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ABSTRACT
In this paper, a formaldehyde-free copper electroless plating process was opti-
mized using statistical analysis (Design of Experiment) in order to maximize 
the adhesion and the electrical conductivity when deposited on carbon-epoxy 
substrates. The coatings’ morphologies, the electrical resistance, and the adhe-
sion vary significantly as function of electroless plating parameters, but among 
the selected processing parameters, (pH of the electroless solution, temperature, 
concentration of reducing agent (glyoxylic acid), and concentration of complexing 
agent (EDTA)) only the temperature and the concentration of the reducing agent 
resulted to be influencing factors for the deposition process. A multi-objective 
optimization approach allowed to set the electroless process parameters in order 
to obtain optimized coatings presenting improved adhesion (scratch test’s critical 
load CL3 > 30 N) and electrical conductivity (Rs = 1.91 × 10–2 Ω/sq).

1 Introduction

Polymer and polymer composites are characterized 
by a significantly lower density compared to metals 
which is an essential and attractive feature when oper-
ating in automotive, aeronautical, and space sectors. In 
particular, carbon fiber-reinforced polymers (CFRPs) 
composite materials made of carbon fibers and a poly-
mer resin matrix are known for their high strength-to-
weight ratio and are largely used in the manufacturing 
of aircraft components, wind turbine blades, and satel-
lite components [1]. On the other hand, they are gener-
ally electrically insulators, and their use is excluded 
from a range of applications where electrical conduc-
tivity is needed, such as electronics, electromagnetic 
shielding, antennas, and waveguides.

Coating the polymeric material with a metallic 
(hence electrically conductive) layer is a possible 
answer for the use of CFRPs in all the applications 
that also require electrical conductivity. Among 
several coating techniques, the electroless coating 
process is one of the most used. Electroless process 
allows for the production of a metal deposition on 
non-conductive substrates, generating a continuous 
and uniform metallic coating [2]. As a wet chemical 
route, this coating technique offers several advan-
tages: it is simple, reproducible, suitable for covering 
large area, it does not need a vacuum process, and 
lastly the process temperatures are low resulting in 
low energy consumption [3]. Moreover, other advan-
tages are the possibility to coat substrates having 
complex geometries and a lower costs with respect to 
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glyoxylic acid (C2H2O3) have been recently studied 
as reducing agents for the electroless deposition of 
copper [13–15]. In particular, glyoxylic acid, a dicar-
boxylic acid having both a carboxyl group (–COOH) 
and an aldehyde group (-CHO), has proved to be 
a potential substitute of formaldehyde as reducing 
agent for the electroless deposition of copper [16, 17].

The redox reaction using C2H2O3 as reducing 
agent is reported in Eq. 3:

Also in this case, the oxidation of glyoxylic acid 
follows the Cannizzaro’s reaction reported in Eq. 4 
and the final products are oxalate and glycolate [13]:

The Cannizzaro’s reaction is faster when using 
glyoxylic acid than formaldehyde. In fact, the electro-
less process with glyoxylic acid as reducing agent is 
completely autocatalytic, while the aldehyde group 
of glyoxylic acid promotes hydrolysis, forming an 
intermediate product boosting the catalytic activ-
ity toward the reduction of Cu ions [9, 18]. Indeed, 
the deposition rate doubles (up to 6 μm/h) with the 
same concentration of metal ions and temperature of 
the solution with respect to the formaldehyde depo-
sition bath. The electroless of copper is also a pH-
dependent process: the metal deposition starts at a 
pH value of 11 but it has been shown that an increase 
of deposition rate happens in the pH range 12–14 
[19]. At the same time, pH can influence the uniform-
ity of the shining and the grain size of the coating 
[20]. Other factors that influence the deposition are 
the temperature [21] and the complexing agent. A 
complexing agent is an ion, molecule, or functional 
group that can bind with metal ions through one or 
more coordination bonds resulting in the formation 
of a complex [22]. This prevents the precipitation 
of copper as insoluble copper hydroxides or oxides 
keeping copper ions in solution and available for 
deposition. As the copper ions are consumed dur-
ing the deposition process, complexing agents assist 
in replenishing the copper ions in the plating bath, 
helping to maintain a constant and effective source 
of copper for deposition. Among the complexing 
agents, the most used is ethylenediaminetetraacetic 
acid (EDTA) but other compounds such as sodium 
and potassium tartrate (Rochelle Salt), malic acid, 
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other coating techniques [4]. In the electroless plat-
ing, the substrate is immersed in an aqueous solution 
which contains a salt of the metal to be deposited, 
along with a reducing agent, a complexing agent, a 
stabilizer, and a buffer system. The metallic ions and 
the reducing agent will react via a redox reaction 
so that the metal ions migrate to the substrate and 
nucleate a thin metallic layer without the application 
of an external electric voltage [5, 6]. Most deposited 
metals are copper (Cu) [7], nickel (Ni) [8], and silver 
(Ag) [2]. Electroless plating process consists of three 
main steps: (i) surface preparation of the substrate, 
(ii) surface catalytic activation, and (iii) electroless 
plating bath where the redox reactions take place 
forming the coating. The reducing agent is key factor 
for the electroless plating process: it is responsible, 
through its oxidation, for the reduction of the metal 
cation to the metallic form. In the electroless copper 
deposition, the most used reducing agent is formal-
dehyde (CH2O) solution. The general reaction for the 
deposition of copper using CH2O is reported in Eq. 1:

The activation energy for this reaction is 60 kJ/
mol. This implies that the deposition temperature 
has to be higher than room temperature (RT = 25 °C). 
As a redox, two simultaneous reactions take place: 
the cathodic reaction is the reduction of the Cu ions 
to metallic form, while the anodic one is the oxida-
tion of the formaldehyde which, in the case of highly 
alkaline solutions, dissociates through the Canniz-
zaro’s reaction as follows (Eq. 2) [9]:

Although the process is extremely efficient, for-
maldehyde is characterized by a high toxicity and a 
strong environmental impact [10]. It is known to be a 
respiratory and skin irritant and it can cause a range 
of health issues. Indeed, formaldehyde exposure has 
been linked to an increased risk of certain types of 
cancers, including nasopharyngeal cancer, sino-nasal 
cancer, and leukemia [11]. Due to its potential health 
risks, many countries have established regulatory 
limits on formaldehyde exposure both in workplaces 
and consumer products to protect public health and 
safety.

Less toxic compounds such as sodium hypophos-
phite (NaH2PO2), dimethylamine borane [12], and 
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succinic acid, triethanolamine, and ethylenediamine 
have been investigated [14, 23].

Temperature on the other hand plays a crucial role 
in controlling the kinetics and properties of the deposi-
tion process. The rise in the bath temperature increases 
the reaction rate but at the same time it compromises 
the bath stability [24]. A temperature value of 70–75 °C 
is generally recognized as the upper limit for the tem-
perature bath as higher temperature leads to the spon-
taneous decomposition of bath solution [25].

Many process variables are involved in the deposi-
tion process which results to be quite complex and a 
slight variation of the processing parameters can lead 
to unsuccessful results.

The aim of this work is the optimization of the 
copper electroless plating process on carbon fiber-
reinforced laminates replacing toxic reagents with 
non-toxic ones (i.e., glyoxylic acid) in order to obtain 
a more sustainable process. A statistical approach 
(Design of Experiments, DoE) has been applied to 
identify and optimize the most influencing process 
parameters affecting the copper deposition (i.e., con-
centration of reducing agent, concentration of com-
plexing agent, temperature, and pH). The produced 
coatings have been characterized from a chemical, 
electrical, and morphological point of view, while the 
optimization aimed at maximizing the coating adhe-
sion and electrical conductivity, which were evaluated 
performing scratch tests and Van der Pauw measure-
ments, respectively. The research introduces a novel 
approach in the electroless plating field, not only pro-
viding a systematic and efficient means to identify and 
optimize key process parameters but also emphasiz-
ing a broader commitment to ecological responsibil-
ity by replacing traditional toxic reagents, aligning 
with the growing demand for greener manufacturing 
processes.

2 �Experimental

2.1 �CFRP production and substrate sample 
preparation

Carbon-epoxy laminates (200 × 200 × 2 mm) in 0/90° 
stacking sequence configuration were produced using 
pre-pregs (XC130, wave 2 × 2 Twill, filament count 3 k, 
Prepreg Carbon Fibre) provided by XPREG Easy Com-
posites. CFRPs were cured in autoclave by applying 

7 bars of pressure at 120 °C for 1 h with a following 
post-cure treatment at 130 °C for 2 h.

Rectangular  samples having dimension 
(15 × 20 × 2 mm) were cut out using a diamond saw  
(Buehler Isomet 4000 Linear Precision Saw) at 3500 rpm 
blade speed and 5 mm/min cut speed. Samples were 
washed in ethanol (Sigma Aldrich) and dried in oven 
at 50 °C prior to use.

2.2 �Etching, pre‑activation, and activation 
of CFRP substrates

A potassium hydroxide alcoholic solution was selected 
as the etching solution. Potassium hydroxide (KOH, 
Carlo Erba Reagents) was dissolved in ethanol (EtOH, 
Sigma Aldrich) with a concentration of 80 g/L. Sam-
ples have been immersed for 30 min and successively 
washed multiple times in distilled water and dried in 
oven (Binder) at 50 °C for 24 h.

The wettability of neat and etched substrate was 
assessed, following ASTM D 5946–04 standard, by 
measuring the static contact angle of a sessile distilled 
water droplet (8 μL) deposited on the surface through 
a Gilson pipette. A digital picture was acquired 30 s 
after dropping to ensure that the droplet reached its 
equilibrium position, and the contact angle has been 
measured through image analysis software (ImageJ). 
Static contact angle was calculated by applying Eq. 5:

where H and R are the height and the radius of the 
drop, respectively.

A surface pre-activation in a Tin chloride-based 
solution was performed. For the preparation of the 
pre-activation solution, Tin (II) chloride dihydrate 
(SnCl2⋅2H2O, Sigma Aldrich, assay > 99.99%) was mixed 
in distilled water (dH2O) in the H2O: SnCl2⋅2H2O 
molar ratio of 100: 0.05. Hydrochloric acid (HCl, 37%, 
Carlo Erba Reagents) in the H2O: HCl molar ratio 100: 
0.5 was added to the mixture contained in a glass 
beaker at room temperature under constant magnetic 
stirring. CFRP etched substrates have been immersed 
in the prepared solution for 30 min and then washed 
in distilled water and dried (24 h, 50 °C).

The selected catalytically activation solution 
involves silver as activator. The solution has been 
prepared as follows: dH2O, ammonia solution (NH3, 
Carlo Erba Reagents), silver nitrate (AgNO3, Sigma 
Aldrich > 99.0%), and ammonium sulfate ((NH4)2SO4, 
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Sigma Aldrich > 99.0%) were mixed together in a glass 
beaker at room temperature (RT) in the H2O: NH3: 
((NH4)2SO4): (AgNO3) molar ratio 14: 2: 0.1: 0.002. 
Samples were dipped in the activation solution for 
1 min and successively washed in dH2O and dried at 
50 °C for 24 h.

2.3 �Design of experiment (DoE) for the Cu 
electroless deposition

The electroless plating bath was prepared as follows: 
anhydrous copper (II) sulfate (CuSO4, Carlo Erba 
Reagents) was dissolved in distilled water in the con-
centration of 0.37 M. Glyoxylic acid (C2H2O3, Sigma 
Aldrich) was added as reducing agent and ethylen-
ediaminetetraacetic acid (EDTA, Sigma Aldrich) as 
complexing agent. 0.001% by volume of polyethylene 
glycol (PEG, Mw 400, Sigma Aldrich) was added as sur-
factant and the pH of the solution was adjusted by 
dropping 1 M sodium hydroxide (NaOH, Carlo Erba 
reagents) solution.

In order to optimize the electroless deposition pro-
cess, a randomized full factorial design of experiment 
(DoE) was set by Minitab software. Four predictor 
variables have been chosen: (i) the bath temperature 
(in the range 40–60 °C), (ii) pH (13–13.5), (iii) the con-
centration of EDTA (0.12–0.24 M), and (iv) the con-
centration of the reducing agent C2H2O3 (0.1–0.4 M). 
Since two different values were associated to each 
variables, the DoE campaign is composed of 4 factors 
and 2 levels resulting in 16 combinations, as reported 
in Table 1. Each setting was repeated three times for 
a total of 48 experiments. Samples were immersed in 
the electroless solution for 35 min and after deposition 
they have been washed in dH2O and dried in oven at 
50 °C for 24 h.

A traditional electroless plating solution using for-
maldehyde as reducing agent was prepared as refer-
ence [26]. Anhydrous copper (II) sulfate was dissolved 
in distilled water in the concentration of 0.37 M. For-
maldehyde solution (37 wt. % in H2O, Sigma Aldrich) 
and EDTA were added in 0.1 M and 0.12 M concentra-
tion, respectively. 0.001% by volume of polyethylene 
glycol (PEG MW 400, Sigma Aldrich) was added as 
surfactant. The pH of the solution was maintained at 
a value of 13 and adjusted by dropping 1 M sodium 
hydroxide (NaOH, Carlo Erba reagents) solution. The 
deposition temperature was 50 °C and deposition time 
35 min.

After coating process, samples have been washed in 
dH2O and dried in oven at 50 °C for 24 h.

The output factors chosen to analyze the influence 
of the process parameters were (i) the percentage of 
substrate coated surface, (ii) the adhesion of the coat-
ing (critical loads obtained from scratch test), and (iii) 
the sheet resistance from electrical measurements. The 
statistical tool of MiniTab software allowed to evalu-
ate both the most influential factors and the influence/
interaction given by the combination of input param-
eters on the output variables. Moreover, a final opti-
mization function allowed to obtain the set of process-
ing parameters to maximize the coating performances 
which were used for performing the optimized elec-
troless deposition process.

2.4 �Crystalline phase analysis 
and morphological characterization 
of coatings

Coated samples were imaged via optical microscopy 
(OM, Nikon Epiphot TME) coupled with an acquisition 
camera (Visicam 10.0, VWR-Avantor, Radnor, Pennsyl-
vania, USA). Image analysis was performed by ImageJ 
software, allowing for the calculation of the percentage 
of the coated area. The coating morphology of depos-
ited samples was investigated also with scanning elec-
tron microscopy (FEG-SEM, Zeiss LEO Supra 35, accel-
erating voltage of 5 kV, secondary electron detector), 

Table 1   DoE combinations

RunOrder Sample Tempera-
ture (°C)

pH EDTA
(M)

Glyoxylic 
acid (M)

1 a 60 13.5 0.24 0.1
2 b 40 13.5 0.24 0.1
3 c 60 13.0 0.24 0.4
4 d 40 13.0 0.12 0.1
5 e 60 13.5 0.12 0.4
6 f 40 13.5 0.12 0.4
7 g 60 13.0 0.12 0.4
8 h 60 13.0 0.24 0.1
9 i 40 13.5 0.12 0.1
10 j 40 13.0 0.12 0.4
11 k 60 13.5 0.12 0.1
12 l 60 13.0 0.12 0.1
13 m 60 13.5 0.24 0.4
14 n 40 13.0 0.24 0.1
15 o 40 13.0 0.24 0.4
16 p 40 13.5 0.24 0.4
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coupled with Energy Dispersive Spectroscopy (EDS) 
(INCAx-sight, Oxford instruments).

Phase analysis of relevant Cu coatings was assessed 
by means of X-ray diffraction (XRD) (Philips X’Pert 
1710, Cu-Kα radiation λ = 1.5405 Å, 2θ = 10–80°, step 
size = 0.020°, time per step = 2 s, scan speed = 0.01°/s). 
The average crystallite size τ was evaluated by apply-
ing Scherrer’s Eq. (6):

where K is the shape factor taken as 0.89, λ is the 
X-ray wavelength, β is the full width at half maximum 
(FWHM) expressed in radians, and θ is the Bragg 
angle [27]. The τ values for the copper coatings were 
determined from profile analysis of the most intense 
peak present in the XDR pattern.

The dislocation density (δ) and the average and 
micro-strain (ε) have been calculated according to 
Eqs. (7) and (8) [28]:

2.5 �Electrical measurements and coating 
adhesion

Electrical performances of coatings were measured 
performing Van der Pauw method [29]. Four probes 
were brought into contact with the perimeter of the 
coating at four points, and an electrical current (I) was 
injected between two of the probes while measuring 
the electrical potential (V) between the remaining 
two probes using a digital multimeter (Keithley DMM 
2700). By averaging on all probe configurations and 
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using Van der Pauw’s formula [29], the sheet resist-
ance Rs (measured in Ohms per square, Ω/sq or Ω/□, 
equivalent to Ωm/m) was calculated.

The adhesion of the coating was assessed by means 
of scratch test (Micro-Combi Tester C.S.M. Instruments, 
Peseaux, Switzerland), equipped with a Rockwell 
C-type conical indenter (200 μm tip radius). Three 
measurements have been performed for each sample, 
operating in progressive mode (track length 10 mm, 
scratch speed 10 mm/min, progressive load 0.01–30 
N). Scratch tracks have been analyzed by OM (Nikon 
Epiphot TME) and the critical loads (CL) corresponding 
to different failure mechanisms have been obtained 
following the UNI EN 1071–3:2005 standard.

3 �Results and discussion

The results of contact angle tests reporting the val-
ues calculated for the neat and etched substrate are 
shown in Fig. 1. The neat substrate is characterized by 
a hydrophobic behavior (contact angle = 99.3° ± 2.1°) 
which can be ascribed to a non-polar interaction with 
water. Indeed, the wettability is a function of the 
nature and packing of the surface atoms or exposed 
groups of atoms constituting the solid [30]. Epoxy 
resins typically have a relatively non-polar molecular 
structure. The presence of non-polar carbon–carbon 
and carbon–hydrogen bonds can explain the hydro-
phobic behavior.

As evident, the KOH alcoholic solution modifies 
the wettability of the organic surface toward a less 
hydrophobic behavior with a decrease of 10° (contact 
angle = 89.3° ± 1.7°) and consequently a polar interac-
tion with water. Polarity plays a crucial role in deter-
mining the wettability, because the interfacial tension 
is largely influenced by the surface energy and it gen-
erally affects the adhesion of the deposited coating. 

Fig. 1   Water sessile drop on 
neat and KOH-EtOH-treated 
epoxy-CFRP samples
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Indeed, having a more wettable substrate, and hence 
with higher surface energy, is beneficial since it can 
be easily wetted by the pre-activation and activation 
solutions, resulting in higher adhesion of the copper 
electroless coating [31].

3.1 �Coating morphologies and electrical 
performances

Figure 2 reports the different coating morphologies 
obtained with a different combination of electroless 
plating parameters.

As evident, a variation of process parameters can 
lead to a completely different morphology. In particu-
lar, in some deposition conditions the coating covers 
the entire surface of the substrate, in others the sub-
strate surface is only partially covered, while in one 
condition (Fig. 1 n) the coating is barely present.

In Fig. 2, different shades of color of the copper 
coatings are highlighted. This effect may be due to 
a combination of two factors: (i) the thickness of the 
coating, which, as reported in the literature, can cause 

a more intense and red-brown color in thick coatings 
and less intense and lighter color in thin coatings [32]; 
(ii) morphology of the surface, which can cause differ-
ent scattering of the incident light and therefore a dif-
ferent intensity of coloring. The percentage of covered 
area is reported in Table 2.

In Fig. 3, the morphologies of the produced coatings 
acquired with the electron microscopy at higher mag-
nification are shown. Also in this case, all the samples 
present different microstructures depending on the 
electroless process conditions. In particular, copper 
coatings appear to be formed either by round-shaped 
copper particles having micrometric and sub-micro-
metric dimension or needle-shaped dendritic copper 
particles. The electroless deposition of copper from 
solution occurs at catalytic sites on the substrate sur-
face. In particular, the copper particles nucleate at the 
most favorable catalytic sites forming aggregates of 
small crystallites (nuclei) about 25 Å in size [33].

The deposition process goes on autocatalytically 
and copper deposits on the originally formed nuclei 
increasing the size of the aggregates until they become 

Fig. 2   Optical micrographs showing morphology of electroless-plated specimens in different DoE configurations (a–p) as reported in 
Table 1
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Table 2   Outputs of DoE 
analysis

Sample Area
(%)

Rs (Ω/□) CL1
(N)

CL2
(N)

CL3
(N)

a 99.91 ± 0.10 9.21 × 10–3 4.82 ± 1.60 14.47 ± 1.83  > 30
b 40.09 ± 3.18 2.86 × 10–2 – – –
c 96.94 ± 1.32 2.75 × 10–2 – 2.23 ± 0.43 5.98 ± 0.85
d 97.83 ± 1.46 7.87 × 10–2 2.78 ± 1.13 9.24 ± 1.34 21.11 ± 1.63
e 8.89 ± 1.65 3.16 × 10–2 1.50 ± 0.57 7.99 ± 2.58 –
f 99.64 ± 0.47 1.87 × 10–2 2.39 ± 0.09 7.71 ± 3.10 10.74 ± 2.19
g 98.64 ± 0.54 1.58 × 10–2 2.18 ± 0.98 10.93 ± 0.79 20.45 ± 0.62
h 99.56 ± 0.56 9.10 × 10–3 9.42 ± 2.09 18.92 ± 3.03  > 30
i 48.70 ± 1.84 3.40 × 10–2 – – –
j 97.31 ± 2.99 8.02 × 10–3 2.64 ± 1.06 3.95 ± 1.10 15.92 ± 0.13
k 86.51 ± 2.41 1.60 × 10–2 4.90 ± 1.96 13.50 ± 2.89 22.59 ± 2.01
l 90.68 ± 3.81 2.48 × 10–2 6.98 ± 1.11 13.31 ± 1.80 23.40 ± 1.14
m 77.31 ± 5.82 3.43 × 10–2 4.84 ± 2.76 14.62 ± 2.95 24.99 ± 2.89
n 1.24 ± 0.44 – – – –
o 99.96 ± 0.01 9.11 × 10–3 1.00 ± 0.07 7.94 ± 2.67 15.98 ± 2.21
p 99.46 ± 0.37 9.75 × 10–3 – 2.23 ± 0.43 5.98 ± 0.85

Fig. 3   SEM microstructure of deposited copper coatings in different DoE configurations (a–p) as reported in Table 1
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energetically unstable. At this point, a recrystallization 
process takes place and the unstable aggregates are 
transformed into grains having micrometric dimen-
sions [33]. Indeed, copper crystals can exhibit aniso-
tropic growth, with a preferential growth along some 
crystallographic directions. This anisotropy can result 
in the development of needle-like structures [34]. This 
behavior is also related to the surface energy of the 
growing particles. If some orientations have lower 
energy, they may be favored during growth, leading 
to the development of needle-like shapes [35]. From 
the image analysis it is evident that in some speci-
mens, the particle size distribution seems to be more 
homogeneous than others (e.g., Figure 3, samples i and 
o). On the other hand, in other specimens (e.g., Fig-
ure 3, samples b, c, g, and j) the co-presence of particles 
with different sizes, thus with a less homogeneous size 
distribution, can be noted. Moreover, some samples 
(e.g., sample n where present) show the presence of 
superficial cracks.

The different microstructure justifies the different 
electrical behavior shown by the coatings in terms 
of surface resistance (Rs) obtained from the Van der 
Pauw test and reported in Table 2. Rs ranges from a 
minimum value of 8 mΩ/□ to a maximum value of 
80 mΩ/□, and are compatible with those found in 
the literature [36] in which the surface resistance of 
copper coatings deposited on different substrates has 
been found in the range 7–20 mΩ/□. Electrical conduc-
tivity of copper coating is directly dependent on the 
thickness of the coating; in particular, a thicker cop-
per coating generally shows higher electrical conduc-
tivity compared to a thinner one since thick coatings 
offer higher pathways for electrons to flow than thin 
coatings [37]. Coating thickness is directly related to 
deposition rate which in turn depends on deposition 
process parameters such as immersion time, pH, and 
temperature of the electroless bath [20, 25]. Moreover, 

the surface finish of the coating can influence the elec-
trical conductivity. Smoother surfaces having low 
roughness tend to conduct better presenting low 
electrical resistance [38]. In our case, we believe that 
the difference in the electrical performances should 
be ascribed to both different coating thickness and 
microstructure.

3.2 �Adhesion of the coating‑substrate system

Scratch tests were carried out on all specimens in order 
to identify the critical loads. Figure 4 reports a rep-
resentative sample showing the failure mode of the 
coating at the corresponding critical loads analyzed 
with the optical microscope.

All samples show, as the load increases, the forma-
tion of parabolic cracks or "fish scales" having the con-
cavity in the same direction of the indenter advance-
ment. This first failure, called conformal cracking, 
consisting in the cohesive cracking of the coating, has 
been taken as first Critical Load, CL1. Parabolic cracks 
form as the ductile copper layer tries to fit the defor-
mation of the scratch track. Indeed, as the scratch tip 
slides on the surface, the coating breaks due to the 
bending stress imposed in front of the indenter cre-
ating cracks which are successively flattened by the 
passage of the indenter due to the ductile nature of the 
copper coating. At higher loads (CL2), the CFRP sub-
strate begins to fail, generating cracks with a parabo-
loid shape having concavity in the opposite direction 
to that of the indenter. Parabolic cracks are caused by 
the brittle nature of the substrate which, under high 
shear forces, breaks down [39, 40]. This failure mode 
is called tensile cracking and the coating fails follow-
ing the back of the indenter [39, 41, 42] originating 
the cracks. By further increasing the load, the coating 
is completely removed from the substrate during the 
passage of the indenter (CL3) resulting in the complete 

Fig. 4   Representative failure modes of copper coating during scratch test
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and continuous exposure of the substrate inside the 
scratch track. It has to be noted that some samples did 
not show a CL3 as the maximum applied force during 
the test (30 N) was not enough to determine the com-
plete removal of the coating exposing the substrate, 
meaning that the adhesion of the coating-substrate 
system was high.

3.3 �Optimization of the electroless plating 
processing parameters (DoE)

Once the tests were carried out, the resulting values 
were used as the output of the process as a function 
of the input. In this way, by performing the statisti-
cal analysis through MiniTab software it was possi-
ble to determine the most influential factors for each 

individual output variable. In particular, the Pareto’s 
charts were generated and are shown in Fig. 5, high-
lighting the most significant input variables (i.e., those 
that most influence the entire process as a function 
of each output variable) prioritizing which factors to 
focus on for further optimization.

In the charts, the factors (terms) are plotted on a 
bar chart in descending order of their impact (effect). 
The red line ( �-level) represents a threshold value, 
calculated by the software, where the factors located 
to its right are influential in the process. On the other 
hand, those to the left of the threshold value are not 
influential and can therefore be omitted in the DOE 
analysis. As clear from the Pareto’s charts for all the 
outputs, the only influential factors are the tempera-
ture of the electroless bath and the combined effect 

Fig. 5   Pareto charts for CL1, CL3, Rs, and covered area
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of temperature and the concentration of the reducing 
agent glyoxylic acid. Hence, the concentration of the 
glyoxylic acid and the temperature of the electroless 
bath were considered as the significant input fac-
tors and used to generate the contour plots, which 
are colored maps where the response (output value) 
is represented by lines and/or curves as function of 
to two variables. In Fig. 6, the contour plots for the 
defined outputs as function of the influential process-
ing parameters (C2H2O3 and Temperature) are shown. 
Those plots allow for the optimization of all the con-
sidered outputs determining the set of values suitable 
to optimize the entire electroless deposition process 
and therefore obtaining the best performing coating.

Indeed, the MiniTab software offers a multi-objec-
tive optimization function in which the functions, 
which are the considered outputs (i.e., % Area, CL1, 
CL2, CL3, and Rs), can be maximized (or minimized 
in the case of Rs) to achieve an optimized deposition 
process. The multi-objective optimization function has 

provided a new set of process parameters reported 
in Table 3 which were used to deposit a new batch of 
copper electroless-plated samples.

The obtained optimized samples present a very well 
and homogeneous coating structure, as displayed in 
Fig. 7, which completely covers the entire substrate 
surface.

In Fig.  8a, the optimized coating morphology 
acquired with the electron microscopy is reported 
and compared to that of coating deposited with the 
formaldehyde bath in Fig. 8b. As evident, the opti-
mized coating presents a dense and homogeneous 

Fig. 6   Contour plots of Area %, Critic load 1 (CL1), Critic load 3 (CL3), and surface resistance, as function of concentration of glyox-
ylic acid and temperature

Table 3   Optimized 
processing values for copper 
electroless plating on CFRP 
substrates

Process parameter Value

pH 13.15
Temperature 60 ºC
Glyoxylic acid 0.1 M
EDTA 0.165 M
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structure, no presence of cracks was detected, and 
the elemental analysis (EDS in Fig. 8c) confirmed 
the purity of the coating as the only detected sig-
nals are those ascribable to the copper. Even if both 

compared samples share the same composition, the 
coating morphology is quite different.

The formaldehyde sample presents a microstruc-
ture composed of round-shaped copper particles 

Fig. 7   a Picture of optimized copper electroless-plated CFRP sample, b low-magnification optical micrograph, c high-magnification 
optical micrograph

Fig. 8   SEM micrographs of (a) optimized and (b) formaldehyde reference coating, EDS spectra (c), and XRD patterns (d)
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having micro- and nano-dimension, while, on the 
other hand, the optimized sample presents a micro-
structure showing dendritic needle-shaped copper 
particles. Moreover, the formaldehyde sample shows 
some surface cracks which can be related to the depo-
sition time and the microstructure evolution of copper 
film [43]. These differences could explain the higher 
adhesion of the optimized coating. The XRD patterns 
for the optimized sample and the reference one are 
compared in Fig. 8d. Both samples show the typical 
hump at 2θ = 25° ascribable to the amorphous phase 
of the CFRP substrate (which is mostly made of epoxy 
resin) and the reflections observed on the diffracto-
gram at 2θ angles of 43.31, 50.45, and 74.12° are those 
typical of face-centered cubic structure of copper as 
confirmed by the reference pattern JCPDS 85–1326.

The average crystallite size calculated by apply-
ing Scherrer’s equation for the optimized sample is 
35.9 nm, while the crystallite size for the reference 
coating, obtained using formaldehyde as reducing 
agent, is 20.6 nm. It is know that smaller crystallites 
typically indicate higher energy grain boundaries 
and greater surface area which generally traduces in 
a lower electrical conductivity as the higher the grain 
boundaries, the higher the scatter of the electrons [44]. 
Indeed, the optimized specimens have a better electri-
cal conductivity due to the improved microstructure 
of the coating as shown in Table 4, which reports the 
comparison of results obtained from Van der Pauw 
test, image analysis, and scratch test. Confirming these 
results, the dislocation density (δ) and average micro-
strain (ε) calculated from XRD pattern of optimized 
sample are 7.76 × (108 mm−2) and 2.58 × 10–3, respec-
tively, while the formaldehyde sample presents a dis-
location density value of 23.5 × (108 mm−2) and an aver-
age micro-strain of 4.51 × 10–3. A higher dislocation 
density in the crystal lattice influences both mechani-
cal, electrical, and thermal properties of the coatings. 
Indeed, dislocations can act as scattering centers for 

electrons and phonons, decreasing both the electrical 
and the thermal conductivity of the copper coating 
[44].

The optimized specimens show also very high val-
ues of the critical loads; in particular, the CL1 and the 
CL3 mean values are higher than those of the refer-
ence (formaldehyde sample) confirming the very good 
adhesion achieved between the coating and the CFRP 
substrate.

4 �Conclusions

In this work, a green electroless copper plating pro-
cess, substituting formaldehyde with glyoxylic acid 
as the reducing agent, was optimized for CFRP sub-
strate by employing a four-factor, two-level Design 
of Experiment. Four process parameters have been 
selected as factors, namely pH and temperature of 
the electroless solution, reducing agent concentration 
(glyoxylic acid), and complexing agent (EDTA) con-
centration. The different process parameter combina-
tions resulted in vastly different coating morphologies, 
with surface coverage ranging from 1.2 to 99.9% and 
different chromatic and visual appearances. The dif-
ference in appearance was determined by the coatings’ 
thickness, surface roughness, and morphology of the 
deposited copper, which are heavily affected by the 
plating parameters.

Scratch tests and Van der Pauw electrical measure-
ments were carried out to assess and statistically ana-
lyze and maximize the coatings’ adhesion and elec-
trical conductivity. From the DoE analysis, the bath 
temperature and the concentration of the reducing 
agent resulted to be the only statistically significant 
factors, and a multi-objective optimization was used 
to determine the optimal parameters to obtain a coat-
ing with maximum surface coverage, adhesion, and 
conductivity (namely pH 13.15, temperature of 60 °C, 
and reducing and complexing agent concentrations of 
0.1 and 0.165 M, respectively).

The optimized coating showed 100% surface cov-
erage, a surface resistivity of 19 mΩ/□, and first and 
third scratch test critical loads of 7.6 and > 30N, which 
are higher performances than the reference sample, 
plated with a standard formaldehyde-based electro-
less bath from literature. The proposed optimized 
process, therefore, allows for the coating of complex 
and electrically insulating substrates with a con-
ductive copper coating without the use of toxic and 

Table 4   Percentage of covered area, scratch test, and electrical 
test results of optimized and reference samples

Response Optimized sample Formaldehyde sample

Area (%) 100 100
CL1 (N) 7.58 ± 0.15 2.535 ± 0.83

CL2 (N) 13.54 ± 2.66 14.74 ± 1.76

CL3 (N) > 30 22.98 ± 1.49

RS ( Ω∕□) 1.91 ∙ 10−2 3.47 ∙ 10−2
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environmentally impactful chemicals, representing a 
greener alternative to the traditional processes. These 
copper coatings could represent interesting solutions 
as electrically conductive surface layers in electronics, 
electromagnetic interference (EMI) shielding, or radi-
ofrequency transmission applications, as well as pref-
erential heat dissipation paths in high-performance 
(i.e., aerospace) applications.
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