2
4 alloys

Article

Perfluoropolyether-Based Micellar Aggregates Coatings for
Corrosion Resistance Enhancement of Copper-Based Alloys

Emilio Bassini '*(2, Federico Simone Gobber 1{2, Elisa Fracchia 2(2), Chiara Zenaro 3 and Enrico Boccaleri *

check for
updates

Citation: Bassini, E.; Gobber, ES.;
Fracchia, E.; Zenaro, C.; Boccaleri, E.
Perfluoropolyether-Based Micellar
Aggregates Coatings for Corrosion
Resistance Enhancement of
Copper-Based Alloys. Alloys 2022, 1,
196-211. https://doi.org/10.3390/
alloys1020012

Academic Editor: Lucien Veleva

Received: 7 July 2022
Accepted: 24 August 2022
Published: 26 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Dipartimento di Scienza Applicata e Tecnologia (DISAT) Corso Duca degli Abruzzi, Politecnico di Torino,
2410129 Torino, Italy

Dipartimento di Gestione Produzione e Design (DIGEP) Corso Duca degli Abruzzi, Politecnico di Torino,
2410129 Torino, Italy

Dipartimento di Scienze e Innovazione Tecnologica via Teresa Michel, Universita del Piemonte Orientale
Amedeo Avogadro, 11 15121 Alessandria, Italy

Dipartimento per lo Sviluppo Sostenibile e la Transizione Ecologica (DiSSTE), Universita del Piemonte
Orientale Amedeo Avogadro, Piazza S. Eusebio, 5 13100 Vercell, Italy

*  Correspondence: emilio.bassini@polito.it; Tel.: +39-0131-229352

Abstract: In this paper, a perfluoropolyether (PFPE) micellar solution was effectively deposited on
metallic substrates using a dip-coating process to enhance brass and nickel aluminum bronze (NAB)
corrosion resistance. Particular attention was paid to the aesthetic results as well. Enabling the metallic
substrates hydrophobic to facilitate water and moisture removal was the key concept of this work. The
corrosion resistance of the as-received and coated metals was investigated via a salt spray chamber
test. The study focused on the characterization of the polymeric coating via dynamic light scattering
and wettability tests, while the substrates were assessed with traditional metallographic techniques.
The preparation of the polymeric solution was important in determining the final corrosion resistance
of the two substrates. Noteworthy was the effectiveness of the PFPE-based coating when it was
applied to the brass rather than the NAB. Moreover, the polymer concentration of the dip-coating
polymeric emulsion was the most significant factor to obtaining adequate protection: higher polymer

concentrations resulted in a decrease in corrosion resistance.

Keywords: corrosion resistance; nickel aluminum bronze (NAB); « + 3 brass; PFPE micelle;
dip-coating

1. Introduction

This research work aims to prove the feasibility of applying perfluoropolyether-based
coatings for preventing the corrosion of copper-based alloys—specifically, a nickel alu-
minum bronze (NAB) and an « + {3 brass.

Polymeric coatings are typically used to protect metallic materials with low corrosion
resistance, with paintings being the most common. In this paper, PFPE polymers were
chosen because of their ability to alter surface wettability.

These polymers are synthesized via the UV-radical polymerization of tetrafluoroethy-
lene and hexafluoropropylene monomers mixture in low-temperature reactors containing
oxygen. Once these polymers are fully fluorinated, they closely resemble fluorocarbons
with good chemical, thermal, and biological inertia and high gas permeability. These
properties directly correlate to the C-F and C-O presence along the polymer chains [1,2].

PFPE can be used in different formulations to obtain microemulsions by mixing them
in water-oil (w/o0) or water-oil-alcohol (w/0/a) systems working as anionic surfactants.
More specifically, surfactant micelles are likely to form when these polymers are dispersed
in systems containing short-chain oils and long-chain alcohols. On the other hand, long-
chain oils with short-chain alcohols inhibit micelle formation [3,4].
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PFPEs’ chemical and physical properties allow their application in several fields, such
as electronics and lubrication. Lately, they have been used as coatings for carbon nanotubes,
permeable gas membranes, and silicon-based hierarchical materials. In all these cases,
applying the PFPE reduced the wettability of the modified surfaces largely, making them
superhydrophobic [5-10].

The materials studied in this paper are already corrosion-resistant, especially when
environmental conditions are mild. When higher corrosion resistance is needed, as in
power plant production or gas turbine, Nickel-based alloys are commonly adopted, as can
be read in the work of Marchese [11] and Bassini [12].

Copper and brass corrosion resistance are closely related to the formation of a passivat-
ing layer on their surface. More specifically, brass typically corrodes due to a dezincification
process. First, dezincification is an electrochemically activated process characterized by
the selective dissolution of zinc from the surface layer. Secondly, copper is dissolved and
deposits onto the surface, forming a discontinuity that can be easily detected due to its
reddish color. This phenomenon is typical for non-homogenized « + (3 brasses with a Zn
content higher than 15% and occurs in phases with a higher Zn content, i.e., the 3 one [13].
Finally, the presence of Cl ions (as in the salt spray chamber) is likely to increase the speed
of the entire process, leading to complex copper-based compounds [14,15].

On the other hand, NAB corrosion is more complex and typically starts in the eutectoid
regions. Here, the contemporary presence of « (anodic) and k3 (cathodic) phases makes
these regions easily corrodible in the presence of an electrolyte. On the other hand, the
o phase on its own has good corrosion resistance. Finally, retained 3” phase, if present,
could be easily corroded [16]. Nevertheless, when the NAB microstructure is optimized
(after tailored heat treatment), the overall corrosion resistance of these alloys is quite good,
thanks to the presence of a thin superficial passivating layer (900-1000 nm in thickness).
This layer is formed thanks to the copper anodic reaction when Cl~ ions are also involved.
As a result, the CuCl?>~ concentration increases up to its saturation limit and begins to
precipitate as CuCl, which is likely to react with oxygen, forming a stable Cu,O oxide.
This reaction typically occurs in the & phase, where copper concentration is higher. This
process locally consumes Cu, increasing the concentration of Al in the corroded grains.
Once the Al content is high enough to promote the formation of alumina oxide, this phase
starts to form, leading to a dual-layer oxide. The resulting oxide layer is richer in Cu at
the surface, while a higher Al content is found below. At the same time, Cu,(OH);Cl or
Cu(OH)CI compounds are likely to form due to the complexity of NAB systems [13,16-18].
Due to their high corrosion resistance, the coated materials were tested within a salt spray
chamber to simulate more severe conditions expected in a marine environment for a long
exposure time.

Applying a hydrophobic coating further helps the material to withstand corrosion
resistance, avoiding moisture from damaging the passivating layer. This type of approach
is currently studied and applied in a variety of fields.

This technique was efficiently applied to other metals such as zinc for the construction
of batteries with better performances. In the work of Tao, PFPE limits H,O exposure on
the Zn surface, extending its life. Moreover, an in situ ZnF, layer also forms, providing
further protection from corrosion [19]. The application of a hydrophobic polymeric layer
on a mixed metal surface is acquiring great interest in the battery production field in
particular. Schroder et al., for example, efficiently applied an ultrathin PV3;Dj3 layer with
fluorine functionality to protect metal oxide-based gas sensors from moisture [20]. Similar
approaches were used also on different metals, such as lithium, to protect the metals in
harsh environments with a high humidity content [21]. This time, a complex polymer
containing lithium and fluorine was used for enhancing the properties of batteries for high
energy storage systems. Nevertheless, all these techniques require complex deposition
systems. Conversely, this study shows an easy and environmentally friendly approach for
metal protection against moisture. This preliminary study involves copper-based alloys,
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but the promising results obtained could set the basis for this coating to be applied to a
wider set of alloys, such as iron or aluminum-based materials, as also proposed by [22].

Water dispersed perfluoropolyethers (PFPE) with low molecular weight and differ-
ent concentrations were spread onto the copper-based metallic surfaces, making them
hydrophobic, thus, limiting the interactions between water drops and the metallic surface.

According to the literature, PFPE is usually adopted to modify the superficial behavior
of carbon-based [23] or silica-based-hierarchical materials [24]. However, this type of
polymer is widely used as a lubricant when metals are concerned, as proposed by Lin
et al. [25]. Still, no literature work has been found related to enhancing the corrosion
resistance of copper-based alloys. A similar technique was used by Zhang et al., but in that
case, tests were performed on aluminum-based material [26]. This paper aims to fill this
gap, focusing on how the polymer concentration and deposition technique modify the final
material behavior.

It is noteworthy to underline that this work focuses on the esthetical properties of the
material, aiming to maintain the surface finishing as long as possible, while mechanical
degradation was neglected.

The final aim is to optimize the layer composition to maximize the corrosion resis-
tance without impairing the metal surface appearance, especially when artistic goods or
architectural assets are concerned.

2. Materials and Methods
2.1. PTFE Solutions for Dip-Coating

As mentioned above, the protective layer is a commercial product, perfluoropolyether-
based, with an initial concentration of 5% vol in water. The emulsion contains bifunctional
linear chains with a molecular weight ranging between 1300 and 2000 and a density equal
to 1.8 g/cm?3 at 20 °C. This polymer is stable up to 250 °C [27]. The commercial product was
diluted to obtain 1 and 3% vol concentrations. These two emulsions are referred to as PFPE
1% and PFPE 3%. The emulsions were obtained by continuous stirring in demineralized
water. The pH was maintained at a constant of 8.5 by adding NHj3 to the emulsion.

The water-based emulsion was deposited onto metallic surfaces using the dip-coating
technique. The sample immersion into the solution was guaranteed by a motorized slider
capable of moving at Imm/s.

The two emulsions were assessed with dynamic light scattering equipment to mea-
sure the size of the micelles, which resulted as being slightly dependent on the dilution.
The PFPE 1% and PFPE 3% contained micelles of 26.7 & 7.3 nm and 31.6 + 8.2 nm in
size, respectively.

2.2. Metallic Substrates

The emulsions were deposited onto two metallic substrates, brass and a NAB. The
brass used in this work was an « + 3 alloy whose composition, obtained via energy
dispersive spectroscopy (EDS), is reported in Table 1. The brass alloy was cast using a low-
pressure induction casting machine TVC-d by Topcast. The inductor was set at 12 kW, and
the melt temperature was 1100 °C; 350 g of material was cast into a cylindric mold. The ingot
was then homogenized at 800 °C for 1 h. Finally, the bar was cut into 10 discs with a 26 mm
diameter and 6 mm thickness. A hole was drilled to connect the discs to the motorized
slit used for the dip-coating. The material hardness was 96 + 3 HBW 5, measured with a
universal hardness machine by EMCO-TEST using 31.5 kg and a 2.5 mm sphere.

Table 1. Brass chemical composition as per EDS spectroscopy.

Elements Cu Zn (@) Pb

w% 57.34 29.68 8.04 3.82
Dev. St. 1.17 0.98 0.79 1.02
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The NAB was tested in the as-received conditions without applying any heat treatment.
The wrought material was cut to obtain discs with the exact shape of the brass ones.
Moreover, in this case, a hole was drilled to simplify the dip-coating process. The material
hardness was higher, i.e., 212HBW 5. The chemical composition obtained via EDS is shown
in Table 2.

Table 2. NAB chemical composition as per EDS spectroscopy.

Elements Cu Al Fe Ni Si
W% 73.07 18.79 415 1.23 0.76
Dev. St. 0.63 0.48 0.32 0.32 0.28

2.3. Dip-Coating Process

The samples were ground with SiC papers down to 1200 grits and polished with
diamond pastes down to 1 pm. The final finishing was obtained by polishing with colloidal
silica for 180 s. The samples were mirror polished to neglect any possible interaction effect
of roughness and evaluate the adhesion of the coating in such a limiting condition. The
roughness of the two materials was assessed with a Hommelwerke T1000 profilometer.
Each sample was tested three times in different positions using a cut-off length of 0.25 mm
and a measuring distance of 25 mm. The probe had a 0.5 mm/s speed. The final Ra average
values are 0.042 & 0.02 and 0.024 + 0.01 um for the brass and the NAB, respectively.

The brass or NAB discs were accurately cleaned with acetone within an ultrasonic
bath before dipping them in the abovementioned solutions. Next, the discs were connected
to the motorized slider using a fluorocarbon wire passing through the 4 mm hole. The two
solutions were continuously mixed using a magnetic stirrer. Discs were submerged into the
micro-emulsions for 10 min and then extracted in a controlled manner with a fixed speed
of 1 mm/s to ensure a homogeneous deposition of the coatings. Finally, the coated discs
were air-dried until all the solvent evaporated. This technique allowed the formation of a
continuous layer onto the substrates, whose thickness is reported in Table 3.

Table 3. Average thickness of coatings obtained after dip-coating on Brass and NAB.

Brass NAB
PFPE 1% PFPE 3% PFPE 1% PFPE 3%
Average layer
thickness [1m] 0.85 0.91 0.78 0.94
Deviation from 0.11 0.23 0.24 0.29

average [um]

2.4. Waterdrop Contact Angle (CA) Assessment to Estimate the Surface Hydrophobicity

The wettability of uncoated and coated substrates was measured to assess the deposi-
tion effectiveness and the homogeneity of the deposited layers. Surface wettability was
measured with a sessile drop tensiometer at five different points. The water drop was
released onto the investigated surface, the dropout was 3 um, and the contact angle was
measured with a camera for 10 s at 12 fps. The image processing software measures both
left and right contact angles and averages the two. The measured angle after 5 s was used
for comparison across the samples. On the other hand, the complete plot of the CA was
used to assess the stability of the coating, as also proposed by Bracco et al. [28].

2.5. Sample Preparation and Salt Spray Chamber Test

The salt spray test was conducted on as-polished and coated samples to compare the
corrosion resistance of the materials thoroughly. Tests were performed following ISO 9227-
2017 standard; the chamber and vapor temperatures were 35 °C and 49 °C, respectively.
The salt spray solution contained 5% NaCl; the samples were hung vertically and inspected
after 1,2, 6,8,24, and 48 h.
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2.6. Metallographic Preparation

The sample microstructure was revealed using different etching techniques, depending
on the specific aim of the investigation. The general brass structure was evidenced using
Klemme-colored etching. This reagent is prepared by mixing 20 g of NaS,O3 in 50 mL of
deionized water. This solution must be prepared on a heated plate to avoid the precipitation
of crystals due to oversaturation. Then, 1 g of K;S,03 is added to the water-based solution.
The etching lasts between 120 and 180 s. Alternatively, finer details were revealed with
ASTM 30 etching, consisting of 25 mL of NH4OH mixed in a solvent of 25 mL of water
and 50 mL of HyO;. The etching should not last more than 15-20 s. The investigations
were performed with optical and electronic microscopy using a Leica MEF4 and a Leo 1430
VP, respectively. The corrosion products were assessed with EDS spectroscopy using an
Oxford Instruments probe model 6587 Link Pentafet.

3. Results
3.1. Core Microstructure of Metallic Substrates

The Klemm etchant selectively bonds to the brass 3 phase, and light interacts differ-
ently depending on the thickness of the salt layer bonded to the material, therefore, resulting
in different colors when the sample is observed under polarized light (see Figure 1) [29].
The acicular o phase, on the other hand, does not react with the reagent and, thus, remains
white. The samples etched with the ASTM solution and observed with SEM show similar
features. Nonetheless, the higher magnification allows the appreciation of the lead particles
dispersed within the matrix (white particles), enhancing the alloy’s machinability [30].

N

Pb particfe | "

1
:

Figure 1. Brass microstructure observed with an optical microscope and polarized light (a) and with
SEM using backscattered electrons detector (b).

As shown in Figure 2, the NAB microstructure appears much more complex and
varied due to several Fe-based intermetallics (k1, k2, k3, and k4) [31]. Brighter phases
within the grains, with Witmanstétten shape, is the « phase, while the surrounding is
occupied by 3 with a higher Al-content. K phases can be divided into different categories
based on their shape and precipitation site. K1 precipitates within the « phase and can
be reported as Fe3Al, but its formation requires an iron content higher than 5% and Ni
lower than 0.5%. K2 can be easily recognized because of its rosette-like shape, and it forms
within 3 grains [32]. K2 shares the chemical formulation with k1. K3 is a mixture of two
intermetallics, i.e., NiAl + FeAl, and derives from the decomposition of {3 after a eutectoidic
reaction (f—« + k3) [33].
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Figure 2. NAB microstructure observed with an optical microscope (a) and with the SEM (b) the
inset shows the finer intermetallics.

As a consequence of the eutectoidic reaction, this phase has a typical lamellar aspect.
Finally, k4 is like k2, but it precipitates in « grains. All these phases and intermetallics are
identified in the SEM figures. The optical micrographs were used to assess the grain size,
ranging between 1 and 2 ASTM standard values.

3.2. Surface Wettability and Contact Angle Assessment

After coating the Cu-based alloys, the contact angle was used to score the hydropho-
bicity level. The uncoated brass and NAB surfaces show similar hydrophilic behavior,
as shown in Figure 3, for the as-received condition. The two contact angles are very
close, and these minor differences may be ascribed to the surface roughness and the
chemical composition.

180

B Brass| |
CINAB | T

116

100

@
o
1

(2]
o
1

Average contact angle (°©)
H
o

N
o
1

As-Received PFPE 1% PFPE 3%
Sample condition

Figure 3. Contact angle of water drop on metallic substrates before and after the dip-coating. When
higher polymer concentrations are used, the contact angle decreases.
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The application of the polymeric coating significantly contributes to making the
surfaces hydrophobic. It is worth noting that the results are considerably better when the
brass is coated. Secondly, as the polymer concentration in the coating emulsion increases,
the overall hydrophobic effects decrease. This effect is particularly evident for the brass
alloy, while the NAB is slightly affected. Nevertheless, according to this preliminary test,
the coating on the NAB could be less effective in preventing corrosion during the salt
spray test.

The contact angles shown above were measured after the waterdrop stabilized onto
the metal surface. The stability of the coating was investigated by observing the variability
of the drop during the entire recording time window of the instrument, i.e., 10 s. Figure 4
shows the deviation from the initial contact angle for the brass and the NAB, respectively,
with all the investigated coatings.
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Figure 4. Contact angle as a function of time and coating typology.

The variation of the contact angle may indicate a coating excess or its weak bonding
to the substrate surface. At the same time, a slight deviation from the initial contact angle
(less than 2°) is standard and generally neglected, as also suggested by Yasuda et al. [34].
Therefore, the test was repeated five times, positioning the drop in different places on the
surface to verify that the coating was evenly distributed. The maximum and minimum
contact angles were recorded at 4 and 10 s, respectively, and their difference was averaged.
The final results are shown in Table 4.

Table 4. Modification of the contact angle during time as an index of coating stability.

Substrates As-Received PFPE 1% PFPE 3%
Brass 1.7 £0.9 1.34+0.7 59+0.8
NAB 23+04 1.7 £ 0.7 72+0.3

Although all the results always show values above 90°, the contact angle variations
for PFPE 3% are always more significant than PFPE 1%, suggesting that the latter is more
stable. These stronger contact angle variations depend on the fact that one or both the PFPE
terminations are not bonded to the substrate. These terminations are polar and cause the
drop to spread onto the surface due to a surfactant effect and, thus, lower contact angles
are formed.
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As-received

3.3. Corrosion of Un-Coated Samples

Figure 5 shows the corrosion process in the investigated time range due to the salt
spray test. The brass with no coating shows progressively more intense corrosion. The
process becomes evident starting from 6 h. Similarly, the NAB also corrodes significantly
after 6 h.

Figure 5. Uncoated samples exposed to the salt spray harsh environment. Both materials start to
corrode after 6 h.

Figure 6 shows an in-depth investigation of the corrosion process and a chemical
assessment of the byproducts formed. The sample observed after 48 h shows an evident
buildup of corrosion residuals [35]. However, the layer is not continuous, as can be observed
from the top view of Figure 6a. More information can be obtained observing the material
cross-section in Figure 6b. The (3 phase acted as an anode and was preferentially corroded,
leaving the o dendritic parts almost unaltered in accordance with the work of Nunez [36].

On the other hand, no pure copper area was found, indicating that dezincification was
not the leading corrosive process. The observation of the cross-section allows for better
appreciation of the overall process. A thin 2.5 um layer is visible at the surface, which
formed during the corrosion process and was caused by corrosion debris buildup. Below,
ca. 25 pm of material shows a strong deterioration. As described above, 3 phase has a
spongy appearance, indicating that corrosion preferentially took place within these areas,
as also shown by Sherif [37].

Figure 6¢ shows the EDS analysis performed in different sample locations. EDS
measurements were performed on the material core before any exposure test and were used
as a reference (blue line). The black line refers to the analysis performed on the exposed
sample. In this case, high oxygen content was measured. The red line (cross-Section 1) refers
to the outmost layer of the material. The EDS indicated a lower zinc content with respect to
the base material, which could be interpreted as an initial dezincification process. This fact
was also confirmed by observing the cross-section with an optical microscope, where a few
brighter areas were observable. On the other hand, the green line (cross-Section 2) refers to
an inner layer; thus, the results are practically indistinguishable from raw material.
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Figure 6. Brass sample after 48 h of exposure in a salt spray chamber. Sample observed from the top
in the SEM (a), a cross-section of the same sample observed with an optical microscope in color (for
evidencing dezincification) (b); EDS results obtained in different locations (c) and cross-section of the
same sample at higher magnification (d). A red rectangle indicates where most of the EDS analysis
was performed.

Similar to the previous case, Figure 7 shows the corrosion process of the NAB. Again,
the top view shows a sponge-like surface, indicating that oxidation occurred, as also
testified by the EDS (Figure 7a,c). In this case, the thickness of the corrosion debris is higher
than in the previous case. The aggregates can be found as flat scales or arranged in circles,
probably due to water drop evaporation, as also proposed by Stoffyn et al. [38]. Where
the debris layer was not formed, it is still possible to see an unaltered « phase (acicular),
while 3 was consumed. At the same time, dezincification and the formation of pure-copper
areas are clearly visible in Figure 7b. The EDS analysis on the top of the sample (red line)
indicated a substantial depletion in copper content. At the same time, the oxygen level
increased, indicating the formation of an oxide layer. Furthermore, the comparison of the
compositions in the cross-sections indicated that aluminum was the principally depleted
element from the superficial layer, in accordance with the literature [39]. Figure 7d shows
the thickness of the compound layer, which ranges between 5 and 9 um.

3.4. Corrosion of Coated Samples

The coated samples were observed after exposure in the salt spray chamber after 1, 2,
6, 8,24, and 48 h. Figure 8 shows the direct comparison of the brass samples with both the
polymeric coatings.
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Figure 7. NAB sample after 48 h of exposure in a salt spray chamber. Sample observed from the
top in the SEM (a), a cross-section of the same sample observed with an optical microscope in color,
evidencing any preferential dealloying process (b); EDS results obtained in different locations (c) and
cross-section of the same sample at higher magnification (d). A red rectangle indicates where most of
the EDS analysis was performed.

N

PFPE 1%

PFPE 3%

Figure 8. Coated brass samples with two different coatings. PFPE 1% was more effective in preventing
corrosion damages.
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Figure 8 clearly shows how the coating differently protects the metallic substrate. The
samples coated with the PFPE 1% acquire a matte surface after 6 h and slowly burnish in the
last 48 h. It is worth noting that no corrosion buildup can be observed. Conversely, the brass
coated with the PTFE 3% began to corrode after 6 h, the same as for the uncoated samples.
A longer exposure time leads to large areas where the material is evidently corroded with
pink coloration, suggesting that a large material portion underwent strong dezincification.
A hypothesis to explain this harsher corrosion is that the polymer coating was not adherent
to the substrate, and salty water could infiltrate it, leading to a mixed corrosion process
where dezincification was assisted by differential aeration corrosion, as also proposed by
Schneller et al. [40].

Figure 9 shows the brass sample observed with the SEM in the top view
and cross-section.
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4 [ 8 10
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Figure 9. Brass coated with PFPE 1% sample after 48 h exposure in a salt spray chamber. Sample
observed from the top in the SEM (a), a cross-section of the same sample observed with an optical
microscope in color (for evidencing dezincification) (b); EDS results obtained in different locations
(c) and cross-section of the same sample at higher magnification (d).

Figure 9a shows a homogeneous layer with only a few corrosion debris on the top,
indicating less intense corrosion progress. This impression is confirmed by Figure 9b,d
showing the sample in the cross-section. The optical microscope does not show pure copper
zones, indicating that dezincification did not occur. Further information can be obtained
using the SEM where the coating layer is still visible and ca. 1 pm thick. The picture shows
a point where the interruption of the coating leads to the formation of a small pit. It is worth
noting that the continuous layer generated above the protective layer is 12 & 6 um, like that
formed on the uncoated sample, but the material altered below is thinner, ca. 10 pm, and
evidenced only where the coating is interrupted. The EDS analysis in Figure 9c indicates a
strong F peak in correspondence with the protective layer, confirming its presence even
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after 48 h in a harsh environment. A stronger oxygen peak was found towards the outer
part of the cross-section, while the inner part shows almost the same chemical composition
as the as-polished material. Moreover, the lower number of debris attached to the material
makes the overall surface look aesthetically better than the uncoated one.

Following the previous results related to the contact angle and its stability, the PFPE
3% was demonstrated as being significantly less effective in preventing the brass substrate
from corroding. For these reasons, this coating was no longer investigated.

Figure 10 shows a similar test plan investigating the NAB substrate. Figure 10 shows
a worse interaction between the PFPE and the substrate. Nevertheless, as for the brass, a
higher polymeric concentration leads to a worse performance. This time, corrosion appears
evident after 24 h for PTFE 1%, while 8h is enough for considerable surface damage when
PTFE 3% is applied. In addition, the coating layer application leads to a slight color change
that must be kept into account if aesthetic parameters are a concern. Moreover, in this case,
the latter coating was no longer investigated due to its lower protective performance.

1h
PFPE 1%

PFPE 3%

Figure 10. Coated NAB samples with two different coatings. PFPE 1% was also more effective in
preventing corrosion damages in this case.

Figure 11 shows the NAB in its cross-section. In this case, the top view in Figure 11a
and the inset show selective corrosion. The 3 phase is consumed, similar to what was
observed for the uncoated material. Figure 11b shows a small portion of pure copper,
which formed after selective dissolution and aluminum oxide formation. In this case, the
compound layer formed is slightly thicker than the brass. The protective layer is often
interrupted, explaining why the substrate corrodes more quickly. Moving towards the
surface, the content of oxygen and aluminum increases, indicating that the aluminum oxide
layer has formed. When deeper layers of the cross-section of the material are observed,
the EDS shows a chemical composition closer to that of the as-received material. For a
longer exposure time, i.e., 24 and 48 h, the NAB shows similar behavior to the brass, and a
significant material portion assumes a reddish coloring, suggesting the harsh dealloying of
the metal.
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Figure 11. NAB coated with PFPE 1% sample after 48 h of exposure in a salt spray chamber. Sample
observed from the top in the SEM (a), a cross-section of the same sample observed with an optical
microscope in color (for evidencing dezincification) (b); EDS results obtained in different locations
(c) and cross-section of the same sample at higher magnification (d).

4. Discussion

According to the experimental campaign, it is possible to affirm that brass has a higher
affinity with the protective coating. The dip-coating leads to a less effective protective layer
if the polymer has a higher concentration. This fact may be explained considering that a
higher number of polymeric chains may impede the correct adhesion of the coating to the
metallic surface. The lower adhesion between the metallic surface and the coating could
lead to water and chlorides penetrating the barrier, speeding up the corrosion process.
On the other hand, it must be considered that even in good adhesion conditions, a minor
interruption of the coating continuity may lead to the onset of pitting corrosion, which is
known for its complex recognition and could lead to the unexpected failure of components.
Brass contains metallic lead particles, but their presence apparently did not affect the alloy’s
corrosion resistance.

Conversely, the NAB also showed lower corrosion resistance in the as-polished condi-
tion, and this could probably be related to the high iron content, which increases hardness
but harms corrosion. Moreover, no specific heat treatment was performed to homogenize
the material. The two substrates had similar surface finishing and, thus, the core reason
for the worse adhesion and protective effect lies in the chemical composition of the alloy.
Similar to the previous case, a higher polymer concentration in the dip-coating emulsion
produces worse results and very fast corrosion rates compared to the uncoated samples.
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5. Conclusions

This paper investigated the possibility of applying a PFPE layer to copper-based alloys
via dip-coating. The adopted technique was effective in depositing the polymeric coating,
since fluorine was still detected by EDS even after 48 h within the harsh environment
produced by the salt spray chamber. The obtained coatings always have a similar thickness
(ca. 900 nm) that is independent of the polymer concentration and which is maintained,
unaltered, throughout the exposure test in the salt spray chamber. It is worth nothing that
brass always provided higher contact angles than the NAB (155° vs. 110°). However, the
coating application did not protect the substrates in the same way.

The following main conclusions can be drawn:

1. Lower polymer concentration in the dip-coating emulsion always leads to better
adhesion of the coating to the substrates, hence, leading to higher protection and
a slower corrosion process. Brass showed evident corrosion signs after 6 h when
protected with the PFPE 3%; conversely, PFPE 1% allows a surviving time of 24 h
without evident sign of corrosion. Similarly, NAB remains protected for only 2 or 6 h
with PFPE 3% and PFPE 1%, respectively.

2. Brass can be effectively protected by PFPE 1% coating, but a slight change in the
material coloration must be taken into account.

3. NAB s poorly protected by PFPE, irrespective of the polymer concentration of the
coating emulsion chosen. This is particularly true when PFPE 3% is used, which
shows corrosion signs after only 2 h.
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