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ABSTRACT 
 

Protective coating corrosion failure is a complicated process that involves various phenomena 
which are hard to test for separately. An adequately protected pipe can be in service for a relatively long 
time without exhibiting any signs of corrosion failure, and then all of a sudden it corrodes over a short 
period of time. Failure will definitely happen if the interface between the pipe surface and its protective 
coating system is somehow compromised or exposed to the environment. While corrosion reactions 
have quite a bit of variability in terms of time, the situation is further complicated when corrosion is 
coupled with the protective coating mechanical failure. Similar to materials fracture, corrosion failures 
are governed by the laws of probability, where multiple variables control the ultimate outcome. 
 
 The coating system needs to be adequately tested before placing it in service, so there is a strong 
need for a meaningful corrosion test. A typical test would incorporate exposing scratched coating 
surface to certain corrosive environments for a fixed amount of time, trying to simulate the real 
conditions as close as possible. Sometimes, a so-called “freeze” step is introduced to “stress” the coating 
prior to exposing it to the test environment, ultimately causing its failure. Due to the differences in 
thickness, elastic, thermal and adhesion properties, various coatings would exhibit different results when 
exposed to a fixed freeze temperature. One needs to understand the mechanics of the freeze in order to 
properly utilize it. This paper considers the coating delamination and fracture mechanics, including the 
freeze step mechanics in terms of the strain energy release rate, and coating sub-critical debonding. This 
research is sponsored by the NACE University Research Seed Grant. 
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INTRODUCTION 
 

There is a large variety of corrosion protective coating systems. They all serve the main ultimate 
goal of long-term corrosion protection. One has to realize though that due to the nature of the corrosion 
process, which brings the material to a lower energy, thermodynamically favorable state, most coatings 
will eventually fail, and the material they are protecting will corrode. Figure 1 shows examples of 
vintage mirror silver backing failures. Although the coatings do not serve the purpose of corrosion 
protection in this case, they probably set some of the oldest examples of mass-produced coatings 
failures. Even nowadays mirror coatings are prone to failures, presenting a technological challenge [1]. 

 

 
FIGURE 1. a) Mirror backing corrosion failure. The Art Institute of Chicago, circa 1820; b) Buckling 

mirror silver backing delamination failure, Correr Museum, Venice, Italy, 18th century. 
 
 
Unfortunately, premature failures can be costly, especially when the offshore applications are 

considered. It is extremely important to test corrosion protective coatings before they are deployed. 
Various tests have been designed for evaluating coatings performance. See reference [2] for a 
comprehensive review, which also inspired this publication. 
 

Anti-corrosive performance testing serves the purpose of comparison and ranking the coatings, 
as well as eliminating the ones likely to exhibit premature failure. Unfortunately there is no single test 
available, capable of fully predicting protective coatings performance and their lifespan. Although, 
based on a combination of tests, one can make an assessment and compare various coatings’ 
performance. It is important to understand how the coating properties influence test outcomes, so that 
they will be properly interpreted. Here, we address the mechanical aspects of anti-corrosive coatings 
performance tests.  
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MECHANICAL COATING FAILURE 
 

A coating will fail to provide anti-corrosion protection when it fractures or de-adheres 
(delaminates). By fracture we mean the formation of through-thickness cracks in the coating, which may 
or may not extend all the way to the substrate (Figure 2a). Cohesive or interfacial delamination exposes 
protected material to the environment (Figure 1b), while adhesive fracture leaves a weak spot, leading to 
stress concentrations and long-term corrosion problems, shortening the protected part lifetime. Both 
cohesive and adhesive failures can be treated similarly from the mechanics perspective. Thermal cycling 
resistance, dimensional stability, and flexibility tests are performed to address the issues of coating 
fracture and adhesion loss. Thermal cycling resistance test is qualitative, i.e. the sample is subjected to 
thermal cycling, after which the coating is inspected for cracks. Flexibility and dimensional stability 
tests are semi-quantitative.  

 

 
FIGURE 2. a) Through-thickness cracks in a polymer film adhered to glass; b) Cracking and 

delamination of organic paint. 
 
 
Let’s consider mechanical aspects of a coating delamination and fracture processes. The strain 

energy release rate, G, of a stressed coating is [3]: 
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where σ is the stress in the coating, t is its thickness, or the thickness of the delaminated film portion in 
the case of adhesive failure, νc and Ec are its Poisson’s ratio and elastic modulus, respectively, and Z is a 
dimensionless cracking parameter. Coating will delaminate when the strain energy release rate, G, 
exceeds the interfacial toughness, Γi(Ψ): 
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Here, Ψ is the crack phase angle, which is 0° for the mode I, and 90° for the mode II loading. The 
coating will crack when the strain energy release rate exceeds the coating toughness, Γcoating: 
 

)(ΨΓ≥ coatingG       (3). 
 
This case applies to both through-thickness (Figure 2a) and adhesive coating failures. 
 

In a quantitative adhesion or fracture test, the amount of energy necessary to delaminate or 
fracture a square area of a coating is measured. Energy-based tests have advantages over the stress or 
force-based tests, as they account for the stress concentration effects. While there are several 
quantitative adhesion and coating toughness tests available, they are not widely applied for the anti-
corrosive coatings, possibly due to complications with tests administration and data interpretation. There 
are many parameters, affecting the measurements. For example, according to equation 1, a thicker 
coating would more likely delaminate or fracture compared to a thinner one. A quantitative adhesion test 
would give different results for different thickness coatings, so correct interpretation is always 
necessary.  

 
While thin film stress measurements based on the substrate curvature methods are performed 

routinely in the microelectronics industry, stress characterization is less common in the anti-corrosion 
coating industry, and the measurement methodology has been implemented only recently [3, 5]. 
Although stress levels in anti-corrosive coatings are orders of magnitude lower [3], compared to thin 
films in microelectronics (MPa vs. GPa), this is offset by the lower coating modulus and larger thickness 
in terms of the strain energy release rate (equation 1). A 1 μm thick tungsten film on a ceramic substrate 
with 1 GPa compressive residual stress would have the same amount of stored elastic energy per unit 
area, as a 200 μm thick polyamide coating with 5 MPa residual tensile stress. Let’s consider the 
mechanics of a freeze step in the anti-corrosive coating test, when the coating is scratched prior to low 
temperature exposure. 
 
 

 
FREEZE STEP MECHANICS 

 
The freeze step causes extra tensile stress in the coating at lower temperatures, since its thermal 

expansion coefficient is typically larger than that of a protected substrate (Ex. polymer coating on a 
metal substrate). The biaxial coating stress caused by lowering the temperature by ΔT can be estimated 
as: 
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where αc and αs are thermal expansion coefficients of the coating and the substrate, respectively. 

 
Since the coating is scratched prior to a freeze step, the stress at the crack tip due to the scratch 

will be much larger than the thermal stress in equation 4 (stress concentration): 
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Here, C is a non-dimensional geometrical loading parameter, a is the crack length, and ρ is the crack tip 
radius. Since the crack length is much larger than its tip radius, orders of magnitude stress magnification 
is realistic. If one were to consider a 100 μm interfacial pre-crack, introduced by the scratching process, 
with a large tip radius of 1 μm, then the stress at the crack tip will be magnified by 10 times, resulting in 
a 100-fold increase of the strain energy release rate in equation 1. Without considering the fact that 
materials and interfaces are more brittle at lower temperatures (lower Γi(Ψ) and Γcoating(Ψ)), the 
conditions of equations 2 and 3 are more likely to be met in this case, and the coating will delaminate 
around the scratch, causing consequent corrosion failures described in [2]. In addition to a scratch, any 
other defect, even of atomic dimensions, will act as a stress concentrator. 
  
 When ranking the coatings based on the test employing a freeze step one has to take into account 
the above mechanics, as various coatings would have different thermal expansion coefficients, elastic 
moduli and thickness. For the same temperature decrease and time exposure of the freeze step, the stress 
developed in the castings will be different, according to equation 4, thus leading to a different strain 
energy release rate (combining equations 1 and 4): 
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Even if a coating is partially delaminated, it will fail to provide corrosion protection, and if there 

is no crack growth during the freeze step, higher stress concentration at the scratch or defect site will 
eventually lead to corrosion. Consequent temperature cycling is detrimental to corrosion protection. 
Figure 3 shows polymer film buckling delamination and through-thickness cracking on metal substrates 
of street signs. This happens due to daily and seasonal temperature fluctuations, leading to corrosion, 
presented in Figure 3b. While the stress is uniformly distributed in a freshly-applied polymer coating, it 
redistributes due to thermal cycling, forming local regions of tensile and compressive local stresses 
(Figure 3c), which ultimately causes coating failure. 
 

One of the quantitative adhesion tests, modified edge lift-off test (MELT) is based on the fact 
that a polymer coating shrinks more, peeling the film of interest underneath it upon cooling [6]. One 
needs to keep in mind that materials and interfaces are more brittle at lower temperatures, so the 
adhesion values obtained by this test should be considered as a lower bound. Other popular quantitative 
adhesion tests are the four-point bend [7], and the superlayer indentation tests [8]. In addition to 
measuring interfacial fracture toughness, indentation methods are also capable of assessing thin film and 
coating toughness [9, 10]. 
 

Recently, we have modified the superlayer indentation test for measuring thin film adhesion in 
moist environments [11]. Up to a 100-fold decrease in adhesion due to water presence was measured for 
Cu and diamond-like carbon (DLC) thin films [12]. Even without considering corrosion effects, we 
believe that water reduces the surface energy of the newly-formed surfaces during the fracture process, 
effectively reducing the interfacial and coating fracture toughness, making it easier to satisfy the fracture 
condition of equations 2 and 3. Corrosion environments would have even more pronounced effects. 
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FIGURE 3. a) and b) Polymer film delamination and fracture on a street sign, with b) the brass substrate 

corrosion; c) Buckling and cracking of a polymer film on Al substrate. 
  
 
   

CONCLUSIONS 
 

Mechanical aspects of anti-corrosion protective coating tests have been considered with an 
emphasis on a freeze step. One has to be careful in comparing the test results, as the coating thickness, 
elastic modulus, and thermal expansion coefficient need to be taken into account. Reducing the number 
and the amplitude of the temperature cycles, keeping the interface free of moisture, reducing the film 
thickness and stress levels would be good measures to reduce and prevent failures in the field. While 
progress is anti-corrosive coating testing methodologies is noticeable, an ultimate corrosion/adhesion 
test is yet to be developed. 
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