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APRESENTACAO

O e-book: “O ensino e a pesquisa em quimica” volume |l é constituido por quinze
capitulos de livro que foram reunidos em trés grandes areas teméticas, a saber: /) quimica
analitica: determinagéo, otimizacéo e validacéo; i) desenvolvimento de adsorventes e
catalisadores para remocéo de diferentes classes de contaminantes e aplicagéo industrial
e jii) temas diversos.

A primeira tematica é constituida por seis capitulos e apresentam diversos estudos,
entre os quais: /) determinag@o quantitativa de glicazida em comprimidos e os problemas
provenientes do uso de comprimidos pelo sistema de particdo ndo homogéneo; ii) a
determinacao de Hidrocarbonetos Policiclicos Aromaticos (HPAs) empregando-se a técnica
de voltametria; jii) a validagdo de um sistema fotocolorimetro em analises para o ensino
de quimica na Universidade Tecnolbégica de Gutiérrez Zamora na cidade de Vera Cruz
no México;iv) a iportancia da otimizagdo para melhor entendimento dos estudos cinéticos
em uma reagdo de hidroalogenagédo; v) a triagem fitoquimica e analise de propriedades
antioxidantes e vi) avaliacao de estruturas metalicas organicas como fase estacionaria em
Cromatografia Liquida de Alta Eficiéncia (HPLC).

A segunda temética € composta por cinco capitulos e apresentam: estudo de revisédo
que demonstram: i) o potencial de extragcao de fosforo em efluentes liquidos; ii) estudo de
Montmorilonita como potencial adsorvente e aplicacdo em sistemas de fluxo continuo e
iiiy avaliagdo e estudo de diferentes catalisadores para remocgéo de inUmeras classes de
poluentes em matrizes aquaticas e reforma do etanol com vapor d’agua.

Por fim, a terceira tematica que apresenta quatro diferentes estudos que contemplam
a corroséo obtida por pulverizagédo de gas frio, a importancia e utilizacdo de supressores
de poeira na mineragéo, preparagdo de nanoparticulas poliméricas enriquecidas com
6leos essenciais poliméricas e estudo de revisdo das propriedades quimicas da série de
lantanideos.

Nesta perspectiva, a Atena Editora vem trabalhando por meio do incentivo de
publicagbes de trabalhos de pesquisadores de todas as regides do Brasil e de outros
paises com o intuito de colaborar com a publicacdo de e-books e, consequentemente,
sua divulgacéo de forma gratuita em diferentes plataformas digitais de fcil acesso. Logo,
a Atena Editora contribui para a divulgacéo e disseminagdo do conhecimento cientifico
gerado dentro de instituicdes de ensino e pesquisa e que pode ser acessado de qualquer
lugar e em tempo real por qualquer pessoa interessada na busca pelo conhecimento.

Cleiseano Emanuel da Silva Paniagua
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ABSTRACT: The principle of Cold gas spray
(CGS) technique is that the sprayed material
is heated no longer than 1000°C, guaranteeing
no powder particle melting, retainment of initial
composition/phases of the feedstock powder
with no or very low oxidation. Thus, the coatings
are almost free of cracks, defects, low porosity,
and the substrate works under lower heat
input. Many different materials can be applied
on different surfaces being a high promising
technique for further developments awakening
great interest in new applications. Aluminum,

O ensino e a pesquisa em quimica 2

ANALYSIS

copper and WC-25Co coatings were prepared by
CGS and their performance against corrosion in
aggressive medium was qualitatively evaluated
for long immersion time by open circuit potential
measurements and salt spray tests. The results
showed that all of them protected the substrate
for more than 1000 h in 3.5 wt.% NaCl solution
and in salt fog tests for around 3000 h. Copper
coatings were also effective as antimicrobial and
in reducing biofilm survival.

KEYWORDS: Coatings, cold gas spray, corrosion
protection, evolution of open circuit potential, salt

spray

ESTUDO DE CORROSAO E
MECANISMOS DE REVESTIMENTOS
OBTIDOS POR PULVERIZACAO DE
GAS FRIO UTILIZANDO ANALISE DE
POTENCIAL DE CIRCUITO ABERTO E
MICROSCOPICA

RESUMO: O principio da técnica de pulverizagéo
de gas frio (CGS) é que o material pulverizado
néo é aquecido por mais de 1000° C, garantindo
a nao fusédo das particulas de pd, retencédo da
composicao / fases iniciais do pdé da matéria-
prima com nenhuma ou muito baixa oxidacéo.
Assim, os revestimentos ficam quase isentos
de trincas, defeitos, baixa porosidade e o
substrato trabalha com menor aporte de
calor. Muitos materiais diferentes podem ser
aplicados em diferentes superficies sendo
uma técnica altamente promissora para novos
desenvolvimentos despertando grande interesse
em novas aplicacbes. Revestimentos de
aluminio, cobre e WC-25Co foram preparados
por CGS e seu desempenho contra corrosao em
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meio agressivo foi avaliado qualitativamente para longos tempos de imers&o por medi¢gbes de
potencial de circuito aberto e testes de névoa salina. Os resultados mostraram que todos eles
protegeram o substrato por mais de 1000 h em solugdo de NaCl 3,5% em peso e em testes
de névoa salina por cerca de 3000 h. Os revestimentos de cobre também foram eficazes
como antimicrobianos e na reducdo da sobrevivéncia do biofilme.

PALAVRAS-CHAVE: Revestimentos, pulverizagdo com gés frio, prote¢cdo contra corroséo,
evolucéo do potencial de circuito aberto, névoa salina.

11 INTRODUCTION

Cold Gas Spray (CGS) has emerged in the field of surface engineering in the mid-
1980s as a new process of high performance and low cost to obtain coatings. The underlying
principle of cold spraying is that the sprayed material is no longer heated (<1000 °C), semi-
molten or fully molten as in Plasma, High Velocity Oxygen Fuel (HVOF) or other thermal
spray techniques [1]. Instead, solid state powders are accelerated (500 and 1200 m/s), in a
high-pressure supersonic gas jet that allows the particles to be plastically deformed during
impact with the target to form interconnected splats adhered to the substrate, resulting
an overlay deposit [2]. The low temperature process allows no powder particle melting,
retains initial composition/phases of the feedstock powder with no or very low oxidation.
Consequently, the coatings are almost free of cracks, defects, low porosity, and the substrate
works under lower heat input.

A wide range of materials can be sprayed by CGS as metallic, plastic, composites
and others with a particle size in the range of 5-400 ym [2,3]. The temperature, pressure,
particle size and nature of the carrier gas are spraying parameters with mostly influence
on the microstructure, corrosion performance and wear resistance of the coatings. Under
optimized parameters, CGS coatings have a dense microstructure in which the particles are
strongly deformed, almost oxides free and without cracking and interconnected porosity.
The porosity can reach at values less than 1% and the coatings thicknesses are between
0.2-25 mm. Taking account the microstructure characteristics, the CGS coatings show a
high corrosion resistance in chloride medium during long immersion times (t>3000 h) [3].
Electrochemical techniques have been widely used to investigate the corrosion resistance
of these coatings, mainly electrochemical impedance spectroscopy (EIS) and open circuit

potential (E.), since they allow to investigate the corrosion resistance and inform about the

CP)
evolution of the corrosion process of coatings during long immersion times. Furthermore,
these electrochemical techniques allow proposing corrosion mechanisms that have been
used to improve the development of coatings with higher performance. Specific industrial
applications of these coatings against corrosion occur on different fields such as energy,
naval, aircraft and automotive [2,3]. Last sixteen years up to 1575 patents were produce and
in recent years this number has been growing with 182 patents in 2020 [4]. Furthermore,

CGS offers the possibility to produce coatings with higher corrosion and wear resistance,
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almost without environmental impact or toxic waste production since no fuel gases or

extreme electrical heating requirements, and no toxic fumes are produced.

21 EXPERIMENTAL

2.1 Feedstock materials and substrates

The Al powders (99.7%), used as feedstock were gas-atomized by TLS Technik GmbH
(Germany). The copper feedstock powder (Cu =99%) was produced by gas atomization in
an air atmosphere, by Flame Spray Technologies (Duiven, The Netherlands). Both Al and
Cu coatings were deposited onto low carbon steel. The carbides powders were WC-25Co
cermets with 25 wt% cobalt contents, obtained by agglomeration and sintering (Fujimi Inc.,
Kiyosu, Japan). The WC-25Co powder were sprayed onto AA 7075-T6 Alloy.

2.2 Coating preparation

The coatings were obtained and optimized in the Thermal Spray Centre (Barcelona
— Spain), using a KINETICS 4000 CGT (Cold Gas Technology GmbH). For the aluminum
coating, the optimized parameters were 25 bar, temperature of 350 °C, traversing velocity
of 500 mm/s, distance from the substrate 40 mm and deposition of 5 layers with 1 mm step
size. The copper coatings were obtained as follow: 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. The WC-25Co coatings were performed using a traverse velocity of 250
mm s, P/T ratio of 0.044, and four-layer deposition.

2.3 Coating characterization

The phase compositions and microstructures of the coatings and powders were
investigated by X-ray diffraction (XRD), using a Siemens Model D5000 diffractometer. The
morphologies and chemical compositions of the powders and coatings were analyzed by
scanning electron microscopy (SEM), using a JEOL JSM-5310 microscope coupled to an
X-ray microanalysis (EDS) system. Optical images were also used to determine the coating
porosity (ASTM E2109-01).

2.4 Corrosion tests

The protection provided by the coating was investigated by recording the E ..
responses during long immersion times = 1000 h. Salt spray tests of coatings were performed
with a Dycometal SSC-400 Salt Spray Cabinet in a neutral mist 5 wt% NaCl at 35 °C for
1000 h, in accordance with ASTM B117-11 Standard Practice. As no signals of corrosion of
the substrate were observed up to 1000 h, time established by the Standard Practice, the

salt spray test was continued for a total of 3000 h
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31 RESULTS AND DISCUSSION

3.1 Surface and cross section characterization of powders and coatings

The Al and Cu powder particles were mostly spherical in shape and without pores
(Figure 1), with mean particle size of 22+2 ym (Al), and 31+2 ym (Cu). The SEM images
(Figure 1) indicated that satellite particles with sizes in the submicron range were formed
during solidification in the gas atomization process [5]. SEM images of the WC-25Co
(Figure 1 c¢) showed that the powders were uniform, porous, and had similar spherical
morphologies. SEM images of the powder cross sections showed submicron WC particles
randomly distributed in the matrices (Figure 1 d). EDS analysis showed that the particles
were composed of WC, because the particle areas were rich in tungsten, while the other
dark phase around the WC grains was cobalt, which acted as a binder.

(c) (d)

Figure 1 - SEM images showing the morphology of the powders: (a) Aluminum powder and the cross
section of a particle (insert), (b) Copper powder and the cross section of a particle (insert), (c) WC-25Co
powder, and (d) Cross section at high magnification of a WC-25Co particle.

The diffractograms of the coatings and the powders showed the same characteristic
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peaks respectively (Figure 2). Therefore, the compositions of the feedstock material and the
coating were similar, being homogeneous and almost oxide-free. Since CGS is a solid-state
deposition technique, the high kinetic and low thermal energies produce coatings with low
oxide contents and without fragile phases. These characterization results confirmed that the
feedstock powder had ideal size and morphology for being sprayed by CGS, as previously
discussed by Champagne et al. [6] and Pawlowski et al. [7].
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Figure 2 - X-ray diffractograms of the powders and coatings. (a) Aluminum, (b) Copper, and (c) WC-
25Co.

3.2 Corrosion tests

For Al coating the E_ ., values oscillated and increased in the first hours of immersion
(Figure 3). After these periods, the E, ., values have oscillated with time around -0.87
V/AgIAgCIIKCI3 mol/L with different amplitudes not higher than 0.1 V. This value of £,
suggests that the substrate was not attacked by the electrolyte yet, since the potential of
the substrate is around -0.75 V/AgIAgCIIKCI3 mol/L. The high barrier effect is due the high
thickness of the coating (381 ym) and dense microstructure with porosity lower than 0.8%.
For the coatings, the oscillations of potential are caused by the formation/repassivation of
pits on aluminum surface [8]. Chloride ions adsorb onto the oxide film formed on the metallic
coating, penetrate the film, then assist the localized dissolution at specific sites at the oxide/
Al interface, leading to the formation of oxide blisters that develop into pits [8].
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and aluminum coated samples for relatively long immersion times.

oce VErsus time measured in aerated and unstirred 3.5 wt.% NaCl solution for the substrate,

The Al cold spraying coatings corrosion mechanism occurs when pits begin to be

formed on the thinner and/or defected aluminum oxide film on Al coatings, and mainly

surrounding the defects of Al particles (Figure 4 a). Corrosion around these particles can be

explained, as usual, by the formation of local cells. Increasing the immersion time, the pores

are enlarged (Figure 4b and 4c) due to the reaction with chloride ions, and then the top of

coating cross section is damaged (Figure 4d).
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(c) (d)

Figure 4 - SEM images of the corrosion process to explain the corrosion mechanism for the Al coatings.
(a) the polished Al coating cross section as-prepared, (b) the corroded area after 96 h of immersion in
3.5% NaCl, (c) the corroded area after 400 h of immersion in 3.5% NaCl, and (d) the corroded area after
1000 h of immersion.

The analysis of the outer part of the coating shows a region which is completely
full of defects and/or pits and some particles of aluminum were not attacked, suggesting
that the pitting process begins at the border of the greater Al particles by the dissolution of
small ones. The EDS analysis only showed aluminum and oxygen as the main elements
in the outer layer and attacked region, and neither chloride nor oxygen were detected in
coating/steel interface for all coatings and delamination was not observed on the coating/
substrate interface suggesting that the electrolyte did not reach the substrate up to 1000 h

of immersion.

Figure 5 — Cross section image of Al coating after 1000 h of immersion in 3.5% NaCl solution.
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For the Cu-Safina and Cu-FST coatings, E_, values slightly decreased in the first
hours of immersion (Figure 6), probably due to the dissolution of oxides on the surface.
After 48 h the potential was around -0.20 V/AgIAgCIIKCI3mol/L and remained constant until
the last hour of immersion (Figure 6). This suggests that the electrolyte does not reach the
coating/substrate interface after relatively long immersion times (~1100 h). This hypothesis
is supported by the observation of the cross-sectional SEM images (Figure 7) and EDS
analyses performed after long immersion times. Corrosion of the substrate is not observed,
since these coatings are dense and compact, with porosity of 0.5% and showed thickness
up to 632 ym. Only oxides formation and copper dissolution 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 electrolyte did not reach the substrate.
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Figure 6 - E_, versus time measured in aerated and unstirred 3.5 wt.% NaCl solution for the substrate,
and copper coated samples for relatively long immersion times.

Figure 7 — Cross-section image of Cu coating after 1100 h of immersion in 3.5% NaCl solution.
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For the carbide coating, the E, ., values decreased in the first hours of immersion
(Figure 8), possibly indicating the dissolution of native oxides present at the surface, due
to the adsorption and attack of chloride. The dissolution of native oxide could then have
exposed the cobalt matrix, which is a more active phase, leading to the decreases of the
open circuit potential. After 100 h and until the end of £, measurements (<700 h), the E_,
of the coating stabilized around ~-0.48 V vs. AglAgCIIKCI3mol/L, values suggested that the
electrolyte did not reach the substrate after long immersion times, since the potential for the
substrate was ~-0.85 V vs. AglAgCIIKCI3mol/L.
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Figure 8 - E_, versus time measured in aerated and unstirred 3.5 wt.% NaCl solution for the substrate,
and WC-25Co coated samples for relatively long immersion times.

Microscopy analyses of the surface (Figure 9) obtained during or at each immersion
time at open circuit potential help us to understand the corrosion mechanism for the WC-
25Co coatings. Image analysis revealed an almost oxide-free coating (Figure 9 a), which
could explain the initial decrease in the E_, value. The small variation of potential could be
explained by the formation/dissolution of corrosion products, particularly on the surface near
WOC particles, where chloride ions adsorb onto the cobalt binder. Small coating defects, mainly
around the WC particles, together with galvanic effects, assisted the accelerated dissolution
of the Co phase at specific sites (Figure 9b), generating deep attack in these areas. Corrosion
around the WC phase could be explained by the known formation of local cells between the
WC phase (nobler) and the Co matrix (more active). The dissolution of the Co phase and
the loss of WC particles could lead to interconnected porosity and paths as show in Figure
9c. The preferential dissolution of Co could cause the detachment of WC particles, even if
they are insoluble, resulting in a rough appearance of the surface (Figure 9d). Due to the
thickness of the WC-25Co coating (118 pym) and low porosity (<0.5%) the electrolyte did not
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reach at substrate surface (Figure 10). Only small amount of oxides were present near the top
surface. EDS analysis (not show here), of the corroded cross section revealed the presence
of only tungsten, carbon, cobalt, and oxygen. Aluminum was not detected, indicating that the

electrolyte had not reached the substrate, even after ~700 h of immersion.

Figure 9 - SEM images of (a) the polished WC-Co coating surface, (b) the corroded area after 96 h of

immersion in 3.5% NaCl, (c) the region indicated in (b), at higher magnification, showing (A) intact WC

particles, (B) deep attack to specific sites of the cobalt phase, and (C) loss of the WC particles, and (d)
Overview of the coating after corrosion test.
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Figure 10 — Cross section image of WC-25Co coating after 700 h of immersion in 3.5% NaCl solution.

Salt spray tests, the images of all coating surfaces (Figure 11), showed no signs of
substrate corrosion. In order to confirm these observations, the surfaces of the coatings
were analyzed by EDS. Al coatings after 2000 h of exposure showed some corrosion
products (oxides/hydroxides) on the surface. However, EDS analysis confirmed only
oxygen, sodium, chloride, and aluminum. Therefore, the electrolyte did not reach at coating/
substrate interface. For the Cu coating, 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, as also confirmed by EDS surface analyzes. The EDS
analysis confirmed only oxygen, sodium, chloride, and copper, but no iron was detected
for the coatings, confirming that these coatings act as a barrier and protect the substrate
even after 2000 h of exposure to 5 wt.% NaCl solution. Aluminum was not detected on the
WC-25Co surface, corroborating the better performance of this coating, as indicated by
electrochemical results. The samples remained practically unaltered after 3000 h of the salt
fog test, indicating the very high performance of this coating.
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Figure 11 - Images of samples surface after salt spray test: (a) Al coating, (b) Copper coating, and (C)
WC-25Co coating.

3.3 Antibacterial and fungicidal applications of copper coatings

In addition to corrosion resistance, copper coatings prepared by CGS can act as
antibacterial surface against Staphylococcus aureus, and Escherichia coli and as fungicidal
coating against Candida albicans. Fast antibacterial assay confirmed that the copper surface
coating was able to successfully inactivate Staphylococcus aureus after a few minutes of
contact [9]. There were 2 orders of magnitude inhibition of bacterial growth after the first 5
min of contact, followed by complete mortality of the bacteria after 10 min (Figure 12). In
contrast, no inhibition of bacterial growth was observed for the control (a glass surface).

Copper coating Control

Contact time (min)

Figure 12. Growth of Staphylococcus aureus colonies in Petri dishes after 24 h at ~25 °C.
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The antimicrobial activity of copper coatings was also evaluated by plate spreading
method, XTT assay, and confocal fluorescence microscopy [10]. The results showed that
copper coatings were effective as an antimicrobial agent by blocking the adhesion and viability
of C. albicans and killing the surface adhered bacterial strains, significantly reducing the
biofilm survival. Images of confocal fluorescence microscopy, live/dead cell viability assays
(Figure 13), showed that the copper coatings in contact of microorganisms killing the
bacterial strains (red areas), and decrease the adhesion (black areas) and killing the fungus

strains (red areas).

Control Steel CGS copper
: g 0 =l L 'ﬂ?’-‘vw

S. Aureus (+) C. albicans

E. Coli (-)

Figure 13 - Live/dead cell viability assays.

Therefore, cold gas spray coating could be reality strategies to control bacterial and
fungicidal contamination of the surface materials, especially in public places and hospitals.

41 CONCLUSION

Different types of CGS coatings may be produced by the cold gas spray (CGS)
technique due to the high kinetic energy and low thermal energy used for the coating
deposition. The coatings may present very low porosity, low oxide content, excellent corrosion
resistance immersed into an aggressive medium for more than 1000 h, and protection to the
substrate against corrosion in salt fog tests for 3000 h. The CGS is a reality technology to
help industry in protecting many materials against corrosion, extending their service life and
cost-effective by avoiding substitution of many parts in the industrial parks and of industrial
products. Copper-based coatings produced by CGS showed high antimicrobial activity against
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Methicillin-susceptible Staphylococcus aureus (MSSA-ATCC 25923), Escherichia coli (ATCC
25922) and Candida albicans (SC 5314). They also significantly reduced the biofilm survival.
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