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Abstract 

AISI 316L Stainless Steel, widely used as structural material in marine applications, is 

subject to localized pitting corrosion in chloride ions rich environment. The main aim of the 

present work is the development of duplex coatings deposited alternately by both PVD and 

ALD techniques, the evaluation of their combination effect and the comparison between 

different materials and architectures. Three different architectures PVD/ALD, ALD/PVD and 

PVD/ALD/PVD were elaborated in this study. Atomic layer deposited Al2O3, ZnO and Al2O3-

ZnO nanolaminates thin films were inserted as sealing, top and inter layers within CrN sputtered 

films. The texture modification, morphology, preferred orientation growth, mechanical 

properties, wettability and corrosion resistance were investigated. The nanoindentation 

measurements confirmed the increase in order of two GPa for the hardness of the studied 

coatings. Electrochemical properties and corrosion behavior of these films were studied within 

immersion in 3.5 wt% NaCl solution. The S/PVD/ALD/PVD architecture is the most efficient 

architecture to provide an improvement in corrosion resistance. The CrN/[Al2O3-ZnO]n/CrN 

coating presents the best corrosion protection performance with the lowest Icorr ~ 7.9 x 10-10 

A/cm2 , lower two order of magnitude than Icorr of the substrate ~1.5 x 10-8 A/cm2. The 

combinatorial approaches used in our study present a great potential for advanced coatings with 
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specific compositions that can be effectively used for different applications, especially in 

corrosive environments. 

Keywords: Chromium nitride (CrN); Magnetron sputtering (PVD); Atomic layer deposition 

(ALD); Zinc oxide (ZnO); Corrosion; Mechanical properties. 

Highlights 

 

 Mechanical and electrochemical properties of hybrid duplex coatings elaborated by 

magnetron sputtering and atomic layer deposition are studied. 

 ALD layer insertion, whatever the architecture is, smooths the surface. 

 An increase in order of two GPa of coatings hardness is due to refinement of grains of 

the CrN. 

 The S/PVD/ALD/PVD coatings exhibit a change in the wettability compared to CrN 

and is the most efficient architecture to provide an improvement in corrosion resistance. 

 The CrN/[Al2O3-ZnO]n/CrN coating presents the best corrosion protection performance 

with the lowest Icorr ~ 7.9 x 10-10 A/cm2 lower two order of magnitude than Icorr of the 

substrate. 
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1. INTRODUCTION 

AISI 316L Stainless Steel is widely used as structural material in marine, biomedical [1] 

and industrial applications due to its specific strength, fracture toughness and excellent 

corrosion resistance. However, AISI 316L is subject to localized pitting corrosion in chloride 

ions rich environment due to the breakdown of the chromium oxide thin passive layer enriched 

surface [2]. Facing this problem, coatings are used to protect steels [3] from chloride ions 

diffusion, to control their interaction with surrounding atmosphere and to extend their lifetime 

and corrosion durability. Hence, it is imperative to develop hard coatings with high corrosion 

resistance performance in marine related applications. 

Even if Chemical Vapor Deposited CVD coatings are still dominating the industry, a 

particular importance is rising for the development of physical vapor deposition PVD coatings 

to benefit from their advantages. Indeed, ecological needs have favored the replacement of 

CVD coatings because PVD technologies do not release toxic chemicals into the environment. 

Likewise, PVD methods use a lower processing temperature compared to CVD [4]. High 

hardness, low friction coefficients and high wear resistance constitute an assembly of 

characteristics that had increased the use of PVD coatings to improve performance and service 

lifetime of tools. However, PVD coatings generally exhibit many inherent defects; including 

columnar structures, pores, cracks and discontinuities [5]. These defects generally generate 

cracks affecting significantly the resistance to corrosion and the toughness of PVD coatings. 

Chromium nitride CrN coatings deposited by PVD have a great potential in the 

enhancement of electrochemical and mechanical surface properties because they show high 

hardness and good wear-corrosion resistance [6–8]. These coatings are used to protect materials 

in mechanical assemblies for long-term service in marine applications [9]. However, the PVD 

process produce columnar grown CrN with many imperfections that decrease their 

performance. The porosity between columnar microstructures and channels generated after 

imperfections delamination (like nodular delamination), leads to the diffusion of chloride ions 

that can penetrates into the steel and easily attack it. A serious pitting corrosion is then triggered 

due to direct routes and paths created in the PVD grown CrN.  

Many efforts were devoted to improve CrN performance but they were limited due to some 

drawbacks such as: 



1) alloying CrN with ternary elements (Si, B…), in order to obtain nanocomposite, was 

limited because the physical and chemical properties depend on the local composition and the 

anisotropic microstructure [10], [11], even if these nanocomposites demonstrate improved 

mechanical properties. 

 2) Multilayer or interlayer CrN/PVD layers were not successful due to shadow effect [12] 

or due to the decrease in mechanical properties particularly in CrN/metal layers.   

3) Other strategies [8] were used to eliminate microstructural defects during the deposition 

process or to densify the structure by varying the deposition parameters such as bias voltage, 

pressure and deposition temperature. Several comparative studies [13–15] were performed on 

CrN elaborated by different PVD techniques such as arc evaporation and various magnetron 

sputtering techniques, including conventional direct current DC, radio frequency RF, pulsed 

DC and high power pulsed magnetron sputtering HiPIMS. After these studies one can conclude 

that the CrNx microstructure and properties were directly related to the intrinsic characteristics 

of the generated plasma. Thus, magnetron sputtering has several advantages over conventional 

sputtering and other PVD techniques: the plasma created in the chamber is confined and closer 

to the surface of the cathode and gas ionization is realized at a lower pressure. This will 

significantly increase the deposition yield, improve the purity of the coatings, increase the 

deposition rates to several µm / min and increase the ionization efficiency. Indeed, deposits 

quality is also improved because incident particles undergo less collision during their trajectory 

between the target and the substrate. In this context, CrN coatings in our study were elaborated 

using pulsed DC magnetron sputtering as a PVD technique. 

Hybrid duplex coatings combining thin films deposited by Physical Vapor Deposition PVD 

and Atomic Layer Deposition ALD are widely attracting attention as efficient surface protection 

technique. This is mainly due to specific improvements and enhancements in mechanical and 

corrosion properties [16–18]. Recent research works are focusing on the development of 

PVD+ALD multilayers coatings in order to limit corrosion damages. 

Recently, Atomic Layer deposition ALD thin films are used as sealing [11], [19] or top 

layers [20–22] to improve corrosion and mechanical properties of PVD grown CrN layers. ALD 

is a unique deposition technique for growing thin films destined for microelectronics industry. 

ALD consists on saturating substrates surface by the reaction with two or more gaseous 



precursors injected in separated pulses. Precursors-Substrate surface reaction is isolated by inert 

gas purge between two different precursors pulses. Nowadays, ALD thin films are showing 

promising results in high precision corrosion protection for metallic parts, steels and stainless 

steel systems. ALD process is based on the special mechanism of cyclic repetition of self-

limiting surface reactions, which allows the unique control of the film thickness down to a 

molecular level [23–25]. In addition, ALD allows a conformal and uniform thin film growth on 

substrates in high aspect ratio and high quality permeation barrier layer. The low defects density 

in ALD films makes them the ideal choice as a barrier and sealing layer for blocking totally or 

as a wall-bottom conformal coverage of the PVD coatings pinholes and structural defects [26]. 

Several types of ALD thin films were studied in order to improve CrN coatings properties. Shan 

et al. [20] found that ALD-TiO2/Magnetron sputtered CrN/Stainless steel double layer 

improved the corrosion resistance as compared to single layered CrN. Härkönen et al. [22] 

sealed the defects in hard CrN coating deposited on low alloy steel using 50 nm thick ALD 

Al2O3−Ta2O5 nanolaminate, AlxTayOz mixture and AlxTayOz graded mixture. They reported 

that the ALD layers had smoothen the overall appearance and decreased the size and number 

of pinhole defects on the surface. The combination of Al2O3 and Ta2O5 in the sealing layers had 

shown an increasing in barrier properties as validated by the polarization measurements where 

the current density was decreased by over 2 orders of magnitude. The long term durability is 

validated by Neutral Salt Spray NSS durability tests where the appearance of first corrosion 

spots was delayed from 2 to 168 h. They have combined the barrier properties of Al2O3 with 

the chemical stability of Ta2O5. Wan et al. [11] have demonstrated in their study that the 

addition of a dense atomic layer deposited Al2O3 interlayer maintains the mechanical properties 

of CrN coatings and leads to a significant decrease in the average grain size and surface 

roughness and thus greatly improving their corrosion resistance and durability. Leppäniemi et 

al. [21] sealed hard CrN/HSS (High Speed Steel) coating pinholes with ALD Al2O3/TiO2 

nanolaminate. They decreased the corrosion current density by approximately two orders of 

magnitude. Wan et al. [18] compared the influence of Al2O3, TiO2, and Al2O3/TiO2 

nanolaminates as different ALD sealing layers on CrN coating. Their results have shown that 

nanolaminate Al2O3/TiO2 sealing layers present the best corrosion performance with the highest 

corrosion potential and the lowest current density in both potentiodynamic and potentiostatic 

polarization tests compared to TiO2 or Al2O3 sealing layers. It is due to the synergistic effect of 

the high electrical resistivity of Al2O3 with the high stability of TiO2 in aqueous corrosive 

media. In another study, Leppäniemi et al. [26] investigated the effect of surface wear on 

corrosion protection of HSS by hybrid CrN/Al2O3-TiO2 nanolaminates. Their results showed 



that even with complete removal of the ALD nanolaminate from the top, the corrosion current 

density was less than half of that with the PVD CrN coating without surface wear. This validates 

the hypothesis that the excellent corrosion protection by hybrid PVD/ALD coating is due to 

PVD pinholes sealing by the ALD coating. Recently, Kong et al. [19] sealed CrN coatings with 

TiOxNy-TiN composite layer consisted of atomic layer deposited TiN bottom layer and TiOxNy 

upper layer synthesized by the oxidization of TiN layer in air. Therefore, the combination of 

properties of TiOxNy, which can block the charge transport and decrease the corrosion current 

between the corrosion interfaces, with the excellent sealing property of TiN improves the 

corrosion resistance of CrN coated steel. Furthermore, Kong et al. [17] reported the influence 

of TiO2 and HfO2 composite oxides on the microstructure, mechanical, tribological and 

electrochemical corrosion properties of CrN coatings. Meanwhile, due to the synergistic effect 

between the chemical durability of TiO2 and the barrier properties of HfO2, the TiO2-HfO2 

nanolaminate-inserted CrN delivered excellent corrosion protection properties and displayed 

improved tribological properties. 

Among all these ALD thin films, Al2O3 is validated [11] as an excellent insulating barrier 

film that could effectively enhance corrosion resistance of CrN on steel by blocking the 

diffusion of corrosive substances. Unfortunately, it needs to enhance its long-term durability 

against chemical attacks because its apt to dissolution [27] in water conditions, with an average 

dissolution rate that can reach up to 7 ± 1 nm/h in neutral NaCl solution [28]. However, thanks 

to its ability to nucleate on many kinds of surfaces, Al2O3 was usually used to reach up the 

drawbacks of many ALD films that present weak nucleation [29]. The optimized combination 

of Al2O3-MeOx nanolaminates provides an improvement in corrosion protection [29], and good 

barrier properties with sufficient durability against chemical attack. In this study, we aim to 

investigate the effect of Al2O3-ZnO nanolaminates on mechanical and corrosion properties of 

CrN coatings deposited on 316L stainless steel.  

Zinc oxide (ZnO) [30] is an n-type semiconductor with a wide band gap (3.36 eV) making 

it an important optoelectronic material with unique high thermal stability, catalytic and photo 

electronic properties. Hence, it is used for numerous applications [31], [32] in devices such as 

biosensors [33] and solar cells [34]. ALD is used to deposit ZnO films using diethyl zinc DEZ 

Zn(C2H5)2) and deionized water vapor. Relatively, the corrosion behavior of ZnO ALD films 

to protect metals, including copper and stainless steel, has been evaluated. Thick ZnO coatings 

on copper  [35] have shown a decreased corrosion current density, which initiated the use of 



ZnO for corrosion applications [36]. According to Daubert el al. [35] 50 nm of thickness will 

improve the uniformity of ZnO thick films by decreasing porosity and would achieve high 

corrosion protection on copper. Therefore, increasing the thickness above 50 nm was not found 

useful and did not increase corrosion resistance. In order to compare different ALD thin films 

for their corrosion resistance, a 50 nm film is used as a model to accurately represent the 

corrosion properties of the ALD material. Staszuk et al. [37] studied the electrochemical 

properties of ZnO films on Cr-Ni-Mo steel and found that it has improved the resistance to 

corrosion damage of the tested material, which was evidenced by the increasing values of the 

corrosion potential and polarization resistance. Staszuk et al. [4] studied the effect of ZnO ALD 

layer on the adhesion of (Ti,Al)N Cathodic Arc Evaporation CAE-PVD coating on sialon 

substrates. The wear volume of the (Ti,Al)N/ ZnO coating was about three times lower than 

that of the (Ti,Al)N coating. The addition of ZnO layer led to a much better adhesion to the 

substrate as well as a higher abrasion resistance. 

In ALD deposition, ZnO grows as a crystalline film [38], while Al2O3 is amorphous. 

Al2O3/ZnO nanolaminates [38] were investigated in many studies as well as their optical, 

mechanical, gas barrier and cytotoxicity properties. Herrmann et al.[39] and Raghavan et al. 

[40] studied the mechanical properties of Al2O3, ZnO and Al2O3 / ZnO nanolaminates. Al2O3 

deposited by ALD presented a modulus of elasticity between 150 and 155 GPa and a hardness 

of 8 GPa, while ZnO deposited by ALD indicated a modulus between 120 and 140 GPa and a 

hardness of 5 GPa. The Al2O3 / ZnO nanolaminates exhibited a modulus of 140 to 145 GPa, 

which lies in between the value for the two films, and a hardness of 8 GPa, which is similar to 

that of Al2O3. Osorio et al. [41] examined the electrochemical behavior of these nanolaminates 

on 316L SS. Their results showed that the corrosion resistance of [Al2O3/ZnO]n nanolaminates 

was higher in comparison with single layered 316L SS surface. This confirms their protective 

effect against corrosion with higher polarization resistance. This improvement result was 

attributed to the decrease in the ZnO crystallites size with a higher number of multilayers, and 

therefore increasing the total number of grain boundaries in ZnO. It would be interesting to 

show how these materials can be approached and what are their limits in corrosion protection. 

Following the positive results obtained in the previous articles, the present work aims to 

study the effect of Al2O3/ZnO ALD thin films on the mechanical and long-term protection 

against corrosion of CrN-coated 316L SS. A comparison between Al2O3, ZnO and Al2O3/ZnO 

ALD layers is evaluated. For the goal to achieve better performance of coating, a comparison 



between three architectures forms of hybrid PVD+ALD combination is investigated: 

Substrate/PVD/ALD, Substrate/ALD/PVD and Substrate/PVD/ALD/PVD.  

2. EXPERIMENTAL PROCEDURE 

2.1. Substrates Preparation.  

Quenched AISI 316L stainless steel disks (Φ 25 mm x 8 mm, purchased from UGITECH 

providers) and Single crystalline Si (100) wafers were used as substrates for coating 

deposition. 316L substrates were mechanically polished using SiC abrasive papers from 80 

to 4000 grit followed by water based diamond suspensions of 3 µm and 1µm respectively in 

order to obtain an average roughness of Ra=50 nm. Table 1 presents the chemical 

composition of 316L SS. The pitting resistance equivalent number PREN= 26.63. All the 

substrates were cleaned and degreased ultrasonically in acetone and ethanol for 10 min, and 

then, dry heated before deposition.  

Table 1. Chemical composition of 316L quenched steel substrates. 

Chemical Element Fe Cr Ni Mo Mn C 

at% balance 17.63 14.63 2.73 1.80 0.02 

 

2.2. CrN coating deposition 

Usually, a Cr layer should be deposited before any CrN films in order to enhance adhesion 

and tribological properties but this step was skipped in our study because we did not want to 

introduce any influencing process that could alter our comparison analysis. Our focus is to 

compare the adhesion properties that are directly related to the layers configuration in the 

S/ALD/PVD or the S/PVD/ALD architecture.  



A DEPHIS4 (France) magnetron sputtering machine was used for CrN films elaboration. 

Prior to the deposition, the Chromium target (99.99 % purity, Φ=200 mm x 6 mm) was etched 

in Ar+ bombardment (0.30 Pa, Argon flow rate = 100 sccm) to eliminate surface oxides, by 

applying a discharge power of 1A for 20 min. For all experiments, the target used was fixed 

at the same position in the chamber, its distance to substrate-holder was kept at 100 mm and 

substrates were fixed at the same zone on the substrate-holder. The deposition chamber was 

under vacuum, down to 10-6 mbar. CrN films were deposited at floating temperature using a 

mixture of Argon and Nitrogen gases injected in the chamber at 0.30 Pa. Elaboration 

conditions were summarized in Table 2.  The substrate-holder rotation speed was set to 10 

rpm. During deposition, no bias or substrates heating was performed. The thickness of the 

CrN layers was controlled by the modifying deposition time. 

Table 2. CrN deposition parameters. 

Target Current [A] Voltage [V] Power 

[W] 

Frequency 

[KHz] 

Reverse Time 

[µs] 

Cr 1.5 280 420 50 4 

Working pressure 0.30 Pa 

Ar flow = 70 sccm ; N2 flow=30 sccm 

 

 

 



2.3. Al2O3, ZnO and Al2O3/ZnO nanolaminates atomic layer deposition 

A custom-made ALD reactor was used for thin films elaboration. Al2O3 layers were deposited 

by ALD process at 150°C using trimethylaluminium (TMA, Al (CH3)3) 98% purity, CAS: 

75-24-1 was purchased from Sterm Chemical and H2O as precursors. Each Cycling sequence 

consists of 0.2 s pulse of TMA, 30 s purge Ar, 2 s pulse H2O and 40 s purge Ar. ZnO thin 

films were performed at 150°C using diethylzinc (DEZ, Zn(CH2CH3)2, 95% purity, CAS: 

557-20-0) and H2O as precursors. ZnO regime consisted of 0.4 s pulse DEZ, 30 s purge Ar, 

2 s pulse H2O and 40 s purge Ar. Al2O3/ZnO nanolaminates were obtained by repeating sub 

cycles of Al2O3 and ZnO whereas the thickness of each unit cycle was fixed at ~ 2 nm for 

both. All ALD layers have the same thickness of 50 nm, corresponding to 250 cycles of Al2O3, 

250 cycles for ZnO and 12*(10 cycles of Al2O3 + 10 cycles of ZnO) for nanolaminates 

respectively.  

2.4. PVD/ALD, ALD/PVD and PVD/ALD/PVD architecured coatings elaboration  

A 50 nm thick layer of Al2O3, ZnO or Al2O3/ZnO was respectively deposited on CrN layers 

for PVD/ALD configuration and as sealing layers for PVD/ALD/PVD configuration. In 

reverse, the CrN layers were deposited on these different ALD layers for ALD/PVD 

configuration. Table 3 summarizes all the coatings elaborated with different architectures 

named with different numbers for more simplification. Figure 1 represents a schematic 

illustration of these architectures.  

 

 

 

 

 

 



Table 3. Coatings’ architectures. 

Sample 

No: 

Architecture Layers Thickness 

0 # PVD CrN 2.5 µm 

1 # ALD/PVD Al2O3/CrN 50 nm/ 2.5 µm 

2 # ALD/PVD ZnO/CrN 50 nm/ 2.5 µm 

3 # ALD/PVD [Al2O3-ZnO]n/CrN 50 nm/ 2.5 µm 

4 # PVD/ALD CrN/ Al2O3 1.5 µm/ 50 nm 

5 # PVD/ALD CrN/ZnO 1.5 µm/ 50 nm 

6 # PVD/ALD CrN/[Al2O3-ZnO]n 1.5 µm/ 50 nm 

7 # PVD/ALD/PVD CrN/ Al2O3/CrN 1.5 µm/ 50 nm/1µm 

8 # PVD/ALD/PVD CrN/ZnO/CrN 1.5 µm/ 50 nm/1µm 

9 # PVD/ALD/PVD CrN/[Al2O3-ZnO]n/CrN 1.5 µm/ 50 nm/1µm 

 

 



 

 

 

 

Figure 1. Schematic representation of different coatings architectures. 

 



2.5. Coatings morphology, microstructure, chemical analysis, electrochemical and 

mechanical Characterization 

FEG Hitachi SU 8030 Scanning Electron Microscope (SEM) was used was used to 

observe the coatings morphology and thicknesses. Chemical composition was determined 

using the scanning electron microscopy (SEM) Hirow SH-4000 M equipped with an X ray 

energy dispersive spectroscopy (EDS). Surface topography was determined using Bruker 

atomic force microscopy AFM. Scan zones were 2x2µm2. Rms Roughness were calculated 

from AFM images using Nanoscope Analysis software. ImageJ software was used for top of 

column pyramidal particles size calculation from SEM images. Microstructure and crystal 

phases were identified by X-ray diffractometer (Bruker D8 advance, XRD) with Cu-Kα 

radiation (λ=1.5418 Å), operated at 40 kV and 40 mA. A θ-2θ scanning mode using a Bragg-

Brentano configuration was performed for all samples measurements between 30° and 90° 

with a scan step of 0.02° and a step time of 1s. A 1 mm collimator was used for the incident 

beam. Full width at half maximum were determined after fitting the peaks using PseudoVoigt 

1 function.  Crystallite size were determined using Scherrer’s formula:  

𝐷 =
𝑘𝜆

𝐵 𝑐𝑜𝑠𝜃
        (Eq. 1) 

Where λ is wavelength of the X-rays used, k=0,94 is a correction factor, θ is the diffraction 

angle, B is the full width at half maximum (FWHM) of the film. 

The texture coefficient for any reflection can be determined using the following relation: 

𝑇𝐶 =
𝐼𝑚 (ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄

(1 𝑛) ∑{𝐼𝑚(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄ }⁄
       (Eq. 2) 

where n, the number of peaks; Im, the measured peak intensities of reflections of CrN films; 

and I0, the respective peak intensities corresponding to the bulk CrN data from JCPDS File 

No. 11-0065.  

Hardness and reduced Young’s modulus were measured using nanoindentation 

technique TriboIndenter TI 980-Hysitron equipped with a Berkovich diamond tip (Eind = 1140 

GPa, ʋind = 0.07). In order to minimize the influence of substrate stiffness, the maximum of 

penetration depth is limited to lower than 10 % of the film thickness. Thirty indents were 



performed for each sample and average values were taken into consideration. The uncertainty 

on measurements was determined from standard deviation. Contact angles were measured 

using Dataphysics OCA series machine based on sessile drop method. Droplet profile was 

acquired using a camera aligned with the samples and a backlighting source. Surface energy 

estimation was determined using Owens, Wendt, Rabel & Kälble (OWRK) method, with 

contact angles measured with the three liquid Water, Thiodiglycol and Diiodomethane. Five 

measurements with every solution were carried to ensure the reliability of data and only 

average values were taken into consideration.  

The electrochemical corrosion properties of specimens were evaluated using Origalys 

potentiostat and Biologic flat corrosion cell adapted to samples dimension. Pitting corrosion 

was studied in 3.5 wt.% (0.6 M) NaCl solution, pH=6.3 at room temperature. Surface exposed 

for tests was limited to 1 cm2. Corrosion system is based on conventional three electrodes. 

The saturated calomel electrode SCE (Hg/Hg2Cl2-Sat.KCl), platinum mesh and 316L SS with 

or without coatings were used as reference, counter and working electrodes respectively. In 

order to ensure system stability, the open circuit potential OCP was measured for 60 min. 

Measurement range was fixed from -150 mV/free to 1.3 V/ref, with reverse scan direction to 

-150 mV/free. The scan rate was fixed to 0.5 mV/sec, the current threshold to 3 mA and the 

stop reverse current at -10 mA. Tafel extrapolation method was used in order to determine 

Ecorr and polarization resistance Rp described as:  

𝑅𝑝 =
𝛽𝑎.𝛽𝑐

2.303 (𝛽𝑎+𝛽𝑐)
×

1

𝐽𝑐𝑜𝑟𝑟
            (Eq. 3) 

where βa and βc are the inverse of the anodic and the cathodic branches slopes and Jcorr is 

relative to corrosion current density. 

Coatings porosity was calculated using the following equation [42]: 

𝑃 =
𝑅𝑝,𝑠

𝑅𝑝,𝑐𝑜𝑎𝑡𝑖𝑛𝑔
 10

−(
∆𝐸𝑐𝑜𝑟𝑟

𝛽𝑎
)
        (Eq. 4) 

where P is the total coating porosity, Rp,s is the polarization resistance of the substrate, Rp, 

coating is the polarization resistance of the coated steel, ΔEcorr is the difference between the 



corrosion potentials of the coated steel and the 316 L steel substrate, and βa is the anodic Tafel 

slope of the substrate. 

 

  



3. RESULTS 

3.1. Coating morphology and surface topography 

The elemental composition of Cr and N obtained by EDS was normalized to 100 at %. 

N content was 48.9 ± 4 at.% and Cr content 51.1 ± 2 at.%. The elemental concentration ratio 

of N/Cr was 0.96 indicating that CrN stoichiometric phase was obtained.  

The surface morphologies of the deposited coatings are shown in Figure 2. The CrN 

films deposited using pulsed DC magnetron sputtering (Figure 2 a) shows a surface that 

exhibits a pyramidal like structure. These pyramids correspond to the caps of the columnar 

grains indicating that the CrN exhibits a columnar growth. This pyramidal morphology is 

similar to the one reported by Tan et al. [13] on their CrN films elaborated by DC sputtering 

at 30% N2. This structure presents voids, contains pores and leads to a coarse surface. These 

defects could connects the substrate to surrounding environments. Wan et al. [18] in their 

study enhanced the corrosion and mechanical properties of a similar pyramidal CrN 

structures. In our study, no bias voltage or heating in sputtering elaboration were used to avoid 

their effects on ALD layers and to prevent any change in their properties due to temperature. 

In general, an adhesion Cr layer is inserted to enhance the adhesion between the substrate and 

the CrN layer. In order to compare with S/ALD/PVD architecture, no adhesion layer was 

deposited in our work.  

Figures 2 b), c) and d) present the top view of the surface of the three S/ALD/PVD 

architectures respectively S/Al2O3/CrN, S/ZnO/CrN and S/ [Al2O3-ZnO] n/CrN coatings. 

Chromium nitride layers deposited on the three different types of ALD layers conserve their 

pyramidal structures as shown in the corresponding SEM images. This indicates that the ALD 

layers did not provoke a change in the growth type of the CrN deposited by PVD. The 

columnar growth is conserved as on 316 L SS, and no other morphologies or distinctive 

features are observed. Pinholes and pores are seen on all three coatings. According to Dai et 

al.[16], the size of the granular structure attributed to the caps of the columnar crystals 

correlates to the diameter of the columnar crystals. In this context, the size of the pyramidal 

particles is measured from the SEM images and presented in Figure 2 k). The three coatings 

1# - 3# present a decrease in the dimensions of the pyramidal caps comparing to sample 0 #. 

This implies that the column size decreases. This decrease is absolutely due to the ALD 



layers. This result confirms the granular refinement obtained in other studies [11] where the 

ALD interlayer  formed a modified surface to allow the creation of more nucleation sites 

during deposition of the CrN layer.  

Figures 2 e), f) and g) present the surface morphologies of samples 4# to 6# with Al2O3, 

ZnO, and [Al2O3-ZnO] n deposited on CrN. The ALD layers grew uniformly and conformably 

on the pyramids of the CrN structures. No pyramids structures are observed anymore where 

the ALD layers cover the pyramids. Even the summits of the pyramids are well covered by 

the ALD layer and the particles presents spherical and granular shapes. No pores or pinholes 

are observed anymore which indicates that the ALD layer sealed the defects. The boundaries 

between particles are still observed. The ALD layers smoothen the surface appearance and 

entirely cover the pores walls and the exposed surface at the bottom. The holes become 

smaller giving similar results to those obtained by Härkönen et al.[22]. 

Figures 2 h), i) and j) present the morphologies of the second CrN layer in the 

S/PVD/ALD/PVD architectures for samples 7# to 9#. The 1µm CrN second layer was 

deposited by PVD on the hillocks surfaces (Figures 2 e, f and g). Pyramidal structures are 

observed in the three figures. The particles are tightly packed and compacted compared with 

those obtained in samples 0# to 3#. Voids between particles are less pronounced compared to 

the S/ALD/PVD architectures (Figures 2 b, c and d).  Particle sizes decreased compared to 

sample 0 #. The observed pyramids in sample 0 # refer to 2.5 µm in thick CrN while in 

samples 7# to 9# they correspond to only the second 1 µm CrN layer. This phenomenon is 

due to the interruption of the continuous growth of the CrN layer in samples 7# -9# by the 

ALD interlayer. This decrease has a relationship with the thickness of the CrN layer according 

to the structural region model of the thick film growth [43] since the columnar crystal is cone-

like growth structure. No obvious morphology changes were observed among the hybrid 

coatings with different ALD interlayers. 
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Figure 2. SEM surface images of a) CrN , b) Al2O3/CrN, c) ZnO/CrN, d) [Al2O3-

ZnO]n/CrN, e) CrN/Al2O3, f) CrN/ZnO, g) CrN/[Al2O3-ZnO]n, h) CrN/Al2O3/CrN, i) 

CrN/ZnO/CrN and j) CrN/[Al2O3-ZnO]n/CrN;  k) Histogram of particles sizes extracted 

from SEM images.  

 

 

 

 

 

 

 

 



Root mean square surface roughness, Rms, represents a good approximation of surface height 

profile, with reduced contributions from large surface defects, for instance voids or micro-

droplets [44]. Figure 3 represents the AFM surface topography of specimen 0# to 9#. AFM 

images confirm all the surface morphologies observed in SEM top images (Figure 2). Figure 

3 k) illustrates the variation of roughness of the different samples 0# to 9 #. The samples 1# 

to 9# indicate a decrease in the roughness compared to sample 0 #. This means that the ALD 

layer insertion, whatever the architecture is, smooths the surface and therefore decreases the 

roughness values. The samples 4# to 6# presents the higher decrease and the lowest roughness 

values compared to other samples. This is due to the architecture S/PVD/ALD where the ALD 

layer is on top, which smooths the surface roughness through an excellent compliance and 

uniformity over a large area. The decreased roughness in samples 1# to 3# and 7# to 9# is 

ascribed to the columnar refinement. Similar decrease in roughness is noted by Wan et al.[11] 

where in their study, the addition of the Al2O3 sealing layer by ALD decreased rapidly the 

roughness from 19.5 to 13.4 nm.  Samples 1# to 3# in S/ALD/PVD architecture present higher 

roughness values than the samples 7# to 9# in S/PVD/ALD/PVD architecture. This is due to 

the higher density of voids in S/ALD/PVD architecture observed also in SEM surface 

analysis. Comparing the different ALD layers, [Al2O3-ZnO]n nanolaminates have the highest 

roughness regardless of the architecture, compared to Al2O3 and ZnO layers. This is due to 

the higher number of interfaces in the nanolaminate structure.  
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Figure 3. AFM surface images of a) CrN , b) Al2O3/CrN, c) ZnO/CrN, d) [Al2O3-

ZnO]n/CrN, e) CrN/Al2O3, f) CrN/ZnO, g) CrN/[Al2O3-ZnO]n, h) CrN/Al2O3/CrN, i) 

CrN/ZnO/CrN and j) CrN/[Al2O3-ZnO]n/CrN; and k) represents the roughness 

variation of different samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Figure 4 represents the cross-section morphology of the coatings. All the coatings 

exhibit a columnar growth with 2.5 µm in thickness. Figures 4 b), c) and d) show finer columns 

diameter size than the sample 0 # that presents larger columns. They clearly show how the ALD 

layer is sandwiched between the substrate and the thicker PVD layer. The Al2O3 ALD layer 

shows a typical amorphous morphology. The ZnO layer shows a crystalline morphology high 

magnified in Figure 4 k). Figures 4 e), f), g) and l) show the 50 nm ALD layer on the top of 

1.5 µm CrN layer. Figures 4 h), i) and j) show the insertion of ALD as a sealing layer between 

two PVD layers. There was a contrast difference in the CrN and the ZnO sealing layer in Figure 

4 i) where a clear line was observed as ZnO layer. The inserted ALD layer interrupted the 

continuous growth, broke down the large columnar crystal growth and formed a modified 

surface to allow the creation of more nucleation sites during the deposition of CrN. Similar 

results are obtained with Wan et al.[11] in their study. Figure 4 m) shows the [Al2O3-ZnO]n 

nanolaminates inserted as sealing layer. These nanolaminates present a conformal growth 

between two CrN columns, combining two types of individual Al2O3 and ZnO sub-layers 

stacking together, could be evidently distinguished by the gray and white contrast, indicating 

the successful ALD deposition process and the progress of this experiment. The darkest zones 

reveal a lighter atomic weight corresponding to the Al2O3 layer. 

 

 

 

 

 

 



 

   

   

   

   

Figure 4. SEM cross section images of a) CrN, b) Al2O3/CrN, c) and k) ZnO/CrN, 

d)[Al2O3-ZnO]n/CrN, e) CrN/Al2O3, f) and l) CrN/ZnO, g) CrN/[Al2O3-ZnO]n, h) CrN/ 

Al2O3/CrN, i) CrN/ZnO/CrN, j) and m) CrN/[Al2O3-ZnO]n/CrN. 
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3.2. Microstructure Analysis 

XRD diffractograms of CrN and CrN+ALD coatings were shown in Figure 5. XRD 

patterns are organized per ALD layer material type in order to compare between the different 

architectures S/ALD/PVD, S/PVD/ALD and S/PVD/ALD/PVD. Figure 5 a) corresponds to 

Al2O3, b) to [Al2O3-ZnO]n nanolaminates, c) and d) to ZnO. XRD of CrN coating revealed a 

single NaCl type face centered cubic lattice with a preferred orientation of (111) plane. 

According to Tan et al.[13], in the DC conditions, the (111) orientations is the main preferred 

orientations, the CrN in our work sputtered in pulsed DC conditions exhibits also (111) 

preferential orientation. According to the standard reference file from the Joint Committee on 

Powder Diffraction (JCPDS, 11-0065), the three indexed peaks in the diffractogram at 2θ = 

37.53°, 63.4° and 80.05° correspond to (111), (220) and (222) crystalline planes respectively. 

No traces of Cr2N are detected due to the higher percentage of N2 used during the deposition, 

at a floating temperature without heating nor bias voltage. The (220) peaks are almost 

undetectable. The peaks of CrN (200) and CrN (311) are not observed. The (200) orientation 

exhibits lower surface free energy while (111) orientation of CrN would be expected when the 

strain energy and the compressive stress in the films predominate [45]. The preferential 

orientation of our samples shows the advantage of simplifying the detection of the ALD 

influence on the texture of PVD coatings, and as mentioned in the literature by Ruden et al.[6], 

the coatings with preferential orientation in the (111) direction exhibit good anticorrosive 

behavior.  

However, no diffraction peaks corresponding to the Al2O3 phase were detected, because 

it was deposited at low substrate temperatures (< 300 °C). Al2O3 is expected to be amorphous 

(Figure 5 a). Weak XRD peaks at 2θ = 31.71°, 34.42° and 36.24° in Figure 5 d) (the magnified 

diffractogram of Figure 5 c) in 2θ range between 25° and 38°) correspond respectively to (100), 

(002) and (101) reflections of the wurtzite hexagonal ZnO layer. This indicates that the ZnO 

has a crystalline phase structure which is conform to literature [32]. The Al2O3/ZnO (2/2 nm) 

nanolaminates in Figure 5 b) did not show the ZnO peaks which could be attributed to their 

amorphous structure or their crystalline size below 2 nm as explained by Chaaya et al.[38].  

The insertion of the ALD at any position did not provoke any phase transformation of 

the CrN matrix that is confirmed by no phase peaks detection for all duplex coatings.  The 

inserted ALD oxide layer could result in enhancing the phase stabilization of CrN. All samples 

show the main diffraction peak around 37.5° corresponding to the CrN (111) and the peak at 

80.05° relative to CrN (222). The (220) CrN peak is not detected in the S/ALD/PVD 



architectures for the samples S/Al2O3/CrN, S/ZnO/CrN and S/ [Al2O3-ZnO]n/CrN. It could be 

the result of the insertion of the oxide ALD layer that promoted the (111) textured orientation. 

The ALD layer altered the surface of the 316 L substrate, which now has different surface 

energy and different nucleation, and growth process of the PVD layer. Kong et al.[17] in their 

study observed that the insertion of ALD oxide interlayer leads to the CrN (111) textured 

orientation transformed from (111) and (200) planes and speculated that the ALD-oxide sealing 

layer could result in enhancing the phase stabilization of CrN. In another study, Kong et al.[3] 

noted that the preferred orientation of TiN transforms to (200) and (220) from the original (111) 

orientation after the addition of the ALD-Al2O3 interlayer. No such transformation in textures 

was observed in our study but a little variation was detected. To more investigate the texture 

variations, texture coefficient (TC) was calculated for the three orientations (Table 4).  

Table 4 represents the lattice parameter, the crystallite size and the texture coefficient 

for the S/ALD/PVD and S/PVD/ALD/PVD samples. In the S/ALD/PVD architecture, the ALD 

promotes the (111) orientation. While in S/PVD/ALD/PVD architecture, the TC of (220) 

orientation shows higher values than TC=0.013 of the CrN layer (sample 0#). The grain size of 

the CrN film was calculated by Scherrer’s formula. Calculated lattice parameter of CrN is 4.152 

Å. All samples revealed an increase in the lattice parameter, which could be related to the 

insertion of the ALD-oxide layer that would effectively lower the residual stress of CrN 

coatings. All samples showed a decrease in crystallite size. Meanwhile, the ALD layer creates 

more nucleation sites that could suppress the large columnar crystal growth and contribute to 

crystal refinement.  
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Figure 5. XRD diffractograms of a) samples 0#, 1#, 4#, 7# ; b) 0#, 3#, 6#, 9#; c) 0#, 2#, 

5#, 8# and d) magnified zone of crystallized wurtzite ZnO phase peaks. 

  



Table 4. Lattice parameter, Crystallite size and Harris texture coefficient of samples 0#-

3# and 7#-9#. 

Sample Lattice parameter  

a (Å) 

Crystallite size 

(nm) 

Harris TC 

(111) (220) (222) 

0# 4.152 52.2 2.58 0.01 0.41 

1# 4.153 48.4 2.63 - 0.37 

2# 4.154 49.0 2.62 - 0.38 

3# 4.153 47.9 2.62 - 0.38 

7# 4.153 51.9 2.54 0.04 0.42 

8# 4.156 51.3 2.54 0.06 0.40 

9# 4.154 48.8 2.54 0.05 0.40 

 

 

 

 

 



3.3. Mechanical Properties 

Nanomechanical properties assessments are needed to develop a fundamental 

understanding of surface and interfacial phenomena on a small scale. Hardness represents the 

inherent resistance of the material to the elastoplastically deformation. It is known that several 

factors could affect the film hardness, such as residual stress, preferred orientation and grain 

size. Nanoindentation tests were carried out to evaluate the hardness and the elastic modulus 

of the coatings. Predicting elastic strain before plastic deformation, wear and plastic 

deformation resistances of the coatings are done by calculating the H/Er and H3/Er2 ratios. 

The mechanical properties are shown in Figure 6. 

The as deposited chromium nitride presents a hardness of 5.3 GPa and a Young’s 

modulus of 113 GPa. It is well known that chromium nitride films have a hardness of 18~21 

GPa [46]. The relative low hardness and elastic modulus of the CrN coating in our study may 

be attributed to columnar structure of the film, the presence of voids and the absence of Cr2N 

phase. It was mentioned that the presence of Cr2N phase has a much higher hardness as 

compared to the films with a dominant CrN phase [47]. Similar low hardness ~8 GPa was 

observed with the CrN thicker than 2µm elaborated by Zairi [48].   

All the samples present a higher hardness and Young’s modulus compared to the as 

deposited CrN. This increase in hardness is due to the grain size refinement according to the 

Hall-Petch relation. The dense ALD layer with few defects is a good barrier layer for blocking 

defects proliferation and dislocation motion in the CrN layer during the indentation. The ALD 

layers resisted shear sliding between vertically aligned columnar grains, which enhanced the 

mechanical properties of the CrN coatings. Similar enhancement in mechanical properties is 

observed in other studies [11], [16], [17].  

Figure 6 a) represents the mechanical properties of the S/ALD/PVD coatings. The 

insertion of Al2O3, ZnO or nanolaminates layers between the substrate and the CrN increases 

the hardness and the Young’s modulus of CrN layer. The Al2O3 layer induced the highest 

increase, comparing to ZnO and nanolaminates. This difference could be due to the 

polycrystalline structure of ZnO and the intrinsic hardness of alumina. The S/Al2O3/CrN 

architecture show a slight enhancement with a hardness value of 6 GPa and Er=131 GPa. 

H/Er and H3/Er2 ratios in figure 6 b) showed a decrease with the insertion of the ALD as an 



interlayer between the substrate and CrN (except H3/Er2=0.013 GPa for Al2O3/CrN > 0.012 

GPa for CrN). Meanwhile, the ALD insertion through the S/ALD/PVD architecture decreases 

the resistance to cracks initiation and propagation, the ability for elastic deformation and the 

wear resistance of the CrN layer.  

Figures 6 c) and d) represent the mechanical properties of the S/PVD/ALD coatings. 

The nanoindentation penetration depth in these coatings exceeds 50 nm, so by reaching deeper 

than the ALD layer it measures the hardness and Young’s modulus of both the PVD and the 

ALD layers. In S/ALD/PVD and S/PVD/ALD/PVD, H and Er are characteristics of the PVD 

layer only because the penetration depth do not reach beyond the top layer and the values 

give an idea on the ALD influence on the PVD. However, the values in S/PVD/ALD 

architecture characterize the coating as a system. These architectures present a higher 

improvement in mechanical properties. The hardness in S/CrN/Al2O3 increased to 11 GPa 

which is higher than CrN hardness by 2 orders of magnitude. Also, H/Er and H3/Er2 increased 

respectively from 0.047 to 0.082 and from 0.012 to 0.075 GPa in S/CrN/Al2O3. Meanwhile, 

S/PVD/ALD coatings are strength, wear and plastic deformation resistant. Al2O3 shows the 

highest improvement in mechanical properties. 

Figures 6 e) and f) represent the mechanical properties of the S/PVD/ALD/PVD 

coatings. All the coatings showed an increase into order of 2 GPa to the hardness of CrN. 

H/Er and H3/Er2 ratios increased and the CrN/[Al2O3-ZnO]n/CrN coating exhibits the highest 

improvement compared to samples 7# and 8#. Meanwhile, the [Al2O3-ZnO]n nanolaminates 

present a better enhancement than Al2O3 and ZnO. Herrman et al.[39] have determined the 

hardness of Al2O3 and Al2O3/ZnO nanolaminates by 8 GPa while ZnO presents a hardness of 

5 GPa. It is known that the increment of interfaces in the case of multilayers results in higher 

hardness and elastic constant of the samples. However, the interfaces in Al2O3/ZnO 

nanolaminates allow the allocation of shear stress, which stops the propagation of cracks and, 

ultimately, prevents the failure of the films. We conclude that the nanolaminates structure is 

more effective in S/PVD/ALD/PVD architecture than others.  
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Figure 6. Mechanical properties of the coatings. 



3.4. Surface wettability behavior  

Contact angles measurements were carried out on the surface of the coatings at room 

temperature to study the interaction of the films with water and to determine their wettability 

behavior. Figure 7 shows the images of contact angles of water droplets fallen down on the 

surfaces of the films, the variation on the different hybrid architectures and for the three 

different ALD layers. To our knowledge, no literature data on the wettability of ALD+PVD 

hybrid coatings is available. Chromium nitride thin films presents a contact angle CA= 18 ° 

which exhibits the hydrophilicity character of the film. The S/ALD/PVD coatings exhibit a 

hydrophilic character. This could be due to the surface of the PVD layer which is in contact 

with the surrounding environment. The high density of voids observed in the SEM images of 

these coatings would justify their hydrophilicity. We can conclude that the insertion of ALD 

layer between the substrate and the PVD layer has less influence on the wettability behavior 

of the PVD external layer. The S/PVD/ALD coatings exhibit a hydrophobicity character to 

water. They show a CA superior to 90°. This change of wettability compared to CrN is due 

to the ALD layer that controls the interaction of the coatings with the surrounding liquid and 

determines the wettability of the present coating. The S/PVD/ALD/PVD coatings exhibit a 

change in the wettability compared to CrN. The CrN/Al2O3/CrN presents a CA=68° which is 

higher than 18° of CrN. The CrN/ZnO/CrN and the CrN/[Al2O3-ZnO]n/CrN have  CA of 40° 

and 33° respectively. This change in wettability is due to the change in the second 1µm CrN 

layer and to the insertion of ALD sealing layers. The presence of the nucleation sites, which 

are attributed to the refinement of the CrN columns and to the reduction of voids density and 

the decrease in roughness, is the reason of the observed changes in wettability. Figure 7 l) 

represents the variation of the coating surface energy calculated using three liquids: Water, 

Thiodiglycol and Diiodomethane. Hydrophilic films exhibit higher surface energy and lower 

contact angle in comparison to the hydrophobic films. 
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Figure 7. Water contact angle of a) CrN; b) Al2O3/CrN; c) and k) ZnO/CrN; d)[Al2O3-

ZnO]n/CrN; e) CrN/Al2O3; f) and l) CrN/ZnO; g) CrN/[Al2O3-ZnO]n; h) CrN/ 

Al2O3/CrN; i) CrN/ZnO/CrN; j) and m) CrN/[Al2O3-ZnO]n/CrN; k) Water contact angle 

and l) surface energy variations of the different architectured coatings. 

 



3.5. Corrosion Behavior 

The coatings corrosion behavior was characterized using cyclic polarization tests in 

saline solution as shown in Figures 8. Table 5 represents the electrochemical parameters of 

the different samples. The corrosion current density icorr was determined using Tafel 

extrapolation from the polarization curves by extending a straight line along the linear portion 

of the cathodic plot and extrapolating it to the Ecorr axis due to the asymmetry of the 

polarization curve between the anodic and cathodic branches. Epit represents the potential of 

pitting which corresponds to the breakdown of the passive film. The corrosion density is 

related to the corrosion rate.  

The 316 L substrate present a low corrosion density due the formation of Cr2O3 passive 

film. As shown in Figure 8 a), the polarization curve of the 316 L substrate presents current 

fluctuations between 200 and 400 mV corresponding to metastable pits and re-passivation of 

the surface. The passive film breaks down totally and leads to the increase in current density 

and the formation of stable pits at 415 mV. The CrN coatings are known to be more noble 

than the steel and chemically inert [7]. In these samples the corrosion potential is shifted to 

higher values Ecorr=57 mV and the pitting potential goes from 415 mV to 530 mV. A passive 

stage is observed between 50 and 500 mV vs SCE. The breakdown of the passive film 

indicates the formation of pits. The reverse scan of the polarization curve indicates that the 

coating does not exhibit any re-passivation. icorr and Rp of the CrN are lower than those of 316 

L substrate which is due to the columnar structure of the CrN, and the high density of voids 

and defects presented in this structure. CrN porosity is assimilated to be 1.6 E-02, which is the 

highest between all the coatings.  

The insertion of an ALD layer between the substrate and the CrN layer (S/ALD/PVD 

architecture) slightly shifts the CrN corrosion potential to higher values whatever the inserted 

ALD layer type is. As shown in Figure 8 a), the insertion of Al2O3-ZnO nanolaminates 

interlayer shifts the Ecorr to higher values than Al2O3 or ZnO. While ZnO and Al2O3 lead to a 

decrease in corrosion density, the S/[Al2O3-ZnO]n/CrN presents a higher corrosion density 

and lower polarization resistance. This could be due to the higher porosities of this film, which 

exhibits also a higher roughness.  



Figure 8 c) shows the polarization curves of the S/PVD/ALD architectured coatings. 

All the coatings exhibit a decrease in the corrosion potential. This could be attributed to the 

failure mechanism of corrosion protection of these ALD layers. The ALD is in such a position 

which enhances the direct interaction with the NaCl environments. These could facilitate the 

Cl- ions attack to the ALD layer and accelerates its dissolution. Corrosion products and rusts 

modify the CrN underlayer composition and could accumulate in the bottom of some 

pinholes. Meanwhile, this could be the reason for potential shifts for lower values. However, 

the ALD nanolaminates in this architecture provide the higher protection efficiency compared 

to Al2O3 and ZnO. The samples had very low current densities and thus a significant amount 

of noise in the whole potential range measured. The corrosion density of S/CrN/[Al2O3-ZnO]n 

coating decreases from 285  to 0.6  nA.cm-2. This means that the ALD nanolaminates structure 

decreases the corrosion rate. The 2 nm Al2O3 and ZnO alternating layers decreases the 

dissolution of ALD layers and it is more efficient in corrosion protection behavior. The 

reverse scan of this coating presents the ability to repassivation. Epit of S/CrN/[Al2O3-ZnO]n 

coating shifted to 947 mV vs SCE. This means that the S/CrN/[Al2O3-ZnO]n coating provides 

a protection against pitting. The insertion of an insulating Al2O3 layer between the n-type 

semiconducting ZnO layers leads to an architecture that varies the electric properties and 

charge conductivity. The nanolaminates acted as a perfect insulating barrier for blocking 

charge transport in the coatings and the current flow from the anode to the cathode, which 

decreased the corrosion current density and reduced the electron exchange rate and 

dissolution rate of the anode metal ions at the corrosion interface as explained by Wan et al. 

[11]. The hydrophobicity of these coatings attributes to the improvement the corrosion 

resistance. 

The polarization curves of the S/PVD/ALD/PVD architectured coatings are shown in 

Figure 8 d). Coatings having this architecture present the lower porosities, which means that 

the insertion of the ALD as a sealing layer is more efficient in decreasing the porosities than 

ALD in other structures. The dense ALD layer, with few defects, covers the walls and the 

bottom of the first PVD layer defects; then it contributes to the reduction of voids between 

the columns of the second PVD layer by creating more nucleation sites for the growth of 

refined columns. Furthermore, the ALD layer constitutes a good barrier for blocking the 

diffusion of corrosive substances, such as chlorine ions. The CrN/[Al2O3-ZnO]n/CrN coating 

has a corrosion potential that lies between those of CrN/Al2O3/CrN and CrN/ZnO/CrN 

coatings. The shifts of Epit values to the region of 720 mV vs SCE was observed in these 



coatings along with a high decrease in the corrosion densities was noticed. The 

CrN/Al2O3/CrN and the CrN/[Al2O3-ZnO]n/CrN coatings showed an ability to re-passivation 

in the reverse scans which means that these two coatings present higher protection against 

pitting corrosion. The CrN/[Al2O3-ZnO]n/CrN coating presents the best corrosion protection 

performance with the lowest Icorr ~ 7.9 x 10-10 A/cm2 lower two order of magnitude than Icorr 

of the substrate ~1.5 x 10-8 A/cm2. 

Figures 8 e) f) and g) show the comparison between the different architectures for the 

same ALD layer. We can conclude that the S/PVD/ALD/PVD architecture is the most 

efficient architecture to provide an improvement in corrosion resistance. The surface images 

in Figure 9 of the corresponding samples after corrosion tests were obtained using a 

profilometer altisurf. Pitting zones with large diameters were present on the CrN sample. The 

three samples S/ALD/PVD (1, 2 and 3#) showed a delamination of some zones of the CrN 

layer which is due to the anodic dissolution and the propagation of the pits. Sample 4# shows 

residual zones of dissolved Al2O3 layer and the damage of the CrN surface. Samples with 

ZnO layers 5# and 8# show high density of pits with lower diameter and some rusts were 

present on the surface. The CrN/[Al2O3-ZnO]n and CrN/[Al2O3-ZnO]n/CrN coatings 

presented the smoother surfaces without pits.  
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Figure 8. Cyclic polarization curves in saline solution for coatings. 

 

 

 

 

 

 

 



 

 

Table 5. Corrosion electrochemical parameters of the different samples. 

Sample  316L SS 0# 1# 2# 3# 4# 5# 6# 7# 8# 9# 

Ecorr(mV/SCE)  -162 57 90 89 105 -37 53 -59 196 110 168 

Jcorr (nA.cm-2)  15.4 285 201 165 328 12.0 293 0.660 32.6 81.5 0.790 

βc (x10-2 

V/decade) 

 3.4 1.8 0.40 0.40 0.30 1.9 2.3 1.6 2.8 2.7 1.0 

βa (x10-2 

V/decade) 

 7.3 6.7 5.0 3.6 5.7 3.0 4.8 14 5.5 5.2 7.4 

Rp (KΩ.cm-2)  657 22 9 11 4 426 24 9725 251 95 4823 

Epit (V/SCE)  0.41 0.53 0.38 0.53 0.34 0.54 0.61 0.95 0.72 0.72 0.72 



 

 

Porosity  - 1.6E-2 7.5E-4 8.8E-6 3.4E-3 1.1E-4 9.7E-4 1.3E-2 9.3E-7 4.5E-5 5.0E-6 



 

 

 

  

   

   

 

 
 

Figure 9. Surface images of the samples after corrosion tests. 
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4. Conclusion 

In summary, different duplex coatings were deposited using the hybrid process via 

overlapping magnetron sputtering and atomic layer deposition thin films. The Al2O3, ZnO 

and Al2O3-ZnO nanolaminates were inserted within CrN coatings in different architectures: 

S/ALD/PVD, S/PVD/ALD and S/PVD/ALD/PVD. It consists of a comparative study for the 

novel approach of PVD+ALD hybrid combination. The morphology results indicates that the 

chromium nitride layers deposited on the three different types of ALD layers conserve their 

pyramidal structures and the ALD layers did not provoke any change in the growth type. 

Voids between S/PVD/ALD/PVD coating’s particles are less pronounced compared to the 

S/ALD/PVD architectures. The AFM characterization attributes to the conclusion that the 

ALD layer insertion, whatever the architecture is, smooths the surface and therefore decreases 

the roughness values. XRD microstructure analysis indicates that the insertion of the ALD at 

any position did not provoke any phase transformation of the CrN matrix and could result in 

enhancing the phase stabilization of CrN. Mechanical nanoindentation tests of all the samples 

approved the increasing in the hardness and young’s modulus of all duplex coatings compared 

to the as deposited CrN. This increase in hardness is due to the grain size refinement via the 

Hall-Petch relation. The duplex coatings presents different wettability behavior. The 

S/ALD/PVD coatings exhibits a hydrophilic character while The S/PVD/ALD coatings are 

hydrophobic. The S/PVD/ALD/PVD coatings exhibit a change in the wettability compared 

to CrN. The electrochemical tests were applied on the coatings to study their corrosion 

behavior. The insertion of an ALD layer between the substrate and the CrN layer 

(S/ALD/PVD architecture) slightly shifts the CrN corrosion potential to higher values 

whatever the inserted ALD layer type is. The S/PVD/ALD architecture coatings exhibit a 

decrease in the corrosion potential which could be attributed to the failure mechanism of 

corrosion protection of these ALD layers. The ALD is in such a position which enhances the 

direct interaction with the NaCl environments. These could facilitate the Cl- ions attack to the 

ALD layer and accelerates its dissolution. Coatings having the S/PVD/ALD/PVD 

architectures present the lower porosities, which means that the insertion of the ALD as a 

sealing layer is more efficient in decreasing the porosities than ALD in other structures. The 

CrN/Al2O3/CrN and the CrN/[Al2O3-ZnO]n/CrN coatings show the ability to re-passivate in 

the reverse scans which means that these two coatings present higher protection against 

pitting corrosion.  We can conclude that the S/PVD/ALD/PVD architecture is the most 

efficient architecture to provide an improvement in corrosion resistance. The CrN/[Al2O3-



 

 

ZnO]n/CrN coating presents the best corrosion protection performance with the lowest Icorr ~ 

7.9 x 10-10 A/cm2 lower two order of magnitude than Icorr of the substrate ~1.5 x 10-8 A/cm2. 

More future studies would be helpful in the investigation and the comprehension of the ALD 

nanolaminates corrosion mechanism in the S/PVD/ALD/PVD coatings.  
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