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Abstract. To reduce maintenance and to increase the corrosion protection and lifetime of maritime 

structures while complying with environmental standards, multilayer coatings are applied to protect 

steel sections. A new generation of hybrid sol-gel and/or HiPIMS Ni-based thin films appear to 

constitute an efficient pre-treatment before the anti-corrosion paint application. However, increasing 

the number of coatings and associated interfaces may lead to coating failure due to stresses induced 

by the different deposition processes. Therefore developing smart models to assess the stress 

distribution along these multilayers appears of significant importance. The well-known Stoney 

formula cannot be used for multilayers and owing to the large dimensions of the object to be 

protected. To assess an easily measurable curvature after deposition, thin steel sheets are used but 

do not respect any more the Stoney hypotheses. So we set up an analytical thermo-elasto-plastic 

model to evaluate the stresses induced by depositions in each layer. This model is based on the 

various thermal expansion coefficients of every coat. After extrapolation along the complete 

thickness, combining sol-gel and PVD deposition smoothens the stress difference between steel and 

paint. The shear stresses at interface seems thus to be reduced. The evolution of the stress difference 

between layers with the imposed deflection can predict the mechanical strength and the interface 

failure. In order to evaluate the quality of the model, in-situ four-point bending in SEM was 

performed to study of the adhesion between the various layers. The results deduced from the model 

are in good agreement with SEM images. 

Introduction 

In recent years, in order to follow environmental standards, a new generation of anticorrosive 

coatings appeared [1]. Nevertheless, these coatings should also be competitive in terms of corrosion 

protection and longer in terms of lifetime. A possible improvement seems to perform a combination 

of chemical and physical surface treatment before application of anticorrosive paint on a metallic 

part. The implementation of these treatments involves residual stress development [2] which could 

be harmful, in particular for the adhesion between paint and metallic part. The aim of this work is to 

suggest implementing a multilayer coating combining Physical Vapor Deposition (PVD) and sol-

gel process before painting, briefly detailed due to the project highly confidential in a first part. This 

study deals with the characterization of these multilayer coatings and especially with the residual 

stress induced by the deposition processes. In the first part, the used analytical thermo-elasto-plastic 

model will be described to, in a second part, compare three strategies of coatings and purpose a tool 



of choice from simple measurements. The last part will be devoted to the establishment of an 

original method of adhesion characterization for a multilayer system by in-situ four-point bending 

in SEM. 

Experimental work and model details 

Deposition process and material features. In this study several samples made of materials and 

thin films deposited by various processes were investigated. The approach was to leverage existing 

sol-gel and PVD technologies in High-Power Impulse Magnetron Sputtering (HiPIMS) mode to 

provide adhesion and corrosion protection. These two techniques were used as surface treatment 

before epoxy barrier painting. Substrates were cut from a low carbon cold-rolled steel sheet with a 

thickness of 0.02 mm. Length and width were set to 50 and 5 mm to get a beam. This geometry is 

chosen to obtain a measurable curvature due to stress development. An extrapolation to a massive 

part with the analytical model will allow determining induced stress in this kind of structures. Prior 

to surface treatment steel was cleaned with, a phosphoric acid solution before sol-gel process, or 

thanks to an ultrasonic bath of ethanol before PVD. Sol-gel process is an ambient chemical route to 

synthesize a hybrid organic-inorganic material. The coating is based on metal oxide and organic 

coupling agents to enhance adhesion between substrate and paint [3-5]. It consists of a dilute 

aqueous zirconium and functionalized silicon alkoxide solution sprayed on the steel substrate. The 

film was dried under ambient laboratory conditions before paint application. Nickel/Nickel oxide 

thin films were grown in a HiPIMS system [6-8]. The PVD coating is a 2 layers film: one dense 

nickel layer to minimizing the oxidation of iron by preventing the diffusion of corrosive species and 

one nickel oxide layer as an electronic insulating barrier. The nickel layer was deposited for 30 

minutes prior to the nickel oxide layer. This one was deposited for 30 minutes with an oxygen flow 

rate of 5 sccm that increased the working pressure from 0.4 Pa to 0.6 Pa. The coating was cooled 

under ambient laboratory conditions for at least one hour before paint application.  

Table 1. Material parameters for substrate and for each layer. 
(*)

 Commonly used values. 

 S355 Steel Ni NiO Sol-gel Paint 

Thickness t [µm] 30 (or 1 cm) 3 1 2 450 

Young 

Modulus 
E [GPa] 182 33.5 31.2 4.7 8.8 

Elastic 

strain 
εel [µε] 1300 200 [9] 2100 [12] ? 3200 

Poisson 

ratio 
ν [-] 0.3

(*) 
0.3 [10] 0.3 [10] 0.5 [14] 0.5

(*) 

TEC α [1/K] 1.1x10
-5(*) 1.3x10

-5 

[11] 
1.7x10

-5 
[13] 

1.1x10
-4

 

[14] 
1.1x10

-4(*)
 

H-S 

parameters 

A [-] 250 775 [9] 15746 [12] ? 313 

B [-] 265 2.5 [9] 0.19 [12] ? 0.72 

n [-] 0.88 0.8 [9] 1.1 [12] ? 0.69 

Table 1 summarizes the parameters used to calculate the stress gradient. Thickness measurements 

are performed by Scanning Electron Microscopy along the deposition axis. Young modulus is 

determined by nano-indentation following Oliver and Pharr methodology [15]. Tensile tests are 

performed on the substrate and on a dog-bone shape molded sample of paint. Stress-strain curves 

are fitted with a classical elasto-plastic Hockett-Sherby (H-S) behavior law (Eq. 4). For the other 

layers, the same law was extracted with literature data. No results on sol-gel were found and 

mechanical tests turned out to be very complex and hence, as a first approximation, the H-S 

parameters are considered to be similar to those of paint. The radius curvature induced by the 

deposition process was measured by image analysis on stereo-micrographs. The last part of 

experimental characterizations consists in in-situ four-point bending in SEM. Several incremental 

displacements are performed with a relaxation (around 10 N) in order to take an image. The region 



of interest is the most strained at the middle of both fulcrums. For these tests, steel substrate 

thickness is 4 mm based on the device geometry. 

 

Stress in multilayer coatings: analytical model. The analytical model is based on the model for 

predicting thermal residual stresses in multilayer coating systems introduced by Zhang et al. [16]. 

This model involves digitally applying a temperature difference which causes, due to the various 

TEC, a stress gradient linked to a strain gradient across the thicknesses of layers. This model takes 

into account separately the deformation due to the linear thermal expansion ε
T
 and the deformation 

due to the induced bending ε
K
. To assess to the first one, the equilibrium condition causes the 

summation of the in-plane forces in the global system should be zero. For the second, the bending 

moment should be balanced by the in-plane forces and the sum of the moment with respect to the 

bending axis should be zero. With those considerations, the curvature K which is the inverse of the 

radius of curvature ρ (experimentally achievable) can be expressed by Eq. 1. In this equation n 

layers of coating with individual thickness ti will be considered on a substrate with a thickness ts. 

The position of the interface between the substrate and the first layer is defined by the altitude z=0 

and the corresponding value h=ts. The subscripts i, s and k are respectively relative to the 

considered layer, the substrate and the influence of the other layer on the considered layer. Δα is the 

difference between αs and αi. Three situations of deposition are investigated: the first one is only 

paint on steel, the second one is an addition of a sol-gel layer between steel and paint and the last 

one is a multilayer made up of Ni and NiO deposit by PVD, before spraying sol-gel and then the 

last layer is the paint. 
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where δ is the distance from the bending axis to the interface between the substrate and the first 

layer and can be obtained by Eq. (2): 
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Residual stresses can be expressed by Eq. (3) which is separated in two equations for layers and 

for substrate. In each equation the first part is relative to the elastic deformation (if ε<εel) and the 

second part with the H-S coefficients is relative to the plastic strain (if ε>εel). K(z+δ) corresponds to 

the deformation due to the induced bending ε
K

. Deformations due to the thermal expansion ε
T
 are 

detailed by Eq. (4). 

 

Fig. 1. Example of experimental z displacement field (a) and its corresponding radius of 

curvature in comparison with the simulation (b). Numerical applied temperature to reproduce 

experimental results (c). 

 



 
           

                     
           

   
 
                       

           
                     

           
                         

  (3) 

  
  

  
    

        
  

    
  

 
            

 
  

    
  

 
    

  
    

  
               

   
 

  
    

  
 
       

 
  

    
  

 
    

  
    

  
    (4) 

Fig. 1 depicts the principle of this model. In a first time, image analysis enables to extract the 

field of z displacement along the sample length (a). Experimental points are fitted with a polynomial 

function requisite to calculate the experimental radius of curvature (b). Then a solver is used to 

minimize the difference between experimental and calculated (following Eq. 1) curvature. This 

computation is performed to apply a numerical temperature difference (ΔT<0 to have ρ>0 and 

inversely), shown in Fig. 1 (c). A good agreement between experimental and analytical radius 

shows a good reliability of the solver. An example of an extrapolation to a massive substrate (1 cm 

thickness) approves that the radius has not been reportable. 

Results and discussion 

Induced processing deposition stress. Once the macroscopic curvature is numerically reproduced, 

residual stresses are estimated by means of Eq. (3), first for thin steel sheet and finally for a massive 

steel piece.  

 

Fig. 2. Stress gradient maps for thin sheet (experimental) (a) and for massive part (extrapolated) 

(a) and (b). Interface residual stress between each layer for the massive steel part (c) 

 

The three cases previously described are studied and their associated residual stressed are 

mapped in Fig. 2 (a). The stress determination is performed along the deposition axis z with variable 

steps due to several layers having different thicknesses. The floating step is chosen to keep a 

number of points equal to fifty in each layer. Fig. 2 (a) and (b) show clearly that an addition of 

transitional layers between steel and paint softens the sharp stress transition. The combined addition 



of PVD layers and sol-gel layer is even more favorable than sol-gel deposition only. However, if a 

sol-gel layer is sprayed between steel and paint, the paint layer seems less stressed. The adhesion 

between layers can be quantified by the interface residual stress Δσ which is the absolute stress 

difference between two layers at the interface. This value is comparable with a shear stress. Fig. 2 

(c) shows that the interface stress between steel and the first layer has more than halved by the PVD 

layers addition in comparison with the system without transition layer. As a result of the good 

adhesion between Ni and steel, if paint is degraded, the structure will always be protected against 

corrosion by the PVD layers in agreement with previous results [17, 18]. Moreover, the 

combination PVD and sol-gel as transition layers, overall reduced interface stresses, providing a 

better mechanical behavior.  
 

Prediction of the interface failure, in-situ four-point bending in SEM. In-situ four-point 

bending in SEM is performed on rectangular band with dimensions (50x10x4 mm
3
), shown in Fig. 

3(b). The used loading cell bears a maximum at 5 kN. Several incremental displacements are 

performed on the three configurations. For each displacement, an image taken with SEM allows 

checking the layers and interfaces integrity. A calibration links the imposed displacement and the 

radius of curvature. In a second step, the previous model is used without the thermal contribution in 

order to estimate internal stresses in each layer. Fig. 3 (a) is a stress map identified between the 

fulcrums for various displacements on a sol-gel and paint system. In the top part, the progress of 

plasticity is plotted. In this figure, it is clearly visible that the most stressed interface lies between 

steel and sol-gel. This result gives a good prediction on the interface failure and is in agreement 

with the observed delamination on the micrograph (c). 

 

Fig. 3. In-situ four-point bending in SEM characterization: stress map for sol-gel paint system 

(a), experimental device (b), SEM observation of the interface crack (c) and comparison between 

the three systems to predict the failed interface and characterize their adhesions (d).  

 



Fig. 3 (d) depicts the difference of the calculated stress at each interface as a function of the 

imposed displacement. This figure reveals that only for the PVD/sol-gel/Paint, steel remains protect 

with the PVD layers since the interface which is delaminated is NiO/sol-gel for a displacement 

three times larger than for the two other systems. Concerning these two configurations, failure 

appears at the interface between steel and the first layer for a displacement of 0.5 mm in agreement 

with SEM observations. This figure plots numerical results supplied by experimental data and aims 

at predicting which interface will be broken the earliest under mechanical loadings. 

Summary 

In this study, a new anticorrosive coating is studied and characterized with an original approach 

of the adhesion between several layers. The use of a model enables to estimate the induced residual 

stresses and may be extended to in-situ deposition in order to understand the emergence of stresses 

and the associate kinetics. The complementarity between the model and experimental measurements 

highlights the power of this tool which can predict the interface failure under mechanical 

solicitation from curvature measurements. 
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