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Abstract: The 316L stainless steels, often used in turbine blades for naval and marine applications,
usually suffer from localized pitting corrosion after long exposure to chlorinated environments. The
aluminum-zirconium coatings deposited by magnetron sputtering technique can be used to ensure
cathodic protection for steels. In this work, we study the influence of atomic layer deposited (ALD)
Al2O3, ZnO, and TiO2 thin films on the structural, mechanical, and electrochemical properties of Al-Zr
(4 at.% Zr) magnetron sputtered coatings. The morphology, preferred orientation growth, mechanical
properties, wettability, and corrosion resistance were investigated. The change in the sputtered Al-Zr
morphology is mainly due to the insertion of the ALD layer. The Al-Zr layer deposited on ZnO and
TiO2 layers presented a distinctive morphology. The agglomerate particles of AlZr/Al2O3/AlZr,
AlZr/ZnO/AlZr and AlZr/TiO2/AlZr coatings exhibited a cauliflower shape. For ALD/PVD
coatings, the insertion of an ALD oxide layer promoted the intensity of the peaks corresponding to the
(111) crystallographic orientation. The nanoindentation measurements confirmed the enhancement
in the mechanical properties, where the hardness increased by about 75%. The ALD oxide layers
promoted the hydrophobicity of the coatings. The electrochemical characterization in a 3.5 wt.%
NaCl solution also confirmed the role of the ALD oxides layers in delaying the pitting corrosion
of the Al-Zr coating by widening the passive region and enhancing the protective efficiency of the
passive film.

Keywords: magnetron sputtering; atomic layer deposition; corrosion; mechanical properties;
sacrificial anodes; multilayer coatings

1. Introduction

The austenitic 316L stainless steels are often used in turbine blades for naval and
marine applications where a balanced combination of corrosion resistance and mechanical
performance is requested [1]. They are also used in a wide range of industrial and do-
mestic applications, such as cutlery, civil structures [1], and biomedical components [2–4].
However, the 316L usually suffers from localized pitting corrosion in chloride ions-rich
environments [5,6], and a great number of innovative treatments [1,7,8] are nowadays
under intensive study to further improve their corrosion resistance. Sacrificial cathodic
protection is an extremely crucial electrochemical method applied across several industries
to control the corrosion of steel structures [9,10].

Due to their low cost and high current capacity [10], aluminum (Al) based sacrificial
anodes have been employed to protect steels in marine applications. Aluminum coatings
deposited by physical vapor deposition (PVD) [11,12] are studied to provide good cor-
rosion resistance properties and to ensure the cathodic protection as long as their open
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circuit potential is more negative than that of the steel. However, Al is susceptible to
pitting corrosion in chlorinated solutions such as seawater [13]. Chloride ions contribute
to the formation of soluble chlorinated aluminum hydroxide, which disrupts the stability
of the native Al2O3 oxide passivation film on the aluminum surface [13] preventing the
thermodynamic stability of Al alloys in a corrosive environment. Alloying other elements
with Al anodes was reported [12,14–18] as an adequate method to improve their efficiency.
Due to the low solubility of transition metals (TM) in aluminum, the deposition of an
extended supersaturated solid solution of TM in aluminum allowed the study of different
environmentally friendly aluminum-based alloys’ sacrificial anodes. For instance, the effec-
tiveness of alloying aluminum anodes with other TM elements relied on the mechanical
reinforcement of the aluminum, the formation of a protective oxide film on the surface
and/or the shifting of pitting corrosion potential towards more positive values [17,19].
Among the TM elements, Zirconium (Zr) is a transition metal known as a great grain
refiner in traditional aluminum alloys [20–22]. Because of its low electro-negativity and
high oxygen affinity compared to Al, Zr considerably improves the corrosion resistance by
enriching the protective efficiency of the passive film. When Zr is added, the compactness
of alloys increases the Cl− blocking effect and consequently inhibits the pit propagation.
Indeed, zirconium is a passivity promoter that controls the nucleation of pits by delaying
the adsorption of chlorides within the aluminum and zirconium oxides passive film [23].
Villardi de Oliveira et al. [20–22] deposited Al–Zr (4 at.% Zr) film by magnetron sputtering
to provide sacrificial corrosion resistance of steels. It was a single phased supersaturated
solid solution of Zr in Al, presenting the best compromise between the good corrosion be-
havior and the sacrificial character. Yoshioka et al. [24] investigated the corrosion behavior
of sputtered Al-Zr alloys in HCl solution and found that alloying aluminum with zirco-
nium enhanced the pitting corrosion resistance and the passivation ability. Creus et al. [25]
classified the Al-based alloys based on their reactivity in saline solution. They reported that
increasing the zirconium-alloying element induced the ennoblement of the corrosion poten-
tial comparing to pure aluminum. For a 20 wt.% of zirconium content, the Al-Zr coatings
ensured the cathodic protection, as their corrosion potentials are more negative than the
needed potential threshold. Ma et al. [26] reported the increase of Al coating hardness with
zirconium alloying in nanocrystalline film. However, PVD coatings generally exhibit many
inherent defects [27] affecting significantly their resistance to corrosion and their toughness.
Further investigations are required to enhance the lifetime and the corrosion resistance of
the PVD sacrificial anodes. Al-Zr coating is a case study in this work.

Unlike many other vapor-phase deposition techniques, atomic layer deposition (ALD)
is not a line-of-sight-dependent process [28]. It allows the deposition of thin films with
precise thickness control, excellent uniformity, conformity, and tunable composition [28,29].
Over the last few decades, ALD has emerged as a powerful technique for depositing a
variety of thin corrosion-resistant films [1,7,30–32] and for the synthesis of metal oxide
composite-based supercapacitor electrodes [33]. Based on a sequential self-limiting surface
reactions process, ALD is well known for its ability to deposit highly dense, conformal, and
pinhole-free films, which make them attractive candidates for protective barrier applications
in aqueous media. Specific oxides thin films are chosen [34] based on their solubility
in the working environment, to ensure a considerable corrosion protection. The lower
deposition temperature required for most oxidizing reactions promoted the use of ALD
oxide ceramic thin films over tougher materials such as nitrides and carbides [35]. For
instance, Alumina Al2O3 ALD films are the most readily studied ALD thin film for corrosion
protection [30–32,34,36]. They present insulating dielectric properties, nucleate well on
metals resulting in low porosity and exhibit good diffusion barrier properties. However,
in moist environments, Al2O3 films eventually fail because they can be slowly converted
into aluminum hydroxide, which limits their long-term corrosion protection [36]. Besides,
titanium dioxide coating deposited by ALD is also studied as a corrosion protection layer
of metals. Titanium dioxide is chemically more stable across a broad pH range and it
has been found to decrease the corrosion rate [37–39]. Nevertheless, titanium dioxide
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coatings are semiconductors and poor ion barriers, and thus they fail to provide long-term
corrosion protection for the underlying metal substrates. Matero et al. [37] studied the
corrosion protection of stainless steel by ALD TiO2 and Al2O3 layers and supposed that the
conformal ALD coatings could improve the corrosion resistance of different metal alloys.
Marin et al. [40] and Shan et al. [38] have studied the corrosion protection of stainless
steel using ALD Al2O3 and TiO2 films, where they found that ALD thin films were able to
increase the resistance of stainless steel against electrochemical corrosion in NaCl solutions.
More recently, ZnO thin films employed as photoelectrodes for solar cells [41], due to
their enhanced optical and electrical properties, are now emerging as anticorrosion films.
Daubert et al. [34] have investigated the corrosion behavior of ZnO ALD films to protect
metals, including copper and stainless steel. Thick ZnO coatings deposited on copper
have shown a decreased corrosion current density, which initiated the use of ZnO for
anticorrosion applications. However, it was reported that ZnO deposited by ALD suffers
from dissolution in purified water.

ALD films can be combined with other anti-corrosion coatings to improve their per-
formance. Several studies were reported on the duplex coatings deposited by PVD and
ALD hybrid processes for corrosion protection [8,42–46]. Wan et al. [47] have shown an
improvement in corrosion resistance of CrN coatings using ALD Al2O3 interlayer. The in-
sertion of the ALD layer is intended to seal the defects of the chemically inert PVD coatings
nobler than the substrate and inhibit charge transfer, diffusion of corrosive substances, and
dislocation motions. The ALD layers block the trajectory of Cl− ions towards the substrate,
decrease the corrosion current density, and shift the corrosion potential towards more posi-
tive values. It shows a new alternative for enhancing the performance and the efficiency of
pitting corrosion resistance of the PVD ceramic coatings. In another study, Wan et al. [44]
enhanced the corrosion resistance of the CrN coatings by Al2O3-TiO2 nanolaminates sealing
layers and found that the improvement in the corrosion resistance revealed in the hybrid
PVD+ALD coatings is due to the synergistic effect of Al2O3 and TiO2 acting as excellent
passivation barriers to the diffusion of corrosive substances. As it can be seen, the former
studies were carried on the hybrid PVD+ALD coatings, where the PVD layer is nobler than
substrate. The insertion of the ALD layers aimed to seal PVD layer defects and to act as
barriers to the diffusion of corrosive substances. The PVD layer was chemically inert, and
once the ALD layer was dissolved, the defects constituted paths towards substrates and
the corrosion phenomenon occurred.

In the present work, the concept is different. The PVD layer (Al-Zr) acts as sacrificial
anode used for cathodic protection of the steel. Thus, the aluminum coating is gradually
consumed over the years according to an electrochemical principle by ensuring the immu-
nity of the steel surface against corrosion. However, the lifetime of this cathodic protection
is limited by the consumption time of the coating, and by the current it delivers to the
steel. For this, the development of sacrificial anodes having a longer lifetime and a slower
consumption rate constitutes the subject and the problem to be treated in this paper. Hence,
the present work aims to investigate the influence of the ALD layer on a PVD sacrificial
coating less noble than substrate. The effect of Al2O3, ZnO and TiO2 oxide thin films on
the structural, mechanical, and electrochemical properties of the Al-Zr (4 at.%) magnetron
sputtered coating were studied. Characterization of different hybrid coatings architectures
was carried out, in order to determine the possible use of duplex PVD+ALD coatings for
the sacrificial protection of stainless steel.

Thus, the combination of the ALD layers with the sputtered Al-Zr coating is in order to:

– Maintain the sacrificial character of the Al-Zr coating and consequently its corrosion
potential must always be more electronegative than that of steel. The protection
threshold defined by the corrosion potential specific to the steel must not be exceeded.

– Extend the lifetime of the sacrificial coating by widening the passive range and posi-
tively shifting the pitting potential with keeping it lower than the corrosion potential
of the steel. Thus, localized pitting corrosion of the Al-Zr coating will take place at
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higher potentials and the lifetime of the coating will be extended due to the passive
film maintaining for a wider potential range, retarding the growth stable pits.

– Improve the mechanical properties of the Al-Zr sacrificial coating that has a weak hardness.

2. Materials and Methods
2.1. Al-Zr Coating Deposition

Al-Zr films were deposited using a DEPHIS4 (Dephis, Etupes, France) magnetron
sputtering machine on 316L stainless steel disks (25 mm × 8 mm) and single crystalline
Si (100) wafers. The elemental composition of 316L substrates, the procedure of substrate
preparation and the sputtering system are well described in our previous study [48]. Prior
to the deposition and in order to eliminate surface oxides, the aluminum and zirconium
targets (99.99% purity, Φ = 200 mm × 6 mm) were etched with Ar+ bombardment (0.46 Pa,
argon flow rate = 100 sccm) by applying a discharge current of 1 A for 20 min. Al-Zr films
were deposited at floating temperature, 0.30 Pa working pressure, and 50 sccm argon flow
rate. The discharge voltage and power applied to Al and Zr targets were 273 V-546 W and
174 V-38 W, respectively. The substrate-holder rotation speed was set to 10 rpm. During
deposition, neither bias voltage nor substrates heating was performed. The thickness of
the Al-Zr layer was controlled by the deposition time as 60, 90, and 150 min for 1, 1.5, and
2.5 µm, respectively.

2.2. Al2O3, ZnO, and TiO2 Atomic Layer Deposition

A custom-made ALD reactor was used to deposit Al2O3 and ZnO films using the
precursors and the methods adequately described in our previous study [48]. TiO2 layers
were deposited at 150 ◦C using Titanium (IV) chloride (TiCl4, 99.9% purity, CAS: 7550-45-0,
purchased from Sigma-Aldrich, France) and H2O as precursors. TiO2 regime consisted of
0.2 s pulse TiCl4, 60 s purge Ar, 2 s pulse H2O and 60 s purge Ar. The thickness of ALD
layers was controlled by the number of ALD cycles. The 50 nm corresponds to 250 cycles
of Al2O3, 250 cycles for ZnO, and 500 cycles for TiO2.

2.3. PVD/ALD, ALD/PVD, and PVD/ALD/PVD Architectured Coatings Deposition

Figure 1 represents a schematic illustration that summarizes all the coatings deposited
with different architectures named and numbered for simplification. A 50 nm thick layer
of Al2O3, ZnO, or TiO2 was deposited on Al-Zr layers for PVD/ALD configuration and
as sealing layers for PVD/ALD/PVD configuration. The Al-Zr layers were deposited on
these different ALD layers for the ALD/PVD configuration.
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2.4. Coatings Characterization

The coating morphology and thickness were observed using a FEG Hitachi SU 8030
Scanning Electron Microscope (SEM, Hitachi, Tokyo, Japan). Surface topography was
scanned using an atomic force microscopy AFM (Bruker, France) over 2 × 2 µm2. A
Nanoscope Analysis software was used to calculate Rq Roughness from AFM images.
Microstructure and crystal phases were identified by an X-ray diffractometer (Bruker D8
advance, Karlsruhe, Germany, XRD) following the procedure described in our previous
study [48]. The full width at half maximum (FWHM) as well as the diffraction angle θ were
determined after fitting the XRD pattern using a Pseudo-Voigt function. The crystallite size
was then determined using Scherrer’s formula and the texture coefficients were calculated
using TC equation mentioned in our previous study [48].

TriboIndenter TI 980-Hysitron nanoindentation technique (Bruker, MN, USA) equipped
with a Berkovich diamond tip (Eind = 1140 GPa, υind = 0.07) was used to determine the
mechanical properties of the films (Hardness (H) and reduced Young’s modulus (Er)).
The maximum penetration depth is limited to 10% of the film thickness in order to avoid
the influence of substrate stiffness. Thirty indents were performed for each sample and
the average values of H and Er were calculated. In order to evaluate the hydrophobicity
of coatings in humid environments, contact angles were measured using an OCA series
machine (Data Physics Model ESr-N, Germany) based on the sessile drop method. Water-
droplet profile was acquired using a camera aligned with the samples and a backlighting
source. Three measurements were carried out to ensure the reliability of the data.

The electrochemical corrosion properties of samples were evaluated using a potentio-
stat (Origalys, Rillieux-la-Pape, France) and a flat corrosion cell (BioLogic, Seyssinet-Pariset,
France). The corrosion system was well detailed in our previous study [48]. Pitting corro-
sion tests were performed in a 3.5 wt.% (0.6 M) NaCl solution. In order to ensure system
stability, the open circuit potential OCP was measured for 60 min. Corrosion tests were
performed in the range of −150 mV/free to 1.3 V/ref. The scan rate was fixed to 0.5 mV/sec.

3. Results
3.1. Coatings Morphology and Surface Topography

SEM images in Figure 2 show the top view morphology of the studied coatings. The
observed surface of the as-deposited Al-Zr (4 at.%) coating, presented in Figure 2a, shows
the appearance of grains having nodular shapes with eventually visible grain boundaries.
This surface topography can predict the presence of porous microstructure. Villardi De
Oliveira et al. [20] studied the morphology properties of Al-Zr with different contents of Zr.
The coating containing a low amount of Zr presented a columnar growth where the low
working pressure of about 0.3 Pa favors the film compactness.

Figure 2b–d presents the top view of the ALD/PVD bilayer with three configurations:
Al2O3/AlZr, ZnO/AlZr, and TiO2/AlZr coatings, respectively. The Al-Zr grown on the
Al2O3 layer presents a similar morphology as the one of Al-Zr grown on steel substrate
(Figure 2a) with some triangular prism shape summits noticed between the nodular grains.
A change in the microstructure is noticed when the Al-Zr is deposited on ZnO and TiO2
layers. The observed morphology in Figure 2c indicates that Al-Zr grown on ZnO has
a columnar growth with intercolumnar voids, due to the shadowing effect, as reported
by Hones’ model [49]. This phenomenon indicates that there is still competition between
columns, where the highest ones can overgrow the others and create a shadowing effect.
On the other side, Figure 2d shows that the Al-Zr grown on TiO2 presents a distinctive
morphology with irregular shapes and dense microstructure. The obtained results confirm
that the ALD layer relatively influences the PVD-grown layer. Meanwhile, it has an initial
role in the determination of the surface energy, the diffusion mechanism and the mobility
control of the nucleated adatoms and islands coalescence during the PVD growth process.
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Figure 2. SEM surface images of (a) AlZr, (b) Al2O3/AlZr, (c) ZnO/AlZr, (d) TiO2/AlZr,
(e) AlZr/Al2O3, (f) AlZr/ZnO, (g) AlZr/TiO2, (h) AlZr/Al2O3/AlZr, (i) AlZr/ZnO/AlZr, and
(j) AlZr/TiO2/AlZr.

Figure 2e–g presents the surface morphology of Al2O3, ZnO, and TiO2 ALD thin films
deposited on the Al-Zr layer. The ALD layers grew uniformly, conformably, and cover the
nodular Al-Zr particles well. Pores or pinholes were no longer observed, which indicates
that the ALD layer can seal the defects. The ALD layer smoothed the surface facet and
entirely covered the pores and the exposed surface. Voids between columns are filled and
the columns are separated by grain boundaries rather than voids.

On the other hand, Figure 2h–j presents the morphology of the top AlZr layer in the
PVD/ALD/PVD architectures of AlZr/Al2O3/AlZr, AlZr/ZnO/AlZr, and AlZr/TiO2/AlZr
coatings, respectively. The observed morphology is composed of densely distributed
agglomerated particles. The nodular shape is still observed but the average size of the
nodules is significantly decreased. The shape of agglomerate particles shows a cauliflower
appearance. These changes in the coating morphology could be attributed to the ALD
interlayer that led to surface modifications with more nucleation sites during the deposition
of the Al-Zr layer. Kong et al. [8,50] have previously reported a similar change in the coating
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morphology. The insertion of an oxidized ALD interlayer was conducted to the evolution
of a pyramid-like morphology to a cauliflower-like surface with a smaller average size
of granules.

Figure 3 shows the AFM images of the coatings with the root mean square roughness
values (Rq). AFM images confirm the same surface topography observed in the SEM
images (Figure 2). Other studies [42,47,48] have reported a decrease in the roughness
values after the insertion of an ALD layer in hybrid PVD+ALD coatings that contribute to
grain refinement. All of our coatings exhibited an increase in the roughness values, where
the morphology of the Al-Zr was changed from a flat surface with nodular particles to the
appearance of some triangular prisms on the top of the columns (Figure 3b), a majority
of them being of a triangular prismatic shape (Figure 3c) or a cauliflower morphology
(Figure 3h–j). The increased difference between the heights of the PVD-grown columns
confirms that the ALD layer promotes the shadowing effect and consequently the PVD
layer can grow according to Hones’ model [49].
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Figure 4 presents the cross-sectional SEM images of the coatings. All coatings exhibit
a columnar growth along their thickness. It can be seen that the width of Al-Zr columns
grown on ZnO (Figure 4c) increases compared to that in Figure 4a,b. However, when the
Al-Zr coating is deposited on the TiO2 layer, its morphology becomes relatively compact
compared to the other bilayers (Al2O3/AlZr and ZnO/AlZr). The 50 nm deposited Al2O3,
ZnO, and TiO2 layers can be observed on the top of the Al-Zr films in Figure 4e–g, re-
spectively. The insertion of an ALD sealing layer between two PVD layers (Figure 4h–j)
interrupts the continuous film growth and forms a modified surface resulting in the creation
of more nucleation sites during the deposition of Al-Zr.
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3.2. Structural Analysis

Figure 5a,b presents the XRD patterns of the studied coatings. The Al-Zr (4 at.%)
pattern shows the presence of main diffraction peaks at 2θ = 38.34◦, 44.5◦, 64.8◦, and 77.82◦,
corresponding, respectively, to the (111), (200), (220), and (311) crystallographic planes of
the face-centered cubic (fcc) α-Al polycrystalline structure (solid solution supersaturated
with Zr). The addition of Zr to the α-Al phase favors the (200) α-Al crystallographic
orientation growth. As Zr atomic radius (0.155 nm) is greater than that of Al (0.143 nm),
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the lattice parameter increased from 4.059 Å for pure Al (JCPDS File No. 01-089-2837) to
4.066 Å, which is associated with the substitution of aluminum atoms by zirconium ones in
the fcc lattice [20]. The XRD patterns of the ALD/PVD, PVD/ALD, and PVD/ALD/PVD
coatings are also presented in Figure 5a, respectively. The insertion of an ALD thin film at
any position did not provoke any phase transformation in the Al-Zr matrix, as noticed in
the XRD patterns.
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In order to investigate the texture variation, the texture coefficient (TC) was calculated
for the different crystallographic planes as shown in Table 1. Regarding the XRD patterns
of ALD/PVD coatings in Figure 5, it can be noticed that the insertion of an ALD oxide layer
promotes the intensity of the peaks corresponding to the (111), (220), and (311) orientations,
while the intensity of the (200) peak becomes weaker. The Al-Zr grown on TiO2 presents a
higher variation in the texture coefficient where TC of (111) plan increased to 1.18 as shown
in Table 1. The variation of TC in PVD/ALD/PVD coatings (Table 1) is less promoted
compared to the results observed in the ALD/PVD configurations. Kong et al. [8] have
reported the variation of the CrN textured orientation from (111) and (200), to (111) after the
insertion of ALD oxide interlayer. This indicates that the ALD layer modified the growth of
the Al-Zr layer and induced the growth according to the crystallographic orientation (111)
whose texture coefficient remains close to that of the orientation (200). As we had already
mentioned, Zr favors the growth of α-Al according to the crystallographic orientation (200).
Thus, the decrease in the TC of the (200) orientation when growing on an ALD layer may
probably indicate that the effect of Zr in promoting growth according to (200) is reduced.
Therefore, the ALD layer could probably create a surface that decreases the mobility and
diffusion of Zr atoms in the aluminum lattices during growth. In addition, we notice that
the lattice parameter in the hybrid layers decreases slightly to reach a minimum value in the
AlZr/ZnO/AlZr coating at 4.061 Å. This can be explained by a decrease in the substitution
of Zr in the aluminum lattice due to the reduction in the diffusion of Zr atoms caused
by the ALD layer. For all configurations, a decrease in crystallite size is noticed when an
ALD layer is present. The size of the crystallites of the 7#, 8# and 9# coatings is of the
order of 44 ± 2 nm. Meanwhile, the ALD layer creates more nucleation sites that could
suppress the large columnar crystal growth and contribute to crystal refinement [48]. The
observed change in texture orientation and crystallite size explain the evolution in coatings
morphologies shown in Figures 2 and 4.
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Table 1. Lattice parameter, crystallite size, and texture coefficient of samples 0# to 3# and 7# to 9#.

Sample Lattice Parameter (Å) Crystallite Size (nm)
Texture Coefficient

(111) (200) (220) (311)

0 4.066 58 ± 4 0.37 2.98 0.32 0.33
1 4.065 51 ± 3 0.90 2.12 0.71 0.26
2 4.065 48 ± 3 1.0 2.32 0.42 0.26
3 4.065 49 ± 3 1.18 1.45 0.87 0.50
7 4.064 44 ± 1 0.90 2.15 0.56 0.39
8 4.061 43 ± 2 0.63 2.68 0.35 0.34
9 4.062 44 ± 2 0.70 2.36 0.60 0.34

3.3. Mechanical Properties

Figure 6 presents the mechanical properties of all coatings. Nanohardness (H) and
reduced Young’s modulus (Er) were evaluated using the nanoindentation technique. H/Er
and H3/Er

2 ratios were then calculated to predict, respectively, the elastic strain and the
plastic deformation resistance, which reflect the wear resistance of hard coatings [50]. The
larger the H/Er and H3/Er

2 values are, the higher the wear resistance of the coating is [8].
The values of the corresponding data were shown in Table 2.
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Table 2. H, Er, H/Er and H3/Er
2 values of the coatings.

Sample 0 1 2 3 4 5 6 7 8 9

H (GPa) 1.6 ± 0.2 2.7 ± 0.1 2.6 ± 0.2 2.6 ± 0.1 2.7 ± 0.2 2.6 ± 0.2 2.5 ± 0.2 2.8 ± 0.3 2.5 ± 0.1 2.5 ± 0.1
Er (GPa) 89 ± 5 112 ± 4 110 ± 6 113 ± 3 85 ± 3 84 ± 4 83 ± 4 109 ± 5 100 ± 5 111 ± 5

H/Er (×10−3) 18 ± 2 24 ± 1 24 ± 2 23 ± 1 32 ± 3 31 ± 3 30 ± 3 25 ± 3 25 ± 2 23 ± 1
H3/Er

2 (×10−4 GPa) 5 ± 2 16 ± 2 15 ± 4 14 ± 2 27 ± 6 25 ± 6 23 ± 5 17 ± 5 16 ± 2 13 ± 2

The as-deposited Al-Zr coating presented a low hardness H of about 1.6 ± 0.2 GPa,
which limits its use and devotes the utility of the combination with ALD oxide layers
for improving its mechanical properties. It owns an elastic modulus of 89 ± 5 GPa. The
weak mechanical properties of Al-Zr might be attributed to its columnar structure, where
the porosity is clearly observed in the SEM images. As shown in Figure 6, all the duplex
PVD+ALD coatings exhibit higher hardness. The hardness of the hybrid coatings increases
to ~2.7 ± 0.3 GPa (+75%). The Al2O3/AlZr, ZnO/AlZr, and TiO2/AlZr bilayers show an im-
provement of 69%, 63%, and 63% in hardness values, respectively. The AlZr/Al2O3/AlZr,
AlZr/ZnO/AlZr, and AlZr/TiO2/AlZr multilayers also show an improvement in hardness
of 75%, 56%, and 56%, respectively. Comparing the different ALD layers, it can be seen that



Coatings 2023, 13, 65 11 of 20

Al2O3 is more effective in the mechanical properties improvement than TiO2 and ZnO. This
confirms the role of the ALD layer insertion in the enhancement of the mechanical prop-
erties. The relative enhancement can be attributed to the grain size refinement shown in
Table 1, according to the Hall-Petch theory [51]. H/Er and H3/Er

2 ratios in duplex coatings
are higher than those of Al-Zr PVD coatings. Meanwhile, the duplex coatings are stronger
and resistant to wear and plastic deformation. The H/Er and H3/Er

2 ratios increase, respec-
tively, from 0.018 and 5 × 10−4 in AlZr to 0.025 and 17 × 10−4 in the AlZr/Al2O3/AlZr
configuration. Concurrently, the coating defects can be reduced owing to the good barrier
properties of the dense inserted ALD layer. The ALD layers also resist shearing sliding
between vertically aligned columnar grains, which enhances the mechanical properties of
the Al-Zr coating. Similar improvement in the mechanical properties is observed in other
studies [8,46].

3.4. Surface Wettability Behavior

The wettability of a solid surface is related to the surface structure and its chemical state.
They play a crucial role in the determination of the interaction between the coating surface
and the surrounding environment. In order to understand the coating behavior in a humid
environment, the wettability was investigated using contact angle (CA) measurements. Its
relationship with the morphology and the corrosion behavior were evaluated. An intrinsic
CA below 90◦ corresponds to a hydrophilic surface, while CA higher than 90◦ indicates
a hydrophobic character. Figure 7 shows the images of contact angles of water droplets
dropped on the surfaces of different architectural coatings.

Al-Zr thin film deposited on 316L substrate presents a contact angle CA = 60◦ ± 2◦,
which indicates a hydrophilic character. As it can be seen, all the hybrid coatings present a
hydrophobic character (CA higher than 90◦). The insertion of ALD layers whatever the
architecture or the material is, promotes the hydrophobicity of the coating. The change
in the wettability behavior is due to the change in the coating morphology, observed in
Figure 2.

In our previous study [48], we noticed that the insertion of ALD layer in the (ALD/PVD)
hybrid architecture has a low influence on the wettability behavior of the PVD top layer. A
slight variation in the CA was observed but the hydrophilicity character of the PVD layer
was maintained. This was attributed to the conservation of the PVD layer morphology
when grown on ALD layer. In here, the growth of the Al-Zr PVD layer on the ALD layers
(Al2O3, ZnO and TiO2) had attributed to a major variation on the Al-Zr PVD grown layer
morphology obviously distinguished in Figure 2b–d. The change in the wettability char-
acter in these coatings and the transition from the hydrophilicity of Al-Zr (CA = 60◦ ± 2◦)
to hydrophobicity (CA = 101◦ ± 2◦, 98◦ ± 2◦, and 95◦ ± 3◦ for samples 1#, 2#, and 3#,
respectively) is mainly due to the change in the morphology of the PVD top layer.

The hybrid coatings with (PVD/ALD) architecture provided a hydrophobic character
with CA = 113◦ ± 2◦, 109◦ ± 4◦, and 104◦ ± 1◦ for samples 4#, 5#, and 6#, respectively.
The hybrid coatings with (PVD/ALD/PVD) architecture showed the morphologies of
densely agglomerated particles with a cauliflower appearance. The water contact angle of
samples 7#, 8#, and 9# were 90◦ ± 4◦, 96◦ ± 6◦, and 103◦ ± 3◦, respectively. The ALD layer
provoked the change in the morphology of the top PVD layer and thus promoted a PVD
structure with hydrophobic character.

All the hybrid coatings with the different architectures presented a change in the
wettability character that is mainly due to the morphology evolution. The surface roughness
could influence the contact angle, but as it can be seen, its role is secondary as primary one
is affected to the morphology parameter. However, no linear relation between roughness
and CA variation can be deduced, but it is clear that all the coatings exhibiting higher
roughness showed an increase in the water contact angles values.
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3.5. Corrosion Behavior

The electrochemical behavior of the coatings was investigated in a 3.5 wt.% NaCl
solution at room temperature. Figure 8 presents the variation of the open circuit potential
(OCP) during 1 h of immersion in the saline solution and the Tafel plots for the different
coatings’ architectures. The corrosion potential Ecorr and corrosion current icorr values were
determined using the Tafel extrapolation method. Epit represents the potential of pitting
corrosion that corresponds to the breakdown of the passive film. Table 3 represents the
electrochemical parameters of the different samples.

It can be seen from the polarization curve of 316 L substrate (Figure 8a) that the
stainless steel presents a low corrosion density that is due to the formation of Cr2O3 passive
film. Metastable pits cause current fluctuations between 200 and 400 mV. The passive film is
broken down totally at 415 mV and leads to the increase in current density and the growth
of stable pits [48].

Al-Zr coating deposited by the PVD technique is less noble than the 316L substrate.
Its corrosion potential was found more negative Ecorr = −670 mV/SCE in comparison with
that of 316 L substrate ~162 mV/SCE. The electrochemical curve presents an increase in
corrosion current density ~0.6 µA/cm2 and a narrow passive region. The passive region
is followed by an abrupt rise in current at the pitting potential of −485 mV/SCE, which
is correlated to the breakdown of the passive film and the beginning of stable pitting
corrosion. It has been shown that the Al-Zr coating corrosion was under cathodic control,
which reveals sacrificial protection.
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Table 3. Corrosion electrochemical parameters of the different samples.

Sample 0 1 2 3 4 5 6 7 8 9

Ecorr (mV/SCE) −670 −939 −743 −729 −670 −490 −586 −796 −794 −745
Icorr (×10−2 µA·cm−2) 66 5.2 2.8 4.2 1.8 3 2.8 1.4 2.2 2.1

Epit (mV/SCE) −485 −365 −306 −600 −343 −285 −137 −130 −302 −576
Passivation width (mV/SCE) 115 520 394 90 300 130 290 620 439 134

Figure 8a presents the variation of the OCP potentials of the ALD/PVD bilayers. It
is quite clear that the OCP curves of the AlZr and TiO2/AlZr coatings vary in an almost
identical way and have been stabilized around −670 mV/SCE. On the other hand, the
ZnO/AlZr coating presents an abrupt decrease in the OCP potential to −700 mV/SCE
after 38 min. Al2O3/AlZr coating’s OCP vary in a different shape of that of the other
coatings. It begins at −700 mV/SCE, then shows a slight increase to −670 mV/SCE, and
then decreases over time to reach −900 mV/SCE after one hour of immersion. This shape
of variation indicates the existence of a protective film dissolving over time. However,
the difference between the three behaviors of the ALD layers Al2O3, ZnO, and TiO2 lies
in their electrical properties. Indeed, Al2O3 is insulator film, while ZnO and TiO2 are
electrical semiconductors. Meanwhile, the Al2O3, as an insulator, will block the transfer
of charges (electrons) and the electrical contact between the steel and the Al-Zr layer. The
galvanic coupling being broken by the Al2O3 layer, the following steps take place when the
Al2O3/AlZr coating is immersed at open circuit for one hour in the saline solution:

• First, the Cl− ions will adsorb on the passive Zr-enriched film native to the surface
of the upper AlZr layer of the Al2O3/AlZr coating. The breakdown of this passive
film will lead to corrosion of the Al-Zr layer. This is consistent with the increase in
the coating OCP from −700 to −670 mV/SCE. At this stage, the steel is susceptible to
pitting corrosion, but as the Al2O3 layer forms a dense barrier to the way of electrolytes,
the steel is protected against corrosion.

• The Al2O3 film, being sensitive for dissolution [52] with a dissolution rate which can
reach up to 7 ± 1 nm/h in a solution of NaCl [36], dissolves with time. The dissolution
of the Al2O3 will restore the galvanic coupling between the AlZr and the steel. This
may justify the shape of the OCP curve of the Al2O3/AlZr coating, which decreases
over time and the shift in the corrosion potential towards more negative values than
those observed with the ZnO/AlZr and TiO2/AlZr coatings.

• Following the dissolution of the Al2O3 layer, the AlZr layer corrodes for the sacrifice
of the steel and the transfer of charges (electrons) to the steel will be restored.

However, the process established with the ZnO and TiO2 layers is different from that
carried out by Al2O3 because they are electrical semiconductors. Consequently, the galvanic
coupling is ensured before the dissolution of these layers or their rupture. Nevertheless,
the charge transfer between steel and Al-Zr is more difficult. For this reason, we can see
that the variations in their corresponding OCP curves are almost similar to that of the
AlZr coating.

Figure 8b presents the electrochemical behaviors of the ALD/PVD bilayers deposited
on the 316L substrate. The insertion of the ALD oxide layer between the substrate and
the PVD Al-Zr layer shifts the corrosion potential towards a more negative value than
whatever the ALD layer material is (Al2O3, ZnO or TiO2). Due to the galvanic coupling
between the steel and the Al-Zr layer, the substrate-coating interface, in the presence of
electrolytes, constitutes the zone where the corrosion phenomenon will take place. Inserting
an interfacial ALD oxide layer at the substrate-coating interface will seal most of the
substrate surface and impede oxygen access to this area. The cathodic shift (towards more
negative values) observed in the corrosion potential could be attributed to the phenomenon
of blocking up the oxygen diffusion to the substrate-coating interface. As the oxygen is the
promoter of the water reduction reaction, inhibiting its diffusion will limit this reduction.
As it was proposed by Mirhashemihaghighi et al. [32], the higher density of ALD coating
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combined with its higher thickness (50 nm) may hinder the access of water (and oxygen) to
the coating/substrate interface. Diffusion of oxygen remains more difficult at the interface,
thanks to the thicker and denser ALD coating, which leads to a decrease in the corrosion
potential and thus shifts Ecorr towards values that are more negative. In addition, another
reason for this Ecorr cathodic shift could be attributed to the pH effect. The increase in
the concentration of hydroxide ions OH−, products of the water reduction reaction, at the
substrate-coating interface leads to an increase in the pH at this zone and consequently
to the destabilization of the ALD oxide film [32]. The dissolution of this film causes the
increase of the anodic corrosion current and thus the corrosion potentially shifts towards
more negative values.

The three ALD/PVD coatings show a decrease in the corrosion current density. Active-
passive transition is not observed, which indicates that the passive film formation takes
place during the cathodic polarization. The Al2O3 and ZnO insertion enlarged the width
of the passive domain to 520 and 394 mV/SCE, respectively. The passive current density
decreases compared to that of the AlZr coating, which indicates an improvement in the
effectiveness of the protective film and, therefore, a more stable resistance to pitting corro-
sion. The inserted TiO2 layer did not cause a similar widening in the width of the passive
region. This could be attributed to the specific microstructure of the Al-Zr deposited on
TiO2, which may be more sensitive to nucleation and pit growth due to the heterogeneous
distribution of particles differing in size and shape (Figure 2d).

Figure 8c shows the PVD/ALD coatings’ OCP variation. It is obvious that all the
three coatings exhibit the stabilization of the free potential at higher potentials than that
of the AlZr coating. The Tafel plots of PVD/ALD coatings are shown in Figure 8d. The
electrochemical curve of the AlZr/Al2O3 coating shows a very low corrosion current density
~18 nA·cm−2 in the same corrosion potential range of the AlZr coating. The deposition of
the upper Al2O3 ALD layer led to the decrease of the corrosion current density and the
broadening of the passivity region, thereby shifting the pitting corrosion potential to higher
value Epit ~ −343 mV/SCE. The tafel plots of the AlZr/ZnO and AlZr/TiO2 coatings show
positive shifts in the corrosion potentials. The fact that the dense ALD layer constitutes a
chemical barrier reducing the number of sites available for the attack of the Al-Zr layer by
the Cl− ions, and thus shifting the corrosion potential towards more positive values. A
decrease in the corrosion current density is observed. This can be explained by the direct
contact of the ALD layer with its corrosive environment. The ALD oxide layer hinders the
adsorption effect of Cl− ions. It is well known [19] that the pitting mechanism is directly
related to the adsorption of chloride anions on the surface of the passive film, and the stable
growth of pits occurs with the increase of chloride ions concentration. The high protective
and barrier performance of the ALD layer blocks the adsorption of Cl− ions on the surface
and decreases the dissolution of the Al-Zr layer by shifting the corrosion potential to
a more positive value and thus delaying the onset of stable pits growth. The passive
domain of the AlZr/Al2O3 coating is wider (~300 mV/SCE) than those of AlZr/ZnO and
AlZr/TiO2. Meanwhile, Al2O3 is more effective in promoting more stable passive layer
(passivation domain).

The OCP and Tafel curves of the PVD/ALD/PVD coatings are shown in Figure 8e,f. It
is noticed that the OCP curves of the three hybrid coatings in Figure 8e take a decreasing
trend indicating a dissolution of the protective film. The OCP potential of the three hybrid
coatings was initially higher than that of the Al-Zr coating then decreases over time to
remain more negative. At the beginning of the immersion in the NaCl solution, the OCP
potential of the PVD/ALD/PVD hybrid coatings was higher than that of the Al-Zr coating
and quite similar to the results of PVD/ALD coatings’ OCP results. Thus, it can be seen that
the first mechanism, which contributed to that shift towards more positive values, is the
decrease in the available sites for the Cl− ions adsorption. The ALD layer acted as a barrier
to Cl− ions diffusion. With the ALD layer dissolution over time, the dominant phenomenon
changed from that of the adsorption of Cl− ions to the blocking of the oxygen diffusion.
Thus, the water reduction is limited, which causes a shift in the OCP potential towards
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more negative values than that of the Al-Zr coating. A similar behavior to the results
obtained with the ALD/PVD coatings (Figure 8a). According to the Tafel plots, Figure 8f,
all the ALD coatings led to the shift of the corrosion potential towards more negative values
and to a decrease in the corrosion current density. The AlZr/Al2O3/AlZr coating has
the lowest corrosion density among all other coatings (14 nA·cm−2). Likewise, it has the
widest passive range ~620 mV/SCE among the others. The insertion of the ZnO layer by
ALD also enlarged the passive domain to 439 mV/SCE while TiO2 represents the weakest
enlargement 134 mV/SCE close to that of the as-deposited AlZr coating (115 mV/SCE).

Mohamed et al. [53] reported that super hydrophobic coatings prevent metal substrates
from corroding due to air retained on these surfaces. The retained air can prevent corrosive
substances, for example chloride ions from seawater, from attacking the surface of the
substrate, providing an effective new anti-corrosion mechanism. A large amount of air
retained between the valleys of the rough structure prevents the infiltration of corrosive
ions such as Cl− and thus slows down the breakdown of the oxide layer of the passive film.
Additionally, the retained air prevents the metal surface from corroding and attributes to
the excellent anti-corrosion properties of the film. Thus, relating the coatings wettability
character to their electrochemical behaviors, it is noticed that the hydrophobicity caused
the decrease of the corrosion current density and the passive current density of all the
hybrid coatings, which may indicate a decrease in the corrosion rate and a slowing down
of the passive layers breakdown. Therefore, the character hydrophobic generated by the
insertion of the ALD layer with the PVD layer has contributed to the improvement of the
anti-corrosion properties of the films.

Regarding the corrosion potential of the various PVD+ALD hybrid coatings, it can
be seen that the combination of the ALD layer with PVD never led to an increase in Ecorr
greater than that of the 316L substrate. The Ecorr shifted towards more negative (ALD/PVD
and PVD/ALD/PVD architectures) or positive (PVD/ALD architecture) values compared
to the Ecorr of the AlZr PVD coating. All PVD+ALD hybrid coatings exhibited lower
corrosion densities than the AlZr coating, indicating a slowing down of the corrosion rate
due to the addition of an ALD layer. The ALD layer material and the position in which it is
disposed in the hybrid architecture, are initial parameters that determine the mechanism
by which the ALD layer will influence the passive domain and the pitting potential of the
coating. Therefore, the hybrid coatings exhibited different passive region width and pitting
corrosion potentials.

For the TiO2/AlZr coating, it is noticed that, despite the advantage of shifting the
corrosion potential towards lower value, the reduction in the passive domain width and
the lower pitting potential (−600 mV/SCE) than that of the AlZr coating (−485 mV/SCE)
limited its improvement of the AlZr efficiency. The similar limitation was observed with
the insertion of the TiO2 layer in the PVD/ALD/PVD architecture where the pitting
potential is −576 mV/SCE. On the other hand, the AlZr/TiO2 coating presented the
disadvantage of delaying the pitting corrosion potential (−137 mV/SCE) near to Ecorr of
316L substrate (−162 mV/SCE), which may possibly cause a loss of the sacrificial character
of the coating. Thus, the TiO2 deposited by ALD only presented the advantage of decreasing
the corrosion density.

For the ZnO, it is noticed that the insertion of this ALD layer widened the passive do-
main whatever its position. The AlZr/ZnO/AlZr coating exhibits passive domain broader
than those observed in the ZnO/AlZr and AlZr/ZnO coatings. The pitting potentials of
these three coatings are in the same potential range ~ −300 ± 20 mV/SCE, lower than the
Ecorr of the substrate indicating the conservation of the sacrificial character of the coatings.
The PVD/ALD/PVD architecture is more recommended than the others, thanks to the
advantage of the wider passive domain.

For Al2O3, the AlZr/Al2O3/AlZr coating widened the passive domain and extended
the pitting potential to −130 mV/SCE close to Ecorr of the substrate, which can probably
lead to the loss of the sacrificial character of this coating. On the other hand, the Al2O3/AlZr
coating presents a significant broadening of the passive domain with a pitting potential at
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−365 mV/SCE with retaining its sacrificial character. The passive region is four times larger
than that of the as deposited AlZr coating, indicating the effectiveness of the hybrid PVD
and ALD combination in slowing down the consumption of the sacrificial coating and ex-
tending its lifetime. The ALD/PVD and PVD/ALD/PVD architectures were more efficient
than the PVD/ALD architecture. Comparing the ALD/PVD and PVD/ALD/PVD archi-
tectures, it seems difficult to recommend one over the other, since the hybrid combination
always depends on the ALD material type with respecting the conservation of the sacrificial
character. However, it is possible to recommend Al2O3/AlZr and AlZr/ZnO/AlZr coatings
without denying the effectiveness of other coatings that have maintained their sacrificial
characteristics with lower corrosion density.

4. Conclusions

In this work, we have investigated the mechanical and electrochemical performance
of Al-Zr coating deposited by magnetron sputtering and altered with three oxide thin
films: Al2O3, ZnO, and TiO2, deposited by ALD technique. Three main configurations
were studied in this paper: PVD/ALD, ALD/PVD, and PVD/ALD/PVD. The morphol-
ogy of the Al-Zr grown on an ALD oxide layer was well influenced by the ALD film
material and position. The Al-Zr layer deposited on ZnO and TiO2 layers presents a dis-
tinctive morphology. The agglomerate particles of AlZr/Al2O3/AlZr, AlZr/ZnO/AlZr,
and AlZr/TiO2/AlZr coatings present a cauliflower shape. All coatings exhibit an increase
in the roughness values.

Microstructure evolution was also observed. For ALD/PVD coatings, the insertion
of an ALD oxide layer promotes the intensity of the peaks corresponding to the (111)
crystallographic orientation. All the duplex PVD+ALD coatings exhibit higher hardness
than the as-deposited AlZr PVD coating. The hardness in the hybrid coating increases
to 2.7 GPa (75%). Comparing the different ALD layers, Al2O3 was more effective in the
mechanical properties improvement than TiO2 and ZnO. The insertion of an ALD oxide
layer whatever the architecture or the material is, promotes the hydrophobicity of coating.

Inserting an ALD oxide layer between the 316L substrate and the Al-Zr PVD layer led
to shift the corrosion potential to a lower negative value. Al2O3 (ALD) layer insertion was
more effective than ZnO and TiO2 in improving the sacrificial character of Al-Zr for steel
protection. In the PVD/ALD/PVD architecture, all the ALD layers led to shift the corrosion
potentials towards higher positive values, a further decrease in the passive current density
and a widening of the passive potential range. Al2O3/AlZr and AlZr/ZnO/AlZr coatings
are recommended as excellent candidates representing good sacrificial character to slow
down the consumption rate of AlZr and extend its service life for the protection of 316L
steel. However, this does not deny the effectiveness of other sacrificial coatings with lower
corrosion density than the AlZr coating. In this work, the combination of both PVD and
ALD deposition processes showed a great industrial potential for future advanced coatings.
The number of coating layers and materials present the following step of this study to
enhance the performance of a hybrid multi layered coating.
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