is one of the most critical situations for the flight safety. Thankfully the 

current aircraft systems and materials designs are developed taking this into account and 

therefore usually no big risk is experienced during this event. Ignition of fuel volatiles by 

sparking, mechanical damage to structures, heating of parts and electromagnetic discharges are 

some of the main risks to avoid in the plane. Basically, modern aircraft are designed to receive 

the discharge and drive the currents to the exit attachment presenting the least resistance 

possible. This is especially feasible in metal aircraft, suppose a great challenge for the newer 

polymeric parts. 

The lightning strike begins when a stepped leader approaches an aircraft and attaches to it (Fig. 

3-A). The attachment happens mainly at the aircraft extremities where the electric field 

originated by the stepped leader is intensified, and leads to the formation of “junction leader” at 

the attachment points [15]. Also, at the other extremities of the plane, additional junction leaders 
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are formed at the exit points propagating away from the structure towards the opposite polarity 

area (earth or cloud). 

 

Figure 3 (A) Natural lightning strike; (B) aircraft-initiated strike [15]. 

On the other hand, aircraft-initiated strike (Fig. 3-B) may occur if the aircraft is flying between 

two differently charged cloud regions and the electric field intensity at aircraft extremities is 

high enough to release bi-directional leaders. Stepped leaders propagate in opposite directions 

towards the charged zones of the clouds attached to the entry/exit points of the aircraft. Both 

naturally/artificially originated leaders bring the main conditions for a subsequent lightning: the 

path for an electric discharge from negative to positive areas is set along the ionized channel 

created by the leader [8]. 

It is also known [15] that the lightning channel does not move during discharge. In normal 

conditions of flight through a high-risk-of-lightning strike altitude, a plane is moving at an 

average speed of 150 m/s. This speed makes the aircraft to move several meters during the 

strike duration. Thus, the entry attachment point during discharge usually changes in the so-

called swept-channel process (Fig. 4), allowing the channel to reattach to other spots of the 

plane and leaving successive attachment points.  

By contrast, if the exit points are located in rearward extremities of the aircraft (i.e. trailing 

edges, tip of the wing, etc.) the movement of the plane will not lead to an attachment point 

change because it cannot be subjected to any swept-channel action. The whole lightning effect 

will be held by the same point all time the discharge takes place. The importance of swept-

channel effect is that not only surfaces involved in first attachment are involved in the lightning 

strike. Also, trailing extremities of the aircraft must be taken in great consideration since they 

have high susceptibility to long attachment hang on. 
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Figure 4 Swept-channel effect scheme [15]. 

1.1.2. Lightning event stages 

After having a detailed description of natural lightning phenomenon, there is a need of a 

standardized model of lightning to allow carrying out artificial tests for compliance of aircraft 

parts. Despite current levels and waveforms of flashes in nature will vary considerably from one 

to another, the ARP (Aerospace Recommended Practice) 5412 [16] gives an elaborated profile 

of normalized lightning to be applied. The standardized lightning provided involves a very 

severe scenario of strike since it gathers the most pessimistic individual characteristics of 

lightning environment, never recorded together within a single flash. 

 

Figure 5 Standardized waveform of a lightning (not in scale) [16]. 

ARP5412 describes four main components into a lightning waveform cloud-to-ground profile 

(Fig. 5):  
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• Component A represents the combination of the negative first return stroke, 

negative subsequent strokes and positive return stroke. The intensity value rise to a 

peak of near 200 kA at 6 µs, and 2.0 x106 A2s of action integral. 

• Component B represents the intermediate current observed following the return 

stroke. It lasts for about 5 ms and presents an average amplitude of 4 kA. The 

charge transfer is set to 10.5 C. 

• Component C represents the long duration lightning currents following subsequent 

strokes. Values for this stage are 400 A of constant current for a period of 0.5 s and 

a charge transfer of 200 C. 

• Component D is set according to subsequent return stroke which current peak is 100 

kA and has an action integral of 0.25 x106 A2s. 

Moreover, ARP5414 [15] describes two additional components of the waveform: 

• Component C*, which stands for a portion of Component C that flows into 

attachment point, averaging 400 A during the time of dwell. 

• Component AH is the modified Component A with 150 kA during 37.5 µs. 

1.1.3. Lightning strike zone definitions 

ARP5414 does specify zones of the aircraft likely to experience the different components of 

lightning strike detailed in ARP 5412. The subdivision includes three major zones (see Fig. 6): 

1. Zones likely to receive initial lightning attachment and first return strokes. 

2. Zones likely to receive subsequent return strokes. Zones of sweeping. 

3. Zones unlikely to receive any arc attachment but likely to conduct lightning current. 

More precisely, zones 1 are classified depending on the type and duration of the interaction with 

the first return stroke: 

• 1A: Low expectation of flash hang on during first return stroke. Entry zone. 

• 1B: High expectation of flash hang on during first return stroke. Exit zone. 

• 1C: Low expectation of flash hang on during first return stroke of reduced amplitude. 

Also, zones 2 are classified depending on the interaction with subsequent return strokes: 

• 2A: Low expectation of flash hang on during subsequent return strokes. Entry zone. 

• 2B: High expectation of flash hang on during subsequent return strokes. Exit zone. 
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Figure 6 Example of aircraft zoning in an airliner [15]. 

According to ARP5414, most severe lightning strikes, which include Component A of the 

waveform, involve cloud-to-ground flashes and occur at altitudes below 1500 m, and at this low 

flight level the typical commercial aircraft speed is less than 130 m/s [15]. These conditions 

help engineers to know which parts of the aircraft are likely to suffer harder strikes. All the 

lightning current components are not applicable to every zone of the plane, since not all sections 

of the aircraft are exposed to the lightning in the same way [16]. 

Thus, in ARP5414 it is detailed which parts of the aircraft must be tested under different 

lightning conditions depending to the zone where they belong: 

Table 1 Components of the waveform applicable to each zone of aircraft 

Aircraft Zone Current Components 

1A A B C* 

1B A B C D 

1C AH B C* D 

2A D B C* 

2B D B C 

3 A B C D 

The application of the components of the waveform depends on the zone of the aircraft and on 

the flight altitude. Regarding altitudes, they are shown as follows: 

• 5000 ft and below - standard threat for each lightning zone. 

• 5000 to 10000 ft - Zone 1A areas can assume a current Component AH first stroke. 
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• 10000 to 20000 ft - All Zone 1 and Zone 2 areas can assume a current Component 

D first stroke. 

• Above 20000 ft - Utilize current Component D for the first stroke and design for the 

voltage breakdown conditions at 20000 ft. 

1.1.4. Damage in aircraft caused by lightning strikes 

The effect of lightning strikes on aircraft can be divided in direct and indirect. Direct effects are 

related with physical damages suffered by the structure and equipment of the aircraft due to the 

electric current flow. Indirect effects are those concerning electromagnetic coupling and cabling 

[17]. Focusing on lightning strike direct effects, composite material structures, due to their low 

conductivity, suffer higher grade of damage as compared to metallic ones. The type and volume 

of damage experienced by a component is strongly dependent on the type of strike received. 

Zones exposed to attachment or first return strokes are more susceptible to present larger and 

deeper damage areas with greater volatilization of resin from the composite, as compared to 

swept zones. 

The direct damage mechanisms caused to composite airframe are known to have relation to the 

thermal and mechanical effects. A sudden rise in the temperature of the composites occurs by 

Joule heating due to the current flow, but also by the direct heat transferred from the hot plasma 

channel. Moreover, strong mechanical forces are originated mainly due to the shock waves 

produced by expansion of the hot plasma and the explosions of material during sublimation. 

Some other important effects are attributed to magnetic volume forces [18]. 

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

aspects of the discharge. In their review, Kumar et al. [19] gathered the most important studies 

in the field and identified all the causes contributing to the damage of CFRP struck by a 

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

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

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

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

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

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

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

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

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

between carbon fibers and contribute to damage the part [19]. 
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On top of the direct structural damage that lightning can cause, some other direct effects must 

be considered during design. To avoid damage in safety critical areas such as fuel containing 

components, sparking protection shall be implemented to avoid fuel vapors ignition [20]. When 

the lightning impacts a composite part, a beam of ionized air at around 30000 K surrounds the 

current entry point which leads to resin pyrolysis. Also, the resistive heat produced by the 

electrical currents will provoke resin vaporization into material and explosions of gas that will 

create delamination and fiber damage in composites. 

To predict the damage caused by its direct effects, efforts have been dedicated to the simulation 

tests of lightning strike on materials [17]. Simulations include the arc attachment phenomenon, 

the sweeping effect in panels, direct effects on skin of the aircraft and mechanical and thermal 

damage in both aluminum and composite structures. 

After lightning strike, inspection of affected components must be carried out [20–22]. 

Inspection helps to know the level of damage, loss of mechanical properties and mode of 

composite deterioration. Modes are listed as fiber damage, resin deterioration or delamination, 

and can be explained by the effect of different parameters of lightning waveform. Fiber damage 

is related with the height of the peak of current, the increase in electrical charge in coulombs 

will deteriorate a wider area of resin, and the delaminated surface is bigger when the action 

integral of the waveform is increased [23]. 
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1.2. Lightning strike protection of composites 

The fabrication of electrically conductive composite materials has become of great interest 

among scientists [24]. Many strategies have been presented to achieve multifunctional 

composites able to withstand the required mechanical properties, and simultaneously to exhibit 

enough electrical conductivity. As previously mentioned, the substitution of metal parts by 

fiber-reinforced composite materials has brought many advantages, but also big concern 

regarding structure electrical behavior, and especially under lightning strike events. Since the 

first use of composite materials in aircraft exterior structures, the need for an effective lightning 

strike protection (LSP) system emerged. The LSP solutions must enable currents and magnetic 

fields generated by lightning impact to flow through aircraft harmlessly, and ultimately exit at 

the other extremity avoiding significant damage [25]. 

Traditionally, metal meshes have been used since the necessity for protection of composites 

arose, bringing several disadvantages in terms of fabrication, price or weight. Thus, new 

techniques such as physical vapor deposition (PVD) [26,27], in-bulk metal nanoparticles or 

carbon nanotubes (CNT) incorporation [28], and fiber metallization [29] have been proposed by 

scientists as different approaches for LSP of composites. Some other approaches such as 

electroless deposition, sol-gel coatings, conducting polymers or reduction of metal ions 

contained in resins have been barely explored as LSP in literature although they show promising 

characteristics [25,30,31]. 

In the present section, a review on current lightning strike protection (LSP) systems for 

composites is detailed, but also several of the previously mentioned alternatives. Furthermore, 

some new possibilities in this field are listed with the aim of bringing new approaches for 

surface metallization of composites, which can overcome the disadvantages of the current LSP 

solutions. 

1.2.1. LSP approaches for composites 

Currently, the most popular solution is the incorporation of metallic screens to the lay-up of 

composite parts, in order to add a low resistive metallic path inside the materials to enable the 

electric conduction [11,32,33]. This solution has eased the concern in the last years. Most of 

LSP materials are in form of woven or non-woven meshes or foils made of copper, bronze or 

aluminum due to the lightweight and high conductivity of these metals. 

When inserting a metal mesh for LSP protection, the overall weight of the aircraft will increase, 

counterbalancing the advantage in terms of weight that composites bring. Thus, the weight of 
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the mesh must be minimized by increasing the empty area of their geometries and making them 

as thin as possible. However, Baksht et al. [34] showed that the thickness of meshes can only be 

decreased until a minimum, where the metal layer will vaporize during lightning strike due to 

the high electric current driven. 

It is very common for aircraft manufacturers to use ply-integrated products where the mesh is 

already pre-impregnated with resin. These solutions involve several advantages as compared to 

dry meshes with separate adhesive films, such as the ease of fabrication of the final product 

[11]. The embedded mesh can be included into the lay-up and co-cured with the piece limiting 

the LSP assembly problems. Furthermore, non-woven metal meshes fabricated by perforating a 

foil are more reliable as compared to woven meshes. The reason is that perforated foils ensure 

constant conductivity along the material, whereas woven meshes are likely to unravel or to have 

loose strands. The effectiveness of metal LSP under severe lightning strike events has been 

proved several times [35,36], and every type of commercial solution presents a reduction of 

harm signs after lightning tests. It is also noteworthy that the damage produced by the lightning 

to the part or structure of the aircraft (including the protective feature) should be repaired after 

the strike in most of the cases. Thus, the effectiveness of the LSP system is conditioned to the 

feasibility and the costs of reparation [37] as well. 

Many studies focusing on electrical conductivity of composites have come out with new 

approaches for LSP [21,22,38–40]. Among them, those using either doped resins or surface 

coatings with carbon-based materials such as carbon nanotubes (CNT), graphene, CNT paper 

and CNT fibers, are the most frequent [21,22,41,42] In a previous study conducted at FIDAMC, 

an epoxy resin was filled either with CNT fibers or graphene in order to achieve improved 

electric conduction in the material, but high content of nanofillers led to difficulties during 

processing of laminates. Furthermore, according to lightning test results it was concluded that 

these options were not suitable for LSP. 

Some other studies involved the use of resins doped with metallic fillers such as copper 

nanowires [43], or silver nanoparticles as in internal works at FIDAMC. In the case of 

incorporation of conductive nanofillers into resins for LSP the aim is to achieve the electrical 

percolation threshold (EPT), i.e. the filler loading that enables the formation of a conductive 

continuous network in the material. When particles are properly dispersed and distributed into 

the matrix, the EPT causes a rapid decrease in resistivity by the addition of extremely low 

amount of filler. In the mentioned study at FIDAMC, silver nanoparticles were added to the 

resin prior to lamination of carbon fiber composite. Despite its good performance under 

lightning event, silver nanoparticles filled laminates were not susceptible to be inspected by 

ultrasonic NDT due to the low permeability of the resin blend. 
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On the other hand, there is a different approach for lightning protection involving surface 

metallic coatings. A wide variety of techniques have been successfully applied in this field 

providing commercial solutions. Companies such as Technical Fiber Products, H&V Advanced 

Fiber Nonwovens and Decor Engineering are providing LSP and electro-magnetic interference 

(EMI) solutions by surface metallization of fibers or their composites [38–40]. Physical vapor 

deposition (PVD), thermal spraying or electroless plating are some examples of surface 

metallization methods.  

In PVD, the metal is vaporized and transported through vacuum or low-pressure gas to 

condensation onto the substrate. It is possible to create multiple stacked thin films of various 

metals if required, such as copper, gold and silver. Vacuum evaporation, arc vapor deposition, 

ion plating and sputtering are some categories of PVD processes [25]. There are several 

scientific reports and patents available regarding metallization of polymer substrates via PVD. 

These processes very often involve surface pre-treatments [44]. In previous works at FIDAMC, 

PVD of copper was successfully applied on carbon fiber reinforced epoxy laminates with a low 

surface roughness, and lightning impact tests were performed resulting in low damage area and 

low damage penetration. 

In thermal spraying technique the metal is melted and then atomized as it is sprayed using gas 

stream. When particles get in contact with substrate, they freeze and lock on the surface in form 

of rods, wires or spheres. In other internal works at FIDAMC, thermal spraying was performed 

on composite laminates for LSP showing good performance under lightning event. However, 

coatings presented a non-homogeneous, thick copper layer with an increased roughness as 

compared to other metallization methods, which is not suitable for aerodynamic surfaces. 

Electroless plating [45–47] is a promising technique for LSP, in which the deposition is 

achieved by chemical reduction of metal ions on the catalytic surface of the substrate without 

electrical currents. The advantage of this deposition is the highly controllable parameters 

available. Regarding composites, products such as those commercialized by Technical Fiber 

Products [38] included electroless coated fibers for its use in polymer composites. This method 

is further described in next sections of this document due to its great potential in LSP. 

A different approach for surface metallization of substrates is focused on sol-gel coatings 

[48,49]. In the sol-gel process, a metal oxide network can be formed at room temperature from 

liquid molecular precursors. This network can be intentionally built to act as a carrier for 

particles which can confer the surface with a particular property. In several studies [50–52], 

researchers employed particle filled sol-gel systems for the corrosion protection of metals. 

Particles have an effect on the corrosion potential of the metal surface when exposed due to 

scratches or coating damage. 
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In the same manner, with the adequate metal particles filled sol-gel it is possible to make the 

surface of a polymer substrate electrically conductive, if the electrical percolation is achieved 

between particles. Thus, these conditions make this deposition technique quite interesting for 

further study in metallization of composites although not relevant work can be found in 

literature. In addition, the feasibility of sol-gel deposition on epoxy matrix composites was 

already stated in a preliminary study in the Materials Science and Engineering Department of 

Carlos III University. 

Recent advantages in polymer chemistry have led to the development of conducting polymers 

such as polyacetylene. Currently the use of these polymers is almost limited to batteries 

manufacturing, electronic devices, chemical sensors and few more [53]. But, the nearly metallic 

electrical conductivity of these materials can make them attractive for the surface 

functionalization of CFRP. 

Some other approaches, such as the work of Shibata et al. [31], could be taken into account as 

completely novel methods for surface metallization of composites. In this work, metallization of 

poly(ethylene glycol) diglycidyl ether epoxy was successfully carried out by reducing metal 

ions previously incorporated into the resin. In contrast to former related works with highly polar 

polymers, metal chlorides (Ni and Co) were added to resin formulation before curing and 

reduced to a surface metal layer with the use of NaBH4 solution after crosslinking. The result 

was a highly conductive thin layer (4 µm) produced by the reduction of the migrated metal 

cations to the surface. 

Among the mentioned processes, electroless deposition, sol-gel, PVD and thermal spraying 

have been found the most feasible in LSP because of their promising characteristics for surface 

metallization. However, the main (and critical) drawback of PVD resides in the need of vacuum 

chambers, which increases largely the difficulty and economical cost of the process. On the 

other side, thermal spraying is a technique that can be easily applied in industrial processes, and 

thus it is of great interest for LSP. Anyway, the high surface roughness, the inaccurate control 

on the thickness of the deposit and the presence of inclusions into the coating are some 

drawbacks when using thermal spray. Also, the poor surface roughness control makes post-

processing essential which is not affordable in time and cost by aircraft industry nowadays. 

Particularly, the amount of reported studies of electroless deposition of copper onto epoxy 

substrate gives hope that this method could bring new solutions for LSP of composites. In the 

case of sol-gel coatings, the readiness of reagents, the good results on preliminary works, and 

the high availability of parameters to be tuned make it one of the most promising. These two 

methods have been studied deeply in this thesis and will be detailed in next chapters.  
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1.2.2. Lightning strike emulation 

The performance of the new proposed solutions, in some cases, could be studied employing 

lightning strike emulators. These devices replicate the electrical conditions of a natural lightning 

event employing sophisticated elements to simulate the behavior of the waveform.  

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

phenomenon and novel protection systems. Hirano et al. [23] employed a combination of high-

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

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

parameters of the waveforms and the nature of the damages observed. Using the same emulator, 

Sonehara et al. [54] evaluated the shock waves generated during the electrical discharge on 

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

electrodes. More recently, Rajesh et al. [55] conducted emulation tests injecting 40 kA of 

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

Yokozeki et al. [30] used the impulse generator developed by Otowa Electric Co. Ltd., at 

Nagoya University [56], to test polyaniline-based coatings on CFRP under peak currents of 40 

kA and 100 kA with positive results. Guo et al. [29] demonstrated in 2019 the exceptional 

performance of nickel-coated carbon fiber veils as LSP under aircraft zone 2 lightning 

emulations. On their side, Xia et al. [57] modified a carbon buckypaper with silver to increase 

the thermal damage tolerance of the CFRP. Kumar et al. [58], in a similar approach, presented 

their study of a buckypaper-interleaved CFRP with increased through-thickness conductivity, 

which enhanced the sublimation resistance of the polymeric matrix. 
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1.3. Approaches under study 

Within this thesis, only two of the abovementioned coating techniques were considered for the 

research on novel LSP systems for CFRP. Firstly, metallization with conductive sol-gel 

systems, and secondly electroless deposition of copper were the approaches explored in the 

works. 

1.3.1. Copper nanowires filled sol-gel metallization 

 Strategy of the approach 

This section of the work was performed with the aim of increasing the surface conductivity of 

the CFRP by applying a novel combinational strategy. The approach was conceived as the 

application of a coating that contains conductive particles that might produce the electrical 

properties enhancement (Fig. 7) 

 

Figure 7 Simplified illustration of the strategy. Schematic of the transversal section of a coated 
sample. 

This system may tackle simultaneously two main issues: 

1. Although coating products can exhibit great attaching performance to many substrates, most 

of them do not show any electrical feature. 

2. Conductive particles present good electrical properties but always need a carrier to be 

employed in coatings. 

The use of an adhesive matrix acting as a carrier of the conductive particles attracted the interest 

because of the high number of product combinations, and the wide variety of application 

techniques possible. More specifically, a hybrid vitreous-organic coating filled with metal 

particles was the main concept developed in this part of the thesis. 

 Sol-gel systems 

The inception of sol-gel synthesis occurred as an alternative to common manufacturing 

techniques for inorganic materials, such as metal oxides and ceramics. Processing natural 
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ceramics usually involves a huge amount of energy. Sintering of ceramics imply milling the raw 

substance to powder and a subsequent thermo-compaction / sintering process which includes 

heating processes to several hundred centigrade degrees [48]. On the other hand, machining is 

not always possible due to the brittle nature of these materials and to its inherent hardness, 

which leads to extremely high tooling wear. Furthermore, the geometrical limitations of the 

final parts when using previously mentioned techniques are a disadvantage when using these 

materials in high technology applications such as electronics or optics. 

Sol-gel can be described as a chemical process at low temperature that starts from molecular 

precursors and leads to the formation of an inorganic network. According to the definitions, a 

“sol” is “a colloidal suspension of particles in a liquid”, and a “gel” is “a macroscopic molecule 

that extends throughout the solution” [59]. In the case of sol-gel process, precursors in the form 

of monomers are thoroughly dispersed in a solvent to form a sol, and then polymerized in order 

to obtain a gel. The gel formed is dried to remove the solvent trapped into the network and the 

final material is obtained. As the main restriction, the network is only formed if the precursors 

have at least three possible crosslinking sites [60]. 

 

Figure 8 Sol-gel overall process. Note that drying process strongly affects the result. 

Normally, sol-gel process involves several stages (Fig. 8) including: a) preparation of a 

homogeneous solution of precursors in solvent; b) generation of the sol system by the addition 

of the proper reagents; c) induction of the gel by poly-condensation; and d) early shaping of the 

gel into the desired shape [49,59] Poly-condensation step can be induced by two different 

possible mechanisms: 1) in the first one, the monomers polymerize and grow in the form of 

macromolecules that bond together and form an infinite network; 2) the second mechanism 

occurs when colloidal particles aggregate and form bigger particles. The first mechanism takes 

place mainly when sol-gel systems are acid-catalyzed during process, and on the contrary, the 

second mechanism is stronger when they are in alkaline environment [49]. 
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 Silicon-based sol-gel 

The earliest and most widely extended sol-gel process involves the formation of silica (SiO2) 

network [48]. Usually, alkoxides (organometallic compounds in the form M(OR)n) are used as 

precursors, and they are converted to three-dimensional networks by hydrolysis and 

condensation reactions. 

Hydrolysis 

M(OR)n + H2O    (OR)n-1 M(OH) + R(OH)   (1) 

In this step, one or more radicals are substituted by OH- groups causing hydrolyzation of the 

specie and releasing alcohol (ROH). The mechanism of hydrolyzation strongly depends on the 

pH of the medium. 

Condensation 

 (OR)n-1 M(OH) + (OH)M(OR)n-1       (OR)n-1 M-O-M(OR)n-1 + H2O (2) 

or 

(OR)n-1 M (OH) + M (OR)n        (OR)n-1 M-O-M (OR)n-1 + R(OH)  (3) 

Condensation occur either when two hydrolyzed monomers bond together releasing water, or 

one hydrolyzed monomer joins an original alkoxide molecule releasing an alcohol. 
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Figure 9 Schematic process of a generic sol-gel reaction: (A) organo-metallic precursors in 
aqueous medium; (B) hydrolyzation stage: partial hydrolyzation of molecules by releasing 
alcohol; (C) condensation of hydrolyzed groups by releasing H2O, and further hydrolyzation of 
functional groups; (D) condensation stage: most of the groups have been hydrolyzed and 
condensation is the preferential reaction. 

Hydrolysis and condensation lead to formation of solid particles that remain suspended in the 

liquid forming the so-called sol. These particles show groups still active in condensation stage, 

which may link together producing the gel. Particularly, in alkoxysilane-based reactions, the 

rate of SiOR to SiOH conversion is taken as an important parameter that will affect the size, 

structure and crosslinking of the polymeric network [48]. 

Actually, hydrolysis of alkoxides is normally slow. Thus, acid or base catalysts are used to 

accelerate the process, and the mechanisms of hydrolyzation proposed differ in each 

environment. When acid catalyst is employed a fast protonation of the alkoxyl group occurs 

firstly, promoting the substitution of this group by water according a SN2 reaction scheme: 

   (4) 
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This reaction occurs preferentially at the ends of oligomers which result in the preferred 

formation of linear-like polymers. 

If a base catalyst is used, the condensation stage is much faster, and reactivity of species 

increase when the number of available alkoxyl groups is low. The mechanism proposed in this 

case is based in the chemical interaction of nucleophilic OH- anions with the silicon atom, 

which generates a pentavalent negatively charged intermediate that undergoes hydrolysis: 

(5) 

 

When condensation is base-catalyzed, reactions occur preferentially at inner center of oligomers 

resulting in highly branched structures, which leads to the formation of small spherical particles 

[48]. 

It is noticeable that after gelation many alkoxide and OH- groups remain in solution within the 

gel pores. Thus, reaction of remnants can be provoked by ageing process producing further 

water and alcohols that will wet the gel. Condensation of species densifies and shrinks the gel, 

and when residue is dried and liquids are removed, the structure may collapse due to capillary 

forces. 

Tetramethyl orthosilicate (TMOS) and tetraethyl orthosilicate (TEOS) are among the alkoxides 

most widely used for silica sol-gel nowadays: 

 

Figure 10 Structure of TMOS (left) and TEOS (right). 

The complete reaction for TEOS is as follows: 

Hydrolysis 

 

(6) 

 

Et = C2H5 
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Condensation 

(7) 

 

Tetra methoxy orthosilicate, also called tetramethoxysilane (TMOS) is very similar to TEOS 

and is also widely used as a precursor in sol-gel processes. TMOS shows a faster hydrolyzation 

process as compared to TEOS, but during hydrolysis it releases methanol which is toxic. The 

overall process that TMOS undergoes is identical as that of TEOS, but with the difference 

already mentioned concerning methanol as a byproduct. 

Taking advantage of the nature of these materials, many studies have been devoted to the 

production of functional coatings employing sol-gel approach. The wide range of available 

precursors with significantly different properties led to the formulation of a huge variety of 

coatings. In particular, biomedicine often employs sol-gel systems for the creation of drug 

delivery coatings onto artificial bone prosthesis [61]. 

 Sol-gel coating techniques 

Several techniques can be employed to obtain sol-gel thin film coatings, but it is of critical 

importance in all of them the control over the deposit thickness. Aqueous sol-gel takes place in 

a fluid media, and properties of the fluid are important to determine the appropriate applying 

procedure in each case. The moment of application is critical since sol-gel reaction will vary the 

properties of the substance. Some parameters, such as viscosity of the sol are carefully 

considered. Viscosity will increase orders of magnitude during reaction and will affect the 

interaction of the sol-gel system with the substrate. The sols are prepared and added to the 

surface before gelation takes place. Later, crosslinking of network in condensation stage will 

maintain the shape of the coating and evaporation of solvent will shrink the structure. 
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Figure 11 Dip coating process: (A) dipping of the substrate; (B) withdrawal and wet layer 
formation; (C) solvent evaporation [49]. 

In the process of dip coating (Fig. 11), the substrate is immersed in the coating fluid and 

withdrawn at an accurate speed and under controlled environmental conditions. When applying 

this technique many parameters will affect the resulting layer, and two different theoretical 

equations can be used to calculate the thickness of the coating. Usually in the case for sol-gel 

deposition, the speed of withdrawal and the viscosity of the liquid are low. Thus, the equation 

derived by Landau-Levich should be used [49]: 

d = 0.94
(𝜂𝑈0)2/3

𝛾1/6(𝜌𝑔)1/2      (8) 

d ≡ thickness of the layer [m] 

η ≡ viscosity of the coating solution [Pa·s] 

U0 ≡ withdrawal speed of the substrate [m/s] 

γ ≡ liquid-vapor surface tension [N/m] 

ρ ≡ density of coating solution [Kg/m3] 

g ≡ gravity acceleration [m/s2] 

It is notable that by controlling parameters and choosing an appropriate viscosity of the sol-gel, 

the thickness of the coating can be applied with up to 20-50 nm precision. In their prospection 

work, Powder Technology Research Group of Carlos III University used this technique in 

combination with a blend of TEOS and 3-methacryloxypropyl trimethoxy silane (MAPTMS) to 

successfully form a thin coating onto epoxy resin in neutral and acid media.  

A different technique is known as spin coating, in which the substrate spins around its axis 

perpendicular to the coating surface. The sol is deposited on the substrate before spinning and 

gets outspreaded uniformly due to the balance between centrifugal and friction forces during 
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movement. In this coating procedure, rheological parameters of substrate as well as 

aerodynamic values achieved (Reynolds number) will strongly influence the result. 

Perhaps, the most interesting technique for industrial applications would be spray coating 

technique. Spray coating offers advantages over other coating techniques in terms of higher 

speed of deposition, much lower waste of sols, and feasibility of designing in-line automated 

processes [49]. 

The type and composition of sol-gel produced can be designed depending on the intended 

characteristics of the final material, by varying the precursors, the acidity of the solution and the 

drying process. In addition, the reaction can be set to take place at room temperature and in 

aqueous medium, and the solvent removal can be carried out in processes below hundred 

Celsius degrees. As mentioned before, sol-gel coatings can be used to surface-coat composite 

materials and form a template containing metal particles that might transfer electrical 

conducting property to the substrate. Metal particles incorporated to the sol would be trapped in 

the sol-gel network after gelation and would form a homogeneous layer with conducting 

characteristics. This would be a novel approach for metallization of non-conducting materials, 

such as CFRP.  

Among the challenges of this approach in electrical performance, it must be considered that 

coatings on composite laminates in the field of aeronautics must allow the part inspection by 

ultrasonic test. Some coatings and surface modifications can influence the result of the 

inspection by reflecting the pulse, or refracting part of the waves. Thus, sol-gel coating must not 

interfere with the test. Also, the coating must present adequate roughness according to the 

aerodynamic requirements. 

 Copper Nanowires (CuNW) 

Nanowires are considered one-dimensional particles due to their extremely high aspect ratio 

(AR). These particles present a very low percolation threshold. Thus, metallic nanowires are 

usually employed for enhancing the conductivity of transparent films, since a small amount of 

these fillers can produce the electrical network with a minimum penalization on the material 

transparency [62,63]. 
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Figure 12 SEM micrograph of metal nanowires. 

Among metallic nanowires, copper nanowires are one of the most extensively used in industry. 

CuNW present outstanding electrical performances and the wide variety of possible dimensional 

parameters make them interesting materials for electronic applications [64]. In addition, the 

potential of these materials in other sectors of the technology is high. However, the high cost of 

these products in the market, the low availability and a reduced offer in matter of product 

characteristics range suppose a big limitation to its use. Luckily, many inexpensive and easily 

affordable synthesis processes have been presented to date in scientific journals. 

 CuNW production methods 

The production of CuNW has been widely described in scientific articles in the last years. An 

easily understandable summary of the most relevant authors, methods and characteristics of the 

resulting particles can be found below. 

Table 2 Summary of CuNW production processes published by different authors. The price is 
indicative and based only in the price of reagents at the time of the review. 

Author Year Φ 
(nm) 

Length 
(µm) 

Aspect 
Ratio Time Hazardous 

Reagents 
Hydro-
thermal Cost* 

Shi et al. [65]  2005 30-100 ~ mm >105 >48 h - Yes 16 

Chang et al. [66] 2005 90-120 40-50 >350 15’–15 h Yes - 150 

Cho et al. [67] 2009 200-1000 50 250 36 h - Yes 23 

Mohl et al. [68] 2010 64±8 1-10 100 7 h - Yes 6 

Jin et al. [69] 2011 25 10-1000 400-4000 20 h - - 3 

Kevin et al. [70] 2014 40 100 >104 7 h - - 9-11 
* Cost in € per gram of final product calculated for a 100 % yield of product production. 

As seen in the table, a variety of CuNW characteristics can be obtained depending on the 

synthesis process. Basically, changing reagents and conditions of reaction, synthesis can lead 
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and longer or thinner CuNW in shorter times. However, the use of hydrothermal devices such as 

autoclaves does not assure the production of better performing particles. 
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1.4. Electroless deposition 

Electroless deposition has been used for many decades to create thin layers of metals on 

different nature surfaces without the need of electric currents. This is especially useful when the 

surface to coat is not electrically conductive, and thus, it cannot be plated by electrodeposition. 

More precisely, electroless deposition of metals has been applied in automotive industry as a 

coating for both decorative and functional applications [71]. Also, it has been traditionally 

employed in electronic industry for the creation of contacts and microcircuits by selective 

deposition of copper, silver and nickel [72–74]. 

In the present days, electroless deposition is a versatile technique for creating layers with many 

purposes. One possible use is the fabrication of flexible electrodes by coating polymeric 

substrates [75]. Some other applications take advantage of the antimicrobial properties of 

copper electroless layers [76]. Also, cutting edges technologies such as space and flexible solar 

cells employ electrolessly-deposited coatings with different functions [77,78]. 

1.4.1. Electroless deposition principles 

The electroless plating process can be explained as an electrochemical reaction between two 

redox systems with different standard potential values which are brought in contact. Chemistry 

laws say that the less electronegative reactant will be reduced while the most electronegative 

will undergo oxidation process. The reduction process will lead to the deposition of cations in 

the form of metal atoms (Eq. 9). By this process it is possible to create metallic coatings in a 

wide variety of substrates, bringing new properties in terms of visual appearance, surface 

finishing or electrical conductivity. Normally, both oxidation and reduction will continue until 

the substrate gets almost covered by plating metal, when the anodic oxidation ceases and plating 

is stopped [47]. 

 Msolution
z+ + ze-   Mlattice  Cathodic partial reaction (9) 

  R   Rz+ + ze-  Anodic partial reaction (10) 

 

The cation reduction process requires electrons which are provided by the reducing agent 

oxidation (Eq. 10). Sometimes, the substrate to be plated acts as the reducing specie because of 

its lower redox potential. In the rest of cases, the use of a reducing agent is mandatory to 

achieve the redox reaction. Reducing agent donates the electrons to the catalytic surface, and 

during deposition of metal, the substrate releases the electrons to the metal cations to be 

precipitated [79]. Thus, the course of this reduction/oxidation reaction is strongly dependent on 
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composition of the plating substrate. It is well known that the surface of the substrate must act 

as a catalyzer for the reaction if a homogenous layer of metal is desired [80]. 

However, in most of the cases the surface must be pre-treated to achieve catalyzing property, 

and then promote the heterogeneous deposition of metal onto the substrate. In polymer resin 

substrates [81], for instance, the surface needs to be prepared if for the electroless plating. 

Preparation usually is developed in several pre-treatment stages including cleaning, pre-dip, 

etching, neutralizing, pre-activation, activation and acceleration, before electroless deposition. 

The stages sequence would vary depending on the substrate and the plating metal, and the 

process is significantly different from conductive to non-conductive surfaces. 

During plating, the previously treated substrate is immersed in a bath containing the reactants 

and the additives. Normally, a metal salt (copper, nickel, etc.) is dissolved in solution together 

with the reducing agent and a “package” of additives to form the plating medium which will 

deliver the metal atoms to the substrate. The function of the additives is to ensure certain 

conditions that will lead to the heterogeneous precipitation of metal only located onto the 

surface [47]. Some of these additives are complexing agents, which help to keep cations stable 

in solution avoiding homogenous precipitation. If homogeneous reduction might occur, particles 

would be created in the bulk of the medium and no deposition would be achieved. The goal is to 

obtain a system stable enough to only deliver the reduced metal atoms when exposed to the 

catalytic surface. Some other additives are added to regulate the pH in the solution, a critical 

parameter in the reaction development, named buffers. Also, in industrial environments, 

stabilizers are usually included in solution in the proper amount in order to prevent the plating 

bath decomposition, and accelerators that promote the oxidation process. 

1.4.2. Electroless copper particularities 

M. Paunovic [46] studied in detail the reactions involved in electroless deposition of copper. In 

his study, he described the full anodic reaction with formaldehyde as the reducing agent, as it is 

the most popular chemical for this purpose. The anodic process is split in three sub-reactions as 

follows: 

1. Hydrolysis of formaldehyde: 

   H2CO + H2O         H2C(OH)2    (11) 

2. Dissociation of methylene glycol: 

  H2C(OH)2 + OH-   H2C(OH)O- + H2O   (12) 

3. Dissociative adsorption of intermediate compound 
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   H2C(OH)O-       [HC(OH)O-]ads+ Hads   (13) 

Furthermore, the charge transfer is produced in electrochemical oxidation: 

  [HC(OH)O-]ads  +  OH-     HCOO-  +   H2O  +  e-   (14) 

Regarding desorption of Hads, the substrate is the main conditioning parameter to determine 

whether the desorbed specie is [H2] or [H+ + e-]. The latter will happen in case of noble metal 

substrate and will lead to the electrons delivery to the copper cations. 

    2 Hads  H2     (15) 

    Hads  H+ + e-     (16) 

Different reducing agents have been used in electroless deposition of copper, as in Wu et al. 

study [45]. In their work, it was demonstrated the effectiveness of glyoxylic acid as a substitute 

for formaldehyde in epoxy plating for electronic purposes. The deposits of copper achieved 

were smoother in comparison with formaldehyde reduced ones demonstrating the potential of 

glyoxylic acid, which also presents advantages in terms of environmental health and non-

carcinogen substance. 

Regarding cathodic reaction, Paunovic divided the process in two steps: 

Cu2+ + e-   Cu+     (17) 

    Cu+ + e-            Cu     (18) 

The first step is known as the “rate-determine step” since the first charge transfer happens 

slower. Kinetics of the overall electroless process is also described in Paunovic’s work. The rate 

of the reaction was divided in a first induction period and a subsequent steady-state deposition 

(Fig. 13). 

 

Figure 13 Kinetics curve of copper electroless process obtained after simply immersion of a 
metal part in the plating solution [82]. 
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At the beginning of the induction period, the open-circuit potential (OCP) is reached 

immediately after the immersion of the substrate. Next, it takes some time to achieve the mixed 

potential of the system provided by the Evans diagram, where the reaction enters the steady-

state region. During this stage, the speed of deposition becomes stable. 

As previously mentioned, the whole formulation of the plating bath can include a metal salt, a 

reducing agent, a complexing agent, a buffer, accelerators and stabilizers. Particularly, Wu et al. 

[45] presented four different formulations for epoxy plating, which included cupric sulfate as 

the source of metal ions, ethylene-diamine tetra acetic acid (EDTA) as complexing agent, 

formaldehyde or glyoxylic acid as reducing agents, and sodium hydroxide or potassium 

hydroxide as pH adjusters. Also, the temperature of the baths was varied from 45 °C to 60 °C 

obtaining differences in plating results. In this work it is also detailed the pre-treatment applied 

to all epoxy resin board samples. Firstly, the surface was cleaned by immersion in sodium 

hydroxide solution, and later the etching process was performed with sulfuric acid and hydrogen 

peroxide. After this process, the surface is prepared for better adhesion. Next, a neutralizing 

process with sodium hydroxide is carried out which eliminates the sulfuric acid remnants before 

catalytic step. The generation of a catalytic surface is preceded by a pre-dipping in hydrochloric 

acid with no rinsing, and then immersed in a warm tin-palladium chloride solution for 10 

minutes. After rinsing in deionized water, the epoxy substrate shows catalytic surface and is 

ready for plating. 

In order to achieve a catalytic substrate and promote the spontaneous redox reaction onto the 

surface, the use of palladium is the most extended [80]. Palladium (and other precious metals) 

shows the ability to enable Cu electroless plating by forming catalytic nuclei which leads 

reactions to occur. In fact, as mentioned, the dissociative adsorption of the reductant 

intermediate compound either in [H2] or [H+ + e-], and thus the release of electrons, is strongly 

dependent on the presence of a catalytic surface. The early method to activate surfaces by 

palladium deposition was conducted through two steps. First, the adsorption of Sn2+ ions onto 

surface was achieved with the use of stannous chloride / hydrochloric acid solutions. Second, 

the part is exposed to a palladium chloride / hydrochloric acid solution which cause the 

reduction of Pd2+ cations to pure metal by the oxidation of stannous ions to Sn4+ according to 

next equation: 

Sn2+ + Pd2+  Sn4+ + Pd    (19) 

Currently, the formation of catalytic surface in two steps is normally merged in one, in which 

the two chloride salts form a tin-palladium hydrosol in the same hydrochloric acid solution [81].  
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Different approach for creating catalytic surfaces in polymer substrate is described in the study 

of Kim et al. [80]. In their work, polyimide substrate is catalyzed with palladium by a catalytic 

ink printing process for subsequent copper electroless plating. Pre-activation of the surface is 

carried out with KOH solution to control the roughness, just before printing linear patterns with 

different formulations of Pd2+ containing catalyst ink. Later, catalyst ink was reduced with 

NaBH4 in different concentrations producing palladium particles and enabling the copper 

electroless to be performed. 

Generally, during deposition copper atoms accumulate onto the surface in two stages [46]. In 

the first stage, a thin film up to 1 µm is formed following three crystal building processes 

known as nucleation, growth and coalescence of three-dimensional crystallites (TDC) (Fig. 14). 

 

Figure 14 Thin-film crystal building mechanisms [46]: (A) nucleation of first copper nuclei; (B) 
growing of TDC; (C) coalescence of the crystallites with formation of defects. 

Density in number of crystallites increases along time during nucleation step (Fig. 14-A) until it 

reaches a maximum value. At that time, crystallites begin their coalescence decreasing the 

average density (Fig. 14-B), and sometimes leading to the formation of defects such as voids 

(Fig. 14-C). Defects presence is strongly influenced by the bath composition and parameters and 

will affect the quality of the final plating. After thin-film stage, crystallites start growing 

vertically in columnar shape in the so called thick-film stage. After, changes in the reaction 

leads to a secondary nucleation process with the formation of columnar grains [46]. Depending 

in the conditions of plating, a high inhibition degree is reached at some point of the reaction 

leading to the process to stop definitively. 

It is noticeable the advantages of the use of electroless as the deposition method of metals to 

produce conducting reinforced polymer composites. The plating bath parameters are easy to 

control using the proper reagents and additives. They can be customized to obtain the desired 
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layer characteristics such as the type of material to deposit, thickness and morphology of the 

layer, reaction rate and mechanical properties. Furthermore, the plating process can be 

performed at normal room conditions with low temperatures of reaction, and the wide 

availability of documentation regarding electroless processes might be of help in the 

optimization phase of the process. 

On the other hand, the use of hazardous materials such as formaldehyde or sulfuric acid can 

involve several problems of handling and storing, and waste products containing poisonous 

species such as methanol must be disposed carefully. Some other drawbacks can include the use 

of large-size plating baths in case of coating big composite components, which would spend 

large areas in the line of production. Also, the evolution of the plating bath during deposition 

requires meticulous control on the concentration of the reagents during time. 
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2. CHAPTER 2 
MATERIALS AND PROCESSES 

2.1. CFRP substrate samples manufacturing 

Since the research works are based on carbon fiber reinforced polymer (CFRP) coatings, a 

number of samples were produced at the manufacturing facilities of FIDAMC. 

2.1.1. Materials 

The material produced as substrate for the tests was an epoxy-based composite with high 

modulus CF manufactured using a unidirectional Hexcel® prepreg. The uncured material 

presents the following characteristics: 

Resin content: 34 wt.% 

Ply thickness: 0.186 mm 

Ply width: 300 mm 

The material presents at room temperature the adequate tacking for its firm position to the 

tooling or to the previously deposited ply. Due to that, prepreg presents a peeling film that 

prevents self-sticking, which must be removed during lamination. The substrate was 



CHAPTER 2 

36 
 

manufactured employing automatic tape lay-up (ATL) machine according to the following work 

sequence: 

 

Figure 15 Sequence of the CFRP production. 

2.1.2. Automatic tape lay-up 

 Machine programming 

The process begins with the creation of the desired part in CAD software. This will determine 

the geometries and the contours of the element. The characteristics of the material are imported, 

and the stacking sequence is also introduced. This will allow the processing program to create 

the trajectories of the machine for the deposition of tapes of CFRP prepreg. 

 

Figure 16 Creation of trajectories of the machine for each layer of material. The picture shows 
one of the +45 plies. 

The created trajectories were visualized to detect any possible problem or machine 

interferences. Fig. 16 is a capture of the screen showing the net contour of the part and also the 

tapes that will be placed for its production. Once the tapes have been revised, the program post-

processor translates the visualization into machine code, which will be employed to feed the 

ATL CPU. 
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 ATL lamination 

Prepreg lamination is performed under controlled conditions of temperature and relative 

humidity of 23 ± 2 ºC and 50 ± 5 %H.R. respectively. Also, the room where prepreg is 

laminated must be a “clean room” of positive pressure and controlled amount of particles in air. 

The post-processed data was imported to the ATL system and the program was checked by the 

operators. The reference coordinates were also introduced. In parallel, material needs to be 

tempered prior the deposition since it is stored in fridge at -18 ºC to keep its properties constant. 

If the material is still cold during lamination, the improper tacking will cause a lot of problems 

of deposition and release from the peeling film, and thus wrinkles and other defects may be 

produced in the part.  

The working tool is a flat steel plate with a vacuum system to keep the layers stable on the 

surface: 

 

Figure 17 ATL working tool showing the vacuum pores. 

Fig. 17 shows the detail of the tooling table where tiny vacuum pores can be seen. They are used 

to fix the releasing film and assure its stability during deposition. The CFRP prepreg is 

deposited on the film so that the prepreg is not damaged during the release from the table. 

 

Figure 18 Lamination of preforms in ATL. 
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The stacking sequence of the laminates created is (+45/−45/0/90/+45/−45)s: 

Table 3 CFRP plies layup orientation 

Ply Orientation 

1 +45 

2 -45 

3 0 

4 90 

5 +45 

6 -45 

7 -45 

8 +45 

9 90 

10 0 

11 -45 

12 +45 

 

In the case of lightning strike protected parts, the stacking sequence begins with the application 

of the protection prepreg that is always placed on the tooling (aerodynamic side of the part). 

Application of the protection can be done either by ATL as the first layer of the laminate, or 

manually after the lamination by turning downside-up the preform. The preform is then turned 

again to keep the protection in contact with the tooling in the second case. 

2.1.3. Cutting the preform 

After lamination, the preform contour was cut by the ultrasonic cutter of the ATL. It consists in 

an ultrasonic sonotrode that produces vibration on a very sharp stainless-steel blade. 
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Figure 19 Left: detail of the cutting blade of the ATL. Right: preform contour cutting process. 

Once cut, the scrap material was discarded and the preform was removed from the tooling. If the 

curing cycle is immediately performed, the material is trespassed to the curing tool. If the curing 

cycle is not imminent, the preform must be stored in the fridge into a sealed bag to avoid 

excessive exposition to ambient conditions. 

 

Figure 20 Preform after cutting to its net shape. 

2.1.4. Curing in autoclave 

After obtaining the preform in its actual dimensions, it was transferred to the curing tooling. 

Cork retainers are placed surrounding the preform to prevent excessive migration of resin. At 

this point, a first compaction of the preform is carried out by a low vacuum bagging process: 

 

Figure 21 Compaction cycle of the preform. 
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Compaction has two main purposes: first is to remove the air between the plies that might form 

pores in the laminate; and second is to assure a firm sticking to the tooling that will prevent the 

preform to move during the cycle in the autoclave. Once compacted, the vacuum bag for curing 

is made. It is a combination of auxiliary materials that will assure the vacuum during all the 

cycle along the entire preform and will transfer the hydrostatic pressure of the autoclave. 

 

Figure 22 Schematic illustration of the regular autoclave vacuum bag setup. 

As mentioned, cork retainers keep the resin in place. During the curing cycle the resin reaches 

its minimum viscosity and tends to flow out the laminate due to autoclave pressure. A releasing 

film is placed on the laminate to avoid any other material to stick on the laminate during curing. 

Airweave is a sponge-like layer that assures a way out for the air and volatiles during curing 

reaction. Vacuum bag is a nylon layer that contains the vacuum and presses the laminate with 

the autoclave pressure. This layer is fixed to the tooling and sealed with special high 

temperature sticky tape. 

 

Figure 23 Vacuum bag ready to be introduced in the autoclave. 
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2.1.5. Demolding, trimming and cutting 

After confirming that the autoclave cycle was correct in times, temperatures and pressure, the 

tooling was extracted, and the vacuum bag was removed. The part was demolded and visually 

inspected to check that the retainers kept the resin in place 

 

Figure 24 Remove of the vacuum bag and demolding of the parts. 

A very common characteristic of the cured parts is that they present excess of resin in the part 

edges due to the autoclave pressure. Thus, the contour of the parts is trimmed to remove this 

area with uncontrolled resin content. After trimming, the part is ready to be cut to its final 

dimensions. Fig. 25 shows different flat panels being cut from a bigger preform. 

 

Figure 25 Cutting of cured preforms into their final dimensions. 

Usually, CFRP cutting is performed by automatic means when a specific precision is needed, or 

manually by rotatory disk when a coarse finishing is possible. In this case, since the panels have 

no dimensional constraints, the part was cut manually. 
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2.2. Coating materials and procedures 

During the research works two coatings of different nature were produced. The materials 

employed and the procedures for their production are described below. However, full 

information of the coating investigation including more details of their creation can be found in 

the next chapters of this thesis. 

2.2.1. CuNW-filled sol-gel coatings 

 Sol-gel formulation 

The number of silicon-based sol-gel systems is infinite. A vast combination of reagents can be 

used depending on the final properties desired. The properties of the network are highly tunable 

by employing silanes with different functional groups that confer specific properties. 

Particularly, hybrid silica sol-gel systems form organic/inorganic networks which are quite 

interesting, since they present intermediate characteristics between glass and organic polymers. 

Within this research, two different formulations of hybrid silica sol-gel system were subjected to 

study: 

• MAPTMS-based hybrid sol-gel. 

• GPTMS-based hybrid sol-gel. 

Both formulation systems included ethanol as the solution medium, TMOS as the crosslinking 

enhancer and water as the hydrolyzing agent. 

a. MAPTMS-based hybrid sol-gel 

MAPTMS (3-(Trimethoxysilyl)propyl acrylate) is a tri-functional organometallic compound 

widely employed for their good characteristics in the preparation of hybrid nanomaterials [83]. 

 

Figure 26 MAPTMS structure. 
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The starting point of MAPTMS-based formulation is in the table below: 

Table 4 MAPTMS-based initial formulation. 

Reagent Molar fraction Volume Role 

MAPTMS 0.33 1.375 ml Functional silane 

TMOS  0.66 1.705 ml Crosslinking promoter 

EtOH 3 2.999 ml Reaction medium 

H2O 3 0.920 ml Hydrolyzing agent 

 

A volume of 10 ml of product was prepared in a glass vial with magnetic stirring. Both silanes 

were mixed with ethanol and the de-ionized water was added dropwise to the mixture in order to 

avoid fast hydrolyzation of the products. Time was set to zero at this point. After, CFRP small 

specimens previously cleaned and degreased were dip-coated once by immersion in the product 

at different reaction times (30 min, 90 min, and 120 min) at 100 mm/min of withdrawal speed. 

All the samples presented a thin layer of fluid on the surface when they were extracted. One 

batch of samples was left drying at room conditions and the second one was dried into oven at 

60 ºC for 4h to assess the action of drying rate on the coatings. 

b. GPTMS-based hybrid sol-gel 

Glycidylpropyl trimethoxysylane, also known as GPTMS or GLYMO, is another tri-functional 

organometallic compound with the particularity of a glycidyl group in one extremity. This 

functional group is present in epoxy resins and it is the responsible of crosslinking reaction [84]. 

 

Figure 27 GPTMS structure. 

Its ability to create epoxydic bonds makes GPTMS interesting from the point of view of 

adhesion to the substrate, which is basically a crosslinked epoxy matrix. Sol-gel system was 

prepared according to the following molar fraction of reagents: 
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Table 5 GPTMS-based initial formulation 

Reagent Molar fraction Volume Role 

GPTMS 0.2 3.761 ml Functional silane 

TMOS 0.8 0.627 ml Crosslinking promoter 

EtOH 0.5 0.612 ml Reaction medium 

HCl 0.024 0.88 ml Hydrolyzing agent 

This time, sol-gel was acid catalyzed to increase hydrolyzation rate of the alkoxides and thus 

promote the creation of a continuous layer. HCl was added dropwise to the stirring mixture after 

the addition of the silanes and the ethanol. CFRP samples were cleaned and degreased and dip-

coated after 1.5 h and 4 h of reaction. Half of the samples were dried at room conditions and the 

others were dried into oven at 60 ºC for 4h. 

 CuNW synthesis 

After evaluation of all methods reported, the processes of Shi et al. [65], Kevin et al. [70] and 

Jin et al. [69] were selected as the best candidates for laboratory work. However, since 

hydrothermal process is part of the Shi et al. method, and the equipment was not available at the 

time of the works, the focus was on the last two. 

As non-hydrothermal process, Jin et al. method has been found to be the most interesting among 

all. The results are CuNW with proper morphology at low prices in addition to easily affordable 

synthesis steps. Particularly, their synthesis revealed a good potential in large scale production 

of CuNW. The use of simple, low temperature and ambient pressure processes is an advantage 

when scaling up the reaction to higher production rates. 

 

Figure 28 Process stages in Jin et al. [69] and Kevin et al. [70] methods. 

Kevin et al. method is very similar only varying the proportion between the reagents, more 

specifically the capping agent and the copper source. The two methods present many 

similarities, and both syntheses are supposed to produce a type of reaction known as “Maillard 

process”, in which the glucose reacts with the amine in several steps forming intermediate 
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products (aldehydes, aldols and reductones) that are responsible of copper reduction. Maillard 

reaction is believed to be also the responsible of more common daily process such as the 

toasting bread. Schematically, the reaction takes place in stages as follows: 

 

Figure 29 Maillard reaction scheme. 

The reaction starts with a nucleophilic interaction of the amine nitrogen (hexadecylamine in this 

case) with the carbonyl group of glucose. Condensation then occurs and the glucosamine is 

converted to Amadori product which later reacts in sequential pathways to give Maillard 

reaction products. These products subsequently react with another amine to produce 

melanoidines with antioxidative properties which are believed to be responsible of the reduction 

of Cu2+ [70]. 

a. Synthesis based on Jin et al. method 

A synthesis according to Jin et al. [69] process was carried out. The reagents were set as 

follows: 

• 50 mL of deionized H2O (Sigma Aldrich). 

• 105 mg of CuCl2·2H2O (Sigma Aldrich). 

• 1000 mg of Hexadecylamine (90%) (Sigma Aldrich). 

• 250 mg of D-(+)-Glucose (Sigma Aldrich). 
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Figure 30 Synthesis process: (A) preparation of the reagents; (B) homogenization of solids; (C) 
initial liquor after stirring; (D) oil bath at 100 ºC under low stirring and evolution in the solution 
color; (E) final product of reaction. 

The reaction product was a homogenous brown solution. The liquid was then centrifuged at 

4500 rpm for 30 min to force decantation of particles and washed with water and ethanol for 

several times to remove the waste. 

b. Synthesis based on Kevin et al. method 

The reagents according Kevin et al. [70] method were set as follows: 

• 50 mL of deionized H2O (Sigma Aldrich). 

• 190 mg of CuCl2·2H2O (Sigma Aldrich). 

• 1000 mg of Hexadecylamine (90 %) (Sigma Aldrich). 

• 250 mg of D-(+)-Glucose (Sigma Aldrich). 

The synthesis process was carried out with the same stages as Jin et al. method but varying only 

the reagents proportion. Also, this time ageing at 100 ºC was performed without stirring. The 

result was a heterogeneous brown solution darker than that obtained by Jin et al. method, 

presenting a deposit on the bottom of the flask and a supernatant. The solution was re-dispersed 

with moderate stirring and then centrifuged at 4500 rpm for 30 min. Three cycles of purification 

with water were applied. 
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Figure 31 (A) Kevin et al. method reaction liquor; (B) split in two different concentration 
products. 

 CuNW filled sol-gel coatings 

Once the individual products were achieved and the maturity of the processes was enough to 

assure a good starting point, the combination of the materials and thus the coating application 

was performed. A sol-gel system was set according to formulation listed in Table 5. All reagents 

were placed in a glass vial following the indicated order and immediately the CuNW dispersion 

in water was added dropwise, in different proportions: 

Table 6 Volume fractions in CuNW + sol-gel systems. 

Combination #1 #2 #3 

Sol-gel 1 2 1 

CuNW in water 1 1 2 

2.2.2. Electroless copper coatings 

The electroless coatings produced during the research were employed for two different studies. 

One is the initial laboratory characterization of the coating and the second is the application in 

large CFRP panels for the evaluation of the LSP performance. Thus, this section is split in two. 

However, both electroless copper baths were created with the following reagents: 

• Copper(II) sulfate pentahydrate AGR ACS, Labbox Labware, Spain. 

• Ethylenediaminetetraacetic acid (EDTA) AGT, Labbox Labware, Spain. 

• Potassium hydroxide 85 % ACS, Labbox Labware, Spain. 

• Formaldehyde solution ACS reagent, 37 wt. % in H2O, 10-15 % Methanol as 
stabilizer, Sigma-Aldrich, Germany. 
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 Electroless copper for laboratory characterization 

Squared 40 mm × 40 mm samples were cut off the panels produced for the laboratory-scale 

assessment of the coatings. The copper coating was obtained in a five-stage procedure 

employing a simple combination of de-ionized water and reagents readily available in the 

market. The surface preparation of the samples was conducted as follows. (1) They were firstly 

thoroughly washed and degreased with a sequence of liquid soap, KOH solution, and acetone. 

(2) After cleaning, samples were subjected to an acid etch by immersion in a 10 vol.% sulfuric 

acid (98 vol.%) solution for 60 min. (3) The parts were then immersed in the sensitization 

solution composed of 10 wt.% SnCl and 1 vol.% HCl (37 vol.%). (4) The activation of the 

surface was then carried out by immersion into a 10 wt.% AgNO3 salt solution. 

Pre-treated samples were then subjected to a copper electroless solution that was composed of 

0.2 M CuSO4 and 0.34 M EDTA as the source of copper and the ion complexing agent, 

respectively. The solution was kept at pH 12.5, achieved by the addition of a controlled amount 

of 2 M KOH solution. The reduction of copper was obtained by the addition of a 2–5 ml/l 

HCHO solution to the bath. All samples were coated following the mentioned surface 

preparation procedure, and then they were immersed into an electroless solution for different 

times. Samples were thoroughly rinsed with deionized water after each bath to remove residues 

and to protect subsequent baths from contamination. The control of the bath parameters was 

carried out by employing a Fluke temperature probe and a XS Instruments pH meter. 

 Electroless copper for lightning strike emulation 

A new coating setup was prepared in this study for the electroless copper plating on relatively 

large surfaces. More precisely, the geometry of samples employed was 305 x 305 mm for A-

component, and 100 x 150 mm for C-component. The samples were immersed in the electroless 

bath for the desired times. After, they were rapidly rinsed and thoroughly dried employing 

desiccant paper and air current before storing in sealed plastic bags. As reference samples for 

the study, uncoated neat CFRP and lightning strike protected panels of the same dimensions 

were also tested. The protection used for the latter is a commercially available epoxy resin 

prepreg expanded copper foil 175 g/m2 of areal weight. The LSP was manually placed on the 

tooling side of the uncured preform before autoclaving, and subsequently co-cured with the 

CFRP. 



Materials and processes 
 

49 
 

2.3. Characterization techniques 

2.3.1. Resistance to separation test 

Resistance to separation tests were performed under conditions described in ISO 2409 [85]. The 

resistance to separation test measures qualitatively, among others, the strength of the adhesion 

of the coating to the substrate. However, it can never be confused with the adhesion test. For 

that purpose, special tools are required: 

 

Figure 32 Standard multiblade employed during ISO 2409 tests. 

• Normalized cutting tool. 

• Normalized adhesive tape. 

• Soft brush. 

Cross cuts were carried out with the cutting tool for coatings below 60µm. In this case, by 

passing once the tool in two perpendicular directions, 6 parallel cuts at 1 mm each other are 

performed on the parts. The surface was cleaned out of released solid particles firstly with the 

soft brush and secondly with standard sticky tape, both issued with the tools. After, the damaged 

area was observed under light microscope to identify the damage to piece according to standard 

scale: 
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Table 7 Cross-cut test ratings according to ISO 2409. 

Classification Flaking Appearance of 
cross-cut area 

0 None 
 

1 Below 5% 
 

2 Between 5-15% 
 

3 Between 15-35% 

 

4 Between 35-65% 
 

5 Any other - 

 

2.3.2. X-Ray Diffraction  

A Philips X-pert PRO MPD X-Ray diffractometer (XRD) was used to obtain information of the 

crystallography of the samples. This equipment sends an X-Ray beam to the sample under 

different angles and records the intensity of the refractions. Peaks in the refraction spectrum are 

employed to identify crystallographic planes in crystalline substances such as metals. 

2.3.3. Scanning Electron Microscopy – Energy Dispersive X-Ray 

Spectrometry 

A Thermo Scientific Teneo scanning electron microscope (SEM) was employed to analyze the 

topography and surface structure of the samples. SEM “illuminates” the sample with an electron 

beam and detects both backscattered and secondary (teared) electrons to form an image of the 

surface. Backscattered electrons intensify with the molecular weight of the samples whereas 

secondary electrons are related with the topography of the surface. 
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Figure 33 Thermo Scientific Teneo SEM. 

In addition, the energy-dispersive X-Ray spectroscopy (EDS) AMETEK EDAX tool was used 

in combination with SEM to analyze the chemical composition of the surface. The electron 

beam is projected to the sample which atoms react shifting electrons to different energy states, 

emitting X-Rays. The energy at which the radiation is emitted is characteristic of each element 

and can be identified by the detector. 

2.3.4. Electrical measurements 

Electrical measurements were performed employing a Keithley 2400 ohmmeter in its two and 

four wire sensing mode. The surface conductivity was evaluated according to the sheet 

resistance measurement procedure employing the self-designed and manufactured 4-wire probe 

(see §7 of the Annex) and the appropriate values setting of the equipment. 

 

Figure 34 Ohmmeter Keithley 2400. 

Tests on electroless coatings were conducted on the center of the samples at their tooling side. 

The copper deposits on the rest of the surfaces were removed by sanding to avoid any current 

leak effect. A current of 0.1 A was injected between the outer pins, whereas inner pins were 

employed to measure the voltage. According to Ossila company description [86], if all the four 

sensing pins are co-linear and equally spaced (characteristic distance), and the sample presents 
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homogeneous electrical properties, the measured voltage can be directly converted to sheet 

resistance by the following equation: 

Rsq =  π/Ln(2) ∙ ∆V/I ∙ C    (20) 

Where V = voltage; I = electric current; C = correction factor. 

In the case of the 40 x 40 mm samples, the correction factor used for the calculations was C = 

0.946, value extracted by extrapolation from the numeric tables provided in the literature [87] 

when using dimensional ratios of t/s ~ 0, w/l, L = 1 and w/s = 12.5 (being w = width, L = length 

and s = pins spacing). (see §7 of the Annex for better understanding). In the case of the 305 x 

305 mm samples 

2.3.5. Fourier Transform Infra-Red Spectroscopy 

A Thermo Scientific Fourier transform infrared (FTIR) Nicolet Series spectroscope was 

employed to evaluate the chemical structure of the samples. It is a very powerful tool that 

presents the mid-infrared spectrum of the substance, allowing identifying different nature 

chemical bonds in it. 

 

Figure 35 Thermo Scientific FTIR system. 

The system is composed of two devices: iN10 MX that allows performing measurements via 

optical microscopy and surface mappings, and iZ10 which can allocate the transmission 

measuring bench, the diamond-ATR bench or TGA auxiliary device. 

2.3.6. Optical microscopy 

The Nikon Eclipse LV150 optical microscopy, with a Leica Microsystems MC190 HD imaging 

system attached, and the software Leica LAS EZ were used to investigate the samples 
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morphology in the microscale. It is a very quick and easy mean of visualizing, even capable of 

showing small particles when used with light polarizer. 

 

Figure 36 Microscope with the imaging system attached. 

2.3.7. Thermo-Gravimetric Analysis 

A TA Instruments Q500 thermo-gravimetric analyzer (TGA) was employed to evaluate the 

composition of the samples. In TGA the sample is heated up at a controlled rate in inert or 

normal atmosphere while its weight is recorded. The different degradation phenomena can be 

spotted in form of partial weight drops, allowing the analysis of the composition of the samples. 

 

Figure 37 TA Instruments TGA Q500. 
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The system can reach a maximum of 1000 ºC in the furnace, in air or nitrogen environment. A 

maximum sample weight of 1 g is controlled with a precision of 0.01 % and a sensitivity of 0.1 

µg. 

2.3.8. Surface Profilometry  

Surface profiles of the samples were obtained with a Bruker DEKTAK XT stylus profiler. This 

device uses a very thin tip (12.5 µm) to evaluate the topography of the surface with near nm 

precision. Average roughness and surface profile can be achieved by software processing of the 

data recorded by the profilometer. 

 

Figure 38 Bruker Dektak XT at Polytechnique Montreal. 

The practical vertical resolution of the equipment is 4 Å, and the stylus force range is 1 – 15 

mg). It can collect up to 120000 data points per scan. 

2.3.9. Lightning strike emulation 

This work is focused in the effects of A, C and D components of the curve. In order to replicate 

the first return stroke of the A-component (and D-component) in a simple equipment, Rajesh et 

al. created their own apparatus based on the capacitive storage, which was successfully 

employed in similar studies before this one [55]. 

 A-component lightning strike emulation 

A-component lightning strike emulation tests were conducted employing the self-made emulator 

of the Electrical Department of Polytechnique Montréal. The device retains energy up to 70 kV 

in the high voltage capacitors, which is released through a carbon spheres spark gap to create 

the discharge. However, due to system construction constraints, the maximum peak of intensity 

during the discharge ranges 40 kA. Although the value is lower than that of the standard A or D 

components, it is still high enough to evaluate the preliminary performances of the LSP 

systems. Indeed, according to Katunin [88] the internal aircraft manufacturer regulations and 
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statistical reports indicate that the most common natural lightning discharges are in the range of 

5-10 kA. In addition, in some other works such as that of Feraboli et al. [20], Yokozeki et al. 

[30], Kamiyama et al. [89] and Xia et al. [57], lightning emulation experiments were conducted 

employing discharges of lower currents than those stated in the ARP directive, considering that 

it was sufficiently high current anyways for inflicting damage to coupon-level specimens (much 

smaller than full-size aircraft parts). 

The copper impactor is placed over the sample at the desired distance, and the sample is 

connected to the negative electrode of the capacitors. The waveform of the discharge is 

controlled by diodes and a coil to emulate the shape of the real lightning discharge. The shape of 

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

specified in ARP5412B [16]. 

 

Figure 39 A-component emulator at Polytechnique Montréal. 

The setup was controlled employing a self-made controller to adjust the position of the spark 

gap and the charge/discharge mode of the capacitors. The discharges were monitored by an 

oscilloscope and a Rogowski coil ammeter and both the voltage and current graphs were 

recorded. 

 

Figure 40 Left: detail of the sample holder and the impactor ready over an aluminum calibration 
sample. Right: oscilloscope, controller and multimeter in a separate room. 
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 C-component lightning strike emulation 

In addition to return strokes emulation, another test was prepared for evaluating the response of 

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

C-component emulator test rig was built employing 3D printing technology. 

 

Figure 41 C-component test setup. The voltage probes are located on the center of the specimen, 
and the copper bars are the electrodes for injection. 

Tests were performed by attaching the coated samples to the testing rig, which contained two 

copper bars acting as the electrodes for the current injection. The power supply was controlled 

by an electronic driver connected to a PC, and the voltage difference between two points of the 

surface spaced 50 mm along the injection flow was measured using a voltage probe. A steady 

current of 30 A was injected through the terminals for 1 s and a FLIR camera was employed for 

recording the temperature rise. 

2.3.10. Infrared imaging 

A FLIR T420 image system was employed to record the temperature rise of the samples during 

C-component test. The device uses an infrared sensor to construct a temperature image. The 

maximum temperature threshold of the device was 150 ºC, and the samples were masked to 

avoid reflection on the coatings, and thus, avoid wrong measurements. Emissivity of the 

samples was set to 0.85 after calibration with a contact thermometer. 
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Figure 42 Left: FLIR camera showing reflection on the sample. Right: setup with masked 
sample to avoid wrong measurements. 

2.3.11. Non-Destructive Testing 

Non-destructive testing (NDT) was employed to analyze the damage created on CFRP panels by 

A-component lightning emulation test. An ultrasonic TecniTest automatic testing system 

available at FIDAMC facilities was used.  

 

Figure 43 TecniTest NDT automatic inspection system. 

Among all ultrasonic inspection techniques, double-though transmission was the one employed. 

In this mode the pulse generator and the detector are in opposite sides of the part and 

surrounded by a water steam as the coupling agent. 

2.3.12. Contact angle test 

Contact angle measurements were performed to investigate changes in the surfaces of CFRP. In 

this test, a small drop of a controlled volume of fluid (usually water) is placed with a needle on 

the flat surface to test. The angle that the surface forms with the drop of fluid is indicative of its 
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hydrophilicity/hydrophobicity, and changes in the angel can be attributed to changes in the 

chemistry or topology of the surface. 

 

Figure 44 Examples of two measurements with water of a CFRP sample before (left) and (after) 
a compatibilization treatment. 
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3. CHAPTER 3  
SOL-GEL COATINGS FILLED 
WITH COPPER NANOWIRES  

3.1. Sol-gel systems analysis 

3.1.1. MAPTMS-based hybrid sol-gel 

The result of the MAPTMS-based sol-gel was similar in all cases of reaction times (see Table 

4). Drying was achieved completely, and a thick, irregular and cracked vitreous solid layer was 

formed on the surface, as seen in Fig. 45. Between cracks, layer is homogeneous and covers 

totally the substrate. Even small movements of the sample produced detachment of the coating. 

Cracking is produced after a significant shrinkage of the coating but detaching of flakes occur 

when the coating is not fixed to substrate. Thus, after repeatedly obtaining the same results 

varying the formulation and drying conditions it was concluded that the system was not creating 

any chemical adherence to the polymeric substrate. 
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Figure 45 Micrographs of MAPTMS-based system results. 

3.1.2. GPTMS-based hybrid sol-gel 

As seen in Fig. 46-A and B, samples dried in oven present a cracked surface, similar to 

MAPTMS samples. However, the layer is acceptably adherent to the substrate and is not easily 

detached. These characteristics lead to think that drying into oven was too intense that the rapid 

shrinkage of the network broke the coating. Fig. 46-C shows the sample immersed after 1.5 h of 

reaction and dried at room temperature. It presents a very poor coverage of the substrate with 

big uncoated areas. Coating shrank laterally to form closed domains. However, it is strongly 

attached to the substrate. Fig. 46-D is the GPTMS coated sample obtained after 4 h of reaction 

and dried in room conditions. The coating is uniformly covering the entire surface. There are no 

cracks or discontinuities in the layer and is strongly adhered to the CFRP. The increase in 

viscosity of the sol between 1.5 h to 4 h of reaction is very positive for the covering potential of 

the coating.  
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Figure 46 Optical micrographs of GPTMS-based sol-gel samples. (A) and (B) are 1.5 h and 4 h 
samples respectively, dried in oven; (C) and (D) are 1.5 h and 4 h samples respectively, dried at 
room conditions. 

In Fig. 47 left one can see the coating boundaries with the sol-gel bulk on the right and the 

CFRP substrate on the left. The sol-gel wets the surface, which is a sign of good compatibility 

between materials. Fig. 47 right shows the homogeneous and continuous layer in the microscale, 

presenting a smooth surface without pores or defects. 

 

Figure 47 SEM micrographs of GPTMS-based sol-gel coatings. Left: boundaries of the coating 
showing the substrate underneath. Right: clear and continuous coating lacking defects. 

To further understand the reaction in GPTMS-based sol-gel, Fourier-transform infrared 

spectroscopy (FTIR) experiments were conducted. The reagents were added to a vial and a drop 
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was placed on the ATR diamond crystal. FTIR spectra were extracted once every 1 min for 30 

min and presented in a three-dimensional plot. 

 

Figure 48 FTIR results of the first 30 min of GPTMS-based sol-gel reaction. (A) 3D 
composition surface XYZ; (B) 2D map of the same experiment with the absorbance magnitude 
in color scale from blue (low absorbance) to red (high absorbance). 

Results show two main regions in the spectra. Three major peaks are found in the region over 

2500 cm-1: The wide peak at 3351cm-1 corresponds to O-H stretching vibrations of water and 

ethanol, and peaks at 2943 cm-1 and 2840 cm-1 are characteristic of C-H bonds stretching 

vibrations. The region below 1800 cm-1 is known as the fingerprint of the spectrum. Here, the 

most characteristic information can be extracted. In acid catalyzed sol-gel systems, Si-OH 

groups are formed immediately and in large amounts. This is noticed in the increasing peaks of 

silanol at 903 cm-1 and 857 cm-1 that continuously increase from the beginning of the reaction. 

Attending to 1025 cm-1, which is a representative band of Si-OR group vibrations, it can be seen 

the peak at the beginning of the experiment. The absorbance at this wavenumber decays steadily 
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until almost disappear after 15 min approx. This means that radicals (CH3) in TMOS and 

GPTMS have been recombined to form methanol during hydrolysis, and gradually evaporated. 

In parallel, the clearly visible peak at 1086 cm-1 steadily increases and widens during the 

experiment. This band is related with Si-O-Si asymmetric stretching vibration. That behavior 

means that silanol groups enter in a very intense condensation phase from the beginning of the 

reaction, leading to the formation of the gel. Peak at 685 cm-1 presents the same behavior and it 

is also related to Si-O-Si, but due to its lower intensity it is less clear to observe [84,90].
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3.2. CuNW synthesis 

3.2.1. Jin et al. synthesis 

 

Figure 49 XRD of CuNW sample. 

The X-Ray diffraction (XRD) spectrum of the synthesis product shows a noisy curve probably 

due to the great amount of waste remains in the sample. In addition, peaks at 43.56 º, 50.68 º 

and 74.46 º correspond to diffractions from {111}, {200} and {220} planes of face-centered 

cubic structure of copper [91]. That peaks prove the presence of metallic copper structures. 

 

Figure 50 SEM micrographs of CuNW obtained employing Jin et al. method. 

The purified product was observed in SEM. Fig. 50 shows that the reaction produced needle like 

particles of 5 µm in length and 60-80 nm in section. Also, 50 nm spherical and cubic 

particulates were formed. These smaller structures are also reported by Jin et al. [69]. However, 

waste products are observed accompanying the CuNW and covering the sample, which means 

that the purification was not as efficient as expected. According to the results obtained by the 

author, the characteristics of the particles are quite under the expectations. The reported length 
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of the particles was in the range of hundreds of microns, whereas the obtained particles are only 

few microns in length. 

3.2.2. Kevin et al. synthesis 

Two products were obtained and separated from the Falcon centrifuge tubes: high concentration 

product from the bottom and low concentration from the upper part. 

 

Figure 51 SEM micrographs of CuNW obtained employing Kevin et al. method. 

SEM inspection of the products revealed the presence of extremely high aspect ratio CuNW, 

with a section near 80 nm. Again, smaller particles in form of arrow-tip or cube happen to be 

produced simultaneously with the nanowires. These particles are likely unsuccessful CuNW 

initial grains that could not grow due to different factors, such as local heterogeneity in the 

hexadecylamine which plays an important role in the growth mechanisms [69]. 

Samples of the synthesis product were dried at room conditions for water evaporation and 

immediately observed in optical microscopy to evaluate the length of the particles. Light 

microscopy should be used considering its limitations in detection of objects due to its 

wavelength. When the size of the particle is lower than the wavelength, microscope must be 

used employing the light polarizer so that objects are revealed. However, note that due to light 

polarization, only particles aligned with two orthogonal directions are visible in all the pictures. 
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Figure 52 Polarized light microscopy at two magnifications of as-synthesized product. Note that 
byproducts are detected on de CuNW in form of white objects. 

Most of the particles shown are long and thin wires of lengths ranging 150-180 µm. However, 

shorter particles (20-60 µm) can be seen in the sample. They are probably caused by inhibition 

of the CuNW growth during synthesis or by breakage of longer particles under capillary forces 

caused by drying. CuNW are at this point appear in a stable and homogeneous dispersion and do 

not show entanglement. 

 

Figure 53 EDS analysis of CuNW sample. 

Energy dispersive X-Ray diffraction (EDS) was employed to check the chemical composition of 

the nanowires. Analysis was performed on three different locations of the sample, two of them 

on the particles. As seen in the spectrum (Fig. 53) of spot 1, there is a strong signal near 0.9 keV 

which corresponds to CuLα energy band. Also, minor peaks at CuKα and CuKβ energy bands in 

8 keV and 8.9 keV are detected. Spot 2 presents a similar spectrum whereas spot 3 shows much 

less detection of copper. It is confirmed that the nanowire structures seen in SEM correspond to 

CuNW. 
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 CuNW purification  

As seen in the micrographs of the product, synthesis led to CuNW production in combination to 

a huge amount of byproducts. Synthesis products were subjected to Fourier-transform infrared 

spectroscopy (FTIR) to further know the chemical species: 

 

Figure 54 FTIR spectrum of as-synthesized product. 

It can be easily identified a broad absorption band near 3443 cm-1 due to the O-H stretch of free 

hydroxyl and H-bonded of water. Also, near 3300 cm-1 it can be noticed a slight shoulder 

identified with N-H stretch of primary or secondary amine (hexadecylamine remains or 

glucosamine produced during reaction). The absorption band composed of sharp peaks in 2850 

cm-1 and 2960 cm-1 is related with the C-H stretch vibrations of organic molecules present in the 

product. The absorption near 2350 cm-1 corresponds to the CO2 ions diluted in air, which is 

partially eliminated by the baseline adjustment. Broad peak found at 1630 cm-1 is shown as a 

result of the vibration of O-H of water trapped in the sample. Also, absorption peaks at 1469 

cm-1 and 1384 cm-1 occur due to the sp3 C-H bend and C-H rock vibrations, as well as peak at 

722 cm-1. FTIR absorption bands confirmed the presence of new organic compounds different 

from the precursors, which could be responsible of the reduction of diluted copper ions, 

according to literature [70]. 

In order to obtain a cleaner product CuNW, two different combinations of purification cycles 

were tested: 

Purification method 1. The synthesis products were washed with water and ethanol. Three 

cycles of dispersion + centrifugation at 4500 rpm were applied. 

Purification method 2. The synthesis products were washed with water and 2-propanol. Three 

cycles of dispersion + centrifugation at 4500 rpm were applied. 
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The results were evaluated by thermo-gravimetric analysis (TGA). In this technique, the sample 

is heated at a controlled rate and under nitrogen atmosphere to avoid oxidation, which might 

affect the sample weight, and the loss of mass with the time is recorded. 

 

Figure 55 TGA test on purification test samples. 

Results show that a great part of the sample mass is loss before 500 ºC. Organic compounds are 

degraded in this stage. After, the constant curve means that there is an inorganic part of the 

sample that withstands higher temperatures. What we see is that the inorganic part of 

purification 1 sample is 25 wt.% whereas for purification 2 sample is 44 wt.%. As seen in the 

micrographs, the only inorganic structures in the product are the CuNW and the small copper 

particles. Thus, method 2 exhibits better purification yield than one, employing 2-propanol 

better than ethanol. 

However, it was rapidly observed that cycles of purification including centrifugation and 

redispersion of CuNW could increase the particle entanglement, as shown in Fig. 56. 

 

Figure 56 CuNW entanglement after purification cycles. 
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These bundles of particles were formed apparently irreversibly. Agitation in Vortex or stirring 

in aqueous medium were not effective to untangle the bundles. Thus, purification procedure 

must balance the purity of the final product with the degree of entanglement induced. The 

extremely long characteristic of the CuNW produced might be positive in some aspects, but 

definitely the entanglement can suppose a problem when using the product. 

3.2.3. Synthesis scale-up 

After concluding that the method of Kevin et al. threw the best results with CuNW of extremely 

high aspect ratio, it was decided to enlarge the synthesis setup for an increased production of 

particles. The reason is that the subsequent series of experiments required a much higher mass 

of CuNW product. 

As described in Kevin et al. article, the theoretical mass output of CuNW is around 7.3 mg per 

each synthesis cycle using a volume of solution of 10 ml. In case of applying the same process 

in large scale production of CuNW, the mass of reagents must be increased as much as possible 

to keep the relationship cost / time below reasonable limits as compared to that of the 

commercial product. In the next example, a factor of 200 was applied in the reagents amounts to 

obtain a feasible proportional recipe with a theoretical product result of several grams: 

Table 8 CuNW synthesis scale-up mass conversion. 

Reagent Initial mass Scale-up mass 

CuCl2 · 2 H2O 30 mg 6 g 

HDA 180 mg 36 g 

GCS  50 mg 10 g 

De-ionized water 10 mL 2000 ml 

If one sets the yield of reaction at 40-50 % (according to Kevin et al. [70]), this procedure would 

bring a theoretical production near 0.99 g of CuNW per each synthesis. 
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 Results of the scale-up 

The CuNW obtained in the enlarged synthesis were inspected in the optical microscope: 

 

Figure 57 Optical microscopy of CuNW resulting from the high-volume synthesis. 

As seen in Fig. 57, the geometry of the particles is identical to that obtained in the small volume 

synthesis. Long and thin copper nanowires were obtained, and the particles presented a good 

dispersion state only showing agglomerates or bundles near big solid byproduct impurities that 

were removed in the washing process. Average length of wires ranges 180-220 µm, whereas 

shorter wires and spherical particles were detected again near the edges of the dried product 

droplet. 

 Concentration of the product 

The resulting dispersion of CuNW was characterized to know more accurately the concentration 

of particles per volume of liquid. This data is useful if an accurate amount of particles is desired 

in a system. In this case, a new experiment was carried out employing TGA by separating a 

volume of fluid and removing the solvent and the byproducts in it. Finally, the mass remaining 

is only CuNW contained in the volume. 
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Figure 58 TGA results of the concentration experiment. 

100 µl of suspension were extracted using a micropipette, right after stirring the product to lift 

the bottom precipitate and homogenize concentrations. Test was conducted as quickly as 

possible so that a minimum amount of suspension fluid was evaporated before inserting the 

sample in the equipment. The heating was performed in nitrogen atmosphere to avoid oxidation 

of the sample. Fig. 58 shows a rapid drop of the sample weight in the first 180 ºC due to solvent 

evaporation. Near 99 % of the sample mass is lost during this first stage. After, degradation of 

different products produced a stepwise decrease in the mass until a residue of 0.33 wt.% is left. 

The absolute weight of the residue was 0.34 mg. This leaves a concentration of product of 3.4 

g/l. 

It is known that the resulting volume of concentrate after purification cycles was 250 ml. 

According to the concentration observed, the total amount of CuNW obtained is 0.85 g. On the 

other hand, since the initial weight of copper source specie (6 g of CuCl2 · H2O), the potentially 

available copper for conversion to metallic state was 2.258 g. With these data one can easily 

obtain the yield: 

𝛾 =  100 
0.85

2.258
 = 37.6 %  

The actual process yield is slightly lower than that reported by Kevin et al (40-50 %). However, 

two extra sources of yield limitation were found: 

1. The 200 times bigger volume of reaction presented a greatly increased exposed surface. 

It produced a quite larger supernatant that was discarded, and supernatant is likely 

formed by solid byproducts but also bundled CuNW.  
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2. In addition, the product losses when employing multiple Falcon containers for 

centrifugation of such big volume are unavoidable. 

 Electrical feature check 

CuNW are mainly known by their good electrical properties. However, it is also known that 

these particles are very sensitive to oxidation and other chemical changes. Thus, with the aim of 

confirming that the synthesized particles present electrical feature, a very simple experiment 

was conducted. Employing the micropipette, 1 ml of dispersion was deposited and spread on a 

small CFRP sample and left to dry. Conductive silver paint was employed for the contacts, and 

the electrical resistance was measured.  

The multimeter showed ohm values meaning that the product produced an electrical path along 

the surface. However, the results of this test are not representative of the electrical performance 

level of the CuNW since the deposit is not homogeneous and it is not covering the entire 

surface.
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3.3. CuNW filled sol-gel coatings 

The results obtained were identical in all three cases of volume ratio. Originally dispersed 

CuNW tended to agglomerate and form big bundles when the drops entered in contact with sol-

gel. These aggregates floated on the surface of the liquid, and the rest of the medium presented a 

more intense red color. 

 

Figure 59 (A) CuNW original dispersion in water; (B) CuNW aggregates in sol-gel; (C) optical 
micrograph showing the CuNW bundles. 

After microscopy investigation, it was stated that most of CuNW were gathered in bundles 

while the smallest copper particles remained in a dispersion state. Thus, the liquid medium 

acquired a more reddish hue. Fig. 59 C shows the millimeter-sized aggregates formed right after 

addition of CuNW. The change of medium is obviously affecting the dispersion state of the 

particles, in a similar way as the cycles of centrifugation during the purification. Obviously, 

particles agglomeration is detrimental for percolation, and thus supposes a big issue for the 

electrical performance of the system. 

However, since the new medium is a combination of three substances (GPTMS, TMOS and 

ethanol), the partial effect on CuNW dispersion of each of them was evaluated separately. For 

this, a small experiment was carried out by adding a 1:1 volume fraction of particles suspension 

to each of the sol-gel products. 
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Figure 60 CuNW dispersion in sol-gel components. From left to right: ethanol, TMOS and 
GPTMS. 

It was rapidly realized differences between the vials. As seen in Fig. 60, CuNW in ethanol 

medium present a similar dispersion state than in water with no visible change. The two 

mediums are mixable, and particles keep dispersed when bringing them together. By contrast, 

TMOS shows much less affinity with water and it forces the particles to immediately segregate 

and form visible bundles in the bulk of the product. Moreover, GPTMS likely due to its weak 

polarity is rejecting the aqueous dispersion totally, which floats on top retaining the CuNW. 

3.3.1. Improving the interaction of the components 

To overcome the particles agglomeration issue during pre-gel phase, the strategy followed was 

to substitute the water of the dispersion by ethanol. Ethanol dissolves easily and fully silanes, 

and thus, the purpose is to decrease the effect of the alkoxide mixture on particle dispersion 

employing a much more compatible dispersant. The solvent switch from water to ethanol was 

achieved by centrifugation cycles, with good results. After, a set of six samples was prepared to 

obtain the acceptable fraction threshold of sol-gel mixture into the CuNW-etOH (ethanol-based 

CuNW dispersion), before producing agglomeration of particles. For that, CuNW-etOH was 

placed into a vial and the sol-gel precursors were added dropwise under moderate magnetic 

stirring. A small portion of the whole mixture was placed and spread on a glass microscope 

slide. 

Table 9 Volume fractions of CuNW-etOH + sol-gel trials. 

Combination #1 #2 #3 #4 #5 #6 

CuNW in ethanol 1 1 2 5 10 20 

Alkoxides 2 1 1 1 1 1 
 



Sol-gel coatings filled with copper nanowires 
 

75 
 

 

Figure 61 Samples of ethanol-dispersed CuNW sol-gel. The numbers in the glass slides are the 
combination number in the table. 

Big differences were noticed in the samples appearance when spreading the products (Fig. 61). 

Samples 1 and 2 show poor dispersion state with visible segregation of particles, and the 

formation of big aggregates. However, it is much less than in conventional trials with aqueous 

CuNW dispersion in mixtures with the same volume fractions of alkoxides. Samples 3 and 4 

present only slight agglomeration. It is especially visible at the sample’s edges, where the 

particles are kept away. Samples 5 and 6 do not exhibit agglomeration either by naked eye or 

under light microscope, and no particle entanglement was noticeable. Results show that 

concentrations CuNW-etOH:alkoxides greater than 10:1 are acceptable from the point of view 

of particle dispersion in the pre-gel phase. On the side, it was observed that the curing times of 

the systems highly diluted in ethanol were much higher than that of the initial proportions. 

3.3.2. Spray coating of the system on CFRP 

Once obtained the appropriate range of proportions in the mixture, the coating was set for its 

application on CFRP samples. For that, 10 cm3 of 10:1 CuNW-etOH:alcoxides was prepared in 

a vial. A Venturi airbrush was employed to spray the product to the previously cleaned and 

degreased 100 x 20 mm CFRP samples, in several coating rounds. The reason for not using only 

one equivalent spray round is due to the effect of the persistent air steam on the sample, which 

removes the already deposited coating from the substrate. The electrical contacts on the 

extremities of the samples were produced with silver paint.  
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Figure 62 (A) preparation of the coating product; (B) coating with airbrush the heated CFRP 
substrates; (C) CFRP after one coat (up) and after three coats (down). 

In order to keep the control of the amount of CuNW sol-gel sprayed, the airbrush hopper was 

filled with 500 µl every single round. In order to increase the solvent evaporation rate between 

coats, the substrate was heated to 50 ºC, a safe temperature to avoid CuNW oxidation (Fig. 62 

B). A drying period of 60 s between coats assured the integrity of the previous round. The 

reddish tone of the surface became more intense after several coats (Fig. 62 C). 

 

Figure 63 Optical microscope of CuNW/sol-gel coatings on CFRP. Left: silver paint electrode 
underneath the particles. Right: coating after five spray rounds. 

Coatings were adherent to the substrate when scratching with the hand, and no visible cracking 

was observed. The product coverage was high and no areas uncoated were detected. Optical 

microscopy shows a continuous layer of CuNW covering the entire sample. In Fig. 63 left the 

silver paint electrode is seen underneath the particle layer in a sample coated for two rounds. 

Fig. 63 right shows the thick coverage of CuNW network in sample coated for five rounds. 

3.3.3. Electrical measurements 

The aim of coating several times was to add layers of conducing particles which might increase 

stepwise the electrical feature of the system. Against the expected, the electrical properties of 

the coatings did not increase linearly with the number of coats. Sheet resistance measurements 

could not be performed, since the probe at the surface of the coating did not throw any value. 

This is likely due to the presence of the sol-gel coating on top blocking the electrical 
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measurement. Thus, conventional two-point measurements were performed on the sample’s 

electrodes. The electrical resistance of the coatings decreased from 1.5 kΩ to near 500 Ω after 

the second coat and remained constant until a total of 5 coats. This is Rs = 100 Ω/□ sheet 

resistance according to the sample dimensions. To investigate this unexpected behavior, coating 

was applied in the same manner to glass slides with the objective of avoiding any possible 

electrical artifact created by the conducing substrate. The slides were prepared attaching a 

copper tape to act as electrodes. 

 

Figure 64 Electrical test of CuNW/sol-gel on glass slide. 

The coated glass slides also showed an invariable value of electrical resistivity regardless the 

coat rounds, after two rounds. Sample coated for twice presented R = 190 Ω, i.e. Rs = 82 Ω/□, 

which is slightly less than that of coatings on CFRP, but still in a similar range. The persistency 

of the undesired behavior demonstrates that it has no relationship with the substrate, and it is 

something inherent either to the coating nature or the application method.  

 

Figure 65 Schematic of the proposed strata-like coating structure. 

As a feasible explanation, the reason for the unexpected non-linear increase in properties is due 

to the formation of a strata-like structure in the coating (Fig. 65). The rapid evaporation of 

solvent between coat rounds is producing isolated layers of CuNW-filled sol-gel. Low contact 

between the CuNW of the different coating layers might be preventing the new coming layers to 

form a synergetic network with the previous one. Thus, more experimental is needed to either 

control the appropriate times of application between coat rounds, so that layers are merged 

together, or a possible treatment after application. 
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3.4. Partial conclusions of Chapter 3 

An acid catalyzed GPTMS/TMOS hybrid vitreous-organic sol-gel system was developed for its 

use on CFRP. The coating presented good characteristics of adherence, coverage and 

homogeneity, when applied after 4 h of reaction and subsequently dried at room temperature. 

No cracking was observed under mentioned conditions. According to FTIR, condensation of 

silanol groups, which are likely formed immediately after addition of the reagents, began at the 

first stage of the reaction. 

On the other hand, extremely long and thin CuNW were synthesized following the method of 

Kevin et al. The particles of aspect ratio ranging 2000 were purified employing cycles of 

washing and centrifugation in ethanol, and 2-propanol, with better results in the latter. However, 

high centrifugation speeds damaged the dispersion state by creating irreversible nano-wire 

bundles. The particle concentration in the synthesis product was analyzed by TGA. A value of 

3.4 g/l was obtained, meaning that the yield of the process was 37.6 %, slightly lower than that 

reported by the authors (40-50 %). However, the significantly increased volume of reaction 

seems to play an important role in the CuNW production process. More precisely, the higher 

thermal inertia of the system seems to be delaying the reaction. 

The combination of CuNW with the pre-defined sol-gel system led to heavy agglomeration of 

the particles, likely because of the non-polar nature of the alkoxides. In fact, GPTMS showed 

very low compatibility with the particle suspension, unlike ethanol which exhibited a very good 

dispersion of the CuNW. Solvent switching of the particles from water to ethanol led to much 

better results when exposed to silanes, and a good interaction was observed for proportions of 

over 10:1 EtOH-CuNW:silanes. The particle-filled sol-gel systems were applied in rounds by 

airbrush on CFRP targets producing adherent, homogeneous and conductive layers. However, 

the non-linear increase of the electrical properties led to think that the coating layers were not 

interacting with each other. Thus, further studies are needed to increase the performance of the 

coatings before presenting a candidate for substitution of metal lightning protections in CFRP. 
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4. CHAPTER 4  
ELECTROLESS DEPOSITION 

OF COPPER 

4.1. Electroless copper coating results 

The samples were subjected to the surface preparation sequence (previously described in section 

§2.2.2.1) and slight changes could be noticed in their visual appearance, especially after the 

activation bath. The coloration of the activated parts has been mentioned in the literature [81], 

and it has been reported as an indication of the physical–chemical changes induced by the 

activator. After the activation, samples were thoroughly rinsed to ensure that useless species on 

the surfaces were removed completely. This step is commonly known as acceleration and is 

usually carried out by specific commercial products, which is the most effective way to do it. 

However, in this case, it was substituted by water rinsing to simplify the process. 
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Table 10 Immersion times of the samples in electroless plating bath. 

Sample Time (min) 

S1 5 

S2 15 

S3 60 

Once the samples were activated and accelerated, they were ready for copper plating. With this 

purpose, specimens were immersed in a copper electroless solution for different times (see 

Table 10). During plating, it was observed through the solution that some of the surfaces 

became slowly shinier after several minutes, which meant that the metal deposition had begun 

its initial stage. Then, it was noticed that the reaction sped up because gas bubbling started and 

intensified on the samples, and also because the surface began to present a metallic appearance. 

A few minutes later, it could be observed that the part was already completely covered by a 

copper layer. 

The samples were then extracted from the bath and rinsed with deionized water to remove any 

solution excess. Some samples presented circular dark drying marks when waiting too long to 

dry them after their extraction from the bath. Thus, the samples were immediately dried with a 

cloth and exposed to an air draft in order to quickly remove any moisture. Later, they were left 

to completely dry at ambient conditions for 1 h and preserved into zip-lock bags afterwards to 

avoid the excessive oxidation of the coatings. 

As seen in Fig. 66, the samples were coated with a bright layer of copper on all their surfaces. 

The visual appearance was a continuous and homogeneous coating with very low presence of 

visible defects. It was also noticed that the metallization layer reproduced all the surface 

irregularities and marks. The rough texturized vacuum bag surface was also copied by the 

coating, and no skip plate was observed in the samples. 

 

Figure 66 Electroless copper-coated samples. Left: Tooling side; right: vacuum bag side. 
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4.1.1. Chemistry of the samples 

Changes in the chemistry of the samples were observed from an empirical point of view during 

the entire process, since both the visual appearance and hydrophilicity of the surfaces were 

noticeably changed after certain stages. In particular, the water affinity of the surface after the 

sensitization bath was greatly increased, likely due to the attachment of the first metal species to 

the surface. Furthermore, it was already mentioned that the samples underwent a change in their 

color after activation, more specifically from dark black to a more blueish tone. 

Fig. 67 left presents an understandable schematic illustration of the evolution of the sample 

surface during all processes. As shown in the figure, different species were expected to attach 

sequentially to the surface until the last stage, when copper was deposited in large amounts. The 

attachment of catalytic metal during activation by the substitution of tin was already described 

by Kuzmik [81]. When exposing the sensitized sample to the activation bath, part of the tin ions 

that were adsorbed at the surface were oxidized in Sn4+, whereas silver in the solution was 

reduced to the metal state in a redox process. This reaction led to the formation of the catalytic 

nuclei on the part, which promoted the electron exchange during the electroless copper plating. 

 

Figure 67 Left: illustration of the proposed evolution of the species at the surface. Right: EDS 
spectra of the surface after pre-treatment stages: (A) chemical etch, (B) sensitization, (C) 
activation. 

The EDS test results agreed with the expected change in chemical composition of the surface of 

the part. For the three spectra shown in Fig. 67 right, peaks at low energy (below 0.67 keV) 

corresponded to that of carbon and oxygen of the resin at the substrate. However, part of the 

oxygen that was found in the test could have been due to low amounts of atmospheric gas that 

were still trapped in the vacuum chamber of the SEM. In addition, a significant sulfur peak 

could be found in all three spectra left from the acid etch. Sulfate ions probably got attached to 

the surface, and, even though a thorough rinsing was carried out in between all pre-treatment 

stages, a relevant amount of this species was present during the entire process. 
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Spectrum B shows a high presence of tin atoms on the sample. The sensitization bath led to the 

adsorption of the tin cations at the surface of the CFRP. In addition, chlorine traces were 

detected, probably either left by the hydrochloric acid that was employed to stabilize the 

stannous ion in the solution or from the metal salt that was employed.  

When analyzing the activated part, spectrum C shows the presence of silver, which means that 

the process left metal seeds from the catalyst. However, peaks related to tin were slightly lower 

as compared to the previous spectrum. These differences could be explained considering that the 

sampling locations of the study were different, and, thus, local variations in the chemical 

composition may have occurred. In addition, the different amount of counts between spectra 

changed the vertical scale in the graphs, which in turn affected the peak heights. Either way, a 

lower presence of tin was expected after the activation due to the oxidation of Sn2+. According 

to the description of the activation process by several authors [81,92], the catalyst ions are 

reduced to metal state with the electrons delivered by the tin oxidation from Sn2+ to Sn4+. 

Additionally, detached tin aggregates could have been removed during rinsing cycles. 

Furthermore, the masking effect of the outer silver that was deposited during activation could 

have led to a lower detection of tin. 

Physical and chemical changes in a surface can be evaluated simply by contact angle 

measurements. Surface wettability is a useful sign to know how the surface will interact with 

incoming species [93]. A clear evolution in this sense was seen during the pretreatment, and the 

results of sessile drop tests with water are presented in Fig. 68. The neat CFRP surface initially 

showed a certain grade of affinity to water. The contact angle slightly increased after chemical 

etch from 61° to 70°. Contrary to what was thought, the change in the surface morphology and 

chemistry during the acid attack led to a more hydrophobic behavior. It seems likely that the 

specific surface increase that was obtained by material removal had a greater effect on the 

contact angle than the chemical attachment of hydroxyl groups. 

 

Figure 68 Water droplet contact angle measurements after pretreatment stages. REF: untreated 
surface; ETCH: after chemical etching; SENS: after sensitization; ACT: after activation. 
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By contrast, sensitization with tin salt bath significantly improved the wettability to a strong 

hydrophilic surface showing less than 12° of contact angle. The metal species that were attached 

to the sample greatly improved the water affinity and thus the surface energy. Just before 

electroless plating, the activated samples showed 20° of contact angle due to the remaining 

wetting capability of the surface. 

4.1.2. Morphology of the samples 

The SEM inspection of the sample surfaces during pre-treatment revealed strong changes in the 

microstructure, as expected from wettability results. In its initial state, the CFRP presented a flat 

polymeric surface, only showing small irregularities and heterogeneities, probably due to 

defects during the fabrication process and external pollution (see Fig. 69-A). Once exposed to 

chemical etching and a sensitization bath, a continuous layer of 30–50 nm nuclei was formed at 

the surface and it exhibited big micro-aggregates (Fig. 69-B). In addition, the activation seems 

to have had an effect on the previous structure by growing the micro-aggregates into bigger 

particles of 60–90 nm in size (Fig. 69-C). These observable physical changes were combined 

with changes in the chemical composition, as seen in the EDS spectra. 

 

Figure 69 SEM images of the sample surface: (A1) initial, (A2) initial at higher magnification; 
(B1) after sensitization, (B2) detail of the tin structures; (C1) after activation, and (C2) detail of 
the silver deposit. 



CHAPTER 4 

84 
 

The samples that were coated with copper were also inspected under SEM to obtain more 

information about the morphology of the deposit. As observed at the macroscale, an 

uninterrupted and homogeneous layer of copper along the parts was revealed at the microscale 

(see Fig. 70). The reduction of copper occurred extensively at the surfaces that were exposed to 

the bath. It could be easily observed that the structure presented a continuous layer, on top of 

which small copper promontories of approximately 0.5–3 μm in diameter were visible, and 

these created a dotted-like effect. 

 

Figure 70 SEM image of copper coated CFRP for 60 min. 

According to previous studies related to the formation of electroless copper layers, the 

deposition process follows the nucleation, growth and coalescence mechanisms. Furthermore, 

Paunovic [46] stated that the layer formation happens in two different stages, namely the thin 

film stage and the bulk stage. It was also stated in his work that during the inception of the 

deposition at the first stage, the predominant phenomenon is nucleation. The creation of three-

dimensional crystallites at this point increases the average density in terms of number of copper 

nuclei. Once this number reaches a maximum, individual crystals begin the coalescence process, 

in which the copper grains grow laterally to form a continuous film. The quality and strength of 

the final coating strongly depends on how the crystallites are merged during coalescence, since 

a favorable orientation of the nuclei results in a lower number of defects and pores and, thus, 

better overall properties. Furthermore, during the bulk stage, the thickness of the film is 

increased by the growth of favorably oriented grains and later by the nucleation of new grains 

on top of the previous layer [46]. 
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4.1.3. Growth of the layer 

The evolution during growth of coatings was paid especial attention. Copper layer growth was 

carefully observed to check whether the behavior reported in literature was also reproduced in 

our process. A set of samples was dedicated to this study, and while their surface preparation 

was realized in the same conditions as the main samples, they were intentionally coated for 

insufficient times (under 5 min). This allowed for the obtainment of information about the early 

stages of the deposition process by employing SEM inspection. 

Fig. 71-A shows the sample that was exposed to an electroless bath for barely 60–90 s. It can be 

easily observed that a structure of isolated cubic copper crystals began to form on the substrate. 

Most of these cubes were 150–200 nm in width, but smaller grains below 100 nm could be 

found, which means that some of the crystals were not fully developed. At this stage, nucleation 

was the predominant ongoing process because a significant part of the surface still lacked 

copper crystals. In addition, fine rounded particles were found on the dark background layer 

when observed in detail, which might have been be attributed to catalyst seeds that were 

inherited from activation or incipient copper crystals. 

By contrast, it can be seen in Fig. 71-B that the entire surface was already covered by copper 

cubes only 180 s after immersion. The formation of new particles on the substrate seemed not 

possible anymore, and, at this point, the cubic nuclei already grew laterally such that they were 

now forming a continuous layer. It was observed that during their growth, the crystals 

eventually reached the neighbors and created some sort of interference between differently 

oriented grains. The coalescence of the cubic structures led to a thick layer with presence of 

small gaps, and, according to the process description in literature [46], the thin film stage ended. 

Moreover, Fig. 71-C shows a fully developed layer after 300 s (sample S1) in which the initial 

cubic structures were harder to distinguish. The base grains grew vertically but also laterally, so 

the gaps between them were closed or completely filled with copper. In addition, a new 

generation was created on top, and some of them grew selectively, forming globular structures 

at the surface. 
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Figure 71 (A)–(C) SEM micrographs showing the different growing stages. Times after 
immersion were of 90, 180 and 300 s respectively. The cubic structures of the incipient copper 
crystals are visible in (A) and (B). (D) is the cross section of the S3 sample (60 min) coatings at 
two different locations. SEM pictures were taken with the hybrid backscattered/secondary 
electron mode of detection. 

The transversal cuts of sample S3 in Fig. 71-D show the copper layer in two different regions of 

the coating. The grain structure, in which domains of different orientations merged to form the 

layer, can be observed in the pictures. Additionally, some type of defects can be noticed in the 

bulk of the copper layer in form of lack of material. The presence of these voids in the deposited 

material could have been due to a local interruption of metal reduction. Also, trapped H2 

bubbles could have promoted the void formation. Both mechanisms were observed by Nakahara 

et al. [94] in their study. For a better understanding of the process, one can write the reaction 

proposed in literature for electroless copper deposition with formaldehyde as the reducing agent 

[92]: 

Cu2+ + 2 HCHO + 4 OH- = Cu + 2 HCOO- + 2 H2O + H2   (21) 

As previously detailed, bubbling was observed at the sample surface during copper plating. 

Basically, the electron exchange between the reducing agent and the copper ions produced 

hydrogen gas, among other side species. The generation of H2 gas was proportional to the 

amount of copper reduced, and when the reaction intensified, the hydrogen production did too. 

It has been reported in literature that the electroless copper process exhibits two different rates 
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of reaction from the electrochemical point of view: the induction period and the steady state. 

The induction period refers to the time until the anodic and cathodic reactions (HCHO oxidation 

and Cu2+ reduction, respectively) reach their mixed potential and begin to produce a stable 

reaction called the steady state [92]. Thus, hydrogen gas production increases over time, until 

the steady state is reached, and the process remains stable. 

As also reported in literature, the duration of the periods depends on several factors, such as ion 

concentration, temperature and pH. Indeed, when looking carefully at Eq. 21 one can realize the 

strong influence of the pH in the chemical reaction due to the presence of the term OH− in the 

chemical balance. In fact, the consumption of this species is the cause of the rapid decrease of 

pH, and it makes it necessary to frequently replenish the pH regulator during reaction. 

However, Fig. 71-D shows a highly heterogeneous cross section with a very rough coating 

surface at some sites. The presence of regrowth globules on top of the copper base layer 

strongly affected the observed thickness of the coating. Additionally, another important source 

of inhomogeneity may have been lying on the high roughness of the sensitization layer, which 

presented undesired micrometric and sub-micrometric grains on top (see Fig. 69-B2). The 

formation of these structures could be probably avoided by a finer tune of the bath conditions 

such as reagent concentration, exposure time, and temperature. Additionally, either a more 

vigorous stirring of the fluid during sensitization or subsequent short ultrasonication cycles 

might cause nocuous particle detaching. 

4.1.4. Thickness and roughness of the copper layer 

A new specific experimental method was designed in order to have reliable data of the thickness 

by employing the profilometry of relatively large areas. Fig. 72 shows the sequence for 

obtaining the layer thickness from the surface data. The process began by physically creating a 

sharp edge in the copper coating (Fig. 72-A). The samples were partially immersed in a solution 

of ammonium persulfate, which is a common oxidizing agent that is employed for copper 

etching. Copper and any other metallic species on the samples were totally removed at the 

immersed area. The sample was then thoroughly rinsed with water to prevent any migration of 

the etching solution to the boundaries of the remaining layer. After that, the samples were 

inspected with a profilometer (Fig. 72-B). Four-to-six 3 mm × 3 mm edge areas were analyzed 

in each sample in 15 traces with a spatial resolution of 200 µm in the traverse direction. Near 

105 points in total were extracted from each area (Fig. 72-C). The collected data were then 

processed to remove the sample tilt by attending to the average level that was presented in the 

uncoated region (Fig. 72-D). After levelling, the coated region was isolated, and the height of 
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the points was averaged by taking the average level of the uncoated composite as zero (Fig. 72-

E). 

 

Figure 72 Thickness evaluation process by profilometry. (A) Preparation of sharp edges on the 
coatings; (B1) schematic representation of the profile acquisition, (B2) actual snapshot of the 
process; (C) 3D view of the extracted data; (D) flattened data; and (E) masked area for average 
thickness evaluation. 

The processed thickness data are plotted in Fig. 73-A. Obviously, there was a strong 

dependence of the thickness of coatings with the exposure to electroless bath. The layer of the 5 

min samples was near 1 µm thick, and there was an uptrend showing values of 1.3 and 2 µm for 

15 and 60 min, respectively. Nevertheless, the growth rate was lower for higher times, which 

was in accordance with the literature. Paunovic stated that at some point, the growth rate of 

crystals is reduced due to the higher degree of inhibition and overpotential in them [46]. The 

cessation of perpendicular growth is always dependent on the plating solution variables and 

kinetic parameters of the particular reaction. The depletion of reactants, for example, can play 

an important role in the growth rate and, thus, in the thickness of the final layer. 

The roughness of the samples was also investigated by using the profilometer, and the data are 

plotted in Fig. 73-B. The average roughness of the coatings also increased with the time of 

deposition. The initial value of the as-manufactured CFRP was 0.81 µm of surface roughness 

(Ra), and this was the minimum roughness observed. After only 5 min of electroless deposition, 
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the Ra already reached about 1.33 µm, whereas for 15 min, it became 1.55 µm. The highest Ra 

that was observed was 2.17 µm for the 60 min plated samples. Again, a non-linear rate in the 

increasing trend of this parameter could be seen, as with the copper thickness. As previously 

noticed in SEM micrographs, the formation of regrowth grains on top of the coalesced crystals 

layer can have an important role in the average roughness. These particles have been observed 

to be bigger at higher times of deposition, and the surface texture is accordingly affected. 

 

Figure 73 (A) Thickness measurements that were obtained by profilometry; (B) average 
roughness of the samples. 

4.1.5. Physical properties of the coatings 

The samples were also subjected to laboratory testing to know the performances that were 

achieved by the copper coatings. More specifically, the quality of the copper layers that were 

deposited was analyzed from the electrical point of view, since the main driver of the work was 

to increase the surface conductivity of the parts. Moreover, another aspect of the coatings to 
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consider was the resistance to separation of the layers, because poorly adhered coatings would 

present frequent detachment and flaking, which might ruin whatever advantages obtained in an 

electrical feature. On the other hand, since composite materials are very often exposed to certain 

products, an analysis on the resistance to some of the most frequent aviation contaminants was 

conducted. 

 Electrical performance 

Very often, the electrical performance of thin metal layers is assessed by sheet resistance 

measurements. Sheet resistance is expressed in [Ω/□] and is useful when characterizing thin 

conductor layers because it is an invariant property of coatings, regardless of the lateral 

dimensions of the measured part. As previously seen in Eq. 20 (p. 52) , a geometric correction 

factor (C) must be applied if the measuring conditions are not ideal. For instance, if the surface 

to be measured presents a lateral size smaller than 40 times the characteristic distance of the 

probe pins, it is considered that the measurement is affected by the proximity of the edges. 

Studies have been carried out on this topic, and numeric tables of correction factors can be 

found depending on the particular cases of the relation between the thickness, length, or width 

of the layer, as well as the probe characteristic distance [87]. 

The sheet resistance of the samples is presented in Fig. 74. The results show a downtrend in the 

average values with the time of plating. Longer times of exposure to the copper electroless 

solution produced better performing layers. The samples coated for 5 min presented 385 mΩ/□ 

which is the highest sheet resistance, whereas the samples that were coated for 15 min exhibited 

a significant drop of this value to near 95 mΩ/□. After 60 min of reaction, the samples presented 

a resistance of 58 mΩ/□, which was the lowest. The strong drop in this characteristic between 5 

and 15 min of plating could be attributed to the full coalescence of the isolated copper nuclei 

within this period, thereby significantly improving the electrical performance of the coating due 

to the new electrical paths that were created. During the period between 15 and 60 min, the 

decrease in the sheet resistance was lesser than in the previous one, which means that the 

electrical improvement after the formation of the continuous layer was low. 
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Figure 74 Sheet resistance and coating resistivity of the 40 mm × 40 mm samples. 

In addition, when paying attention to the standard deviation bars of the sheet resistance plot, one 

can see that there was a very high dispersion of the data in the 5 min samples. This might be 

attributable to heterogeneities in the copper layer at its first stage. According to Paunovic [46], 

the recently added HCHO starts its conversion into electroactive species at the beginning of the 

reaction by a cascade of intermediate sub-reactions. The sequence of conversion is strongly 

dependent on the pH and the temperature, so slight changes in these parameters in the bulk of 

the solution could lead to local acceleration–deceleration phenomena. All these effects may 

cause an inhomogeneous copper growth with local discontinuities in the layer, and then 

significant difference can be found in the electrical measurements. Nevertheless, the values that 

can be observed in the graph are in accordance with that of previous studies such as that of Sha 

et al. [95], in which the electrolessly deposited copper layers that employed formaldehyde as a 

reducing agent exhibited a sheet resistances ranging from 10–100 mΩ/□. 

The resistivity of the coatings was also evaluated and compared with that of bulk copper. This 

characteristic of metal deposits provides information about the quality of the coating because it 

is strongly affected by the presence of defects. Electrical resistivity could be calculated by the 

mathematical relationship involving sheet resistance and thickness. 

Rsq = ρ/t     (22) 

Where 𝜌 = resistivity; t = thickness. 

Eq. 22 only applies to thin films and helps in the understanding how resistivity and sheet 

resistance can be related via the thickness of the layer; the results are plotted in Fig. 74. The 

electroless copper layer showed a resistivity near 40 µΩ·cm for the lowest coating time, 

whereas a significant drop of the values to near 12 µΩ·cm could be noticed for the 15 min 
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samples. There was almost no change in this property for the 60 min samples, and the calculated 

resistivity remained at the same value. The structure of the layer, which was strongly affected 

by the packing of the crystals, seemed to be similar for the coatings after 15 min. 

The resistivity that was measured on our coatings was far from the values of bulk copper, which 

is approximately 1.7 µΩ·cm [95]. The large difference between the theoretical value and that of 

our coatings was most likely related to all the mechanisms that could have introduced defects 

into the coating, such as the incorporation of impurities, voids, dislocations, and stress between 

grains, all of which were mentioned in Paunovic’s work [46]. Additionally, the unavoidable 

variability in the measurement of thickness could have brought strong variations in the values of 

resistivity. Nevertheless, according to Sha et al., some other chemistry-related parameters, such 

as the reducing agent concentration in the baths, can play important roles in the final coating 

resistivity. In particular, they can lead to the presence of diamond shaped crystals with a small 

size, which significantly increases the grain boundaries and the amount of voids, regardless the 

degree of twinning, thus forming more resistive coatings [95]. According to the layer formation 

study (see §4.1.3), this kind of structures were observed in the first stages of the layer growth. 

More specifically, the initial layer of copper was composed of 200 nm-width cubic crystals, 

very similar to that described by Sha et al. in their resistivity-to-porosity ratio investigation. On 

the other hand, following the initial stage, the twinned cubic crystals layer was covered by a 

dense layer of copper that seemed to be filling up (or at least closing) the upper gaps between 

the cubes. 

 Cross-cut test 

An obviously important characteristic of coatings is the quality of their adhesion to the 

substrate. The strength of attachment of the copper layer to the composite is of great interest 

since it can give idea of the quality of the process, especially the surface preparation. Normally, 

the adhesion of a coating to the substrate is considered to occur by two means. Firstly, the layer 

is mechanically anchored at the microscale to the peaks and valleys of the part, which has been 

previously treated to increase its specific surface as well as the micro-roughness. The greater the 

contact surface and the higher the micro-roughness, the better the mechanical coupling of the 

deposited material. Secondly, the chemical bonds and electrostatic forces between the coating 

and the substrate are believed the most empowering reasons for the adhesion and produce the 

strongest attachments [96].  

The relevant standard [97] established six different classifications that depend of the percentage 

of coating detached from 0 (no detachment at all) to 5 (a detachment greater than 65% of the 

area), with intermediate levels. It is important to remark that this is not an adhesion test, but a 
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resistance to separation test, to which the adhesion between the layer and the substrate, among 

other features of the coating, partially contributes. 

After the cuts, the affected area was cleaned of debris with a soft brush and then compared with 

the visual references included in the standard [97]. The results are shown in Table 11, and Fig. 

75 shows actual magnified images of the tested areas. The grooves that were created reached the 

substrate, and the detachment that was observed on all the coatings was null or very small. 

Table 11 Cross-cut test classifications according to ISO 2409. 

Sample ISO 2409 rating 

S1 0 

S2 0 

S3 0 
 

 

Figure 75 Cross-cut test micrographs: (A) low magnification of S1 sample cut area; (B) high 
magnification of S3 cuts intersection. For clarification, the horizontal straight mark from left to 
right in (A) arose from a defect on the manufacturing tooling, and it extended across the whole 
sample width. 

The copper layer presented sharp edges at the cuts, and no flaking was observed. It could be 

seen that there was no noticeable degradation of the present material, and it remained fully 

attached to the substrate. This behavior demonstrated a very good resistance to the separation of 

the coatings, and, thus, all of them were classified as a rating of 0 according to the standard. 

Such behavior could be attributed to an efficient pre-treatment of the substrate in combination 

with strong bonding between the metal layer and the activation layer. A high resistance to 

separation is important for functional coatings that are applied to composites because protective 

coatings or aesthetic finishing are normally applied on top. The performance of these materials, 

such as primers, paints, varnishes, or gel-coats, strongly depends on a good anchorage, and, 

thus, an easily detachable coating is not acceptable. 
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 Resistance to contaminants 

Aeronautic materials are very often exposed to solvents and other contaminants that are present 

in the manufacturing facilities. In the case of coatings for CFRP parts in aviation such as paints 

and primers, they are usually in contact with organic solvents, greases, and hydrocarbons. This 

type of substance may have a persistent effect on the applied layers, and several problems that 

are derived from the degradation of the material, such as local lack of protection of the 

substrate, a loss of properties, and long-term detachment, can arise [98]. Thus, it is relevant to 

study the effect of these possible contaminants. 

Copper is extremely sensitive to oxidizing substances and to some well-known acids. Nitric acid 

or concentrated sulfuric acid will completely and rapidly dissolve the copper layer. However, 

some other substances such as solvents may have different interactions, such as long-term 

degradation. In order to evaluate the coating’s sensitiveness, a year-term experiment was 

conducted by immersing electrolessly-coated CFRP parts into common fluids that are often in 

contact with surfaces in aviation. Methyl-ethyl ketone (MEK) and acetone, which are widely 

used products for cleaning and degreasing, were used for the experiment. Additionally, aviation 

kerosene and de-icing fluids are very often in contact with aircraft surfaces. The samples were 

kept immersed in the fluids inside polyethylene sealed bottles at room temperature, with 

periodic checks being carried out, and then the coated CFRP specimens and remaining solvents 

were visually inspected after one year. 

Table 12 shows the results of the exposure of the copper electroless coatings to the 

abovementioned products. The layer was quickly erased when exposed to MEK. The coating 

was removed within the first hours, and in the same way, the solvent began acquiring the typical 

blueish tone of dissolved copper ions. The sample extraction revealed that no metallic copper 

remained attached to the surface. A similar behavior was found after exposure to acetone, 

though this occurred at a slower rate of degradation. The coating seemed unaffected by the 

solvent for several days, but it suffered a severe long-term degradation that removed a whole 

layer from the surface. On the other hand, the de-icing fluid had very little effect on the coating. 

After one year of immersion, the coating was visually unaltered, and the sample presented very 

tiny detachments in visibly swollen areas. However, the fluid remained stable in color and 

transparency. A possible explanation for this is that the product had flown through the pores and 

defects of the copper deposit, reaching the interlayer space and thus swelling the coating, which 

could have promoted the detachment in particular locations. Furthermore, tiny metallic copper 

flakes were found at the bottom of the flask, which meant that there was no chemical attack of 

the metal—only a mechanical detachment effect. Aviation fuel, by contrast, generally degraded 

the coating, which presented a significant change in color. A discrete detachment of small 
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millimeter-sized areas occurred at many locations along the surface. In addition, a dark deposit 

was observed at the bottom of the plastic container, and this was attributed to the chemical 

degradation or oxidation of the metallic layer. 

Table 12 Degradation behavior of copper electroless coatings exposed to several products. 

Contaminant Habitual use Visible 
degradation 

Degradation 
rate Observations 

Methyl-ethyl 
ketone 

Cleaning and 
degreasing Total Immediate 

No copper left on the 
surface. Remaining solvent 
colored blue. 

Acetone Cleaning and 
degreasing Total Very slow 

No copper left on the 
surface. Remaining solvent 
colored blue. 

NYCO 8243 De-icing of 
surfaces Light Slow 

Few small areas of copper 
layer are detached. No color 
change of the solvent. 

Aviation 
kerosene Fuel Moderate Quick 

Change in color of the 
coating. General detachment 
of small areas the layer. A 
black precipitate remained at 
the bottom of the container. 

Methyl-ethyl 
ketone 

Cleaning and 
degreasing Total Immediate 

No copper left on the 
surface. Remaining solvent 
colored blue. 
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4.2.  Partial conclusions of Chapter 4 

During this study, a thin layer of copper was successfully deposited on epoxy based CFRP 

samples by employing an electroless deposition process with the aim of increasing the electrical 

performance of the parts. A batch of 40 mm × 40 mm samples was extracted from a panel that 

was manufactured by prepreg automatic tape lay-up and a subsequent autoclaving process. 

Furthermore, for metallization, a set of self-designed baths was produced with cheap and readily 

available reagents, and the deposition process was held by using very common laboratory 

equipment. The samples were subjected to four-stage pre-treatment including cleaning, 

chemical etching, sensitization, and activation. After that, the parts were immersed into an 

electroless bath for 5, 15, and 60 min, rinsed in de-ionized water, and dried. The coatings that 

were produced were subjected to investigation, and their properties were analyzed. 

Changes in the microstructure of the sample surface were observed by SEM and EDS after each 

pre-treatment step, such as the formation of a globular catalytic surface at the end of the process. 

The copper deposits presented an increasing average thickness with deposition time, ranging 

from near 1 µm, achieved at 5 min, to near 2 µm at 60 min. The roughness of the coatings also 

showed an increasing trend with the time of reaction, and Ra values from 1.33 to 2.17 µm were 

observed. A deeper investigation of the copper crystals growth stage revealed the initial 

formation of 200 nm cubic structures during the first minutes of reaction, followed by the 

coalescence of the grains and a further nucleation of new globular particles on top, ranging from 

1 to 4 µm in diameter. The sheet resistance values that were observed for 5 min of deposition 

were slightly below 400 mΩ/□ on average, with a high dispersion of the measurements. 

Heterogeneities at the initial stage of the reaction could have led to discontinuities in the 

coatings and thus to highly variable measurements. This effect was mitigated at longer times, 

and the thicker coatings were better performing layers, presenting 95 and 58 mΩ/□ at 15 and 60 

min, respectively. In addition, the resistivity measurements led us to think that the thicker 

coatings presented better quality in terms of defects, porosity, and inclusions. Cross-cut tests 

showed that the coatings were properly adhered to the substrate, and a rating of 0, according to 

ISO 2409, was observed for all of them, meaning that no detachment occurred. Furthermore, the 

sensitiveness of the coatings to usual aviation contaminants was evaluated. After one year of 

exposure of the coatings to different fluids, it was found that the electroless copper layers were 

dissolved by MEK, acetone, and kerosene, but they remained chemically unaltered by de-icing 

fluid. 

The suitability of electroless copper coatings for enhancing the electrical conductivity of CFRP 

materials was successfully proved during this work. The metal layers that were produced by 
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employing this well-known technique presented promising properties, making electroless 

deposition a good strategy to consider when increasing the electrical features of such materials. 

Thus, the next chapter of this thesis is focused on the development of the electroless deposition 

of copper as the most promising approach. 
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5. CHAPTER 5 
 ELECTROLESS DEPOSITION 

DEVELOPMENT 

5.1. Coating results 

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

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

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

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

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

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

were immersed in the electroless bath for two different times, as shown in Table 13. Times of 

immersion were unavoidably less than 45 min since problems of detachment of the layer in 

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

between the immersions (residual temperature, concentration of formaldehyde, evaporation of 

the aqueous solution, etc.) due to the lack of automatic controllers limited us to produce more 

samples. 
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Table 13 Lightning strike emulation samples list. 

Sample Electroless 
time (min) Description 

REF - Uncoated 

LSP - Lightning strike 
protected 

LS1 15 Copper coated 

LS2 30 Copper coated 

   

The coated samples presented a homogeneous copper layer, except for some small regions, 

especially at the sample ends (Fig. 76 ). The explanation is that the necessary stirring of the 

fluid for homogenization of the solutes’ concentrations produced high turbulence at the sample 

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

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

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

by the electrode frame during tests. 

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

than the coatings on the 15 min samples. In addition, better homogeneity of the copper coating 

was observed for the 30 min samples: there were noticeable changes in the luster of the coating 

between different areas in the latter. Besides, due to the drying process, the coatings presented 

brownish stains that appeared at the sites where the remains of the rinsing water stayed for a 

longer time. Suspended residual particles such as detached copper grains or reaction sub-

products were probably dragged and accumulated by the surface tension forces in the liquid. 
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Figure 76 Samples produced for the study. (A) is the naked CFRP reference; (B) is the lightning 
strike protected CFRP; (C) is LS1; And (D) is LS2. 

5.2. Test results 

The complete set of results obtained after the tests was collected in the following table: 

Table 14 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 

* Theoretical data 
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5.2.1. Coating thickness 

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

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

shown in Fig. 77 , the layers are relatively homogeneous in thickness and continuous along the 

samples. 

 

Figure 77 Cross sectional SEM micrographs of LS1 (A) and LS2 (B) samples. 

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

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

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

these results with that of our previous study [99], we quickly realized that the coatings are 30 – 

40 % thinner than those obtained previously for similar plating times. Although the 

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

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

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

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

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

theoretical areal weight added is 5.39 g/m2, and the same parameter is 10.28 g/m2 for LS2. 

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

It is noteworthy that an electroless coating with the same areal weight would be almost 20 µm 

thick. That means that we have much room for improvement by increasing the thickness of the 

copper layer before the mass addition becomes penalizing. 

5.2.2. Sheet resistance measurements 

The surface electrical conductivity of the samples was tested according to the procedure 

described in section §2.3.4 of this thesis. No correction factor was necessary for the sheet 
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resistance calculations since the samples dimensions were significantly larger than the 

characteristic distance of the probe (3.2 mm), according to literature [87]. 

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

interesting data. The third row of Table 14 shows the results of the four-point probe 

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

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

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

the part during autoclaving. Indeed, a thin layer of resin surrounds the fibers preventing any 

surface conductivity. It is known that the bulk of the composite does present in-plane electrical 

conductivity because of the carbonaceous nature of the fibers though [100]. On the other hand, 

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

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

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

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

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

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

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

study on smaller samples [99]. The sheet resistance for 15 min plated samples is near 700 

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

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

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

(~ 80 mΩ/□ [99]). The difference in the values is directly linked to the thinner coatings 

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

process reaction. In electroless deposition the copper reduction is only achieved in certain 

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

pH and concentration of metal salt were identical to that of our laboratory-scale work [99], a 

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

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

addition of the reducing agent, whereas for the bigger system (several liters) the inception 

occurred after 300 s. The bath size therefore plays an important role in the kinetics of the 

electroless reaction. 

5.2.3. A-component strike emulation 

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

tip, placed 8 mm above the middle point of squared 305 x 305 mm samples. The discharges 
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were achieved by discharging pre-charged high voltage capacitors. A pair of graphite spheres 

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

to a potential of 68 kV. This potential was monitored during the charging process, in order to 

make sure we obtained the desired peak current in CFRP samples of nearly 2 mm of thickness 

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

peak). The current waveform was recorded with an oscilloscope triggered on its rising front. 

 

Figure 78 Pictures of samples struck by A-component: (A) uncoated reference (REF); (B) 
lightning strike protected (LSP); (C) samples coated for 15 min (LS1); (D) coated for 30 min 
(LS2). 

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

produces damages of the same nature on the laminates. As seen in Fig. 78, the damages caused 

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

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

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

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

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

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

protection underneath disappeared, but no visible sign of delamination is found. Coated samples 
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LS1 and LS2 present fiber delamination but significantly lower than REF. We can clearly see 

that the coating nearby was sublimated, leaving a larger uncoated area in 30 min samples as 

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

surroundings. 

 A-component strike recorded waveforms 

The current injection on the samples flows differently depending on the capability of the 

material to expulse the electrical energy. Thus, the shape of the pulse is strongly dependent on 

the sample struck. 

 

Figure 79 Waveform of the current injections. 

Fig. 79 shows the evolution of the current pulse with time. In each case, there is a rapid rise of 

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

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

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

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

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

duration (see Table 14). Lightning strike protected samples (LSP) present the longest pulse time 

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

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

closer to REF. Samples coated for 15 min show 115 µs and those coated for 30 min present 125 

µs of pulse duration. However, the peak of the pulse is achieved at 6 µs regardless the sample. 

This overall behavior was expected since the lightning strike emulator has been devised to inject 

a controlled peak current in the sample regardless of its nature. However, the current decay 

highly depends on the electrical resistance of the sample. 
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 Charge transfer 

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

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

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

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

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

time, the higher the charge transferred. Table 14 shows that the charge transfer through the LSP 

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

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

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

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

LS1. 

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

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

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

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

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

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

sample during the pulse.  
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 Damage evaluation 

 

Figure 80 Double through-transmission under water C-scans: (A) uncoated reference (REF); (B) 
lightning strike protected (LSP); (C) coated for 15 min (LS1); (D) coated for 30 min (LS2). 

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

understanding, Fig. 80 shows the C-scans of the particular samples shown in Fig. 76, in a color 

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

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

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

affected areas of the samples were obtained and included in Table 14. Great differences in the 

size and shape of the white regions can be noticed among the specimens. REF samples present 

large and concentrated damage areas of nearly 6600 mm2 on average, whereas LS1 and LS2 

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

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

be related with the sublimation of the coating and surface damages caused by the temperature 
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rise. On the other hand, LSP samples do not present a critically affected region (i.e. no white 

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

Going back to Table 14, we can observe an inverse relationship between the charge transfer and 

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

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

damage. Furthermore, electrolessly coated samples show intermediate values of both with slight 

differences between them. Samples coated for 15 min have a lower charge transfer than the 30 

min samples, and vice versa when it comes to damage area. Thus, under the same level of peak 

lightning current, the lower the charge transfer, the higher the damage area (Fig. 81). 

 

Figure 81 Graph showing the relationship between charge transfer and damage area. The higher 
the charge transfer, the lower the damage area. 

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

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

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

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

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

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

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

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

protection. 
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5.2.4. C-component emulation test 

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

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

the electric discharge is the thermal response of the materials when it conducts a low or medium 

intensity sustained current. Tests were performed by attaching the coated samples to a testing 

rig equipped with two copper bars acting as the electrodes for the current injection. The power 

supply was controlled by an electronic driver connected to a PC, and the voltage difference 

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

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

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

rise. 

 

Figure 82 C-component testing. (A) Test setup showing the current injection rig and the voltage 
probe on the center of the sample. The coated samples are masked to avoid IR light reflections 
of the surroundings; (B) photography of the event showing the flames and ejection of gas; (C) 
IR snapshot during the current injection in LS2 sample; (D) graphs showing the evolution of the 
maximum temperature in the sample after the current injection. 

The testing setup is shown in Fig. 82-A. Before the test, the samples were covered with masking 

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

nature of the copper coatings to the IR light prevented good measurements. One can also see the 
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two voltage probe terminals that are attached to the sample in its central part. In Fig. 82-B, we 

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

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

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

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

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

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

voltage measurements on their surfaces was not possible.  

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

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

beginning the injection, as observed in Fig. 82-C. The picture shows the immediate formation of 

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

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

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

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

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

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

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

bonds between carbon fiber layers.  

As observed after the tests, the coating under the terminals suffered great damage, including 

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

solicitation they were subjected to, and thus they were rapidly destroyed by electric current 

crowding effect. The high resistance between the test rig contacts and the coating underneath 

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

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

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

coating removal and the surface resin degradation led to the uncovering of some of the carbon 

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

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

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

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

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

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

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

temperature rise of these areas. 
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Figure 83 C-component electrical measurements. A: Overall injection data in LS1; B: Initial 
stage of current injection. 

Fig. 83-A shows the electrical response (current and voltage between the electrodes of the rig) 

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

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

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

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

initial irregular behavior and only reaches a stable plateau 600 ms after the beginning of the 

injection. Within the first milliseconds of the current injection, the voltage measurement at the 

coating shows a peak with a strong drop. A similar behavior was also observed on LS2 samples. 
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Additionally, Fig. 83-B shows voltage measurements during the initial stage of the tests. The 

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

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

resistance (R) measured between the tabs was the same before and after experiments, we could 

assume that R remained constant all along the pulse. In the same graph, the total currents 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

while currents in the coatings behave similarly but showing a decreasing amplitude over time. 

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

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

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

leaked to the substrate, and maybe to other zones of the coating. 
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Figure 84 (A-C) Schematic illustration of the proposed mechanism of the current leakage in 
carbon fibers. The defects in the coating (A) produce hot spots by Joule effect (B), and the 
interruption of the coating leads to the current leakage to fibers (C). (D-E) Variation of the 
electrical current flow during C-component test. Initially, the electrical current flows 
homogeneously along the coating (D); the current accumulation in defects and thinner regions 
of the coating burns locally the copper, and thus current lines are deviated to remaining 
conducing paths and are eventually completely blocked, affecting the measurement (E). 

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

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

begin conducting current, increasing even more the current leakage (Fig. 84-A to C). Also, the 

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

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

measuring area, throwing unreal current values (Fig. 84-D to E). The final horizontal, near-zero 

values of the curves in Fig. 83-B confirm that only a residual part of the total current injected 

really flows between voltage taps after 30 ms. 

 

Figure 85 IR spectra of LS1 (left) and LS2 (right) sample 20 seconds after the 30 A injection. 
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The surface temperature record 20 s after the injection is plotted in Fig. 82-D. It reveals 

interesting information about the samples regarding heat diffusion. Once the maximum 

temperature is reached right after the test, the heat starts to diffuse from the current flow paths to 

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

latter experienced a faster drop of the maximum temperature observed at any point on the 

surface. Fig. 85 shows IR snapshots of LS1 and LS2 samples exactly 20 s after the 30 A current 

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

30 min coated sample is 53.0 ºC. Also, the temperature distribution in LS2 is slightly more 

homogeneous than in LS1. So, even though the coatings did not show a strong positive effect in 

the electrical performance of the samples under these conditions of current, some differences 

were observed in the thermal behavior after the test. Considering that the samples reached 

similar peaks of temperature during injection, there is a clear difference of more than 20 ºC in 

the maximum temperature after 20 s. The heat dissipation seems more effective in the 30 min 

coated samples than that in the 15 min ones. 

5.2.5. Future considerations for the electroless coatings as LSP 

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

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

contact with carbon materials in an electrolyte [101]. In particular, the effect of the galvanic 

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

et al. [102]. The experiments revealed that the copper mesh begins to corrode very quickly after 

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

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

hydrogen blisters on its surface [103]. 

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

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

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

of the metallic layer. Nevertheless, the protective paint may eventually suffer local detachment 

or removal. In addition, although carbon fibers are embedded in resin, which blocks galvanic 

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

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

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

compatible isolating gelcoats on the CFRP surface may be a feasible solution to solve this issue. 
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5.3. Partial conclusions of Chapter 5 

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

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

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

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

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

different testing setups to emulate them separately. Coated samples were subjected to 40 kA 

strikes and the results were compared with the CFRP naked reference (REF) and with samples 

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

under 30 A C-component continuous current conditions. 

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

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

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

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

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

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

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

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

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

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

metal coatings, but also through the first two layers of laminates, producing heating of the fibers 

and sublimation of the copper coatings. However, LS2 samples showed better tolerance to 

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

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

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

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

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

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

in these experiments. 

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

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

potential, and the low cost of materials and application are key factors on which one should 

focus. However, some important issues such as galvanic corrosion must be carefully addressed 

before a full industrial development. 
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6. CHAPTER 6  
CONCLUSIONS & FUTURE 

WORKS 

Several remarkable points have been extracted as the most relevant findings along the works. 

The conclusions have been separated in the two approaches of study for better sorting the ideas: 

6.1. CuNW sol-gel filled metallization approach 

• A hybrid organometallic sol-gel system based on GPTMS/TMOS in 0.2:0.8 was found to 

be applicable on CFRP with a delay of 4 h under stirring and a subsequent drying at room 

temperature. It presented good characteristics of adhesion to substrate, coverage of the 

surface and homogeneity. 

• Methods reported in literature were performed for the synthesis of long and thin CuNW 

with successful results. Copper nanowires of near 200 µm in length and 100 nm in 

diameter were produced in aqueous dispersion. The purity of the final product could be 

enhanced by washing and centrifugation cycles. 
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• A solvent switching process and the adequate proportion of the components (sol-gel and 

CuNW dispersion) was necessary to avoid agglomeration of particles. The prepared 

mixture was applied on CFRP by spraying.  

• The achieved CuNW filled sol-gel coatings presented a sheet resistance of 82 Ω/□, which is 

considerably higher than that of actual lightning strike protection for composite. Also, the 

electrical property of the coating did not increase linearly with the addition of layers. This 

effect was attributed to a strata-like effect of consecutive layers. 

6.2. Electroless deposition of copper approach 

• A complete set of baths for electroless copper deposition was designed and created. The 

initial baths were performed at the laboratory scale on small samples. 

• On the side, a self-made four-point probe system was designed and created for the 

electrical evaluation of the samples. The performance and tolerances of the device were 

evaluated. 

• Copper coatings ranging 1 – 2 µm on average were created on the surface of CFRP with 

good characteristics of coverage, resistance to separation and electrical conductivity. Sheet 

resistances as low as of 58 mΩ/□ were obtained for the 60 min plated samples. 

• A study was conducted to understand the growth of the layer, and a fine cubic 

microstructure was found in the initial stages of copper deposition. The presence of defects 

on the coating such as voids had a detrimental effect for the coating resistivity though. The 

entire study was published in MDPI Coatings journal. 

• A bigger setup was designed and created with the aim of plating larger CFRP panels. 

Temperature controller, heating system, inert bath container and water pump stirring were 

some of the devices created ad-hoc for the process. 

• A set of 300 x 300 mm samples were electrolessly coated with copper and were used for 

lightning emulation tests employing the self-made lightning emulator at Electrical 

Engineering Department of Polytechnique Montréal. 

• Tests showed that the thin layer of copper added to the surface of CFRP acts as a sacrificial 

protection. NDT revealed that coatings reduced the damage area caused by 40 kA A-

component strike by near 65 % as compared to the naked composite. The 30 A C-

component emulation showed that the metallic coating also has a positive effect in the 

thermal energy release after the injection of current. 
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• The electroless copper coatings were in all case positive for the protection of CFRP parts 

against lightning under artificially emulated event. This work is now under publication 

process. 

• However, the performance of this system is still far from metal mesh protection, which 

exhibited null area of damage in A-component emulation. Increasing the thickness of the 

layer will likely improve the performance and eventually reach the protection levels of 

current metal protections, providing many advantages. 
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6.3. Future Works 

Derived from the studies carried out in this thesis, the following ideas appeared to be interesting 

to complete in a near future: 

• Optimization and development of the electroless sequence 

The electroless bath formulations employed during the works are very simple in purpose not to 

add complexity to the different parameters that was necessary to control. Only the minimum 

sample preparation sequence and the main reagents of an electroless plating bath were 

employed. However, the use of simple systems brings limitations in quality of the copper 

deposit, reaction control and also in thickness of the layer. It was observed than after 45 min of 

electroless deposition the copper layer suffers detachment, most likely due to the combined 

action of hydrogen bubbles underneath the coating and the oxidation of the surface into the 

medium. 

Traditionally the surface preparation is very complex with intermediate steps that have its 

importance. For example, acceleration process is very usually carried out by specific chemical 

means [104], whereas in our work it was minimized to a simple water rinsing. Also, many 

additives are included in the electroless plating baths to assure a correct deposition of copper 

during time, and to prevent degradation of the layer. The use of more complex systems is 

mandatory if better quality and deposits thicker than 3 µm are desired. 

• Thickening of the electroless coating 

A great part of the performance limitation found in the copper electroless protected CFRP lies 

on the thickness of the copper layer. Thickening of the metallic layer can be achieved by two 

means (among others): a longer electroless copper deposition, or electrodeposition of copper.  

A longer electroless may bring thicker layers, but as mentioned in the previous section 

“Optimization and development of the electroless sequence”, the electroless formulation can be 

improved to perform plating at higher mass rates and also during longer times without being 

detrimental for the quality of the layer. 

Regarding electrodeposition, it is the usual mean to achieve thick metallic layers by growing 

onto thin copper electroless [105]. The parameters are well known, and the thickness achievable 

is almost unlimited. However, some other drawbacks such as irregular thickness and metal 

concentrations occur when employing this technique. 
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• Standard waveform lightning strike test 

During introduction, the lightning strike standard waveform stated in the Aerospace 

Recommended Practices was described as a schematic combination of four different 

components [16]. Although lightning emulation tests were performed on plated CFRP samples, 

unrealistic waveform was employed due to the technical limitations of the equipment employed. 

In fact, only A and C components were tested separately and at lower energetic levels than the 

standard. 

Despite the limitations, the future performance of a lightning strike protection can be evaluated 

qualitatively by the lower energy emulators. Nevertheless, certification studies and real scenario 

tests must be performed according to the standard waveform, in which many factors are 

combined at the actual electrical levels. In addition, these tests not only state the values of the 

electrical parameters, but also provide information of how a test sample must be painted to 

achieve a realistic aircraft scenario. 

• Improvement of CuNW filled sol-gel 

Despite the final values were far from the desirable, the sol-gel coatings produced threw 

promising results as electrical conductivity enhancers. However, it was found that the number of 

layers sprayed apparently did not increase the electrical performance of the coating. It could be 

explained by a strata-like structure of consecutive coats not interconnected to each other. Then, 

an investigation in methods to merge all the layers in one to produce interconnection of 

particles, and thus enhancement of electrical feature, is a key point in the development of 

CuNW filled sol-gel coatings. 

• Improving the quality of the CuNW 

Purity of the CuNW may be also affecting significantly the quality of the coatings. During 

synthesis process, many side products are generated and, despite cycles of washing and rinsing 

are performed, the product retains a significant amount with the particles. Also, as seen in 

Chapter 3, small inhibited copper nuclei are created in parallel to CuNW and are considered 

useless for the mechanisms of percolation. The removal of these waste elements may improve 

the interaction between the CuNW and so the electrical conductivity of the percolated network, 

which also will reduce the surface density of the coating.  

Many different strategies can be applied to separate the useful particles from the waste: 

centrifugation, solvent switching, dialysis, etc. However, in the case of CuNW, the use of these 

methods may be limited due to the tendency to break of the particles. Thus, a research must be 

conducted in this line to find the most appropriate process to avoid damage to the wires. 
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• Resistance tests of coatings 

One important feature of the coatings applied to CFRP with aeronautic use is the mechanical 

resistance. Aircraft exterior components are subjected to cyclic loads, vibrations and 

expansion/shrinkage cycles due to extreme temperature exposure. All these conditions induce 

mechanical stress to the coatings. Some other environmental conditions such as air humidity or 

salty air fog, or even fire event, are other important factors that may damage the coatings. 

Thus, the evaluation of the mechanical and chemical resistance of the coatings is considered a 

very important study to be carried out before an eventual certification of the system as a 

lightning strike protection of composites. This study may be performed by subjecting the host 

part to all the above-mentioned conditions. 

• Evaluation of galvanic corrosion of electroless copper 

Despite CFRP is mostly covered by resin, copper electroless layer may eventually be in intimate 

contact with carbon fibers. When two conductors are put in contact in the presence of an 

electrolyte, the difference in the electrode potential will create an electric cell that may lead to 

galvanic corrosion: the less noble element will corrode by ceding electrons to the most noble 

element and metal ions through the electrolyte. Indeed, amorphous carbon (such as that found in 

carbon fibers) is on the top of noblest conductors and then produces galvanic corrosion when in 

contact with metals such as aluminum, copper or steel [106]. 

Although electrolyte is not always present, the simple moisture of air may activate this kind of 

corrosion if a defect in the protection paint occurs. Thus, the evaluation of the corrosion 

behavior of the copper electroless layer on CFRP is a study of great interest. It will clarify if 

additional corrosion protection, such as a layer of glass fiber or specific pre-coats may be 

applied in advance. 



 

123 
 

7. ANNEXES 

7.1. Annex 1: Four-wire probe manufacturing 

7.1.1. Introduction 

Among the electrical testing employed in the field of conductive coatings, one of the most used 

is four wire test. This technique can be used to obtain the sheet resistance of a thin coating or a 

thin layer of material uniform in thickness. Sheet resistance is usually expressed in [Ω/sq] or 

[Ω/□], and it’s proportional to the electrical resistivity of the layer. The extensive use of this 

magnitude resides in its dimensionless: sheet resistance is independent of the size of the surface. 

Also, it can be measured “in-situ” without the need of the production of specific samples or 

coupons of the material to test. Normally, these tests are usually performed by specific 

commercial devices of high reliability. However, the price of such devices is in the range 2.5 k€ 

and may not present enough measuring range for highly conductive materials (>100 mΩ/□) 

[86]. 

With the aim of performing accurate measurements on the coatings developed in this thesis, a 

self-made four-wire probe sensing device was designed, created and employed. For the design, 

it was necessary to consider all the particular requirements that this technique implies from the 

theoretical point of view. The device was systematically used in combination with a Keithley 

2400 ohmmeter as the power supply and sensing source. 
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7.1.2. Theory of the technique 

In a three-dimensional conductor, the electrical resistance of a body is calculated with its 

resistivity and the geometrical dimensions: 

𝑅 =  𝜌 
𝐿

𝐴
=  𝜌 

𝐿

𝑤·𝑡
      (7.1) 

Where 𝜌 = resistivity in [Ω·m]; L = length in [m]; and A = section in [m2], which is split in w = 

width [m] and t = thickness [m]. 

If the thickness of the body is constant (as in the case of coatings and sheets), the terms can be 

grouped: 

𝑅 =  
𝜌

𝑡
·

𝐿

𝑤
= 𝑅𝑠𝑞 ·

𝐿

𝑤
      (7.2) 

Thus, sheet resistance of a layer is mathematically as the result of dividing the electrical 

resistivity of the material by its thickness: 

𝑅𝑠𝑞 =  
𝜌

𝑡
     (7.3) 

The unit of sheet resistance is mathematically [Ω]. However, since resistivity units derived from 

equation 7.3 are [Ω·m2/m], the actual units of Rsq are [Ω·m2/m2]. Although the m2/m2 cancels, it 

denotes a special condition in which the units have a square conception. Thus, in order to avoid 

misinterpretations between bulk resistance (R) and sheet resistance (both expressed in [Ω]) the 

conventional unit usually employed for the latter is [Ω/sq] or [Ω/□] (“ohms per square”). 

On the other hand, 𝜌 can be obtained by injecting an electric current (I) to a part and measuring 

the voltage (V) between injection pins, by the following equation: 

𝜌 = 𝐺 
𝑉

𝐼
     (7.4) 

The term G is the correction factor dependent on the sample shape and dimensions, and also 

affected by the electrical contact arrangement [107]. In the case of a thin rectangular sample, if 

the measurement is performed by four equidistant and aligned pins (outer two for current 

injection and inner two for voltage measurement), the electrical resistivity of the material can be 

expressed as follows: 

  𝐺 =
𝜋

𝐿𝑛(2)
 𝑡 · 𝐶     (7.5) 

In last equation, C is the tabulated geometric correction factor that considers the relation 

between the sample dimensions (a and b) and the pin spacing (s).  



 

125 
 

 

Figure 86 Schematic of a four-wire measurement in a thin rectangular sample. Note that pins are 
equidistantly spaced (s12 = s23 = s34 = s). C will tend to 1 if b / s > 40. 

Then, the sheet resistance of a sample of these characteristics can be obtained by the substitution 

of the G expression in Eq. 7.4 and then in Eq. 7.3: 

 𝑅𝑠𝑞 =  
𝜋

𝐿𝑛(2)
∙

∆𝑉

𝐼
· 𝐶      (7.6) 

As seen in Eq. 7.6, sheet resistance of a thin layer can be obtained by the four-wire method 

regardless the thickness (as long as t << s) [87]. 

7.1.3. Manufacturing of the sensing probe 

In order to fill the requirements of the technique, and after performing a trade-off between the 

precision of the probe and the complexity of fabrication, 3D printing was selected as the 

manufacturing technique for the body of the device. Basically, the tolerances of this 

manufacturing approach are sufficiently high to locate the electrical pins in the correct place. 

Also, thermoplastics employed in 3D printing are excellent isolators of electric currents, which 

is one of the mayor requirements for the part. 

The design of the body of the device was conceived considering the ergonomic feature 

simultaneously to other challenges: 

• Spacing of the pins must be the smallest possible to minimize the correction factors 

applied during test. 
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• Location of the pins must be precise enough so no different spacing is presented 

between them. 

• The pressure of the pins on the surface must be equal so there is no effect of a 

differential contact resistance. 

• It must be easily attachable to the Keithley 2400 ohmmeter. 

For the electrical part, retractable pins were the primary option in order to produce robust 

contacts with the surface and add some extra control on the contact pressure. Thus, spring 

contact known as “pogo-pins” of 1.8 mm of characteristic diameter were selected as the best 

components for this task: 

 

Figure 87 "Pogo-pin" models showing its characteristic shape and the inner mechanism of the 
spring retractable pin. 

The design of the body was created with a bottom foot so that it is possible to support the part 

on the testing surface during the test, and gain stability to avoid false measurements. The model 

presented a pin spacing of 3.2 mm which is believed to be near the limit for obtaining a precise 

print. The holes of 1 mm diameter were intended to allow the pins to be attached inside: 
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Figure 88 Left: four view of the probe design. The height of the part is 80 mm. Right: detail of 
the pin holes allocation. Spacing is 3.2 mm. 

The 3D printing of the body was performed with a Prusa i3 MK3 open source printer employing 

PLA filament. The pertinent wiring was soldered to the retractable pins before assembly. After, 

pogo-pins were attached to it applying heat until the plastic softened and allowed to trap the tip 

of the contacts. An extra fixation was added with the thermal glue gun. 

 

Figure 89 Actual images of the four-wire probe, and the action of the retractable pins. 
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7.1.4. Results and testing 

The resulting device was employed to test materials of known electrical properties with the aim 

of verifying the precision of the measurements.  

 

Figure 90 Four-wire measurements of calibration plates. Left: copper sheet. Right: stainless 
steel sheet. Copper was discarded for the experimental due to its low resistivity that was close to 
the detection limit of the Keithley ohmmeter. 

Verification case 1: 

A square 100 x 100 x 0.050 mm3 commercial 316 stainless steel (SS) sheet was tested. 

 

The calculations and parameters employed are [87]: 

𝜌𝑠𝑠 = 7.49 · 107 Ω · 𝑚;  

𝑡 = 50 · 10 −6 𝑚; 

𝑎 = 100 · 10−3 𝑚; 

𝑏 = 100 · 10−3; 

𝐶 = 0.99. 
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𝑅𝑠𝑞𝑡𝑒𝑜𝑟 =  
𝜌

𝑡
= 0.015 Ω/□ 

The experimental results were obtained by the Eq. 7.6, after a current injection of 1 A:  

𝑅𝑠𝑞𝑚𝑒𝑎𝑠 =  
𝜋

𝐿𝑛(2)
∙

∆𝑉

𝐼
· 𝐶 = 4.532 ∙

∆𝑉

1
· 0.99 = 0.017 Ω/□ 

Deviation from theoretical value: 𝐷𝑒𝑣 =  100 (1 −
𝑅𝑠𝑞𝑡𝑒𝑜𝑟

𝑅𝑠𝑞𝑚𝑒𝑎𝑠
) = 𝟏𝟏. 𝟕𝟔 % 

 

Verification case 2: 

A commercial 316 stainless steel (SS) sheet of 50 x 12.7 x 0.050 mm3 was tested. 

 

The calculations and parameters employed are [87]: 

𝜌𝑠𝑠 = 7.49 · 107 Ω · 𝑚;  

𝑡 = 50 · 10 −6 𝑚; 

𝑎 = 50 · 10−3 𝑚; 

𝑏 = 12.7 · 10−3𝑚; 

𝐶 = 0.7115. 

𝑅𝑠𝑞𝑡𝑒𝑜𝑟 =  
𝜌

𝑡
= 0.015 Ω/□ 

The experimental results were obtained by the Eq. 7.6, after a current injection of 1 A: 

𝑅𝑠𝑞𝑚𝑒𝑎𝑠 =  
𝜋

𝐿𝑛(2)
∙

∆𝑉

𝐼
· 𝐶 = 4.532 ∙

∆𝑉

1
· 0.7115 = 0.0158 Ω/□ 

Deviation from theoretical value: 𝐷𝑒𝑣 =  100 (1 −
𝑅𝑠𝑞𝑐𝑎𝑙𝑐

𝑅𝑠𝑞𝑚𝑒𝑎𝑠
) = 𝟓. 𝟎𝟔 % 

As seen in the results, the device is robust and it is proved that the measurements are reliable, 

with accuracies ranging 90-95 %. 
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7.2. Annex 2: Scale-up of electroless deposition system 

7.2.1. Introduction 

Once the electroless deposition of copper was proved as a metallization technique of CFRP in 

the laboratory scale, it was necessary to scale up the process. Samples plated in laboratory sized 

equipment are too small to be used in certain electrical tests, which were considered of critical 

importance during the research. For instance, lightning impact emulator tests requires a 

minimum size of a 250 mm lateral dimension squared sample. Below that size, tests are usually 

invalidated by eventual sparking produced between the attachment rig and the impactor due to 

insufficient separation.  

Nevertheless, the industrial-sized plating systems cost tens of thousands of euros and require 

hundreds of liters of plating baths for its normal operation, which suppose additional 

maintenance costs. Thus, a system capable of plating bigger samples under similar conditions as 

in the laboratory scale was created. Bath temperature control, pH control or stirring intensity 

were some of the specific challenges to face. 

7.2.2. Manufacturing of the system 

First, the process requirements were collected in order to fulfill all of them in the new system. 

As described in chapter 4 of this thesis, the electroless deposition sequence is performed in five 

stages: 

 

Figure 91 Schematic of the sequence of electroless plating. 

1. Cleaning and degreasing: obtained after a sequence of liquid soap, KOH solution and 

acetone. The whole cleaning is performed out of the baths, and with intermediate and 

final cycles of thorough rinsing with abundant water. This stage will be performed with 

no change as compared to laboratory process. 

2. Acid etch: a solution of H2SO4 is employed statically (without stirring) at room 

temperature. Samples are immersed and rinsed afterwards. 
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3. Sensitization: this solution is applied statically at room temperature too. Equally, 

samples are immersed and rinsed after. 

4. Activation: activation is also performed without stirring and under room conditions. 

However, this bath presents increased sensitivity to the previous bath species, so special 

attention must be put on the previous rinsing cycle. Chlorine present in sensitization 

bath damages activation bath by the precipitation of Ag2+
 ions in AgCl2 compound. 

5. Copper plating: this bath is the most demanding one. It needs control over the 

temperature of the solution (60 - 70 ºC), stirring and control of the concentration of the 

reagents and pH. 

During laboratory scale experimental, samples were placed vertically in the baths into the glass 

flasks so the fluid could reach all the surfaces of the small plates (Fig. 92 ). This is also the usual 

position in industry for the wet surface treatment of flat parts. 

 

Figure 92 Detail of the electroless plating in laboratory. Samples are placed vertically into the 
flasks and the fluid is stirred magnetically. 

However, when conceiving the bigger set-up, glass containers were discarded because of the 

cost and unavailability at the reference providers. Also, vertical position will lead to the need of 

tall containers with the problem of the increased volume of fluid to cover the samples. Thus, the 

approach changed to setting the samples in horizontal position during baths and carry out the 

treatment only in one of the sides. 

Baths 1 to 4 

From stage 1 to 4, the scale-up of the baths was solved simply by the acquisition of 

polypropylene (PP) food trays of enough horizontal space for the samples, and tall enough to 

allow covering the samples with at least 20 mm of liquid: 
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Figure 93 Polypropylene (PP) trays employed for baths 1 to 4. 

These dimensions limited the amount of solution employed to several liters (2 - 4 l). Also, PP is 

an excellent plastic for chemical uses because its inert nature, and either acids or bases do not 

attack it. 

Electroless bath 

Increasing the size of the electroless bath for samples of 300 mm was more complex challenge 

because of the requirements. The concept of the bath was as follows: 

 

Figure 94 Schematic concept of the electroless copper bath system. 

The conceptual design is composed by: 

• Bath container: capable of withstanding the thermal and chemical solicitations. 

• Heater: powerful enough to heat up near 5 liters of fluid to 70 ºC. 

• Insulating plate: will increase the efficiency of the heater reflecting the heat back to the 

system. 

• Temperature homogenizer: will spread the heat equally throughout the surface. 
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• Fluid pump: will recirculate the fluid and stir the bath to homogenize temperature and 

concentration of reagents. 

• Thermometer: to control the bath temperature accurately. 

• Control box: to control the pumping system and the temperature of the heater. 

• pH meter: to keep the pH under acceptable values. 

• Plating fluid: 5 l of plating fluid were produced for the new bath. 

A set of parts was then acquired according to the desired specifications: 

Table 15 Items acquired for the scale-up of electroless plating bath. 

Element Item acquired Picture 
Bath 
container 

PP plastic tray 535 x 385 mm. 

 
Heater Flexible heating blanket 2000 W / 220 

ºC. 

 
Insulating 
plate 

Pressed ceramic powder plate. 

 
Temperature 
homogenizer 

3 mm thick steel plate. 

 
Fluid pump 2 x Aquarium water pump, 12 V 240 l/h 

7 W. Max service temp 80 ºC, PP 
components. 
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Thermometer Handheld digital thermometer FLUKE 
51-II. 

 
Control box Self-assembled. 

 
pH meter XS Instruments pH-meter kit. 

 

The control box built employed a power switch to control the pump actuation, and a temperature 

controller and a temperature probe to control the heater: 

Table 16 Components of the temperature control of the bath. 

Element Item acquired Picture 
Temperature 
controller 

On/Off Temperature Controller 230 V. 

 
Temperature 
probe 

PT100 probe, 200 ºC. 

 

Electroless plating solution 

Five liters of the plating bath was created with the reagents created identically to that detailed in 

the laboratory scale study: 

Table 17 Reagents employed for the electroless bath. 

Reagent Amount 

CuSO4 · 5 H2O 0.2 M 

Ethylenediamine tetra acetic acid (EDTA) 0.34 M 
KOH solution 2 M until pH = 12.5 
Formaldehyde (HCHO) 2 – 5 ml/l * 
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* Formaldehyde (reducing agent) was not added until the solution was used, to prevent 
unwanted metal reduction during storing. 

 

Figure 95 Copper electroless plating solution synthesis. 

The solution was stored at room temperature. Before plating, the fluid was heated at 60 ºC in 

oven to reduce the heating time in the bath, and the HCHO was added immediately before the 

immersion of samples. 

7.2.3. Results and testing 

Setup #1 

 

Figure 96 First trial of electroless bath setup. 
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The first setup created was useful to test the power of recirculation of the water pump (Fig. 96). 

The tray was filled with 5 l of water and the flow was high enough to keep the liquid movement 

in the whole volume. Nevertheless, even setting the heating system to the maximum 

temperature allowed by the heater and the tray (at its melting limit near 180 ºC), the bath 

temperature only reached 50 ºC after several hours. Despite PP is one of the best materials for 

the chemical issue, the extremely low heat conductivity was significantly limiting the heat 

transfer to the fluid. Thus, the use of plastic trays was discarded for this purpose. 

Setup #2 

 

Figure 97 Second trial of electroless setup. 

For this second setup, a steel tray was employed to tackle the temperature issue when using PP 

(Fig. 97). This time, the temperature rose rapidly to the desired value of 70 ºC, so this part of the 

problem was solved. Next step taken was the protection of the metal tray with inert layers so 

that it does not suffer chemical attack during plating. This may damage the tray, and most 

importantly, can ruin the bath by the dissolution of metal. Also, the recirculation strategy was 

studied so that there is a moderate stirring in the entire bath but avoiding big steams of fluid. 

Thus, several configurations of piping were tested too until a suitable one was found (Fig. 98). 
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Figure 98 (A-B) Different stirring configurations: (A) two fluid pumps, one in direct jet mode; 
(B) one fluid pump in conduced flow mode with the jets coming out the silicon pipe. Note the 
copper pipe in contact with the homogenizer plate underneath the tray for increasing the heating 
efficiency of the system. (C) Teflon film coating the metal tray for protection of the bath. (D) 
Final configuration employed with a 300x300 mm sample. 

To solve the issue of stirring, silicon pipes were employed to transport the fluid from the pump 

to the proper location. Also, for the dispersion of the jets, the pipes were perforated in the 

extremities to spread the fluid. Single pump and double pump configurations were tested, and 

heterogeneous stirring was shown for the first case. The gradient in fluid speed from one area to 

another was high. Moreover, a copper pipe was placed on the heat distribution plate so that the 

fluid can be heated also during transport, increasing the heating efficiency. On the other hand, 

Toltec Teflon adhesive film was attached to the trays walls and bottom to avoid contact of the 

metal with the bath. 

Plating test 

The new plating setup was firstly evaluated by coating a small 40 x 40 mm CFRP part. The 

sample was pretreated in laboratory under the regular procedure of cleaning and degreasing, 

etching, sensitization and activation. After, the electroless plating bath was set-up to the right 

temperature and pH, and the proper amount of reducing agent was added to activate the bath. 

Stirring was turned on for homogenization and the sample was immersed horizontally at the 

center of the tray for 20 min. The sample was quickly rinsed in water after the bath and left to 

dry under air steam. 
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Figure 99 Result of the first plating trial of the electroless bath. 

A homogeneous layer of copper was deposited along the upper surface of the sample. However, 

some locations were detached during rinsing. During the laboratory scale experimental, the 

same phenomenon was observed and rapidly linked to an inadequate stirring of the bath. The 

problem could be solved by simply lowering the bath stirring intensity. 

Actual plating process 

The CFRP samples of 300 x 300 mm were used simultaneously with samples of smaller 

geometries for the copper electroless plating. The use of pilot specimens was useful to perform 

verification tests to the process. Bigger amounts of pre-treatment baths were prepared and 

placed in the PP trays. The sequence was performed equally as under laboratory conditions. 

Table 18 Sequence of electroless plating during scale-up works. 

Pre-treatment stage Composition Time (min) 

Cleaning and degreasing Liquid soap, KOH solution and acetone. - 

Acid etch Aqueous 10 wt.% H2SO4  60 

Sensitization Aqueous 10 wt.% SnCl2, 1 vol.% HCl (37 vol.%) 60 

Activation Aqueous 10 wt.% AgNO3 60 
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Figure 100 Part of the process sequence. (A) Samples immersed in sensitization bath; (B) parts 
in activation bath; (C) activated sample after rinsing showing the characteristic blueish tone; (D) 
copper plated samples. 

The last bath, electroless copper, was performed for different times and in all of them the 

coating produced was homogeneous. Some of the parts presented dark uncoated areas at the 

edges most likely due to fluid swirls created when the flow hit the part. 

 

Figure 101 Setup of the electroless bath. A set of two holders were 3D printed to keep the 
sample sank in the fluid. Note that the set temperature in the heater is 125 ºC whereas the actual 
temperature of the bath is 60 ºC. 
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Figure 102 Waste products of the process. 

It is remarkable the big amount of wastes derived from the process. The use of high volumes of 

water for rinsing of samples in combination with the damaged solutions discarded must be 

disposed properly. 





 

143 
 

7.3. Annex 3: CuNW growth observation 

7.3.1. Experimental 

In copper nano-wires synthesis process, the creation of particles and their growth only occur in 

the ageing at high temperature. During this stage, the system acquires enough energy to produce 

the transformation of the active products previously created. These products allow the dissolved 

copper ions to be reduced to metal state in a very particular way. Below the list the reagents in 

the process, as a reminder: 

Table 19 CuNW synthesis reagents. 

Reagent Role Function 

CuCl2 Copper source Add the copper atoms to the system 

Glucose (GCS) Reducing agent Provide the electrons for the copper reduction 
Hexadecylamine 
(HDA) Capping agent Control the growth of the nanowires 

 

 

Figure 103 CuNW synthesis process schematic. 

According to the description of the CuNW process by Xiang et al. [91], copper ions are bonded 

to the organic amine during overnight stirring, turning the solution to a light blue. When the 

flask is subjected to the hot bath, glucose and amine undertake intermediate reactions that 

deliver electrons. Copper ions are then reduced to metal atoms using the electrons available 

forming a large number of nanoparticles of several geometries such as decahedra and 

pentatwinned or single-crystal structures. HDA is strongly adsorbed on {220} plane of the 

nuclei, leading to the deposition of more Cu atoms in the {111} plane of pentatwinned particles. 

This forces the growth of the single-dimensional wires towards the <110> orientation. 
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Figure 104 Schematic representation of the CuNW synthesis stages, according to Xiang et al. 
[91]. 

The growth of the particles during the oil bath was observed in microscope: 

 

Figure 105 Micrographs of reaction liquor during hot bath. Left: after 1 h. Right: after 2 h. 

During the first minutes of reaction, the liquor turns slowly into a brownish tone and small 

spherical particles can be distinguished. Probably, the initial copper nuclei crystals are formed 

during this initial period and begin to grow into longer structures afterwards. It is not until 60 

min when the first elongated particles were visible in the microscope. In the initial part of the 

reaction (Fig. 105), particles are shown as multiple small needles of 12 µm after 1 h of reaction. 

Only 1 h later the particles developed to more numerous wires of 25 µm on average. 
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Figure 106 Reaction products after (A) 3 h, (B) 4 h, (C) 5 h and (D) 6 h. 

As the reaction advances, the particles grow and form longer wires. After 3 h of reaction, the 

average length is near 70 µm, and after 4h is 120 µm. Particles are near 180 µm in length after 5 

h, and once the reaction is concluded the average is 220 µm. 

 

Figure 107 Evolution Graph of CuNW length during reaction. 
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In Fig. 107 the lengths observed are presented vs. time of reaction. What is clearly seen is that 

during the first stage the growth rate is lower. After two hours of reaction the rate increases and 

remains stable during the rest of reaction. However, after 5 h it is observed that the slope again 

decreases indicating that the particles length likely presents limitations. The particles are 

probably broken, and the reactants are depleted after several hours of reaction, when they are 

already 200 µm in length. 
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7.4. Annex 4: Electroless plating via spray method 

After obtaining successful results in electroless deposition of copper by immersion, a small test 

was performed to evaluate the possibility to obtain copper layers by spraying or showering. 

Although horizontal baths consume a reasonably low volume of fluids, automation of the 

process and simplification might be increased with a spray system. Part of the advantages might 

be the minimum amount of fluid that this approach will consume since the fluid could be 

recovered and recirculated simultaneously to the spraying. Also, electroless via immersion have 

strong limitations of geometry: strongly curved parts would be difficult to plate in low volume 

baths whereas spraying will eventually reach all the surfaces easily. 

7.4.1. Pilot spray setup 

First, a spray cabin was prepared so that the sprayed fluid could be collected. The requirements 

for the material were mainly to resist the chemicals at 60 ºC and not contaminate the fluids. For 

that, polypropylene cardboard and Kapton tape was used to form the body of the cabin. 

 

Figure 108 The spray cabin created for the electroless spray tests (A), and the fluids formulated 
(B). 

The design of the cabin (Fig. 108-A) allowed collecting the sprayed fluid by the slopes in the 

bottom to a central point. This design might allow spraying the parts and then reusing the fluid 

for next rounds or directly refilling the spray deposit during the process. The approximate 

dimensions of the cabin were 80 x 80 x 40 cm. Dimensions were decided according to the size 

of the samples available. 

In addition to the cabin, a new set of electroless fluids were created (Fig. 108-B). The volume 

produced for this experiment was 1 l of each surface preparation liquid (acid bath, sensitization 
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and activation) and 2 l of electroless copper. The volumes were estimated considering that the 

time of the preparation baths is 5 min, and the airbrush average spray rate is near 3 ml/s. 

7.4.2. Electroless spray plating  

The setup was placed in exterior location since the atomization of chemicals in large quantities 

is not safe to be performed in the laboratory hood. The plating process began with a thorough 

cleaning and degreasing of the 60 x 40 cm samples. It was performed with a sequence of liquid 

soap, acetone and KOH as in the electroless bath plating. 

 

Figure 109 (A) Cleaning and degreasing of the samples. (B) Spray set-up in the exterior location 
showing the four airbrushes to avoid contamination of fluids. 

In order to prevent contamination of the fluids, a different airbrush was employed for each of 

them. Also, a cycle of rinsing with water was performed between the spray runs to remove the 

remains of liquid in the cabin. The spray plating was performed according to the following 

sequence: 

Table 20 Sequence of fluids in spray electroless. 

Fluid Time (min) 

Acid etch 5 

Sensitization 5 

Activation 5 

Electroless copper 15 
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With the aim of reaching the entire surface of the sample equally in all the spray runs, spraying 

was conducted following a constant pattern from side to side with the same liquid flow rate. For 

the preparation fluids, spraying lasted enough for emptying the airbrush deposit. 

 

Figure 110 (A) sample after acid etch and sensitization. (B) After activation the cabin turned 
darker due to precipitation of AgCl2. 

After sensitization the sample presented increased water affinity due to the metal species 

attached (Fig. 110-A). It meant that very likely the preparation was effective to this stage. 

However, despite the rinsing cycles, activation spray produced coloration of the cabin walls 

(Fig. 110-B). This is a very characteristic sign of precipitation of species. Activation fluid is 

very sensitive and eventual contamination with the sensitization liquid always produces AgCl2 

that damages it and consumes silver. 

After preparation of the sample, the electroless copper fluid was set for the application. First, it 

was warmed up to the working temperature of 60 ºC. Once at the proper temperature, the fluid 

was activated with the addition of 3 ml/l of HCHO, and immediately homogenized by magnetic 

stirring. The fluid was then transferred to the airbrush deposit and the spraying began. 
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Figure 111 (A) Electroless copper fluid preparation and homogenization. (B) Copper plated 
sample via electroless spray. 

Two refills of the airbrush deposit were needed to complete the 15 min plating time. The copper 

layer was slowly appearing on the surface of the sample. However, it was realized that the upper 

part of the sample could not develop copper. The short residence time of the fluid probably 

affected negatively the process. In addition, the formation of drops on the surface that fell 

downwards the sample created an inhomogeneous copper layer along the sample. It can be 

appreciated in Fig. 111-B as the vertical lines of metal. By contrast, a small part of the sample 

was more homogeneously covered with copper. The reason is still unknown, but it is believed 

that the right part of the airbrush steam projected finer droplets which promoted a continuous 

layer. After the process, the cabin was also covered with copper which was not desirable 

because of the waste of material. 

7.4.3. Conclusions 

Electroless copper via spray method was tested in this experiment. It was possible to build a 

spray cabin suitable for the process employing PP cardboard. Spraying the preparation fluids 

(acid etch, sensitization and activation) was successful, and the surface presented enhanced 

water affinity as observed during conventional immersion process. The copper electroless spray 

formed and heterogeneous layer on the sample surface, except for a small area. Droplet size, 

spray flow, and sample tilt angle seem affecting the deposition process. Finer spraying and more 

tilted sample to avoid high speed drops slip could have been positive for the result.  
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The precipitation of species in the cabin after activation shows an insufficient rinsing of the 

surfaces between fluids. Additionally, the cabin material must be revised attending to the final 

copper layer formed on it. Probably, polyethylene or fluoropolymers are better candidates for it. 

Lastly, temperature control of electroless fluid seems necessary since the plating efficiency was 

decreasing with the time of spray application. 
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