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Abstract: Thermal spray-coated components are widely used as wear-resistant coatings in many
applications. However, these coatings have high levels of discontinuities that affect the corrosion
resistance of the coated system. To reduce this problem, these coatings are usually sealed with liquid
sealants (metals, organic or inorganic). The aim of this work is to seal the surface discontinuities of
thermal-sprayed coatings using PVD and/or ALD coatings. To this end, CrN (arc deposition PVD)
and TiO2 (ALD) coatings were deposited on thermal-sprayed alumina coatings. The samples pro-
duced were then analysed in both cross-sectional and planar views to detect the possible permeation
of the thin film coatings into the thermal spray defects. Rf-GDOES measurements were performed to
detect the very thin ALD deposit on the surface. The corrosion resistance of the sealed coatings was
verified with immersion tests, wherein the OCP was monitored for 24 h, and potentiodynamic tests
were performed after 15 min and 24 h immersions. The results showed that the thin films were not
able to block the permeation of corrosive media, but they could reduce the permeation of corrosive
media with a beneficial behaviour on corrosion resistance.

Keywords: thermal spray coatings; sealing treatments; ALD coatings; PVD coatings

1. Introduction

Thermal spraying allows the deposition of different types of materials (metals, poly-
mers, ceramics and composites) on different types of substrates [1,2]. Several techniques
can be used to deposit the aforementioned materials, although one of the most diffused
techniques is the plasma-based gun, which is widely diffused to deposit several types
of materials in several technological fields [3-5] as well as innovative materials [6]. This
treatment improves the mechanical properties of the surface and, in particular, the wear
resistance of the coated component. The coatings are also widely used for high-temperature
chemical degradation resistance in several aggressive environments, for example, to coat
exhaust valve surfaces in combustion engines [7] or turbine blades [8]. In the past years,
these coatings were considered as possible candidates to replace the hard Cr, mainly where
a high corrosion resistance combined with wear resistance is required [9]. However, a
large number of discontinuities are found in these deposits, the amount of which is highly
dependent on the deposition techniques and process parameters. Typically, these defects
reduce the corrosion resistance of the coated system [10]. The main defects are gas pores,
unmelted particles, cracks (cold cracks, hot cracks), delamination, exogenous inclusions,
overlay lack of fusion, etc. To reduce these problems and, thus, to increase the corrosion re-
sistance of the coated samples, some post-deposition treatments have been carried out with
the aim of sealing the discontinuities [11-14]. Many liquid materials (metals, organic or

Metals 2023, 13, 1778. https:/ /doi.org/10.3390/met13101778

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met13101778
https://doi.org/10.3390/met13101778
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-3256-3516
https://orcid.org/0000-0002-9736-0453
https://orcid.org/0000-0002-0981-7821
https://orcid.org/0000-0003-3093-6099
https://doi.org/10.3390/met13101778
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13101778?type=check_update&version=1

Metals 2023, 13,1778

20f13

inorganic) or reactive elements (metals) are used to penetrate and seal a defect. The sealing
mechanism for liquid sealants is linked to the viscosity of the liquid, which is usually very
low in order to penetrate and fill interconnected defects. The properties [13] required of a
liquid sealant are many, but the most important are low viscosity, curing taking place at
relatively low temperatures, solidification shrinkage kept as low as possible and minimal
surface modification to avoid further technological operations. When exposed to service
conditions, the sealing material should be stable, reduce the permeation of corrosive media,
have good adhesion and have temperature resistance. One of the main limits of a liquid
sealant is its application at high temperature, mainly for polymer-based materials. On
the other hand, reactive sealants usually heal the internal discontinuities with corrosion
products produced by a corrosive reaction when in contact with the corrosive media to
which the coated component is exposed [10]. In this case, part of the coating material is lost
during the corrosion process and, thus, the sealing activity of the material is limited (when
the reactive material is corroded, it loses its sealing potential). Concerning thin films, some
attempts have been made to use PVD (Physical Vapor Deposition) coatings as top coats
to prevent the permeation of corrosive media [15-17], although they present their own
defects [18]. However, most of these studies are limited to high-temperature applications,
where the application of a PVD coating to a thermal-sprayed coating is referred to as a
duplex treatment. Some work has also been conducted to seal thermal spray defects in
order to increase the corrosion resistance of coatings [19]. In this case, the authors observed
an increase in the corrosion resistance of the sealed system due to the barrier effect of the
PVD coating against corrosive media. The PVD coatings used were DLC (Diamond-Like
Carbon) coatings, which are composed of a disordered structure of sp? and sp> bonds and
are used to increase the tribological performances of the surface [20], and CrN deposited
by reactive sputtering.

ALD (Atomic Layer Deposition) coatings are very thin films with a minimum thickness
equal to the size of the atomic compound layer, produced in multiple deposition cycles
consisting of the deposition of layers of chemical precursors followed by layers of reactants,
resulting in very thin films at very low deposition temperatures. These coatings have
mainly been used to improve the corrosion protection of bare or coated materials [21-26].
In particular, it has been observed that these coatings are capable of conformal deposition
on surfaces, and they have also been successfully used to increase the corrosion resistance
of stainless steels [27]. Nevertheless, the mechanism is mainly related to the fact that
these coatings also cover some small defects that are usually responsible for corrosion
initiation (e.g., inclusions). As sealants, these thin layers have been successfully used on
PVD coatings where the application of ALD coatings has significantly increased corrosion
resistance [23,28]. In this case, the mechanism is covering pinholes and droplets with a
uniform, very thin layer of ceramic material (mainly oxides or nitrides). The substrate used
in this study was a tool steel, commonly used in the production of cold working tools,
which presents an active behaviour when exposed to corrosive media. In the literature,
these coatings have not been used as sealants for thermal-sprayed coatings.

Although there has been extensive research into liquid and reactive sealants in the
literature, there is little information on the possibility of sealing thermal spray defects
using thin films. Considering the scarce literature, the main objective of this work is
to study the effects of both PVD and ALD coatings when used as sealants for thermal
spray defects. In particular, the study aims to characterise in depth a thermal-sprayed
coating, which is considered to be a reference for this work. Specifically, only one of the
thin films (ALD only or PVD only) was used to verify the prediction that these coatings
will penetrate into the near-surface defects of a thermal spray coating. The combination
of the ALD coating after the PVD deposition was used to seal the defects not sealed by
the PVD layer. This was followed by the characterisation of the samples sealed with a
single thin-film sealant. Finally, a sample combining all three coatings was investigated.
To this end, a detailed microstructural characterisation of the coatings was carried out,
followed by an electrochemical study of the performances of the samples by means of
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potentiodynamic tests and immersion tests. The electrochemical experimental study was
necessary to determine both the permeation rate of the corrosive media—and, thus, the
inhibiting effects of the sealants on media permeation—and the barrier effect produced by
the sealants. A detailed post-mortem characterisation of the samples was also carried out
by analysing the corrosion morphologies and the distribution of the corrosion products.

2. Materials and Methods
2.1. Sample Production

The samples (100 x 50 x 2 mm) were fabricated using AISI 1040 steel as the substrate.
The first coating to be applied was the thermal-sprayed coating produced with the Air
Plasma Spray (APS) technique. In this case, standard Eurolls procedures were used.
Specifically, the substrate was degreased and then sandblasted to improve the adhesion of
the thermal spray coating to the substrate. After this, a bond coat of Ni/Cr 80/20 alloy was
applied as an adhesion promoter for the topcoat, which was a pure alumina coating. Some
of the coated samples were then over-coated with a combination of PVD and ALD coatings.
In particular, the PVD coating used in this experiment was a CrN coating deposited by
Eurolls spa, according to their sand production process using an arc deposition technique.
Prior to deposition, the sample was subjected to a plasma etching process to clean and
activate the surface. The CrN coating was deposited using a pure Cr cathode and by
inflating pure N into the deposition chamber. On some samples, an ALD TiO2 coating
was deposited on the surface (200 cycles at 200 °C) using Ti tetrachloride as a chemical
precursor. Table 1 summarises the coating combinations analysed in this work.

Table 1. Coatings analysed in this work.

Thermal Spray PVD ALD
TS X
TS + PVD X X
TS + ALD X X
TS + PVD + ALD X X X

2.2. Microstructural Characterisation

A preliminary microstructural characterisation of the thermal-sprayed coating was
carried out to highlight possible internal discontinuities in the coating. For this purpose,
both cross-sectional and topographical analyses of the thermal-sprayed coating were carried
out with an SEM + EDXS (Zeiss Evo 40 + Inca X-sight). Prior to the analyses, the sample
underwent metallographic preparation to obtain a mirror-like surface. The aim of the
analyses was to determine the amount and type of defects present in the thermal spray
coating. These analyses were necessary to better evaluate the sealing effect of the thin films
on the thermal spray coating. The same procedure was used for the PVD-coated samples,
while the ALD coating was characterised using Rf-GDOES (Horiba Jobin Yvon HR Profiler).
The use of Rf-GDOES was necessary to better highlight the presence of the ALD coating
and its distribution across the external surface and possible permeation in the thermal
spray coating. A calibrated method for thin films was used, and elements such as Ti, O
and Al were detected. The main aim of these analyses was to determine the ALD coating
thickness. The ALD-sealed films were also analysed with an SEM, but only in top view.
The instrument setup was the same as that used for other thin-film characterisations [21].

2.3. Electrochemical Characterisation

An electrochemical characterisation was necessary to evaluate both the barrier and
sealing effects of the coating as regards the corrosion resistance of the coated system.
Electrochemical characterisation was carried out using an aqueous solution of 3.5 wt% NaClL
Specifically, OCP (Open Circuit Potential) measurements were performed by monitoring
the potential for 24 h in order to allow the corrosive media to permeate the coating and
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reach the steel substrate. In this case, a multichannel potentiostat and a Ag/AgClin 3 M
KCl reference electrode (RE) were used.

Potentiodynamic tests were carried out on all samples after 15 min of immersion and
after 24 h of immersion. In this case, a three-electrode electrochemical cell was used, with a
Ag/AgClin 3 M KCl electrode as the RE and a Pt wire as the counter electrode (CE). The
measurement started at —0.1 V from the OCP and ended when the measurement reached 1
mA, using a scan rate of 0.2 mV /sec. The corroded specimens were then cross-sectioned
to determine the corrosion morphologies after the potentiodynamic tests. In particular,
an evaluation of the corrosion mechanism by measuring the thicknesses of the corrosion
products was used to classify the effectiveness of the sealing effect of thin films on thermal
spray discontinuities. These analyses were performed using an SEM.

3. Results and Discussion
3.1. Microstructural Characterisation

The first step of the research activity was to characterise the thermal spray (TS)-coated
sample in order to highlight the possible internal discontinuities of the coating that could
be responsible for the permeation of corrosive media. This analysis was important and
corresponded to the state of the art for the microstructure of thermal spray coatings. The
results are shown in Figure 1.

Cross section Top view

Top coating
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coating
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Figure 1. Top view and cross section SEM analyses of the thermal-sprayed sample: (a) cross section
view of the thermal spray coating system at low magnification (the zoomed image shows the detail
of bond coating), (b) top view analysis of the thermal spray coating at low magnification, (c) cross
section view of the thermal spray coating in proximity to external surface, and (d) top view analysis
of the thermal spray coating at high magnification.

From the cross-sectional analysis, it is possible to determine the presence of a bond
layer of about 20 um, which is visible in the zoomed window, and a top layer of about 300
pum. The defects detected in the cross section are some porosities, probably related to gas
entrapment, ranging in dimension from a few microns to tens of microns. There are also
some unmelted particles in the coating and many small cracks between the lamellae. The
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cracks probably were produced by the shrinkage of the molten material during solidifica-
tion. The top view analysis shows a superposition of many splat morphologies, which are
typically produced in thermal-sprayed coatings and are also the main constituents of the
lamellar microstructure. By analysing the lamellae at high magnification, it is possible to
observe the presence of a network of cracks, probably produced by solidification shrinkage
of the splat combined with possible thermal shock during solidification. These cracks are
probably also related to the cracks observed in the cross section. It is likely that these dis-
continuities are interconnected and could also promote the permeation of corrosive media
to the substrate/coating interface. The crack morphology also seems to be intergranular,
and this supports the hypothesis of solidification cracks.

The microstructural characterisations of the sealed samples in cross-sectional and
planar views are shown in Figure 2.

Cross section Top view

TS + PVD

-

EWT= 2000 1% Signatd = SE1 Date 24 May 2022
Wo= 5.5mm Mag= 100KX Time 10.04:51
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WD = 9.5mm Mag= 500X Time :15:47:12

TS + ALD
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WD= 9.5mm Mag= 1.00KX Time :17:40:32 Mag= 500X Time :16:00:25

TS +PVD + ALD

[ P e S S i T ——
Figure 2. SEM + EDXS analyses of the sealed coatings in both cross section and top view: (a) TS + PVD
in cross section, (b) TS + PVD in top view, (¢) TS + ALD in cross section, (d) TS + ALd in top view,
(e) TS + PVD + ALD in cross section, and (f) TS + PVD + ALD in top view.

The sectioned samples show the presence of a deposit on the surface of the thermal
spray coating for the samples sealed with PVD. The deposit covers the surface of the
thermal-sprayed coating. No permeation of the PVD coating into the pores of the alumina
layer was detected by the SEM analysis. It is possible to observe that the PVD coating is
fragmented, and in the vicinity of the steps detected by the SEM analysis, the underlying
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topcoat shows a small crack (Figure 3). These discontinuities were present to a greater
extent in the TS + PVD + ALD sample than in the TS + PVD coating. It is likely that the
fragmentation of the PVD layer occurred during the cooling of the coated system after the
coating deposition. It is likely that the cracks were produced by stresses generated by the
differential thermal expansion of the PVD coating in respect to the thermal spray coating.
The increase in these discontinuities in the TS + PVD + ALD coating is probably due to the
fact that the same phenomena also occurred during the heating and cooling of the coated
samples after the ALD deposition. On the other hand, no deposit was detected in the
TS + ALD sample during the SEM analysis. This is related to the difficulty in determining
the ALD layer with an SEM analysis.

TS + PVD TS + PVD + ALD

EHT = 20.00 KV Signal A = SE1 Date :24 May 2022 = n* EHT = 20,00 kv Signal A= SE1 Date :24 May 2022
wo= 9.5mm Mag= S.00KX Time :10:02:14 1 WD= 9.0 mm Mag= 500KX Time 14:15:44

Figure 3. Detail of the near surface for both (a) TS + PVD and (b) TS + PVD + ALD coatings analysed
by SEM.

The top view analyses show some modification of the TS surface. In fact, where the
PVD layer was deposited, several droplets were detected, which are typical defects of PVD
layers deposited by arc deposition. On the other hand, the coating sealed with ALD alone
shows a top view morphology similar to that of the bare TS coating, and this is linked to
the fact that the ALD coating is usually conformal to the substrate surface.

To detect the presence of the ALD coating, RE-GDOES analyses were performed, and
the results are shown in Figure 4.

TS + ALD TS+ PVD + ALD
S0 4 90 4
(@) s {ALD TS (b) 5| ALD PVD
—_cr - —C
70 70 4
Ti Ti
60 | —_ 60 Y
3 5
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10 10 =i
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0 d 0 / - - - ]
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depth from surface [um] depth from surface [pum]

Figure 4. GDOES profiles for both (a) TS + ALD and (b) TS + PVD + ALD coatings.

The ALD layer has a thickness of about 100 nm in both samples analysed. For
the TS + ALD coating, the titania layer is close to the outer surface, whereas for the
TS + PVD + ALD coating sample, the presence of a Ti signal can also be observed inside the
PVD coating. This is probably related to the presence of droplets that altered the surface
morphology and, thus, the detection of the ALD layer (the roughness effect [29]). A slight
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permeation of the ALD deposit in the TS coating is present. In this case, the evaluation
by means of RF-GDOES profiles was not very accurate because the analysed area was too
large in respect to the detected area.

3.2. Electrochemical Characterisation

The samples analysed in this work were subjected to OCP measurements as a function
of immersion time (Figure 5). Electrochemical tests were used to determine the barrier and
sealing effects of the thin films on thermal spray discontinuities. The first evaluation was
performed by means of OCP measurements. This analysis was necessary to determine the
time necessary for the corrosive media to reach the steel substrate. In particular, the tests
were performed by analysing the variation in the OCP, which decreased when the corrosive
media reached the steel substrate.

| 15min o
° 1 12 18 29

|
]
.
=]
==

v.s TS+ALD

= " =

-

o -03 | I TS+PVD

O . - TS+PVD+ALD

| —

wn

(=)

Figure 5. OCP measurements as a function of immersion time for the samples analysed in this work.
The lines indicate the immersion times used to perform the potentiodynamic tests.

The results of the OCP measurements show that the corrosive media reached the
substrate for all samples analysed. This means that the internal defects of the thermal-
sprayed coatings were not completely sealed by the thin films. The unsealed sample shows
a rapid drop in the OCP, i.e., the corrosive media penetrated and took about an hour to
reach the substrate potential. The two samples sealed with only one layer reduced the
potential decay rate, and the corrosive media reached the substrate potential after about
3 h of immersion. On the other hand, the sample sealed with both ALD and PVD coatings
significantly reduced the permeation rate of the corrosive media, and the substrate potential
was reached after 8 h of immersion, although the plate potential was slightly higher with
respect to the other samples. However, the thin films appeared to inhibit the permeation of
corrosive media. In fact, the samples coated with a single layer of thin film (PVD or ALD)
show a slower decrease in the initial potential than did the bare thermal-sprayed coating. It
is likely that the deposition of thin films has a small effect on the permeation of corrosive
media. This behaviour is probably related to the fact that thermal spray defects are coarser
than other defects and thin films are damaged by the thermal operations required to deposit
these coatings (thermal cracking/spallation of the PVD coating).
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Potentiodynamic tests were carried out to better determine the electrochemical be-
haviour of the samples. In particular, tests were carried out after 15 min and 24 h immer-
sions (Figure 6 and Table 2). These measurements were necessary to better evaluate the
barrier effects of the coatings and also to evaluate the corrosion rates related to both sealed
and unsealed coatings. The choice of two immersion times was related to the fact that the
corrosion resistance was evaluated after an immersion time when the corrosive media had
not reached the substrate in the sealed coatings (15 min) and after 24 h of immersion time,
when the corrosion media had permeated all of the coatings up to the substrate.

@ 1%
—— T5+ALD
] TS+PVD+ALD
Wi — B _
E TS+PVD
10+ 4
o8 ]
g 10 -
< W
104 E
10'1 E
1 I]-E T T ] T
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— TS
10+ -
A ‘
S 100,
10
107 -!
10‘3 1] T T
-0.8 0.7 0.6 0.5 04

E /Vvs Ag/AgCI [3M KCJ
Figure 6. Potentiodynamic tests performed on samples after immersion times of (a) 15 min and (b) 24 h.

The potentiodynamic curves taken after 15 min of immersion show an active elec-
trochemical behaviour. This means that the coating had no effective barrier effect on the
substrate and that the corrosive media had permeated the defects, probably through the
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coarser defects of the thermal spray coating or the unsealed defects of the sealed samples.
An attempt to form a barrier was only observed on the TS + PVD + ALD sample. This is
probably because the deposition of the ALD coating partially sealed the defects produced
during the deposition of the PVD deposit. Indeed, a detailed study of the anodic curves
shows that the increase in anodic currents was higher for the TS sample compared to the
other samples. Furthermore, this observation confirms that the addition of thin films to the
TS coating reduces the corrosion kinetics. An important parameter on which to evaluate the
corrosion resistance of the material for active materials is the Icorr, which can be related to
the corrosion rate of the material for active materials. In this case, as expected, the highest
corrosion currents were obtained by the unsealed coating, while the addition of a single
layer of thin film reduced the corrosion currents, which were significantly reduced for the
system coated with two thin films. These observations support the hypothesis that the
use of thin films is useful to reduce the total defects of a thermal spray coating; although
the defects are only partially sealed, this is enough to reduce the corrosion rate of the
coated systems.

Table 2. Summary of the electrochemical parameters acquired by potentiodynamic tests performed
after 15 min and 24 h immersion times.

Sample Ecorr [V] Icorr [1076 A/CmZ]

- TS —0.51 +£0.11 9.0 +1.11
g TS + PVD —0.17 £ 0.07 3.1+0.31
) TS + ALD —0.42 + 0.08 6.2 £0.57
- TS + PVD + ALD —0.22 + 0.08 1.1£0.22
TS —0.67 £ 0.012 9.8 +£2.12

< TS + PVD —0.58 £ 0.13 41+£1.11
S TS + ALD —0.55 + 0.09 82+231
TS + PVD + ALD —0.54 £ 0.11 21+0.74

By analysing the potentiodynamic curves obtained from the samples immersed for
24 h, it is possible to observe some slight differences in the morphology of the anodic
curve. In fact, a qualitative analysis of the anodic part of the potentiodynamic curve shows
that the corrosion currents are lower compared to the same samples tested after 15 min of
immersion. This behaviour is probably related to the fact that some corrosion products are
produced at the interface between the bond coat and the substrate, as shown in Figure 7.
These compounds are then partially covering the substrate surface in between the bond
coating and the steel by partially protecting the underneath substrate. This corrosion
morphology combined with the delamination of the coating is typical of thermal-sprayed
coatings exposed to corrosive environments [30]. During the cutting of the samples, a strong
delamination was observed for the sample coated with only the thermal spray coating.

Considering that all the coated systems showed an active behaviour with a deflection
of the anodic root, an evaluation of the sealing efficiency was carried out by analysing
the thickness of the corrosion product (Figure 8). This analysis was carried out by cross-
sectioning the samples, which were subjected to an SEM analysis after metallographic
preparation.

The evaluation of the thickness of the corrosion products is in agreement with the
finding in the analysis of the potentiodynamic curves. In addition, it was observed that
the sealed specimens reduced the thickness of the corrosion products on the specimens
subjected to the potentiodynamic test after 24 h of immersion. Again, the TS + PVD + ALD
system showed the lowest thickness of corrosion products. Although the presence of thin
films on TS coatings did not block the permeation of corrosive media, these films reduced
the permeation of corrosive media and, thus, the corrosion process of the TS sample.



Metals 2023,13, 1778 10 of 13

100 ym® ENT = 230.00 1V Signa! A = NTS RS0 Date 9 Aug 2022
WD = 100 mm Mg XOX Tiemse (13 34 4 1

Bond coating i ]

Fe Kal i Ka1

P
PVD coating .-~

"J

Bond coating

Cr Kail

Figure 7. SEM image and EDXS mapping (squared area) of TS + PVD coating after potentiodynamic
test (24 h of immersion).
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Figure 8. Corrosion product thickness of the samples analysed in this experiment after the potentio-
dynamic test (24 h immersion).

4. Conclusions

The aim of the present work was to verify the effect of PVD and/or ALD coating
position on the corrosion resistance of TS coatings. The experimental results showed:

e  The thermal spray coating had many intrinsic defects as it deposited, such as pores
and shrinkage cracks.

e  The PVD coating did not penetrate into the TS coating but covered the outer surface.
Some cracks due to the differential thermal expansion between the PVD coating and
the TS coating occurred during the cooling of the sample after deposition.

e  The ALD coating was detectable with RE-GDOES and appeared to permeate slightly
into some surface defects of the thermal spray coating.

e  The thin films hindered the permeation of corrosive media, probably by partially
sealing the thermal spray coating. The combination of PVD + ALD coatings on the
thermal spray was the most efficient sealant. In the latter case, the corrosive media
took 3 h to reach the substrate.

e  The potentiodynamic curves show a reduction in the corrosion rates of the sealed
coatings with respect to the unsealed ones in the samples tested after an immersion
time of 15 min. The potentiodynamic measurements after 24 h of immersion were
influenced by the corrosion products.

e  The analysis of the corrosion morphologies and products after the potentiodynamic
tests showed a lower amount of corrosion deposits in the sealed samples.

This work demonstrates that the use of thin films can reduce the permeation of
corrosive media but cannot block it. The partial sealing effect of the thin films was due to the
presence of some defects originating in the manufacturing process of the coatings (thermal
shock). After ranking the samples analysed in this work, the best sealing performances
were obtained by using both PVD + ALD coatings on TS samples. Further research activities
should be conducted to both reduce the internal defects of thermal spray coatings and
enhance the permeation of thin films into the internal defects of thermal spray coatings. In
the latter case, the use of a plasma-enhanced deposition technique for the production of
thin films is suggested.
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