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Abstract The purpose of this study is to investigate the

effect of copper powder oxidation on the deposition effi-

ciency, microstructure, wear and corrosion resistance. The

gas-atomized copper powders in the as-received (Cu-Safina

and Cu-FST) and oxidized states (Cu-treat, oxidized in air,

25 °C for 5 months; Cu-treat1, oxidized at 100 °C for 1 h;

and Cu-treat2, oxidized at 200 °C for 1 h) were used to

prepare the coatings by cold gas spray (CGS). XPS analysis

detected Cu2O and CuO for all feedstock powders,

increasing for oxidized ones. The deposition efficiency and

thickness of the coatings followed the order: Cu-Safina[
Cu-FST[Cu-treat1[Cu-treat[Cu-treat2. For oxidized

coatings, SEM images showed more defected microstruc-

ture, increase in pores, and microcracks. Cu-FST coating

showed a sliding wear rate of (0.13±0.01)910-4 mm3

N−1 m−1), and abrasive wear rate of (3.2±0.2)910−4

mm3 N−1 m−1. Gas-atomized powder coatings showed a

better corrosion resistance performance. The electrolyte did

not reach the substrate/coating interface for t≥700 h and

the coatings resisted for 2000 h in salt fog tests. However,

oxidized coatings showed low corrosion resistance due to

the presence of cracks and defects, and the coating/sub-

strate was severely damaged after ≈100 h in 3.5wt.%NaCl

solution.

Keywords cold gas spray · copper · EIS · metal coatings ·

polarization

Introduction

Cold gas spray (CGS) is becoming a very promising

technique for coating production, especially for materials

susceptible to oxidation, such as copper (Ref 1-4). These

coatings are mainly used in heating systems, conductive

tracks, and flange parts due to their corrosion resistance and

sliding wear resistance (Ref 1-3). The underlying principle

of CGS is that the sprayed material is no longer heated up

to a semi-molten or fully molten state to be stuck on the

substrate surface. Instead, solid-state powders are acceler-

ated in a high-pressure supersonic gas jet (in a nozzle with

convergent-divergent geometry) that allows the particles to

be plastically deformed during impact with the target to

form interconnected splats adhered to the substrate,

resulting in an overlay deposit (Ref 1). Unlike other ther-

mal spraying techniques, CGS uses higher kinetic energy

instead of heat energy for the deposition (Ref 2). The work

temperature does not exceed 1000 °C; the particle speed

during spraying can reach, depending on the gas or spray

parameters, between 500 and 1200 m s−1 (Ref 3, 4).

The formation mechanism of CGS coatings is not yet

well established as the characteristics of the matching

properties of the coating-substrate pair materials also play a

very important role (Ref 4-6). It is known that when a

particle is sprayed onto the substrate, mutual plastic

deformation of particle and substrate is desirable for proper
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bonding to occur, depending on the relative mechanical

properties of both substrate and spraying material. Oxides

from the substrate are removed upon impact, which pro-

vides an ideal surface for effective adhesion of the particle:

either metallurgical bonds and/or mechanical anchoring

have been reported (Ref 1-3, 6). The effective contact

between the surface and particle and the high pressures

during spraying, causing compression of the particles on

the substrate and on the previous deposited layer, are ideal

conditions for adhesion of the particle/substrate and parti-

cle/deposited material (Ref 6). Other phenomena that are

often responsible for the adhesion of materials such as

interfacial melting and diffusion of materials between

phases were investigated (Ref 3, 6). However, the results

show that these factors do not have a large influence in the

case of CGS. This is because the average of the kinetic

energy of the particles during the spraying process and the

thermal energy of particles during spraying is much smaller

than the energy necessary to produce melting and diffu-

sion; therefore, the formation of the coatings is a solid-state

process (Ref 6). Furthermore, plastic deformation is gen-

erally considered an energy dissipation mechanism (Ref 7).

Thus, even the increase in temperature at the interfacial

region due to the impact of the particles is not significant to

promote diffusion processes between the materials (Ref

3, 7).

Several works have revealed that for effective bonding

and coating formation, the sprayed material needs to

achieve a critical velocity during the spray process (Ref

8–12). This is basically the speed above which the particle

will be able to adhere on the surface upon impact. For this

purpose, it is important to understand all the variables

affecting the process, i.e., the chemical, physical, and

mechanical properties of powder and substrate, as well as

the spraying parameters. The spraying parameters, such as

gas pressure, gas temperature, spraying distance, feeding

rate, use of different guns, nozzle, carrier gas, and surface

preparation or even substrate heating are conditions that

influence the properties of the final product and should be

considered in the coating preparation (Ref 1-3). The

influence of these variables on the coating preparation has

been reported in some studies (Ref 9-11).

Interestingly, several works have reported the influence

of oxidation of the starting material in the coating forma-

tion by CGS (Ref 9-14). Previous studies (Ref 10, 11) have

shown that the presence of an oxide film on the surface of

the particles had a significant influence on the deposition

efficiency, microstructure, and properties of cold-sprayed

coatings. The oxide inclusions at the particle interface

could inhibit bonding and decrease the bonding strength

between the coating and substrate. Some studies using

experimental and computational simulation (Ref 9, 10, 14)

have shown that the original existing oxide film on the

particle surface can be disrupted during the impact with the

surface and pushed out from the interface by the outward

metal jet. However, it has been observed that the cracked

oxides cannot be entirely cleaned up; part of them will be

left at the interface after particle deposition and these

remaining oxides significantly influence the metallic

bonding strength and the final coating quality (Ref

10, 15, 16). Wei et al. studied copper feedstock powders

fabricated through electrolysis (EP), gas-assisted water

atomization (WA), inert gas atomization (GA) and

annealed before depositing by cold spray. The strain

release and low GB angle play a role in increasing the

bonding strength of cold-sprayed coatings. The asymmetric

dendritic morphology is detrimental to intensive plastic

deformation, resulting in the lowest bonding strength of

cold-sprayed coatings. The recrystallized twin grains are

beneficial for plasticity which may increase the bonding

strength (Ref 16).

Few researchers have reported the corrosion resistance

of copper coatings deposited by CGS (Ref 17-21). In our

previous study (Ref 17), copper coatings showed a dense

microstructure, with thickness above 500 µm, and a

porosity of 0.5%. The coating was able to protect the steel

substrate against corrosion for 1100 h of immersion in 3.5

wt.% NaCl solution. Winnicki et al. (Ref 20) produced

copper coatings with 1% porosity and high corrosion

resistance. According to the Tafel curves, the coatings

showed passivation due to the formation of a passive oxide

layer covering the copper coating surface, leading to a

decrease in the corrosion rate. However, none of these

reports investigated the corrosion resistance of copper

coatings obtained from raw materials with different

degrees of oxidation, which is presented in this work. For

that purpose, coatings were prepared using copper powders

with different oxidation degrees and mainly their electro-

chemical behavior was studied.

The purpose of this work is to evaluate the deposition of

different copper feedstock powders subjected or not to

different oxidation treatments and investigate the electro-

chemical behavior and some mechanical properties of the

prepared coatings. Oxidized copper powders at room

temperature (≈25 °C, for 5 months), at 100 °C for 1 h, and

at 200 °C for 1 h, and a gas-atomized powders were

sprayed. The influence of these different feedstock mate-

rials in the coating formation, microstructure, and wear and

corrosion resistance was investigated. Different from

reports by other researchers, the corrosion resistance of

coatings was evaluated using open-circuit potential (EOCP)

during a relatively long immersion time, electrochemical

impedance spectroscopy (EIS) and salt fog spraying, and

corrosion mechanisms are proposed.
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Experimental Design

Feedstock Materials

To evaluate the influence of powder oxidation degree on

the coating formation, five copper powders were used as

feedstock as described in Table 1.

Cu-Safina powder was supplied by Safina A.S (Vestec,

Prague, Czech Republic-Cu≥99.9%) and Cu-FST powder

supplied by Flame Spray Technologies - FST (Duiven,

Netherlands-Cu≥99%). Three oxidation treatments were

applied to the Cu-FST powder to obtain the other three

oxidized feedstock powders.

Substrate and Reactants

A low carbon steel alloy with the composition Al (0.46 wt.

%), Ti (0.22 wt.%), Mn (0.18 wt.%), C (0.15 wt.%), Cr

(0.091 wt.%), Zn (0.080 wt.%), and Fe balance, determined

using an EDX-720/800HS Energy-Dispersive x-ray Spec-

trometer (Shimadzu, Barueri-SP, Brazil), was used as the

substrate. Rectangular and flat (5092095 mm) and

cylindrical (ø=25.4 mm and h=25.4 mm) substrate sam-

ples were degreased with acetone and grit blasted with

alumina (MPA, Spain) 220-grade corundum using a low-

pressure cold gas spray (LPCGS) system. The resultant

roughness was Ra=(4.7±0.4) µm as an average value

obtained from at least ten roughness measures on each

sample surface. The measures were performed using a

Mitutoyo Surftest 301 Precision (Mitutoyo, Japan) refer-

ence specimen calibrated with a calibrator 2.97 µm rough.

NaCl (Sigma-Aldrich) 99.8% and Milli-Q water (18.2 M

Ω cm) were used for preparing the electrolyte for electro-

chemical experiments.

Coating Preparation

Copper coatings were produced at the Thermal Spray

Center, Barcelona University. Cold spray equipment

Kinetics 4000/17 kW (Cold Gas Technology, Ampfing,

Germany) was used with a WC nozzle (type D24) and

nitrogen as the carrier gas. The copper coatings were

obtained under the conditions: traverse speed of 500 mm/s,

standoff distance of 40 mm, nitrogen gas temperature of

400 °C and pressure of 30 bar, and five-layer deposition

(Ref 17). Five layers were deposited using the following

spraying parameters: 3 MPa pressure, 400 °C gas temper-

ature, traverse velocity 500 mm s−1, and 40 mm distance

from the nozzle to the substrate.

Structural, Morphological, and Chemical
Characterization

The particle size distribution of powders was analyzed by

laser scattering (LS) using a Beckman Coulter LS 13320

instrument. Feedstock materials and coatings were struc-

turally characterized by scanning electron microscopy

(SEM) using a JEOL JSM-5310 scanning electron micro-

scope coupled to an energy-dispersive x-ray spectroscopy

(EDS). SEM images were obtained at different energy

values as indicated in the corresponding figures. For coat-

ings prepared with oxidized powders and subjected to long

immersion times, SEM images were only obtained after

drying for around 24 h at 100 °C in a vacuum chamber.

The powders and coatings were analyzed by x-ray

diffraction (XRD) using an x-ray diffractometer (SIE-

MENS model D5000). Structural characterization of the

Cu-Safina, Cu-treat, and Cu-treat2 powders was performed

with x-ray photoelectron spectroscopy (XPS), using a UNI-

SPECS UHV instrument. The powder was fixed onto a

small flat disk on an XYZ manipulator and placed in the

analysis chamber. The residual pressure in this chamber

was maintained below 10−8 Torr, while data were being

obtained. The Mg Kα line was used (hν=1253.6 eV) and

the analyzer pass energy set to 10 eV. XPS was used to

investigate the core level of C 1s, O 1s, Si 2p. The inten-

sities were estimated by calculating the area under each

peak after smoothing and subtraction of the shaped back-

ground and fitting the experimental curve to a combination

of Lorentzian and Gaussian lines of variable proportions.

The coating thickness was determined from the trans-

verse section of SEM images using Image J software

making 10 measures for each sample. For that, the samples

were cut, embedded in resin, and polished using grit

sandpaper of 320, 600, 1200, and 4000 grit, and polished

with diamond suspension of 6 and 1 µm. The porosity of

coatings was also estimated by analyzing the transverse

section using optical microscopic (OM) images using

Image J software, according to the ASTM E2109-01

standard practice.

Table 1 Powder characteristics treatment and particle size distribution

Cu-Safina Cu-FST Cu-treat1 Cu-treat Cu-treat2

Treatment Gas atomized (N2 atmosphere) Gas atomized (air atmosphere) 100 °C (1 h) ≈25 °C, for 5 months 200 °C (1 h)

Particle size

distribution

18-45 µm 15-56 µm 19 −54 µm 19 −55 µm 19 −50 µm
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Physical and Mechanical Characterization

For coatings prepared with oxidized powders, mechanical

properties were not measured due to the great material loss

in tests made using different loads (5-20 N). This is

probably related to the low cohesion between oxidized

copper particles (Ref 11, 12). The tribological properties of

coatings were characterized by two standardized wear

tests: sliding and abrasive. The sliding wear test was car-

ried out using a CM4 ball-on-disk instrument to evaluate

the friction coefficient (ASTM G99-17). A stainless steel

counterpart ball, with a sample relative velocity of

131 rpm, a total sliding distance testing of 1000 m, and a

normal force load of 5 N for a radius of 14 mm, were the

selected parameters for test purposes. Humidity and tem-

perature were maintained below 20% and 25 °C, respec-
tively. The wear tracks produced on the coatings were

studied using SEM, and a Leica confocal equipment was

used to measure the sliding wear rate of the wear tracks and

recreate the wear path images.

Abrasive tests were carried out using a CM4 Rubber

Wheel (ASTM G65-16) machine with a rotation rate of

139 rpm, and a load of 50 N with a flow of silica (ø=0.4-

0.8 mm) between 250 and 310 g min−1. Material loss was

measured by weighing the samples every 1 min during the

first 5 min and then every 5 min until the end of the test

(total duration: 30 min). To express the wear rate in terms

of the removed material (mm3 N−1 m−1), the density of the

coatings was used to transform mass into volume.

The adhesion of the coatings was performed according

to the ASTM C633-13 (Standard Test Method for Adhe-

sion or Cohesion Strength of Thermal Spray Coatings),

using a cylindrical substrate (ø=25.4 mm and height=

25.4 mm). The test consists of coating one face of a sub-

strate fixture, bonding this coating to the face of a loading

fixture, and subjecting this assembly of coating and fixtures

to a tensile load normal to the plane of the coating. The

tests were carried out on CSM-Revetest equipment with a

constant speed of 10 mm/min with a progressive increase

in the force traction until the adhesive failure of the coat-

ing. The measurements were performed in triplicate.

The electrical conductivity and resistance of the coat-

ings were measured by eddy current measurements with

the use of FOERSTER SIGMATEST 2.069 equipment.

The measurements were conducted using a probe, with a

current frequency of 960 kHz and 22.5 °C.

Corrosion Studies

All experiments were carried out using a conventional Tait

type cell (Ref 22) with 80 mL of 3.5 wt.% NaCl solution

and three-electrodes setup. The reference electrode was an

Ag|AgCl|KCl3mol L−1 coupled to a Luggin capillary, with

a Pt-network as the auxiliary, and the substrates (ground

with P240 SiC paper) or as-prepared coated substrates were

used as working electrodes. The specimen area exposed to

the electrolyte solution was 1 cm2. The corrosion resistance

of the samples was evaluated through open-circuit potential

(EOCP) measurements, small amplitude linear polarization

(SALP), potentiodynamic polarization curves (PPC), and

(EIS).

Using SALP, Rp was determined from I–E curves by

applying±10 mV/EOCP and recorded at 0.166 mV s−1 after

18 h of immersion. Potentiodynamic polarization experi-

ments were performed after 18 h of EOCP measuring, using

a scan rate of 0.166 mV s−1 at the potential interval from−
0.050 V/EOCP to a potential where the anodic current is

near 10-3 A cm-2. EIS and EOCP were monitored for rela-

tively long immersion times: Cu-Safina 1100 h; Cu-FST

600 h, Cu-treat1 360 h, Cu-treat 380 h, and Cu-treat2 for

340 h of immersion. For the coatings obtained with the

oxidized powders, this time corresponds to the change in

EOCP values, indicating that the electrolyte may have

reached the substrate. EIS measurements for coated sam-

ples were performed at 1 h and every 24 h of immersion, in

the frequency range from 100 kHz to 5 mHz, by applying a

sinusoidal potential perturbation of 10 mV rms on EOCP

and recording 10 points/frequency decade. All experi-

mental data were tested for consistency with the Kramers–

Kronig transform (KKT) available in GAMRY system

software. The equivalent electrical circuit (EEC) theory

using the Z-view® software was employed for quantitative

analysis of the EIS responses. All measurements were

performed using GAMRY Reference 600 systems, in aer-

ated and unstirred 3.5 wt.% NaCl solution at (25±1) °C.
Salt spray tests of as-deposited Cu-Safina and Cu-FST

coatings were performed in a neutral solution of 5 wt.%

NaCl at ≈35 °C for 1000 h, in accordance with ASTM

B117-11. As no signals of corrosion were observed up to

1000 h, a time established by the Standard Practice, the salt

spray test was continued for a total of 2000 h. For instance,

considering that electrochemical techniques (EIS and

EOCP) clearly indicated the deterioration of the coatings

prepared with oxidized powders around 350 h compared to

Cu-Safina (1000 h) and Cu-FST (600 h), the salt spray test

for oxidized coatings was considered of less importance.

Results and Discussion

Structural, Morphological, and Chemical
Characterization

LS analyses (Fig. S1, SD-supplementary data) showed that

the particle size of all powders was micrometric with

approximate particle size distribution in the range of

1368 J Therm Spray Tech (2024) 33:1365–1388

123



18-45 µm (Cu-Safina), 15-56 µm (Cu-FST), 19-54 µm (Cu-

treat1; 100 °C, 1 h), 19-55 µm (Cu-treat; air for 5 months

at 25 °C), and 19-50 µm (Cu-treat2; 200 °C, 1 h). SEM

images of the powder surface morphology (Fig. S2, SD)
show that the powder had a similar spherical shape. The

powders present a micrometer particle size with submicron

particles (called satellites) formed during solidification in

the gas atomization process (Ref 23). The LS and powder

morphology analysis show that the oxidation treatments

did not appreciably change the average particle size. This

avoids any influence that the particle size may induce

during the spraying of the coating. These characterizations

show that the feedstock material has an ideal size and

morphology for spraying by CGS, mainly because smaller

and regular shaped particles can achieve higher speeds

during spraying, reaching the substrate with higher kinetic

energy, allowing greater plastic deformation and formation

of more dense and compact coatings (Ref 24).

XRD patterns of the powders (Fig. 1) and coatings

(Fig. S3, SD) apparently revealed only peaks attributed to

the Cu phase. Peaks observed at 2θ: 43.3°; 50.4°; 74.1°;
89.9°; and 95.1° are attributed to metallic copper. It seems

that no change in the chemical composition of the starting

material occurs and the amount of surface oxides, gener-

ated during the treatment of the powders, was not enough

to be detected by the XRD analysis performed. Since CGS

Fig. 1 X-ray diffractograms of Cu powders
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is a solid-state process, the chemical composition of the

feedstock powder is maintained in the deposited coating.

The reason for the lack of change to the powders during the

coating buildup is that CGS uses kinetic energy instead of

thermal energy and relatively low temperatures, leading to

oxide-free coatings, free of unwanted chemical reactions

(Ref 2, 25). However, a closer look at the feedstock copper

powders indicated the presence of copper oxides, mainly

for FST and the oxidized powders (Fig. 1). Peaks of low

intensity were observed from 2θ: 32° to 40° and from

2θ:57° to 65° for FST and oxidized FST powders,

respectively. The peak at 2θ=36.45°, with very low

intensity for FST, is associated with the presence of Cu2O

(2θ=36.441°) (Ref 26, 27) and increases in the order Cu-

FST\\Cu-treat1 (100 °C, 1 h)\Cu-treat2 (200 °C, 1 h)

powders. Another peak related to the presence of Cu2O is

observed at 2θ=61.41° (Fig. 1) with intensity following the

order: Cu-treat≅Cu-treat1\Cu-treat2 powders. These

results indicate that the thermal treatment favored the Cu2O

formation, which is grown by diffusion of copper ion

vacancies, resulting in a gross defect structure of Cu2O, in

confront to CuO (Ref 26-31). The oxidation of Cu-FST

powder at room temperature (25 °C) and air atmosphere

(5 months) formed both Cu2O and CuO oxides (Ref

26, 27, 31). Peaks corresponding to Cu2O and CuO (2θ=
35.33 ° and 38.78°) were observed for Cu-treat powder. To

confirm the nature of the oxides on the surface of the

copper powders, Cu-Safina, Cu-treat, and Cu-treat2 pow-

ders were analyzed by XPS.

Figure 2 shows the XPS spectra for the O1s and Cu2p

for Cu-Safina, Cu-treat, and Cu-treat2 powders. Table S1

(SD) shows the binding energy values, area, and full width

at half-maximum (FWHM). It is important to remember

that the XPS technique, under the conditions used, allows

analysis to a depth of 5 nm from the sample surface. The

presence of metallic copper in the XPS spectrum means

that a very thin oxide layer covers the Cu particles. Pre-

vious works showed that the thickness of the native oxide

layer can range from 2.5 to 5.2 nm for copper exposed

during 112 days at atmosphere condition (Ref 26). XPS

data show that all powders have a thin copper oxide layer

mainly composed of Cu2O and CuO. At the surface of the

three powders analyzed, the oxygen content followed the

order: Cu-treat[Cu-treat2[Cu-Safina (Table S1, SD). This
result demonstrates that the oxidation treatments allowed

copper oxides to grow on the surface, and despite this,

SEM images of the cross section and surface of the pow-

ders (Fig. S4, SD) did not clearly show morphological

differences between the powders, probably because a very

thin oxide layer was formed. With the aim of supporting

the XRD and XPS data were performed a detailed mor-

phological analysis of copper powder splats. SEM images

of powder splats (Fig. S5, SD) showed differences in their

morphology. The Cu-Safina splat showed a smooth mor-

phology, and no oxide layer was observed. On the other

hand, the Cu-treat2 splat showed a rougher appearance due

to the plastic deformation of copper particle covered with

an oxide layer. These oxide films could obstruct the

Fig. 2 XPS fitting spectra for O1s and Cu2p. (a) Cu-Safina, (b) Cu-treat, and (c) Cu-treat2 powders

1370 J Therm Spray Tech (2024) 33:1365–1388

123



particle deformation, and crushing the oxide films could

dissipate part of the kinetic energy (Ref 11, 12). Therefore,

more kinetic energy should be provided to obtain a proper

particle deformation (Ref 11, 12). So, this splat morphol-

ogy can inhibit the bonding between the deposited parti-

cles, which can decrease the deposition efficiency and

coating thickness. The oxides above the particles started to

grow as islands which can contribute to the formation of a

coating with more cracks, defects, inclusion of oxides, and

low deposition efficiency. The effect of the presence of this

thin oxide layer was also observed in the electric conduc-

tivity and resistivity experiments of coating. The presence

of oxides significantly reduces the coating conductivity and

increases the coating resistivity (Table S2, SD).
The XPS can detect oxygen bonded to different chem-

ical species present in the XPS chamber even considering

the very low pressure (10−7 Pa). These species may be

organic molecules, carbon dioxide, and others containing

O–C=O and O–C groups that appear in the XPS spectra but

cannot be detected by XRD due to the chemical nature and

the quantity below the technique detection limit. The

metallic hydroxides detected by XPS could not be detected

by XRD considering the small quantity adsorbed on the

coating surface. It means that XPS is much more sensitive

than XRD.

Figure 3 shows cross-sectional SEM images of copper

coatings. The particles appear to be severely deformed, and

the coatings are highly dense. High particle velocities in

the order of 500-1200 m/s during the spraying process

cause severe plastic deformation of the material on impact

with the substrate to produce good bonding between par-

ticle/substrate and between particles, allowing thick and

dense coatings to be formed (Ref 32, 33). The top layer of

the coatings was less compact than the bottom layer

(Fig. 3), agreeing with the literature (Ref 32-34) that

describes CGS coatings as mainly consisting of a top layer

with some porosity and a dense bottom layer. However, for

the coatings prepared with oxidized powders, some cracks

were observed along the coating cross section (Fig. S7 and

S8, SD). On the other hand, for the gas-atomized powders

(Fig. 3 and S8, SD), no cracks were observed at the

metal/coating interface or along the coating. The porosity

measured at the bulk of the sample (medium of the coating

cross section) was around 0.6% for all coatings, the aver-

age value being the same, within the experimental error, for

all coatings (Table 3S, SD); therefore, the coatings can be

considered compact.

The dark particles at the coating/substrate interface

(Fig. 3) are alumina as showed by EDS analysis (Fig. S9,

SD). These particles adhere to the surface during the grit

blasting process for surface preparation. The images did

not show any defect or delamination at the coating/sub-

strate interface. The adherence of the coatings obtained

with optimized parameters was found to be in the range

from 20 to 25 MPa. The coatings failed at the sub-

strate/coating interface, meaning that the interlayer bond-

ing was stronger than that of the substrate-coating interface

(Ref 17). However, the cross section of the Cu-treat2

sample shows a great number of small particles that con-

trast with the metallic areas, which are probably covered by

oxides, while the cross section of the entire Cu-treat shows

a porous layer at the surface with cracks and Cu-treat

bottom (Fig. S6 and S7, SD) with cracks and porosity.

The thickness of the studied copper coatings follows the

order: Cu-Safina[Cu-FST[Cu-treat1[Cu-treat[Cu-

treat2 (Table 2). The coatings sprayed with the oxidized

powder at 200 ºC or stored in an air atmosphere (5 months)

presented smaller thicknesses. This demonstrates that the

oxide on the surface of the particles and, possibly, its

chemical nature, even as a thin layer, have a strong influ-

ence on the deposition efficiency (Fig. 4) and, conse-

quently, on the thickness of coatings.

The deposition efficiency for all coatings was also cal-

culated as the previously described procedure (Ref 13)

using Eq 1:

deposition efficiency ¼ depositedmass/g

sprayedmass/g
� 100 ðEq 1Þ

The sprayed mass was obtained from the cold spraying

parameters. The deposited mass was determined by mea-

suring the mass of the sample before and after spraying and

subtracting the mass of the substrate. Figure 4 indicates low

deposition efficiencies when oxidized feedstock materials

are used.

The differences in deposition efficiency and thickness

are consequence of the presence of oxides on the particle

surface that leads to a decrease in the cohesion between

particles and particle/substrate during the coating forma-

tion (Ref 11, 12). The occurrence of oxides on the particle

surface makes the interaction between the surfaces less

effective, leading to worse performance in the deposition

and coating building, which has also been observed earlier

(Ref 11, 12, 16). The difficulty in spraying oxidized par-

ticles and achieving good deposition efficiency can be

explained by the previously described mechanism (Ref

12, 16).

Another study suggests that the oxide films could

impede particle deformation and crushing the oxide films

would dissipate part of the kinetic energy (Ref 11).

Therefore, more kinetic energy should be provided to

obtain the critical velocity and particle deformation, as well

as which, the gas condition for deposition of the oxidized

powder should be adjusted. However, when changing the

spraying parameters, the oxidized Cu still demonstrates a

thinner coating compared with the coating deposited with

the gas-atomized powder. This reveals that the presence of
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Fig. 3 Cross-sectional SEM

images of as-prepared coatings:

(a) Cu-Safina, (b) Cu-FST,

(c) Cu-treat1, (d) Cu-treat,

(e) Cu-treat2
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oxides on the feedstock powder plays an important role in

the coating formation.

Wear Behavior

Sliding Wear Resistance

Tests performed with oxidized coatings showed high wear

damage at the first 30-60 s of the experiment, making it

difficult to quantify the results of wear tests. Therefore, the

wear tests were performed only for Cu-Safina and Cu-FST

coatings. After a sliding distance of 1000 m, both samples

demonstrated almost similar values of friction coefficient

and Sliding wear rate (Table 3).

Table 2 Thickness of copper

coatings obtained by CGS
Sample Cu-Safina Cu-FST Cu-treat1 Cu-treat Cu-treat2

Thickness, μm 568±10 472±8 418±11 313±8 230±9

The deviation was obtained by determining the average of fifteen measures and calculating the standard

deviation.

Fig. 4 Deposition efficiency of different copper powders

Fig. 5 Morphological features of the wear tracks of the cold spray copper coatings: (a) Safina coating and (b) FST coating
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Figure 6 shows the wear track of the coatings after the

sliding test. The smeared appearance of the surface is

typical of adhesive wear (Ref 34), and the wear track

profiles show evidence of plowing and extrusion of the

worn material outside the wear track. The profiles of wear

paths obtained by confocal microscopy also evidence the

adhesive wear mechanism. The images show that the

material is plastically deformed during the test and part was

taken to the wear track edges. The loose wear debris had

the same color and appearance as the coating material,

again suggesting an adhesive wear mode (Ref 34). It was

also observed Cu adhered to the steel counter ball surface,

indicating an adhesive wear mechanism (Ref 34). On the

other hand, the ball appears to be virtually unworn. This is

a case of adhered material being transferred from the softer

coating to the harder counter ball material. All these facts

clearly support an adhesive wear mechanism.

Abrasion Tests

Abrasive wear tests were performed only for Cu-Safina and

Cu-FST coatings due to the same reason already explained

before. For the test, as-prepared specimens without grind-

ing or polishing the surface were used. Abrasion tests

showed that the abrasive wear rate slowly decreased for a

short time (2-3 min) and then remained constant until the

end of the test. The abrasive wear rate was almost the same

with values of (3.8±0.3)910-4 mm3 N−1 m−1 (Cu-Safina)

and (3.2±0.2)910-4 mm3 N−1 m−1 (Cu-FST). The SEM

images of the wear tracks (Fig. S10, SD) show a plowing

aspect and areas of different shades of a gray color. EDS

analysis (Fig. S11, SD) before and after abrasive tests

demonstrated a drastic increase in oxide content on the

coating surfaces after abrasion.

Electrochemical Corrosion Studies

Open-Circuit Potential and Polarization Studies

Firstly, the electrochemical results obtained at short

immersion times (18 h) will be discussed. Figure 6 shows

the EOCP curves in 3.5 wt.% NaCl solution during 18 h of

immersion. For the carbon steel substrate, EOCP values

decreased during the first hours of immersion and potential

oscillations were observed with the increase in immersion

time. The oscillations can be related to the attack of

chloride ions to the oxide thin layer present at the surface

followed by precipitation/dissolution of corrosion products.

It is well known that the native iron oxide grows on the

steel surface for thermodynamic reasons and common steel

is not passivated in chloride solution, mainly in neutral

highly concentrated chloride, acid, or extremely alkaline

solutions (Ref 34). The EOCP of the substrate tends to

stabilize at -0.74 (V/Ag|AgCl|KCl3 mol L−1).

For all copper coatings and until 1 h of immersion, the

EOCP values remain between −0.14 V and −0.24 (V/Ag|

AgCl|KCl3 mol L−1), close to that obtained for the bare

massive copper in chloride medium (Ref 37), reflecting the

copper behavior for Cu-Safina and Cu-FST. Cu-Safina, Cu-

FST, and Cu-treat1 coatings show EOCP values of −0.18
(V/Ag|AgCl|KCl3 mol L−1) after 18 h of immersion. Cu-

treat1 sample presents some amount of Cu2O and keeps the

EOCP value almost constant during the time course of the

experiment, suggesting the small influence of this film on

the open-circuit potential. For the Cu-treat2 coating, the

EOCP decreases after 1 h and stabilizes at −0.53 (V/Ag|

AgCl|KCl3mol L−1), reflecting a mixed potential between

steel and copper, a consequence of the defected-oxide

grown on the powder surface, allowing the electrolyte to

Table 3 Main wear properties

of Safina and FST coatings
Parameter Cu-Safina Cu-FST

Friction coefficient 0.50±0.02 0.46±0.01

Sliding wear , mm3 N−1 m−1 (0.16±0.01)910−4 (0.13±0.01)910−4

Wear track depth, µm 20±2 18±2

The deviation was obtained by determining the average of two measures and calculating the standard

deviation.

Fig. 6 Open-circuit potential vs. time for all studied samples

measured in aerated and unstirred 3.5 wt.% NaCl solution for 18 h

at 25 °C
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achieve the coating/substrate interface in few hours. For

Cu-treat coating, the potential decreases to −0.26 (V/Ag|

AgCl|KCl3 mol L−1) after 3 h, remains constant at −0.28
(V/Ag|AgCl|KCl3 mol L−1) until 12 h, and then continu-

ously diminishes to reach −0.40 (V/Ag|AgCl|

KCl3 mol L−1) at the end of the test. This result may

attribute to the same reasons given above, and the differ-

ence in the potentials is related to the presence of a mixture

of Cu2O and CuO on the powder surface. If EOCP value of

the coating is closer to the substrate, which reflects the

existence of pores, it means an open way to expose the

substrate to the used solution (Ref 21).

After 18 h of immersion, the anodic and cathodic Tafel

slopes were obtained from polarization curves, Rp values

from SALP measurements and icorr estimated using the

Stern–Geary equation (Ref 38-40). All parameters are

shown in Table 4. The Rp values have followed the order:

Cu-Safina[Cu-FST[Cu-treat1[Cu-treat[Cu-treat2. The

Cu-Safina and Cu-FST coatings presented higher Rp values

than the others due to the lower porosity (0.55% Cu-Safina,

0.58% Cu-FST), higher thickness (Table 1), and a dense

microstructure (Fig. 3a, b and Fig. S8), thus acting like a

barrier, making slower the diffusion of the electrolyte

through the coating. On the other hand, the oxidized

powder coatings showed low Rp values.
The low Rp values can be attributed to the diffusion of

electrolyte through the pores, cracks, and defects (Fig S6

and S7, SD), of the oxidized coatings that allows the cor-

rosion of coating/substrate interface. This is also supported

by EOCP measurements. At 18 h of immersion the Cu-treat2

and Cu-treat (Fig. 6), and after 48 h for the Cu-treat1

(Fig. 8), the coatings showed negative EOCP values almost

close to the substrate, which clearly indicates an active

state due to the electrolyte that reaches the coating/sub-

strate interface.

It is important to notice that the potentials at i→0 are

like those obtained from the open-circuit measurements,

indicating that the SALP experiments do not move the

system from an apparent steady state, i.e., it demonstrates

that the systems returned to the initial state after each linear

polarization.

Figure 7 shows the potentiodynamic polarization curves

for the substrate and coatings. The current density increases

for the coatings due to the dissolution of copper to cuprous

and/or cupric ions (Ref 37) or iron oxidation (Ref 34). The

substrate and Cu-treat2 demonstrate similar behavior with

a current increase after the corrosion potential and going in

an anodic direction. These results suggest that similar

processes are dominating the i–E response, which seems to

be the iron dissolution, since the potential for the dissolu-

tion of copper has not yet been attained. This would be

possible only if iron takes part in the electrode reactions,

which suggests that the solution reached the substrateT
ab
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during the first hours of immersion. This hypothesis is also

supported by E−t measurements (Fig. 6). For Cu-Safina,

Cu-FST, and Cu-treat1, a fast increase in the current den-

sity occurs for potentials between −0.10 and 0.0 (V/Ag|

AgCl|KCl3 mol L−1) due to the copper oxidation, mainly to

cuprous ions (Ref 41). Copper dissolution mainly begins in

zones of material with stress and defects, as well as at

oxide defects and the regions surrounding them to continue

all over the copper surface. Regarding the oxidized coat-

ings like Cu-treat and Cu-treat2, the current density is

slightly lower (Table 3 and Fig. 7), due to the decrease in

the active area and/or precipitation of corrosion products.

Cross-sectional SEM images, after polarization (Fig. S12,

SD), indicated that a brittle zone is formed inside the

coatings, a region up to ≈50 µm from the top of the coating,

in which cracks are easily developed during the cross

section preparation. The applied potential also favors the

increase in stress at the top region due to the acceleration of

the growth of copper oxides, the dissolution of cuprous

chloride, and electrolyte penetration. The electrochemical

results obtained so far indicate, as expected, that the

potential region where the main electrochemical processes

occur depends on the chemical nature of the surface of the

feedstock powders and the coating structure, even when

considering that all coatings are copper.

The cathodic Tafel slopes obtained from Fig. S13 (SD)
at potentials less negative than those of the current plateau

of oxygen reduction reaction (ORR) were around −
170 mV/dec, like the values obtained by other researchers

(Ref 42, 43) using the same conditions. The main reactions

involved in the coating degradation in the aggressive

medium can be suggested based on those proposed for iron

and copper dissolution in a chloride medium. For iron

dissolution in halide-containing acid solutions, the

mechanism is similar to that proposed in the acid medium

by Bockris, Drazic, Despic (BDD) (Ref 44), and modified

by Kelly (Ref 45). It is also believed that (FeOH)ad species

can partially cover the electrode surface, dissolve, or grow

to form a passive layer, depending on the applied potential

and pH of the solution at the electrode surface. In our

copper coating system, halides may inhibit the iron disso-

lution when reaching the substrate due to the strong

adsorption or accelerate the dissolution due to the decrease

in the local pH by the iron ion hydrolysis, according to

previous studies performed for iron in chloride-containing

acid solution (Ref 46-49). Summarizing, in chloride med-

ium the following equations can be considered (Ref 47):

Feþ H2O � FeH2Oad ðEq 2Þ
FeH2Oad þ X� � FeX�

ad þ H2O ðEq 3Þ
FeH2Oad þ X� � FeOH�

ad þ Hþ þ X� ðEq 4Þ
FeX�

ad þ FeOH�
ad � FeOHþ þ Feþ X� þ 2e�ðrate

� determining stepÞ
ðEq 5Þ

For [Cl−]\1.9 mol L−1, Chin and Nobe (Ref 48) have

proposed the formation of (FeClOH)− adsorbed species that

can be oxidized and dissolved to form Fe2 and Cl− ions, as

recently described (Ref 24). The (FeCl)ad intermediate was

proposed by Kuo and Nobe (Ref 49) for [Cl−][1.9 mol

L−1. However, the effect of chloride ions is a function of

the current density at certain pH, and of [Cl−], and can

diminish the iron dissolution to a level at which this pro-

cess becomes negligible.

In chloride-containing neutral aqueous solution and at

low anodic potentials, Eq 2-5 are accepted to be involved

in the iron dissolution (Ref 50, 51) and, depending on the

chloride concentration (≤ 0.01 mol L−1), the repassivation

of iron is possible. However, at high chloride concentra-

tions, the effect of chloride on the dissolution of the passive

film is dominant and accelerates the iron dissolution.

Burstein and Davis (Ref 50) considered that (FeCl)ad spe-

cies are formed parallel to Fe(OH−)ad and FeOHad species,

and therefore, a mechanism like that proposed by Kuo and

Nobe (Ref 49) can be considered.

In neutral and oxygenated NaCl solution, the ORR

produces predominantly hydroxide groups on both iron and

copper (Ref 52):

O2 + 2H2O + 4e� � 4OH� ðEq 6Þ
This ORR reaction on copper in air dissolved in neutral

NaCl aqueous solution was demonstrated to occur on a

modified surface where both CuClad and CuOHad compete

for the surface (Ref 42, 43). These species may form a

Cu2O (very low corrosion product) layer both through

hydrolysis of CuCl2
- (CuCl Cl-→CuCl2

-; CuCl2
- H2O→

Fig. 7 Linear polarization of steel substrate and coated samples

recorded in non-deaerated and quiescent 3.5 wt.% NaCl solution at

0.166 mV/s and after 18 h of immersion
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Cu2O 2HCl) and 2CuOHad→Cu2OH2O. Deslouis et al.

observed that the diffusion-limited current (iL) of ORR is

the same in the absence or presence of Cu2O; the reduction

of this oxide originates a current peak at around −0.9 V/

SCE, located at the potential region of ORR (Ref 45). It is

possible that the ORR occurs on a copper-modified surface

(CuClad, CuOHad or Cu2O sub-monolayer). At less nega-

tive potentials, the cathodic Tafel slope could be assumed

to be a purely kinetic-controlled reaction (Ref 49, 50).

However, EIS results suggested that the effect of a CuCl

layer should also be considered to explain the behavior of

ORR at less negative potentials than those where the cur-

rent plateau for ORR is observed (Ref 53).

In our work, the anodic Tafel slope of copper dissolution

was around 60 mV/dec, like those described in the litera-

ture (Ref 42, 54, 55). The anodic process of copper in NaCl

solution is much more elaborated. Initially, chloride ion is

adsorbed on copper according to the reaction (Ref 56):

Cu + Cl� � CuClad + e� ðEq 7Þ
This adsorbed species has low solubility and may

accumulate to form CuClfilm (Ref 57-59) and/or react with

chloride ions to form a soluble species (Ref 60, 61)

CuClad + Cl� � CuCl�2 ðEq 8Þ
The CuClfilm at the film/solution interface is partially

dissolved to form CuCl2
-(Ref 62, 63), and at [Cl−][

1 mol L−1 NaCl CuCl3
2-, CuCl4

3- complexes, depending on

the chloride ion concentration (Ref 64). For instance, the

following reaction could occur:

CuClfilm + Cl� � CuCl�2 ðEq 9Þ
On the other hand, in the presence of O2 and excess of

CuCl2
- the following reaction may be occurring at the

electrode surface (Ref 65):

4CuCl�2 +O2þ 4H2O � 2Cu2Cl(OH)3 +2Hþ + 6Cl�

ðEq 10Þ
which is responsible for the powdery patina Cu2Cl(OH)3
on archeological bronzes. The sum of reactions 7 and 8

may also consider giving the reaction 11 (Ref 61):

Cu+2Cl� � 2CuCl�2 þ e� ðEq 11Þ
and in an excess of CuCl2

- at the electrode surface and in

the absence of O2, the following reaction has been sug-

gested (Ref 65):

2CuCl�2 +H2O�Cu2O + 4Cl� + 2Hþ ðEq 12Þ
Therefore, it is possible that in the presence of O2,

chloride-containing species can be found at the electrode

surface, while in the holes or sublayers of copper, where

oxygen is consumed fast, it is more probable that an

equilibrium between a cuprous chloride porous film and

soluble copper-chloride complexes species (CuClfilm/

CuClx
-(x−1)) will be stablished.

Electrochemical Experiments for Long Immersion
Times

To collect more information about the coating behavior,

EOCP measurements (Fig. 8) were performed for relatively

long immersion times and the EOCP of the substrate was

also measured for comparison: Cu-Safina (1100 h), Cu-FST

(600 h), Cu-treat (384 h), Cu-treat1 (360 h), Cu-treat2

(330 h), and carbon steel substrate (160 h). The testing for

different times was because the EOCP response indicated

deterioration of some coatings earlier than others, and there

was no sense in continuing the measurement after receiving

a clear indication that the electrolyte had reached the

coating/substrate interface.

For all coatings, at the initial immersion times, the EOCP

was around −0.20 (V/Ag|AgCl|KCl3 mol L−1), near the

values expected for massive copper in chloride solution

(Ref 36). For Cu-treat, Cu-treat1, and Cu-treat2 coatings

after 100 h the EOCP decreased from −0.20 (V/Ag|AgCl|

KCl3 mol L−1) to −0.58 (V/Ag|AgCl|KCl3 mol L−1)

(Fig. 8), which is very close to that obtained for the sub-

strate, suggesting that the electrolyte may have reached the

coating/substrate interface (Ref 21). During the immersion

tests of these coatings, the dissolution of the oxides around

the copper particles and formation of pores may occur.

Therefore, the remaining oxides between the particles

allow the formation of interconnected porosity, defects,

and paths which facilitate the transport of the electrolyte

throughout the coating up to the coating/substrate interface.

Cross-sectional SEM images for these coatings show that

the top and some inner parts of some coatings are severely

damaged (Fig. 9 and S14, SD). The coatings were damaged

Fig. 8 EOCP vs. time measured in aerated and unstirred 3.5 wt.%

NaCl solution for the different coated samples for relatively long

immersion times
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to a great extension, with pathways, which allow the

electrolyte to reach the substrate at some specific points,

but not all over the coating and coating/substrate interface.

EDS analysis (Fig. S15, SD) of the cross section show the

presence of copper, oxygen, and iron for Cu-treat, Cu-

treat1, and Cu-treat2. The amount of oxygen is greater at

the point near the surface, iron was found close to the top

of the coating and in a great extension of the cross sec-

tion. This indicates that the electrolyte has reached the

coating/substrate interface.

For the Cu-Safina and Cu-FST coatings, EOCP values

slightly decreased in the first hours of immersion (Fig. 8),

probably due to the dissolution of oxides on the surface.

After 48 h the potential was around −0.20 (V/Ag|AgCl|

KCl3 mol L−1) and remained constant until the last hour of

immersion (Fig. 8). This suggests that the electrolyte does

not reach the coating/substrate interface after relatively

long immersion times: Cu-Safina (1100 h) and Cu-FST

(600 h). This hypothesis is supported by the observation of

the cross-sectional SEM images (Fig. 9 and S14, SD) and
EDS analyses (Fig. S15, SD) performed after long

immersion times. Corrosion of the substrate is not observed

since these coatings are dense and compact. Only oxides

formation can be seen at the region close to the top surface.

EDS analysis at the cross section revealed only copper and

oxygen as the main constituents, indicating that the elec-

trolyte did not reach the substrate. The detection of copper

and oxygen in the EDS spectra suggests that Eq 6, 7, 8, and

12 could be involved in the copper dissolution to form

cuprous oxide and soluble copper species. Cracks observed

on the cross-sectional images of Cu-treat, Cu-treat1, and

Cu-treat2 samples were not seen at the cross section

analysis before immersion, meaning that the formation of

these defects was at least facilitated by the immersion in

sodium chloride solution for longer times.

Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy measurements

were performed for all samples every 24 h for relatively

long immersion times: steel substrate (120 h), Cu-Safina

Fig. 9 SEM images of the (a) Cu-Safina/steel, (b) Cu-FST/steel, (c) Cu-treat1/steel, (d) Cu-treat/steel, and (e) Cu-treat2/steel coatings after

immersion in chloride solution for relatively long immersion times/h: (a) 1000 h; (b) 600 h; (c) 384 h; (d) 360 h, and (e) 330 h
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(1100 h), Cu-FST (600 h), Cu-treat (384 h), Cu-treat1

(360 h), and Cu-treat2 (330 h).

Figure 10 shows EIS diagrams that illustrate the impe-

dance behavior of the substrate in aerated and neutral

sodium chloride solution with the increase in immersion

time. The symbols correspond to experimental data and

solid lines correspond to the fitting of the impedance data.

EIS measurements performed for the steel substrate

show one semicircle in the complex plane plot (Fig. 10a) at

24 h of immersion and the Bode phase angle diagram

(Fig. 10b) depicts one asymmetric time constant at the

medium frequency range (MF). The shape of this plot

suggests the presence of more than one time constant,

which was verified when treating the experimental data

using equivalent electrical circuits (EEC). The semicircle

of the complex plane increases until 96 h and then the real

impedance decreases at low frequencies (LF) until 120 h of

immersion, suggesting ion desorption and/or dissolution of

a non-protective film. Accordingly, the impedance modu-

lus values also decrease at LF range, which is assigned to

the iron oxidation and iron oxide porous film dissolution.

The cathodic reaction is mainly represented by Eq 6 as

previously described for iron in the same electrolyte and

under similar conditions (Ref 47).

EIS diagrams were also obtained for all studied coatings

during the time course of immersion at intervals of 24 h,

and some of these were chosen as representative of the

impedance response evolution with time (Fig. 11, 12, 13,

14 and 15, and Fig. S16, SD). At 1 h of immersion, the

Nyquist plot (Fig. S14, SD) demonstrates one asymmetric

semicircle and a second time constant seems to be

Fig. 10 (a) Complex plane and (b) Bode phase plots obtained for the

carbon steel during different immersion times in 3.5 wt.% NaCl

solution at 25 °C

Fig. 11 (a) Complex plane and (b) Bode phase plots obtained for the

Cu-Safina coating during different immersion times in 3.5 wt.% NaCl

solution at 25 °C
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appearing at low frequency. At this immersion time (24 h),

the amplitude of the semicircles followed the order: Cu-

Safina[Cu-FST[Cu-treat1[Cu-treat[Cu-treat2. Accord-

ingly, the Cu-Safina coating showed the highest modulus of

impedance (Fig. S16b, SD), suggesting that powders pre-

pared under controlled-atmosphere produce coatings with

fewer defects and porosity, and with higher corrosion

resistance at short immersion times.

For Cu-Safina and Cu-FST coatings at 24 h, the complex

plane diagrams (Fig. 11a and 12a) demonstrate one

asymmetric and incomplete semicircle, but a second time

constant seems to be appearing at low frequency. The Bode

phase angle diagrams (Fig. 11b and 12b) show one asym-

metric time constant with a phase angle of −60° (200 Hz).

The shape of this plot suggests the presence of more than

one time constant, which was verified when treating the

experimental data using EECs. So, for all samples the

asymmetric Bode diagrams suggest the presence of at least

two time constants. Figure 11, 12, 13, 14 and 15 illustrates

the EIS diagrams for some immersion times, and the

changes evolution are mainly observed in the Bode phase

angle diagrams indicated with the letter b and in the fitting

of experimental data using equivalent electric circuits

(EECs). Depending on the sample, the shape of the Bode

diagrams becomes more complex, which requires a third

time constant for fitting the experimental data. Thus, two

time constants are enough to adjust the impedance

Fig. 12 (a) Complex plane and (b) Bode phase plots obtained for the

Cu-FST coating during different immersion times in 3.5 wt.% NaCl

solution at 25 °C
Fig. 13 (a) Complex plane and (b) Bode phase plots obtained for the

Cu-treat1 coating during different immersion times in 3.5 wt.% NaCl

solution at 25 °C
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diagrams for Cu-Safina for immersion times equal or

higher than 432 h; for Cu-FST this time decreases to 360 h

and for Cu-treat to 24 h. The third time constant is required

to adjust data for t≥520 h (Cu-Safina), t≥408 h (Cu-FST)

and t≥96 h for Cu-treat, while for Cu-treat1 and Cu-treat2

two time constants were enough for adjusting the EIS

diagrams for all the studied immersion time (360 h for Cu-

treat1 and 330 h for Cu-treat2).

The impedance diagrams for the coatings prepared with

oxidized powders change continuously with immersion

time. For the Cu-treat1 at 24 h, Zreal is 15 kΩ cm2 (5 mHz)

and an abrupt decrease occurs after 120 h, when the Zreal is
2 kΩ cm2 (Fig. 13a). The EIS results for the Cu-treat

coating demonstrate a gradual decrease in Zreal values with

increasing immersion time (Fig. 14a). At 24 h, Zreal=5
kΩ cm2 (5 mHz), and then decreases to ≈1 kΩ cm2 at 170 h.

An asymmetric time constant in the phase diagrams

(Fig. 14b) is observed, suggesting the presence of two

partially overlapped time constants in the medium/high

frequency (MF-HF) range. With the increase in immersion

times, the time constant shifts to low frequencies and the

phase angle decreases from −55° at 24 h to −44° after

170 h. This can be attributed to the decrease in the

capacitive behavior and corrosion resistance and also to

some contribution of the substrate response. Asymmetric

Bode phase angle diagrams are also observed for sample

Cu-treat2 (Fig. 15b) and after 48 h the phase angle

decreases and the time constant shifts toward low fre-

quency, and the impedance response is dominated by the

Fig. 14 (a) Complex plane and (b) Bode phase plots obtained for the

Cu-treat coating during different immersion times in 3.5 wt.% NaCl

solution at 25 °C

Fig. 15 (a) Complex plane and (b) Bode phase plots obtained for the

Cu-treat2 coating during different immersion times in 3.5 wt.% NaCl

solution at 25 °C
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response of the substrate due to the many pores and defects

present in the coating.

The modulus of impedance at low frequency (Fig. 11b,

12, 13, 14 and 15b and Fig. 15S, SD) shows different

behavior for all coatings. For Cu-Safina and Cu-FST

coatings, no changes are observed in the impedance mod-

ule throughout the immersion time and these coatings have

a higher impedance module than the others. For Cu-treat

the impedance response is stable up to 24 h, then slightly

decreases and at 170 h abruptly decreases and remains

constant until the end of the test, with a value of |Z| =
2.9 kΩ m2 when compared to the initial one |Z| = 3.7

kΩ cm2). For Cu-treat1 the impedance response is stable up

to 48 h, then abruptly decreases at 120 h and remains

constant until the end of the experiment. For Cu-treat2, the

impedance value decreases abruptly at 24 h and remains at

the same value during the time course of the experiment. In

summary, the performance of the copper coatings at rela-

tively long immersion times has the following order: Cu-

Safina ≈ Cu-FST[Cu-treat1[Cu-treat[Cu-treat2.

Fig. 16 Electrical equivalent

circuits used to fit the EIS data:

(a) steel for t≤24 h of

immersion, (b) steel for t≥96 h

of immersion

Fig. 17 Scheme representing the coatings before and after different

times of immersion and electrical equivalent circuits used to fit the

EIS data: (a) Scheme of coatings before immersion in 3.5 wt.% NaCl

solution at 25 °C; (b) EECs for Cu-Safina (t≤432 h), Cu-FST (t≤

360 h) and Cu-treat (t≤24 h); (c) EECs for Cu-Safina (s≥520 h), Cu-

FST (t≥408 h); (d) EECs for Cu-treat (t≤24 h) (e) EECs for Cu-treat

(t≥96 h), Cu-treat1, and Cu-treat2
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The EIS results for the substrate were also quantitatively

analyzed using EECs (Fig. 16) like the previously sug-

gested EEC (Ref 17), which were chosen considering the

structure of the samples, the best fitting of experimental

data, and the lower residual error of each parameter of the

equivalent circuit. The values of the elements of the EECs

are shown in Table S4 (SD). For the substrate, the EEC of

Fig. 16(a) fits the EIS diagrams for the first 24 h of

immersion and the EEC of Fig. 16(b) fits the EIS diagrams

obtained for 96 and 120 h. The first time constant CPEdl//

Rct at medium frequency (MF) is attributed to iron oxida-

tion and oxygen reduction, CPEdl being the admittance

related to the capacitance of the electrical double layer, ndl
is the exponent, and Rct the charge transfer resistance. At

low frequency (LF), the CPEfilm//Rfilm subcircuit is attrib-

uted to iron ions desorption and non-protective film

formation/dissolution, where CPEfilm is composed by the

CPE-Tfilm, the admittance, which is related to the capaci-

tance of the film (adsorbed species and iron oxides-hy-

droxides) and the CPE-Pfilm(nfilm) the exponent, and Rfilm is

the resistance of the film and solution inside the pores and

defects of the film (Ref 17, 29).

Figure 17 presents the scheme used to represent the

coatings and the corresponding EECs used to fit the

experimental impedance data obtained for different

immersion times. To facilitate the discussion, the studied

coatings are divided into two groups: the first formed by

the coatings obtained with non-treated copper powders

(Cu-Safina and Cu-FST) and the second in which the

coatings were prepared using treated copper powders (Cu-

treat, Cu-treat1, and Cu-treat2). Firstly, the scheme shows

the as-prepared coating (Fig 17a). The coating is formed by

a top layer with some pores and small defects and a

compact layer at the bottom as shown in Fig. 17(a) and

SEM images (Fig. 3). For the Cu-Safina and Cu-FST

coatings, the copper oxidation occurs at short immersion

times in chloride solution and the first time constant

CPEdl//Rct at HF-MF frequencies is attributed to this oxi-

dation reaction (Fig. 17b). The localized dissolution of

copper at some areas of the coating allows the formation of

pores which explain the second time constant (CPEpo//Rpo)

that can be assigned to the pore’s response (Fig. 17b), CPE-
Tpo being the admittance of the pores, which is related to

the capacitance, npo the exponent, and Rpo the resistance of

the solution inside the pores (Ref 17, 41, 66-70). The pores

are formed due to the dissolution of copper at specific sites

(Ref 17, 34, 71-79), and at some defects of the coatings

(Fig. 3 and S8, SD). As previously described, the EOCP

remained constant ≈-0.20 (V/Ag|AgCl|KCl3 mol L−1) for

the Cu-Safina and Cu-FST until the last hour of immersion

(Fig. 6). Cross-sectional SEM images (Fig. 9, S14a and b,

SD) and EDS analyses (Fig. S15, SD), performed after long

immersion times, show no corrosion at the coating/sub-

strate interface. These results indicate that the electrolyte

does not reach the coating/substrate interface.

However, after 520 h (Cu-Safina) and 408 h (Cu-FST) of

immersion, the pores become deeper, but not sufficiently

deep to reach the coating/substrate interface. At this

immersion time, a third time constant (CPEbott//Rbott) is

required to fit the EIS diagrams (Fig. 17c) and was assigned

to the capacitance and charge transference resistance due to

the copper oxidation reaction at the bottom of pores, where

some corrosion products may accumulate.

For the coatings prepared using treated copper powders

(Cu-treat, Cu-treat1 and Cu-treat2), the scheme represent-

ing the coatings before and after different immersion times

and the EECs used to fit the EIS data are shown in Fig. 17.

In this case, Cu-treat presents a more complex behavior

than Cu-treat1 and Cu-treat2 samples, since two time

Fig. 18 (a) Rct and (b) Rpo values vs. time for copper coatings in 3.5

wt.% NaCl solution at 25 °C
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constants were required to adjust the experimental data of

Cu-treat up to 24 h (Fig. 17d) and three-time constants

were required to adjust the EEC for times≥96 h (Fig. 17e).

The first time constant, CPEdl//Rct (Fig. 17d and e), at HF-

MF frequency for the coatings of treated powders has the

same attribution given for Cu-Safina and Cu-FST. The Rct

values (Table S4, SD) are slightly different depending on

the nature and amount of copper oxide around the particles,

remembering that this amount is always very small. The

remaining oxides between the particles allow the formation

of interconnected porosity, defects, and paths. The second

time constant, represented by the CPEpo//Rpo (Fig. 17e),

sub-circuit for Cu-treat, was attributed to the response of

the pores and defects developed in the coating. It seems

that all the coating is wetted by the electrolyte. This was

suggested considering the difficulty in maintaining a vac-

uum during the SEM analysis, which needed drying the

sample for at least 1 day to remove the electrolyte con-

tained in pores and defects of the coating. This effect seems

less pronounced, mainly for Cu-treat2 samples, for which

the electrolyte would have reached the substrate almost

immediately after immersion (see Fig. 9). The time con-

stant represented by the CPE//R (Fig. 17d and e) sub-circuit

is related to the response of the substrate, i.e., iron oxida-

tion. For the Cu-treat1 sample, however, the response

corresponding to the second time constant is dominated by

the substrate oxidation only after 48 h of immersion and for

shorter times there are contributions of pores and defects of

the coating without reaching the substrate. For longer

times, the response is dominated by the corrosion of the

substrate. Cross-sectional SEM images for these coatings

show that the coating/substrate interface is severely dam-

aged after the EIS studies (Fig. 9 and Fig. S14, SD).
Table S4 and Fig. 18 show the evolution of Rct and Rpo

values with immersion time. For Cu-Safina and Cu-FST,

the Rct values are almost constant during all immersion

times and relatively high for the Cu-treat coating for times

up to 100 h and then similar to the other coatings prepared

Fig. 19 Surface images of the

copper coatings after salt spray

tests (5 wt.% NaCl) at different

immersion times: (a) Cu-Safina

coating, (b) Cu-FST coating
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with oxidized powders (Fig. 18). Thus, comparing the Rct

values along the immersion time, the following order is

obtained: Cu-treat[Cu-treat2[Cu-treat1[Cu-Safina ≈
Cu-FST.

Figure 18b shows the evolution of Rpo values: For Cu-

Safina, Rpo values increase from 11 kΩ cm2 at initial

immersion times to 17 kΩ cm2 at 96 h, slightly decrease to

14 kΩ cm2, and then increase to 17 kΩ cm2 at 432 h; for

the Cu-FST, Rpo increases from 10.8 to 14.8 kΩ cm2 in the

first 96 h, remains around this value until 240 h, and then

slightly decreases to 11.3 kΩ cm2 at 360 h. The variation in

Rct values can be associated with the number and size of

pore depths until achieving certain values. The npo values

during this time interval are around 0.5 which can be

assigned to the diffusion of oxygen, chloride ions, or

products of copper corrosion through the pores. After 520 h

(Cu-Safina) and 408 h (Cu-FST), when the third time

constant is necessary to fit the experimental data, Rbott was

around 10 kΩ cm2 for Cu-Safina and increased to 13 kΩ
cm2 at 1100 h and for Cu-FST was 10.7 kΩ cm2 at 408 h

and increased to 15.3 kΩ cm2 at 600 h. The increase in the

Rbott value can be assigned to the deposition of the corro-

sion products at the bottom of the pores.

For coatings prepared with treated copper powders, the

R values (Table S4, SD) were related to the iron dissolution

at the coating/substrate interface. These values are rela-

tively low due to the hydrolysis of iron ions which

diminishes the local pH and allows the iron dissolution to

continue. For these coatings, mainly for Cu-treat and Cu-

treat2, the electrolyte has attained the coating/substrate

interface at a significant area of the interface, as can be

seen from the SEM images (Fig. 9, Fig. S14, SD).
In summary, EIS results for long immersion times show

that Cu-Safina and Cu-FST coatings protect the substrate

due to their dense and thick characteristics, allowing them

to act as a barrier that impedes the electrolyte to reach the

substrate. On the other hand, the coatings prepared from

the oxidized powders presented higher porosity and

defects, which agrees with (Ref 15). Pores and defects

between the particles allow electrolyte diffusion through

the coating, causing its deterioration and the corrosion of

the substrate, implying in significant changes in the

impedance response (Ref 80).

The characteristics of Cu-Safina and Cu-FST coatings

led these coatings to be also evaluated by the salt fog spray

test (5 wt.% NaCl) at 35 °C for 2000 h. Figure 19 shows the

samples before and during different times of the test. After

500 h for the Cu-Safina and 600 h for the Cu-FST coatings,

copper dissolution can be observed and some areas are

covered by corrosion products (oxides/hydroxides), but

even after 2000 h there are no signs of substrate corrosion.

To confirm this hypothesis, EDS surface analyses (Fig. S17

and S18, SD) were performed at different points on the

surface of the coatings after 2000 h of testing. Only oxy-

gen, sodium, chloride, and copper, but no iron were

detected for the coatings, confirming that these two coat-

ings act as a barrier and protect the substrate even after

2000 h of exposure in 5 wt.% NaCl.

Conclusions

The study shows that the characteristics of the feedstock

material have significant influence on the coating deposi-

tion and properties. Coatings prepared from the Cu-treat

and Cu-treat2 °C powders present low deposition effi-

ciencies and lower thicknesses; on the other hand, Cu-

Safina and Cu-FST coatings prepared from the gas-at-

omized feedstock powder showed higher thickness values

up to 500 µm. The mechanical evaluation performed with

Cu-Safina and Cu-FST coatings demonstrated that these

coatings are dense and compact and have good mechanical

resistance to sliding and to abrasion compared to the

coatings prepared from oxidized powders. Furthermore, the

electrochemical results and SEM images of Cu-Safina and

Cu-FST coatings showed no corrosion at the coating/sub-

strate interface even after 1000 and 600 h of immersion in

3.5 wt.% NaCl solution, respectively, due to the dense

coating microstructure obtained by CGS. This dense

microstructure also explains the very high performance of

Cu-Safina and Cu-FST coatings against corrosion in the

salt fog tests (2000 h).
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67. T. Tüken, B. Yazici, and M. Erbil, The Use of Polyindole for

Prevention of Copper Corrosion, Surf. Coatings Technol., 2006,
200, p 4802-4809. https://doi.org/10.1016/j.surfcoat.2005.04.023

68. E.M. Sherif and S.-M. Park, Inhibition of Copper Corrosion in

3.0% NaCl Solution by N-Phenyl-1,4-phenylenediamine, J.
Electrochem. Soc., 2005, 152, p B428-B433. https://doi.org/10.

1149/1.2018254

69. J.-P. Diard, J.-M. Le Canut, B. Le Gorrec, and C. Montella,

Copper Electrodissolution in 1M HCl at Low Current Densities.

II. Electrochemical Impedance Spectroscopy Study, Electrochim.
Acta, 1998, 43, p 2485-2501. https://doi.org/10.1016/S0013-4686

(97)10156-6

70. K. Rahmouni, M. Keddam, A. Srhiri, and H. Takenouti, Corro-

sion of Copper in 3% NaCl Solution Polluted by Sulphide Ions,

Corros. Sci., 2005, 47, p 3249-3266. https://doi.org/10.1016/j.

corsci.2005.06.017

71. Y. Bai, Z.H. Wang, X.B. Li, G.S. Huang, C.X. Li, and Y. Li,

Corrosion Behavior of Low Pressure Cold Sprayed Zn-Ni Com-

posite Coatings, J. Alloys Compd., 2017, 719, p 194-202. https://

doi.org/10.1016/j.jallcom.2017.05.134

72. Y. Van Ingelgem, A. Hubin, and J. Vereecken, Investigation of

the First Stages of the Localized Corrosion of Pure Copper

Combining EIS, FE-SEM and FE-AES, Electrochim. Acta, 2007,
52, p 7642-7650. https://doi.org/10.1016/j.electacta.2006.12.039
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