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ABSTRACT 

SOLVENT EFFECTS OF MODEL POLYMERIC CORROSION CONTROL 

COATINGS ON WATER TRANSPORT AND CORROSION RATE 

by Christina Konecki 

August 2017 

Industrial coating formulations are often made for volatile organic content 

compliance and ease of application, with little regard for the solvent impact on resultant 

performance characteristics.  Our research objective was to understand the effect of both 

solvent retention and chemical structure on water transport through polymer films and 

resultant corrosion area growth of coated steel substrates. A clear, unpigmented 

Phenoxy™ thermoplastic polymer (PKHH) was formulated into resin solutions with three 

separate solvent blends selected by Hansen solubility parameter (HSP), boiling point, and 

ability to solubilize PKHH.  Polymer films cast from MEK/PGME (methyl ethyl ketone/ 

propylene glycol methyl ether), dried under ambient conditions (AMB, > 6wt.% residual 

solvent) produced a porous morphology, which resulted in a corrosion area greater than 

50%.  We attributed this to the water-soluble solvent used in film preparation, which 

enabled residual PGME to be extracted by water.  The resin solution prepared with 

CYCOH/DXL (Cyclohexanol/ 1,3 dioxolane) was selected because CYCOH is a solid at 

room temperature which acts as a pigment in the final film.  Therefore, increasing the 

tortuosity of water transport, as well as a high hydrogen bonding character, which caused 

more interactions with water, slowing diffusion, producing a nodular morphology, and 

37% less corrosion area than MEK/PGME AMB.  The HSP of PKHH and EEP (ethyl 3-

ethoxypropionate) are within 5% of each other, which produced a homogeneous 
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morphology and resulted in comparable corrosion rates regardless of residual solvent 

content. 

We utilized electrochemical techniques and attenuated total reflectance- Fourier 

transform infrared spectroscopy to elucidate dynamic water absorption and solvent 

extraction in the exposed model formulations.  We found that water absorption resulted in 

a loss of barrier properties, and increased corrosion due to the voids formed by solvent 

extraction.  The polymer films were rejuvenated (removal of water) as an attempt to 

decrease the number of water transport pathways during exposure.  Results found that 

samples rejuvenated at temperatures above the glass transition temperature of the samples 

achieved lower moisture content and consequently, lower corrosion growth rates. In 

commercial systems, rejuvenation lowered the corrosion rate up to 60% indicating better 

coating formulations and maintenance cycles would control the corrosion rate. 
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CHAPTER I - INTRODUCTION 

Corrosion is pervasive and expensive in regards to maintenance, replacement, loss 

of life, and downtime for necessary repairs.  In 2012, the United States (US) economy 

spent about $1 trillion on corrosion and related costs, corresponding to 6.2% of the US 

gross domestic product (GDP).1  The worldwide cost of corrosion is estimated to be over 

3% of the world’s GDP, which is large considering the impact of corrosion evades public 

awareness until catastrophic failure occurs at the expense of lives.2 

The coatings industry accounts for 3.6% of the world’s GDP, with 10 % of the 

market involving protective coatings.3  There are limiting factors affecting the release of 

new protective coating products regularly, such as lengthy testing times for product 

approval and the need for a universal method for prediction of coating service life. 

Environmental severity factors (ESF) affect each coating layer differently, and in 

some cases result in dramatic differences in exposed versus pristine measurable material 

characteristics.  Corrosion of a metal substrate does not occur without water, oxygen, and 

environmental electrolytes present to promote metal dissolution. In polymeric systems, 

the uptake rate of water, oxygen, and environmental electrolytes also affect physical 

properties, altering the transport of any contaminants through the material. 

The corrosion literature, has seminal works concerning the mechanism and rate of 

metallic corrosion, and of organic coating properties.  However, there are limited studies 

on how coating properties influence the rate and mechanism of metallic corrosion.  

Consequently, there is a drive to not only develop protective coatings but to understand 

the fundamentals of how coating properties impact corrosion.  
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Corrosion Basics 

Corrosion is the destructive attack on a metal by a chemical or electrochemical 

reaction.4  The corrosion process is a concurrent oxidation and reduction, facilitated by 

the accumulation of water, oxygen, and electrolytes at the metal substrate interface 

(Figure 1).5  The oxidation of iron occurs at the anode via the generation of free electrons 

as the metal changes from a zero oxidative state to a higher oxidative state (i.e. +2).  The 

free electrons generated at the anode travel to the cathode (reduction site) and are 

consumed via reduction of oxygen and water to form hydroxyl ions and hydrogen gas.4-6 

 

Figure 1.  Half-cell reactions occurring during corrosion.5 

The corrosion of iron proceeds quickly due to the thermodynamic drive of 

elemental iron to return to its oxidized state.6  Uniform macroscopic corrosion occurs for 

metals not having significant passivation, thereby forming evenly distributed corrosion 

over the substrate.7  In the air, aluminum, unlike iron, generates a 2-10 nm self-protecting 

metal oxide layer that provides efficient corrosion protection.4  The aluminum oxide 

layer, however, is affected by environmental contaminants such as halide ions, these 
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initiate the corrosion process by promoting metal ion dissolution from the surface that 

eventually leads to pits.7 

Corrosion Rate of Coated and Uncoated Metal Substrates 

There are three main techniques for quantifying corrosion rates: gravimetric, 

visual, and electrochemical methods.  Historically, corrosion rates are determined by 

gravimetric means, which required long periods of time to obtain a measurable weight 

loss.8  Corrosion experiments using weight loss are limited to bare metal substrates 

exposed to environments such as soil, beach side, and normal atmospheric conditions, 

with the application of a salt spray, also included.8-11  To remove corrosion product from 

the metal such as steel, the corrosion product is either scraped off with a wire brush and 

razor or dissolved using Clark’s solution.9-10  The corrosion-free metal sample is weighed 

and the result used in Equation 1 to calculate the change in weight with exposure.10  Here 

ΔW is the difference in weight, W0 is the initial weight, and W is the weight after 

exposure.  

∆𝑊 =  
𝑊0−𝑊

𝑊0
×100       Equation 1 

Oparaodu and Okpokwasili studied mild steel, carbon steel, and stainless steel 

corrosion rates in waterlogged soil and sandy soil, the resulting images are shown in 

Figure 2.  The data indicates the waterlogged soil has a larger ESF based on the higher 

degree of corrosion observed for its samples.11  Corvo et al. also studied carbon steel 

weathering using locations in Cuba and Colombia, and with and without added salt 

spray.8  Here the salt spray cycle was included to study the metals’ resistance to the 

buildup of chloride ions on the surface.8  The researchers observed that in the 
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environments with more rainfall corrosion was less due to the rain rinsing away chloride 

ions.8 

 

Figure 2.  Corrosion of steel specimens.11 

Figure modified from Oparaodu and Okpokwasili.  Unexposed coupons are represented in A (mild steel), B (carbon steel), and C 

(stainless steel) followed by waterlogged soil exposed, D (mild steel), E (carbon steel), and F (stainless steel) and sandy soil exposed; 

G (mild steel), H (carbon steel), and I (stainless steel).11 

Another example of bare metal application is steel rebar in concrete.  As rebar is 

embedded in concrete, it is difficult to determine when the rebar is no longer structurally 

sound.  Tae et al. evaluated rebar alloyed with varying percentages of Cr, a known 

inhibitor of anodic and cathodic corrosion, to help mitigate corrosion.  Corrosion did not 

occur in rebar with 5-10% Cr.  This result is not only important from an alloy standpoint 

but also in future sections focusing on the application of polymeric films to protect 

metal.10 

Visual monitoring of corrosion eliminates the need for small coupon testing and 

allows for evaluation of an entire asset per ASTM D610 test procedure.12  Percent 

corrosion area is applied to the ASTM D610 rating scale to describe the severity of 

corrosion on a sample (Table 2).12  Other visual corrosion methods use a form of image 

analysis to calculate the percent of corrosion visible.10, 13 
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Table 2  

ASTM D610 corrosion area rating scale 

Rating Description 

10 < 0.01% of surface rusted 

9 < 0.03% of surface rusted 

8 <0.1% of surface rusted, few isolated spots 

7 < 1% of surface rusted 

6 < 0.3% of surface rusted 

5 > 1% but < 3% of surface rusted 

4 >3% but < 10% of surface rusted 

3 ~ 1/6 of surface rusted 

2 ~ 1/3 of surface rusted 

1 ~ 1/2 of surface rusted 

0 ~100 % of surface rusted 

 

Electrochemical measurements offer a faster, in-field, often non-destructive 

detection technique.14 Electrochemical impedance spectroscopy (EIS) has been used to 

predict and determine the degradation of polymeric films under various conditions as 

well as the rate of corrosion of coated and bare metal.15  Figure 3 illustrates the series of 

electrochemical reactions tracked through EIS. 
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Figure 3.  Visual representation of corrosion on iron. 

Visual representation of the anodic and cathodic reactions on an iron substrate.  Where at the anode iron is oxidized to Fe2+ and 

releases two electrons (red arrows).  The blue arrows are representative of the cathodic reaction where water and oxygen are reduced.  

The iron ions then react with hydroxide ions to form rust (iron hydroxide) (orange particles)  

EIS uses an alternating current (AC) signal applied to an electrode (the corroding 

metal), with the response measured as impedance (Z).15-16  A common electrochemical 

testing set up is the three electrode cell which consists of: a counter electrode, a working 

electrode, and a reference electrode (Figure 4).15-16  When the sample is placed in an 

electrochemical cell, an active circuit is created between the counter electrode, platinum 

mesh, and the working electrode or the metal substrate.  An equivalent circuit is a resistor 

and capacitor in either parallel or series.17-18  To make conclusions about mechanistic 

behaviors modeling the equivalent electrical circuit (EEC), chemical or physical data is 

necessary to understand the electrochemical reactions occurring to alter the impedance 

response. 



 

7 

 

Figure 4.  Three electrode cell 

Left- paint cell, Right-flat cell. Modified from Frankel and Rohwerder.16 

In EEC modeling resistors are used to represent the following: solution/electrolyte 

resistance (RE or RS), pore resistance (Rpore), and charge transfer resistance (RCT).  The 

solution/electrolyte resistance is the resistance of the conductive immersion media in the 

cell (3.5 wt.% NaCl).  The RE, typically minuscule compared to the overall resistance of 

the sample, makes a negligible contribution to the overall system resistance.  Pore 

resistance is the ion resistance of the polymer film as it absorbs water, swells, relaxes and 

forms a pore or defect.  Charge transfer resistance describes the electrochemical 

processes of corrosion.  Each one of these resistances plays a role in the overall model 

describing the electrochemical cell’s interface that develops during exposure time.  

Before reviewing the basic EEC models, it is important to understand the different 

properties and attributes that are described by capacitors of the exposed coated substrate. 

One of the main results of circuit modeling is obtaining the capacitance value of 

the circuit, which correlates with the diffusion of water into a polymer film.19-22  There 

are three types of capacitance relevant to the models discussed here: coating capacitance 

(CC), substrate capacitance (CS), and Warburg capacitance (W).  The coating capacitance 

reflects the build-up of charge in the polymeric film, which is related to the dielectric 

constant of the polymer.  Therefore, as water, oxygen, and electrolyte penetrate the 
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polymeric material, the capacitance changes.  A constant phase element (CPE) is added 

to the model when perfect capacitance poorly represents the electrochemical process.  

Equation 2 is the definition of a CPE element, where Y is admittance of the CPE, Qa is an 

empirical coefficient, i is the imaginary unit, ω is the angular frequency, and αf is a 

fractional exponent.23 

YCPE= Qa(iω)α
f        Equation 2 

Here the range for αf.is ± 1.  When αf =1 the equation simplifies to normal 

capacitance, effectively making the CPE a ‘leaky capacitor.'  A CPE and W element are 

equivalent if αf= 0.5.  When αf= 0.5, a diffusion based incursion process of oxygen or 

water is present, as in the case of a bulk polymeric film or at the polymer/substrate 

interface.  The CPE is also referred to as the Cdl or the double layer capacitance, a finite 

region at the polymer/ solution interface.  The double layer is where charge build-up 

originates off the system and is the limiting factor for diffusion. 

There are three basic EEC in corrosion that are usually applied first before using 

more complex approaches; perfect coating simplified Randles cell and Randles cell.  The 

perfect coating EEC models a purely capacitive coating also described as a defect free 

barrier.  Figure 5A shows the representation of the EEC containing a solution resistance 

in series with coating capacitance, yielding the corresponding Bode and Nyquist plots of 

a purely capacitive coating shown in Figure 5B and C.  A simplified Randles cell, 

displayed in Figure 6A, is comprised of an RS, a Cdl, and RCT or RP in parallel 

(representative plots shown in Figure 6B and C).  This EEC is the main starting point for 

corrosion cell models as it has the charge transfer/polarization resistance; this is when the 

potential of an electrode deviates from the open circuit value.  This characteristic of a 



 

9 

double layer capacitance, whereby the electrical double layer interface exists between an 

electrode and its surrounding electrolyte solution.  A full Randles cell includes a defect or 

pore in the coating, as seen in Figure 7A.  This pore allows for direct attack of the metal 

and introduces into the circuit components for substrate capacitance and resistance. 

 

Figure 5.  Purely capacitive coating EEC. 

A purely capacitive coating can be represented as a defect-free coating as seen in A, where the only contributing factors are the 

resistance of the solution (Rs) and the coating capacitance (Cc).  B is a representative Bode plot of a capacitor where the impedance 

scales with the frequency.  C is a representative Nyquist plot of a capacitor.18 

 

Figure 6.  Simplified Randles cell EEC. 

A simplified Randles cell can be represented as a coating that is starting to acquire water, electrolyte, and oxygen adding a resistive 

element to the coating as seen in A.  B is a representative Bode plot where the plateaus are resistive elements (Rs and Rp), and the 

capacitance is the linear regime in between.  C is a representative Nyquist plot.18 

 

Figure 7.  Randles cell EEC. 
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Randles cell shows a coating that has a breach that results in a whole new circuit to represent the reaction that is starting to take place 

on the unprotected metal. 

Scanning Kelvin Probe 

EIS is a bulk electrochemical technique that although helpful cannot identify 

where on a substrate there is a difference in anodic or cathodic potential.  Later in this 

dissertation, scanning Kelvin probe (SKP) methods will be used to identify anodic and 

cathodic locations of the metal substrate and water distribution in polymer thin films.  

SKP is a localized non-destructive electrochemical technique that scans a surface and 

measures the difference in work function or potential between the conducting material 

(metal sample) and the vibrating probe tip area (Figure 8).24  The work function can be 

affected by absorbed or evaporated layers, oxide layer defects, surface contamination, 

charging, and reconstruction.  This sensitivity makes the technique suitable for measuring 

even the smallest material changes.24 
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Figure 8.  Theory of the Kelvin probe. 

There are three steps to understanding how the Kelvin probe measures the difference in potential between the substrate and the probe 

tip.  A) initially the probe and sample have no electrical connection and have two individual work functions.  B) an electrical 

connection is made, and the potential of the probe and sample equilibrate, the amount of potential needed to do this is measured by the 

instrument.  C) the instrument applies a potential that is equal, and opposite the charge of the amount added to the probe, this allows 

the probe and sample to return to their initial work function and potential.24 

 

To calibrate the SKP, a zinc-coated iron substrate is used as a model.  There is a 

defined area where the zinc coating is removed to expose the iron.  Because of the 

difference in the metals’ potentials, there is a distinct difference between iron and zinc 

areas of the sample when measured with the SKP (Figure 9).25 
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Figure 9.  Example SKP area scan. 

Zinc coated iron sample on the left and the resulting SKP area scan on the right, where the red area is the iron of sample.25 

Anticorrosive Coatings 

A barrier such as an anticorrosive coating is applied to a metal substrate to 

prevent corrosion.  Organic coatings are a logical choice for corrosion protection because 

of their low cost, ease of application, versatility, and aesthetic attributes.26  Effective 

organic anticorrosive coating(s) must maintain physical properties, adhesion, and reduce 

diffusion of environmental contaminants to the underlying substrate throughout cyclical 

stress and mechanical forces.  Key coating tests such as adhesion27, flexibility28, and 

impact resistance29 are destructive in nature, thereby increasing the overall test cost in 

coating evaluation.  The focus will be investigating non-destructive characterization 

methods to identify the failure mechanisms of polymeric coatings barrier protection.  

Frequently, anticorrosive coating systems are comprised of multiple individual layers, 

each serving different functions and providing complementary properties and purposes.  

Commonly, anticorrosive coating systems contain a primer, an intermediate coat, and a 

top coat that could include metallic, inorganic, or organic pigments.30  Throughout this 



 

13 

dissertation, the main focus will be the evaluation of primers with and without inorganic 

pigments.  The role of the pigments studied will be described as they are introduced in 

the following chapters. 

A schematic of polymeric coating failure as a result of water, oxygen, and ion 

penetration is portrayed in Scheme 1.30  Here the coated metal substrate absorbs the 

corrosion reactants to form pathways through the polymer film.  Corrosion begins after 

reactants accumulate at the substrate interface.  Throughout the course of the reaction, 

corrosion products are deposited on the substrate and force the polymer to separate from 

the substrate, resulting in blisters and loss of adhesion. 

 

Scheme 1. Failure of polymeric coatings. 

All anticorrosive coatings go through the mechanism described in Scheme 1; 

however, polymeric films with inhibitors will protect the substrate during contaminant 

absorption through three main mechanisms: barrier, sacrificial, and inhibitive.  Polymeric 

materials provide barrier protection for a metal substrate and control release rates for 

materials in a coating that protects by sacrificial or inhibitive mechanisms.  The focus of 
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this research will be on barrier protection via polymer-based coatings, which by physical 

impermeability will minimize the penetration of water, electrolytes, and oxygen through 

the polymer.30  It is a critical point from our perspective that barrier coatings function 

well until a defect or breach occurs [which is almost always the case for Department of 

Defense (DoD) assets].  Once a breach occurs, barrier coatings are rendered ineffective 

and fail rapidly in the absence of complementary anticorrosive resistance measures such 

as inhibition or passivation.  Because the polymer controls moisture ingress via its 

membrane properties, it is critical to quantify the water intake on system type, properties, 

time and ESF. 

Adhesion 

In the realm of surface coatings, excellent adhesion to the substrate is crucial.  

Adhesion to a substrate is thought to manifest through chemical bonds, polar bonds, and 

mechanical adhesion.31  One of the main considerations for achieving good adhesion is 

the compatibility of the polymer binder and the substrate.  When there is a chemical 

attraction between the substrate and the polymer binder, chemical bonds are formed, 

resulting in adhesion.31  Polar groups also have an associated effect that can lead to 

adhesion to the substrate.31  However, if the polymer has no chemical attraction to the 

substrate, surface roughness of the substrate is increased to promote adhesion of the 

polymeric film.31  Chaudhury quantified the intermolecular interactions responsible for 

adhesion between surfaces: adhesive forces at the interface range from 40-100 mJm2, 

whereas, for a rubbery adhesive attached to a solid substrate, the adhesive force ranges 

from 10-100 mJm2.32 
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As previously stated surface preparation is crucial to achieve a well adhered 

polymeric coating, therefore substrates are prepared by the removal of contamination and 

increasing surface roughness.33  Residual oxides or other contaminants on the surface 

cause deleterious effects on the adhesion. 33 

Methods to measure adhesion have been limited to the pull-off adhesion test 

(ASTM D4541-02)34 and cross-hatch adhesion (ASTM D3359)35.  The cross-hatch 

adhesion test, while qualitative, doesn’t provide any quantitative values to compare 

across systems as the pull-off method allows.  In the pull-off adhesion method, it is 

important to consider the adhesive applied the dolly; it must not change the interaction of 

the polymer applied to the substrate. 

Conditions that change the integrity of adhesion to the substrate include the stress 

and strain of the coating, which varies on the environment and application parameters.  

Internal strain at large thicknesses causes loss of surface adhesive forces.36  There is a 

critical thickness that results in sufficient internal strain to overcome the work of 

adhesion, causing delamination from the surface.  Internal strain reduces the adhesive 

strength less than the cohesive strength, leading to failure.36  

Stress introduced into a coating system counters its adhesion to the substrate and 

thus contributes to delamination.  Stress manifests itself regarding internal, thermal, and 

hygroscopic behavior.  These stressors are often induced during film formation and under 

end-use exposure.37 

A coated substrate may experience delamination when undergoing wet and dry 

cycles.  However, with the adhesive bonds becoming unstable while transitioning from 

wet to dry states and vice a versa.38  It is predicted that as the water reaches the 
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metal/polymer interface, the system develops movable adhesive bonds that become more 

loosely associated with the substrate.  Tg is also an important factor about the internal 

stress of the system and the resulting adhesion.  If the Tg is much higher than the service 

temperature, it will not drop to the service temperature and therefore maintain good 

adhesion to the substrate, with immovable bonds. When Tg is less than the experimental 

temperature, adhesive bonds are mobile like a wet surface.38 

The work of Perera and Croll suggested the measurement of internal strain and 

stress of polymeric coatings could be used as an alternative method of quantifying 

adhesion to a substrate. 36-37  Legghe et al. examined the difference in adhesion for a 

sample that had been wet and then dried.  They found that the epoxy system gained 

adhesion when allowed to dry before testing.39  These results correlated well with earlier 

studies by Funke and Negele, suggesting that adhesion is diminished when water reaches 

the interface due to the creation of sliding bonds.  Once the system has been allowed to 

dry, the adhesive bonds are once again solidified and provided adequate adhesion to the 

substrate. 

Additional methods to investigate the adhesive qualities of polymer thin films 

include SKP and the blister test. SKP can be used to measure the delamination front 

caused by the cathodic disbandment of the polymer thin film from the substrate.  In the 

blister test, the hydraulic pressure required to form a blister is quantified.  These 

techniques aid in better understanding failure mechanisms associated with the loss of 

adhesion.  In one study, as the content of plasticizer increased in an acrylic resin the 

adhesion (tack time) increased but with a decrease in Tg.
40 

 Glass Transition Temperature  
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Surface coatings are designed to fulfill a set of performance properties in service.  

However, with the environment constantly changing it is difficult to expect the Tg and 

other properties to remain the same.  The previous sections have elucidated the many 

properties that scale with Tg; this section aims to add another level of complexity by 

probing the changes that occur outside of ambient STP conditions, specifically water. 

The effect of water is significant when considering a polymer application.  Water 

is everywhere, whether it is in bulk, the relative humidity of the environment or due to 

the weather.  These forms of water and their interaction with polymeric materials cause a 

significant decrease in the Tg. 

Zhou and Lucas studied the effects of water on a polymer’s Tg and determined the 

types of water in the polymer network.  Here water content was examined through its 

interactions with the epoxy network via nuclear magnetic resonance (NMR) 

spectroscopy; also, the authors also investigated physical property changes that occurred 

within the epoxy regarding Tg by differential scanning calorimetry (DSC).  At saturation, 

Type I (free) water depressed Tg, with the Tg depression smaller for Type II (bound) 

water due to secondary crosslinking of the water with the epoxy matrix.  When the 

samples were dried, the Tg value was equivalent to that for pristine dry samples, albeit 

with residual Type II water still present.41 

Tsavalas and Sundberg developed a hydroplasticization Tg prediction method 

based on the Fox equation (Equation 3).42 

𝟏

𝐓𝐠,𝐰𝐞𝐭
=  

𝒙𝒘𝒂𝒕𝒆𝒓

𝐓𝐠,𝐰𝐚𝐭𝐞𝐫
 +  

𝒙𝒑𝒐𝒍𝒚𝒎𝒆𝒓

𝐓𝐠,𝐩𝐨𝐥𝐲𝐦𝐞𝐫
 

Equation 3 
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To obtain accurate values, the amount of water uptake of the polymer has to be 

known.  The experimentally determined Tg of water (137 K) is used in these 

calculations.42  Kim et al. developed a model to estimate the Tg as a function of film 

thickness.  Although there is extensive work on thin films Tg depression, the cause is 

controversial.  The developed equation uses the normalized Tg relationship with 

normalized thickness.  It is polymer independent and exhibits a good correlation with 

experimental data.43  Other Tg predictive models have been developed for fully miscible 

(Gordan- Taylor), partially miscible, and not miscible blends, and copolymers.44  

However, these prediction models do not cover differences in plasticization efficiency on 

a series of polymers for various types/states of water. 

In epoxy networks, the combined effects of plasticization and physical aging on 

the viscoelastic behavior have been studied through immersion in water followed by the 

analysis above and below the networks’ Tg with dynamic mechanical analysis (DMA).45  

The duration of immersion required for these epoxy networks to equilibrate was three 

months at ambient conditions.  Colombini et al. noted a decrease in Tg due to 

hydroplasticization.  However, when samples were conditioned above their Tg they 

exhibited Tg values almost identical to the pristine or original results.45  This study 

suggests the potential for reversing the Tg depression of a polymer network by removing 

water to stave off corrosion initiation in advance of complete saturation of the polymeric 

film.  A rejuvenation study (Chapter V and VI) determined that it was possible to reverse 

the Tg depression exhibited by an exposed film simply by removing the water present.  

By varying thermal cycle temperatures, it was possible to reduce the rate of corrosion by 

60%, further discussion on limitations and possible mechanisms will be discussed in 
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depth in Chapter V and VI.  There are not many studies that report the effect of 

accelerated weathering techniques on Tg.  However, work by Croll et al. reported that 

with samples exposed in a Q-Sun chamber without water spray had decreased Tg and 

crosslink density with increasing exposure time.46 

In solvent cast systems, solvents which evaporate completely are used to obtain 

the film forming properties of the polymer film.  However, some level of residual solvent 

is common, especially without an oven-drying step.  Feng and Farris investigated the 

influence of curing conditions on the Tg.  The Tg increased with increasing baking 

temperature until reaching a plateau at 238 °C.  Residual stress formed during bake time 

was sensitive to humidity as well as reversible; sensitivity decreased with increased 

baking time.47  In addition to Feng and Farris, many groups have also investigated the 

sorption and desorption behavior of polymeric systems in full water immersion or at 

varied relative humidities.  In most studies, an initial sharp increase in water uptake is 

observed which follows Fickian diffusion of water.48  After this initial fast uptake, there 

is an equilibration period whereby the polymeric material achieves saturation.  This 

behavior is similar to the gain in Tg followed by the plateau Feng and Farris experienced 

with baking their system.  Both the initial Tg and the saturated Tg is often reported when 

water diffusion is occurring.  The depression of the initial Tg is significant, ranging from 

10 °C to almost 100 °C.  Concomitant with these decreases in Tg, many of the systems 

experience a phase change from the glassy to a rubbery state. 

Factors that affect this diffusive behavior include the stoichiometry of cross-

linkers, which can cause non Fickian diffusion.  For epoxy-amine systems depending on 

the plasticization effect of Tg can vary from 5- 20 °C depending on the amine content.  
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Samples bound to a metal substrate initially experience Fickian behavior, which can be 

monitored by EIS.   Zhang et al. observed water transport in epoxy films with EIS.  Over 

a period of 4 months, the epoxy film on mild steel and LY12 Al alloy substrates exposed 

to 3.5% NaCl solution experienced about a 12 °C drop in Tg.
49 

In PVOH the plasticization from water was studied using PALS, NMR, and DMA 

methods to fully characterize the effect of water on the polymer chains.  The PALS data 

indicated an increase in the size of free volume cavities of the polymer, thereby 

promoting increased chain mobility.  NMR results showed water created more mobility 

and disrupted hydrogen bonding.  PVOH was found to hold 50 % water in amorphous 

regions and resulted in a decrease of Tg by 120 °C.50 

The internal strain of a polymeric coating is related to the adhesion as well as the 

water content and the presence of residual solvents.  In work by Croll, a method was 

developed to calculate internal strain due to the volume of solvent lost after the polymer 

film has solidified.  The solidification point was identified as the point when the solvent 

concentration depresses the Tg of the polymer to the experimental temperature.51 

Water is not the only plasticizer in polymeric materials responsible for Tg 

depression.  In a study with polyaniline, NMP was used as a plasticizer to decrease the 

Tg.  With approximately 15 wt.% NMP the Tg was depressed by 80 °C.  The effect of 

water soluble and water insoluble plasticizers in poly(vinylpyrrolidone) has also been 

studied.  At a loading level of 30 % water-soluble plasticizers, decrease the Tg and elastic 

modulus.  In the case of water insoluble plasticizers, there is a decrease in Tg and elastic 

modulus up to a 10 % loading level, with no further decrease in properties with 

increasing plasticizer.52 
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Traditional Concepts in Physical Aging 

Physical aging, or the changes in physical properties caused by structural 

recovery, has been extensively shown in the literature to be reversible through two main 

mechanisms of rejuvenation: mechanical and thermal.53  In mechanical rejuvenation, 

stress is applied to the system which erases physical aging effects, leading to a return of 

pristine mechanical properties.53-54 Thermal Rejuvenation is commonly accomplished by 

heating a given polymeric material for a period above its Tg.
45, 55-58  This thermal 

treatment erases the physical aging history of the system, resulting in the return of 

pristine properties.  Here, rejuvenation is achieved by heating the polymeric material 

about 10-15 °C above its reported Tg.  Heating above the glass transition point relaxes the 

polymer from a glassified to rubber which allows for chain mobility and erases the 

previous physical aging history of the sample.  Current efforts to understand the effect of 

physical aging and rejuvenation focus on the permeability of membranes to gasses, 

including but not limited to oxygen, nitrogen and carbon dioxide.59-62  There are also 

numerous studies on the difference in aging rates for films having different thicknesses, 

ranging from a few nanometers to tens of microns.60-61, 63-65 

Water Management in Polymeric Materials 

Hydroplasticization 

Hydroplasticization refers to the effect of water uptake on the performance 

characteristics of a polymer. Water uptake is of considerable interest across many 

industrial applications.  Many studies have been previously conducted to understand the 

role water in polymers, coatings, and composites to selectively tune bulk and surface 

properties of anti-corrosion materials.  However, no comprehensive studies have been 
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reported that quantify water in a system in situ, monitor the significant property shifts 

associated with water uptake, and correlate them to differences in corrosion moment of 

initiation or rates. 

Diffusion Types 

Diffusion used to quantify the rate of water absorption is typically determined by 

measuring the maximum amount of water a material can hold.  Diffusion rated are critical 

in our research as the rate of water transport in a polymeric thin film will determine when 

the substrate has collected sufficient reactants to start corrosion.  Diffusion through a 

porous material, like a polymer film, has been described as having infinite transport 

pathways that depend on the amount of moisture occupying space in the material.66  This 

approach defines free volume in a polymer network into three types: occupied volume 

(occupied by water or solvent), interstitial free volume (vibrational energy of polymer), 

and hole free volume (volume due to relaxation and plasticization).66  Total polymer 

volume is controlled by hole free volume, which changes pathways of penetrant 

transport, absorption, and desorption.  During diffusion, if the material was a rubber 

relaxation were fast as they are in an equilibrium volume, whereas if the material was 

glassy there might be a larger volume trapped in the polymer and relaxations were slow.66  

Duda and Zielinski found that there was a constant redistribution of trapped volume in 

glassy polymer networks, materials similar to those studied in this work.66  

Dynamic vapor sorption (DVS) is used to quantify gaseous water diffusion rates 

as well as saturation concentration at variable relative humidity (RH) and temperatures.  

Although the amount of water at saturation indicates volume occupied by water, the 

diffusion behavior, determined by plotting relative water uptake (Mt/Minf) vs. √t provided 
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insights concerning the pathways of water.  There are four kinds of diffusion behavior for 

polymeric films during penetrant exposure: Fickian, sigmoidal, non-Fickian case II, and 2 

stage sorption.  For Fickian diffusion, the kinetic plots are linear followed by a smooth 

leveling at saturation which occurs with maintained local equilibrium and constant 

external penetrant activity.  Two stage absorption follows Fickian behavior initially, with 

the increased absorption continuing after achieving plateau values.  This process is 

attributed to two independent contributions, Fickian diffusion, and polymer relaxation.  

Sigmoidal absorption displays an S-shaped plot; here the inflection point is thought to be 

the result of a slow film surface equilibrium.  Case II diffusion exhibits a sharp diffusion 

front and continuous progress of penetrant, which first occupies voids followed by 

interaction with the polymer, resulting in swelling. 

Water Types and Detection Methods 

In the literature, two broad categorical ‘states’ of absorbed water exist, free and 

bound.  Free water is characterized by free movement through sufficiently sized voids, 

whereas bound water disrupts the interchain Van der Waals forces, thereby acting as a 

plasticizer.57  Free water often becomes bound during and after saturation.  By definition, 

bound water intimately interacts through multiple bonds with the protective films.  In this 

study, our interests focused on the interactions with components of the coating 

formulation and the nature of the polymer network.57  Water diffusion and water ‘states’ 

in thin film epoxy matrix materials have been previously studied with via attenuated total 

Fourier transformed infrared (ATR-FTIR) and near infrared (NIR) spectroscopy.67-70  

Cotugno et al. defined the types of water by the level of hydrogen bonding activity into 

S0, S1, S2’, and S2” types.  S0 represents free water (~3555 cm-1), S1 the least strongly 
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hydrogen-bound water (~3433 cm-1), and S2” (~3320 cm-1) and S2’ (~3224 cm-1) the 

strongest hydrogen-bound water (Figure 10 & Figure 11). 69-70 

 

Figure 10.  Water types bonded to the polymer matrix. 

There are three different kinds of water interacting in the polymer matrix: free (S0), single hydrogen-bound water (S1), and double 

hydrogen-bound water (S2). 

 

Figure 11.  Deconvolution of IR spectrum 

Taken from Cotugno et al., the plot shows the vibrational shifts of varied levels of hydrogen bound water.70 

Water is present in a polymer network as 1) water absorbed into interstitial pores, 

2) interacting strongly with the polymeric matrix or other additives, or 3) a combination 

of one and two in both spatial and temporal terms.71  The varied ratio of free to bound 

water in a polymer film and the overall content absorbed is influenced by many 

molecular factors.  Also ATR-FTIR spectroscopy is spatially limited to penetration of the 

first 5 µm of the film, and therefore may not reflect bulk properties. 
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Burdzy and Sung investigated the change in physical properties of DGEBA – 

4,4’-diamino diphenyl sulfone (DDS) networks via NIR and fluorescence spectroscopy, 

gravimetry, DSC, and DMA.  By differentiating between water-polymer interactions and 

tracking physical properties, they proposed a model to predict the Tg of a polymer 

containing water.72  Samples were intrinsically fluorescent due to DDS monomer and 

exhibited fluorescent quenching behavior when water hydrogen bonded with the sulfone 

functional group.  Therefore water entering the polymeric system would interact with 

available hydrogen bonding acceptor sites in the network or remain unbound.72  The 

method of water quantification and characterization via NIR has been thoroughly studied 

and utilized by Musto et al.73, Buijs and Choppin74,75, Choppin and Violante72, 76-77 

It is, therefore, apparent, that water absorption in polymeric coatings can be 

quantified regarding free and substrate bound water as well as by tracking property 

changes during the corrosion process.  This method can provide an improved 

understanding of how these changes alter the coating characteristics necessary to stave 

off corrosion. 

Summary 

This research strives to bridge the gap in the literature between industrial coatings 

and fundamental understanding of how polymer film properties and certain formulation 

variables translate to service life.  Solvent selection, content, and effects of solvents on 

material performance, annealing variables, and water occupancy as a result of polymer 

film morphology will be studied.  Figure 12 is a list of the overarching research objective 

of this work in addition to the research tasks that will be covered in the following 
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chapters to elucidate the role of different levels of organized water in the corrosion 

process. 

 

Figure 12.  List of Research Tasks 
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CHAPTER II – MATERIALS AND METHODS 

In this chapter are basic procedures for sample preparation and polymer film 

characterization.  Following chapters will elaborate on experimental specific to the data 

collected. 

Materials 

High Molecular Wright Model Phenoxy Resin Thermoplastic Films 

The phenoxy resin PKHH (InChem®) was used to mimic the chemical structure 

and properties of a traditional epoxy polymer used in corrosion control primers.  PKHH 

was received in pellet form which was then formulated into 30 wt.% resin solutions in 

various solvent blends.  Methyl ethyl ketone (MEK), propylene glycol monomethyl ether 

(PGME), ethoxy 3 propionate (EEP), and 1,3 dioxolane (DXL) were used as received 

from Fisher Scientific.  Cyclohexanol (CYCOH) was heated in an oven at 60°C until 

liquefied before use.  Solvent blends by weight for the preparation of PKHH solutions are 

as follows: 75/25 MEK/PGME, 100 EEP, 60/40 CYCOH/DXL, 100 MEK, and 100 

PGME.  Resin solutions were rolled until the solution was homogeneous.  Once the 

solutions were made they were drawn down onto a substrate via an 8 path thin film 

application bar at 6 mils wet thickness to obtain a 25 ± 5 µm dry film thickness.  Once 

drawn samples went through one of the following drying procedures: AMB (3 days under 

ambient conditions in lint free box, temperature 20-23°C, relative humidity 40-60%), 

ADAP (3 days under ambient conditions in a lint free box, 75°C for 24h, 120°C for 5h). 
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Figure 13. Chemical Structure of PKHH and solvents for model primers. 

Model Thermoset Epoxy Amine 

Epon 825 (61.75%) was combined with the chain extender benzyl alcohol (BA) 

(14.41%) and stirred by hand for 5 minutes.  The mixture then rolled at room temperature 

to react for 30-45 minutes.   The mixture of Epon 825- BA was removed from the rollers 

and MPMD (12.16%) and ED600 (11.67%) were added and stirred by hand until 

homogenized.  Then the system was further mixed by two to three 1-minute cycles at 

1700 or 1800 rpm in the FlakTek.  The resin was then sonicated in a bath briefly to 

remove any air bubbles before returning to the roller for the induction period of 3 hours. 

For panels that were coated with the model, thermoset resin was allowed to sit overnight 

under ambient conditions followed by 3 hours at 80 °C. The corrosion inhibitor version 

of this film was prepared as the non-pigmented resin but was then loaded with 3 wt.% 

strontium chromate.  The formulator, Steven Wand, named the polymeric network gang 

of nine version nine beta 2 (B2) and B2 Chrome.  The samples will be referred to as EA 

and EA Chrome in future chapters. 

Mil Specification Epoxy Amine 

A zinc oxide epoxy amine adduct coating was formulated in house by Dr. Monoj 

Pramanik and Sharathkumar Mendon.  Coated steel panels were used as prepared by the 
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formulators for testing.  The epoxy amine adducts (EEA) was utilized to have a 

controlled MIL SPEC primer to compare to DEFT® corrosion control coatings.  

Advantages to EEA was the limited solvent inclusion with low water solubility.  Further 

discussion on EEA’s formulation variables and the role they played in corrosion control 

will be discussed in Chapter 6. 

Mil Specification Top Coat 

Formulated in house by Dr. Monoj Pramanik and Sharathkumar Mendon.  Coated 

steel panels were used as prepared by the formulators for testing. 

Commercial Corrosion Control Coatings 

Commercial coatings were supplied from DEFT® Military Products (PPG).  Three 

primers were selected: DEFT® 02W053, 02GN084, and 02Y040A.  DEFT® 02W053 was 

a white epoxy-amine coating that contained a zinc phosphate inhibitor, that was 

formulated to be a flexible primer to be applied to either steel or aluminum substrates.  

DEFT® 02GN084 was a green epoxy-amine coating that contained a chrome replacement 

inhibitor-praseodymium and was designed for application to aluminum substrates.  

DEFT® 02Y040A was a yellow epoxy-amine coating that contained a chromate inhibitor.  

Commercial coatings were spray applied to mild steel coupons for a final dry film 

thickness ranging from 40-50 µm with a final thickness of 80-100 µm when the model 

topcoat was applied on top of the DEFT® primers. 

Substrate Preparation 

Coated metal samples were applied on either QD 36 or S 36 mild steel 1008/1010 

steel supplied by Qlab, specification of which metal utilized will be reported in chapters 

to follow.  Free films were applied to polypropylene blocks when dried under ambient 
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conditions and on ECTFE sheets (ethylene chlorotrifluoro ethylene) (Halar®) were 

utilized when drying conditions required elevated temperatures.  All substrates were 

acetone washed prior to coating application. 

Methods/ Characterization 

Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) studies were conducted on a Q2000™ 

DSC (TA Instruments, Inc.).  Free films were cut into 6 mm diameter discs and placed in 

aluminum DSC pans.  All pans were initially taken through a heat-cool-heat 

characterization from -25 °C to 130 °C at 10 °C/min.  The first heating cycle heat flow 

trace was used to characterize the enthalpy recovery (ΔH, J/g) related to physical aging 

and the second heating cycle trace (via its derivative peak) was used to characterize the 

Tg. 

Thermogravimetric Analysis 

A Q5000 TGA (TA Instruments) was used to quantify the amount of residual 

solvent in each polymer/solvent blend after drying.  Free films were created following the 

same procedure as DSC, and two punch-outs were used to achieve sample mass of 5-10 

mg. Samples were then ramped at 10 °C/min from room temperature (RT) to 350 °C 

under nitrogen.  The residual solvent content was quantified from the weight loss from 

RT to 250 °C. 

Infrared Spectroscopy 

A NicoletTM 6700 FTIR (Thermo Scientific) equipped with a SMART iTR 

attachment was used in the 4000 - 650 cm-1 range was operated in ATR mode at a 

resolution of 2 cm-1 and 32 scans per sample.  The IR spectra were baseline corrected and 
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the hydroxyl peak from 3700 cm-1 – 3000 cm-1 was deconvoluted using OMNIC 5.3 

software.  A non-exposed sample was used to subtract from the exposed spectra, giving 

the ratio of different types of hydrogen bonded water in the network, i.e., S2” (~3320 cm-

1), S2’ (~3224 cm-1), S1 (~ 3433 cm-1), and S0 (~ 3555 cm-1).70 

Corrosion Area 

An Epson scanner was utilized to document the progression of rust growth, 

cathodic delamination, and whitening throughout the exposure.  Images were converted 

into PDF files to quantify the area of rust on samples with Adobe Acrobat X Pro©.  

ASTM D610 was utilized as a reference for quantification of corrosion area.12 

Scanning Electron Microscopy (SEM) Preparation and Experimental 

Al-36 Aluminum panels were cut into 0.5 inches by 0.5 inch squares. Selected 

PKHH films were then cut into 0.5 inches by 1.0 inch strips. On one of each sample, the 

strip was placed two aluminum squares directly next to each other. The squares were 

adhered to the sample using an adhesive pad for each aluminum square.  On the non-

adhered side of the film another two aluminum squares were placed, directly covering the 

metal squares from the reverse side of the strip. Any excess area of the strip not covered 

by the aluminum metal was removed. 

Samples were labeled on the aluminum per which sample they were (PKHH in 

EEP, MEK/PGME, CyOH/DXL, MEK, PGME) and which side was the top of the film.  

The samples were cut down to size around each metal square pairing and were immersed 

in liquid nitrogen and broken directly between where the two sets of squares met. 
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CHAPTER III – SOLVENT EFFECTS OF MODEL THERMOPLASTIC EPOXY 

POLYMERIC FILMS ON THE CORROSION RATE 

Introduction 

Corrosion control coating formulations are comprised of polymer binders, 

solvents, additives, and corrosion inhibitors.78-79  Modification of any component may 

tune polymeric coating performance (i.e. barrier properties, Tg, and corrosion resistance).  

During the coating’s service life, permeation of environmental contaminants such as 

water, oxygen, and electrolytes is inevitable.  Over the years, various researchers have 

studied the role of water in polymers, coatings, and composites50, 80-94, observing that 

water interactions decrease Tg, and induce morphology changes due to interactions of 

additives, pigment, solvents, and the polymer backbone. 

Historically, thermosetting DGEBA-based epoxy binders are used for metal 

primers because of their high chemical resistance, barrier properties, adhesion to the 

substrate, thermal stability, toughness, versatility in the formulation, and compatibility 

with both organic and inorganic inhibitors over a large loading range.95  Corrosion 

control coatings have been evaluated with regards to dissolved oxygen96-101, electrolyte96, 

100, 102-104, and water39, 101, 105-109 using amperometric 96, electrochemical110-113, and 

gravimetric114 techniques to understand barrier properties and contaminant transport 

during coating exposure.  Studies by Dolgikh et al. and Cox et al. focused on oxygen 

transport and electrolyte percolation, because oxygen carried via an electrolytic medium 

is the limiting reagent in the corrosion process.96-97  Where approximately 0.02-0.03 

g/cm2 per year of oxygen  and 0.008-0.034 g/cm2 per year of water is required to form 

various iron hydroxide corrosion products.101 
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Solvents play a significant role in the polymer film distribution of free volume 

responsible for water transport.  Solvents are typically selected to produce a high quality 

protective polymeric film; however, residual solvents behave as plasticizers that alter 

physical properties and saturation rates of environmental contaminants during coating 

exposure.78, 95  Solvents also influence the level of adhesion and defects produced during 

film formation, both drive available pathways for penetrant transportation.95 

The solvent selection of a coating was hypothesized to control barrier properties 

and corrosion propagation.  Therefore, a pelleted thermoplastic PhenoxyTM resin 

consisting of a DGEBA-based backbone was used as a model thermoplastic epoxy primer 

with variable solvent blends.  The residual solvents for each formulation were varied 

based on drying conditions.  Ambient drying (AMB) was utilized to examine material 

protection for coatings that cannot be heated in an oven due to size or substrate 

limitations.  These films had the greatest amount of residual solvent.  Forced drying 

conditions, or as dry as possible (ADAP), was utilized to study the effect of maximum 

solvent removal.  By controlling solvent type and amount, direct observation of residual 

solvent’s impact on the corrosion resistance under accelerated weathering conditions, 

specifically ASTM B117, was determined.  Comparison of solvent solubility parameters 

and corrosion rate are expected to illustrate how solvent polarity increases the rate of 

corrosion. 

Experimental 

High Molecular Weight Model Phenoxy TM Resin Thermoplastic Films 

See Chapter II for experimental details.  Scheme 2 shows a graphical 

experimental flow diagram for the exposure of the polymer films. 
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Dynamic Vapor Sorption 

A Q5000SA™ DVS (TA Instruments) was used to measure water vapor 

absorption into films.  Free films were created by removing the thin film from the 

polypropylene sheets via an 8 mm circular die. Two punched samples were placed in the 

sample pan to achieve a sample mass of 5-10 mg.  Samples were dried (25 °C, 0% RH, 2 

h), then the chamber equilibrated at 95% relative humidity (RH) and held until saturation 

was achieved for each film. 

DVS quantified water absorption of the PhenoxyTM films at 95% RH and 25 °C.  

Water absorption at saturation or M∞ was identified as the ending weight percent change 

of the percent mass versus time curve.115-117  The kinetic plot of water uptake and 

diffusion was obtained normalizing weight to M∞ and plotted as a function of  √t/d; here t 

is the sorption time in seconds and d is the film thickness in cm (Figure 21).115-117 

Table 3  

Comparison of residual solvent, glass transition temperature, water content at 

saturation, and diffusion coefficient of PKHH free films 

Solvent Dry Conditions 
Residual 

Solvent* 

DSC Measured Glass 

Transition Temperature 

(°C)* 

Water at Saturation 

(wt.%) 

Diffusion Coefficient 

(cm2/s) 

EEP 

AMB 9% 51.39 1.16 2.30E-08 

ADAP 1% 94.54 1.27 2.81E-08 

MEK/PGME 

(75/25) 

AMB 6% 49.91 1.81 1.65E-08 

ADAP 1% 93.54 1.32 1.67E-08 

CYOH/DXL 

(60/40) 

AMB 26% 37.98 2.39 1.00E-08 

ADAP 2% 97.19 1.27 3.11E-08 

(*) Denoted unexposed films tested, PKHH pellet has a Tg of 98°C. 
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Thermogravimetric Analysis 

The procedure is described in Chapter II. 

Accelerated Weathering 

The coated steel panels were evaluated as per ASTM B117 with the exposure area 

defined by taping the panel edges with 3M 8992 polyester film tape.  The test panels 

were removed for IR and visual analysis at t= 24, 48, 72, & 192h.  Each sample was 

rinsed with DI water and blotted dry before testing. 

Corrosion Rate Via Area Analysis 

The procedure is described in Chapter II. (Figure 14) 

 

Figure 14. A pictorial representation of corrosion area analysis method. 

An area analysis example of an exposed sample pictured above was conducted through the ratio of corrosion product to total exposed 

coating area with Adobe Acrobat Pro.  The blue outline represents the corrosion product area, and the red X is the original scribe area. 

Water Type Identification with Attenuated Total Reflectance (ATR) Fourier Transform 

Infrared (FTIR) Spectroscopy 

The procedure is described in Chapter II. 
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Scheme 2. Graphical experimental flow chart. 

Results and Discussion 

Corrosion Rates 

The purpose of this work was to determine the influence of water and solvent on 

the corrosion of polymeric steel coatings during accelerated weathering.  To determine 

water and solvent influence on the corrosion PKHH blends were applied to 1008/1010 

steel and exposed to neutral salt spray (ASTM B117) for a duration of 192 hours with 

optical and ATR-FTIR measurements every 24 hours.  Because free water molecules 

have an average residence time of 7 x 10-10 s, this approach yields a series of snapshots of 

water behavior.84 

The corrosion product growth (rust area) versus exposure time shown in Table 

4Figure 15 and Table 4 summarized the rate of corrosion product growth based on the 

linear slope of the data.  As a point of reference, MEK/PGME AMB ended testing with 

75% corrosion area where as every other polymeric film tested was under 20% corrosion 

area.  The MEK/PGME AMB sample had the fastest corrosion rate; it was 3X faster than 

EEP AMB, 5X faster than MEK/PGME ADAP, and 8X quicker than EEP ADAP, 

CYCOH/DXL AMB, and CYCOH/DXL ADAP.  The corrosion rate was found to be 
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governed by water solubility of the slow evaporating solvent.  Polar functionalities of 

solvent molecules attracted water into the network, which in turn created pathways to the 

metal surface, and thus promoted the cathodic reaction.  Work by Khun and Frankel drew 

similar conclusions that voids in the film provide easy pathways to transport materials to 

the metal interface.118  Once water and other contaminants reach the interface there is the 

replacement of polymer-metal oxide film interactions by water-metal oxide association 

thereby promoting adhesion loss.118  

Table 4  

The corrosion product growth rate of PKHH coated samples under ASTM B117 

exposure. 

Sample 
Corrosion Product Rate* 

(% corrosion product/hour) 

MEK/PGME AMB 0.29563 

MEK/PGME ADAP 0.05861 

EEP AMB 0.08761 

EEP ADAP 0.03695 

CYCOH/DXL AMB 0.03385 

CYCOH/DXL ADAP 0.03741 
*The corrosion rate was calculated from the slope of the Average rust area versus exposure time plot. 
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Figure 15. Average rust area (%) growth versus exposure time. 

PKHH films of variable solvent blends on mild steel panels were exposed per ASTM B117.  Each data point is the average rust area of 

n=3.  Each film Tg and solvent boiling points are labeled on the graph to display the physical properties influence on the progression 

of corrosion. 

PGME was the most water-soluble solvent, that in the current setup govern film 

formation, and provided evidence that systems with the highest water affinity and 

greatest water transport will have the fastest corrosion rates.  However, CYCOH/DXL 

AMB and ADAP exhibited the same corrosion area over time regardless of residual 

solvent content.  We hypothesized that the remaining CYCOH acted as a small molecule- 

plasticizer within the polymeric materials and therefore participated in hydrogen bonding 

with water during water ingress, thereby CYCOH interacted with water to decrease the 

water transport to the substrate, as proven by ATR-FTIR date.  As CYCOH was heated to 

a liquid state before addition to the polymer, it was expected that CYCOH would return 

to a semi-solid state in the dried polymer film.  As ASTM B117 is conducted at 35 °C, 

during exposure CYCOH would melt and directly interact with water suggesting the 
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solvent forms mobile hydrophilic domains, creating tortuous pathways to reduce through-

film water transmission and subsequently corrosion.119  The extensive review by 

Karyakina and Kuzmak discussed the limited permeation of aqueous solutions through 

most polymer films.120  Whereby as the polymer absorbs material there is not only a 

surface interaction and accumulation but there is association in the bulk with can inhibit 

the coatings ability to protect the substrate.120  As previously discussed there is evidence  

of bulk interactions in the CYCOH/DXL AMB film as shown in water whitening, 

however the bulk interactions do not inhibit the corrosion protection.  Thereby supporting 

that CYCOH- water interactions are the major bulk film interactions occurring because 

there is no decrease in the films ability to protect the substrate which would occur if 

water was freely transported to the metal interface. 

The visible results consistently showed measured corrosion was limited at the 

beginning of exposure to the scribe when the residual solvent content was less than 2 

wt% for all solvent blends (Figure 16- Figure 19).  The prerequisite of film plasticization 

before water transport to the surface was supported by corrosion product isolated to the 

scribe of the ADAP samples.  The Tg of the ADAP samples ranged from 93-97 °C which 

was higher than the testing temperature, which preserved the glassy state of the material 

longer than the AMB samples during hydroplasticization.  Additionally, we observed no 

physical alteration in appearance, i.e., water whitening or cathodic delamination (Figure 

16B, Figure 18B, & Figure 19B), away from the scribe of ADAP samples. 

Water whitening occurs from the development of scattering centers from water in 

the polymer film.121  Whitening was observed in the MEK/PGME AMB thin films (8-10 

wt.% residual solvent) (Figure 16A & D), indicating differences in water-PGME domain 
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sizes, and resulting in a differential in refractive index.  As water entered the network 

there was an exchange of water with water-soluble solvents (PGME) which created voids 

for water to fill; this promoted transport to the interface, thereby increasing the rate of 

corrosion as observed for MEK/PGME AMB.  SEM was used to confirm the suspected 

void morphology of MEK/PGME AMB during exposure (Figure 16C).  Corrosion 

product growth in non-scribed parts of MEK/PGME AMB samples were attributed to the 

porous polymer morphology which produced film defects for reactant transport to the 

substrate interface. 

Water whitening and corrosion of the non-scribed region of the MEK/PGME 

ADAP samples were not observed.  The MEK/PGME ADAP samples had 1 wt.% 

residual solvent which proved to be insignificant in water-solvent interactions due to the 

absence of water whitening.  The lack of corrosion in non-scribed regions of the panels 

suggested a non-porous morphology as well as supported that the scribed region did not 

impact a pristine area 3 inches away.  This observation held true in the case of 

MEK/PGME ADAP (Figure 16B), CYCOH/DXL ADAP and AMB (Figure 18A&B), 

and EEP ADAP and AMB (Figure 19A&B). 
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Figure 16. Visual corrosion and residual solvent impact on morphological changes of 

MEK/PGME samples. 

A.) Visual images of MEK/PGME AMB corrosion during exposure to ASTM B117.  B.) Visual images of MEK/PGME ADAP 

corrosion during exposure to ASTM B117.  C.) SEM micrograph of MEK/PGME AMB at the end of ASTM B117 exposure at 

magnification of 1.68 K X.  D.) Coating whitening of MEK/PGME AMB observed under 100X magnification of an optical 

microscope. 

The CYCOH/DXL AMB samples whitened near the scribe in a concise manner, 

unlike the samples cast from MEK/PGME and dried at AMB (Figure 18). The presence 

of cyclohexanol contributed to the high hydrogen bonding character, which bound the 

water in the polymer matrix and diminished water transport to the substrate interface.  

Sangaj and Malshe determined that corrosion only occurs if there were substantial 

amounts of reactants reaching the substrate, such that no contaminant was the limiting 

reagent.26  The CYCOH/DXL AMB samples corrosion propagation were limited due to 
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favorable water-solvent interactions, which limited perpendicular transmission of water 

during the exposure period (Figure 17).  Thus, corrosion propagation was restricted to the 

defect region, where a surplus of reactants exists.  Water ingress away from the scribe is 

due to perpendicular diffusion of water and subsequent ‘trapping’ of water by residual 

solvent (Figure 17). 

 

Figure 17. Perpendicular and interfacial movement of water. 

Water mobility at the coating exposure site can move either perpendicular to the defect or interfacial across the coating-substrate 

interface. 

When corrosion propagation growth versus solvent package was compared, there 

were minimal differences in the percent corrosion area between CYCOH/DXL AMB and 

ADAP samples (Figure 15).  However, the CYCOH/DXL AMB panels developed 

whitening around the scribe that was examined using an optical microscope.  It was 

determined whitening was not a substrate effect, but instead was due to the development 

of film heterogeneities (Figure 18D).  The same whitening was also observed in the EEP 

AMB panel (Figure 19D) which showed the difference between the whitened 

(heterogeneous) and non-whitened (homogeneous) region of the sample.  Both 

CYCOH/DXL AMB and EEP AMB exhibited a more homogeneous morphology (Figure 

18-Figure 19).  The aggregates in CYCOH/DXL AMB are suspected to be hydrophilic 

regions of the coating having higher concentrations of CYCOH.  This conclusion was 

based on the comparable morphology of SPEEK membranes (Liu et al.).122  In addition to 
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the results of Bonyadi and Chung’s study of PVDF with varied concentrations of water 

and methanol that tuned morphology to be continuous, phase separated, or porous 

dependent on the percentage of methanol.123 

 

Figure 18. Visual corrosion and residual solvent impact on morphological changes of 

CYCOH/DXL samples. 

A.) Visual images of CYCOH/DXL AMB corrosion during exposure to ASTM B117.  B.) Visual images of CYCOH/DXL ADAP 

corrosion during exposure to ASTM B117.  C.) SEM micrograph of CYCOH/DXL AMB at the end of ASTM B117 exposure at 

magnification of 4.96 K X.  D.) Coating whitening of CYCOH/DXL AMB observed under 100X magnification of an optical 

microscope. 

PKHH cast from EEP was the least polar and water soluble solvent blend utilized 

in this study, determined from a comparison of solvent HSP values and water solubility.  

Thereby coatings with EEP possessed the lowest water saturation content regardless of 

the remaining solvent within each film because the solvent had a stronger affinity for the 
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polymer than water, based on the HSP and water solubility parameters.  Figure 19 

revealed that the visible corrosion product of EEP cast films dried at AMB and ADAP 

conditions were limited to areas nearest the scribe initially, followed by more visible and 

aggressive corrosion of EEP AMB samples beyond the scribe after 72 hours, which 

suggested the interfacial movement of water.  EEP ADAP did not experience the 

interfacial flow of water at the polymer-substrate interface, because of the physical 

limitation to plasticize the matrix before water mobility occurred. 

To further support the need for hydroplasticization of the polymer film before 

perpendicular diffusion occurs Figure 20 showed non-scribed samples exposed to 3.5 

wt.% NaCl.  From Figure 20 the MEK/PGME and EEP AMB samples underwent 

corrosion, whereas the MEK/PGME and EEP ADAP had no corrosion product form after 

168h of exposure.  Therefore because of the pristine Tg and residual solvent content of 

each polymer film, it was evident that glassy films without solvent delay the onset of 

corrosion. 
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Figure 19. Visual corrosion and residual solvent impact on morphological changes of 

EEP samples. 

A.) Visual images of EEP AMB corrosion over exposure to ASTM B117.  B.) Visual images of EEP ADAP corrosion over exposure 

to ASTM B117.  C.) SEM micrograph of EEP AMB at the end of ASTM B117 exposure at magnification of 4.96 K X.  D.) Coating 

whitening of EEP AMB observed under 100X magnification of an optical microscope. 

 

 

Figure 20. Non-scribed samples exposed to 3.5wt.% NaCl 
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Table 5  

Solvent Properties 

Solvent 

δD 

(MPa1/2 ) 

δP 

(MPa1/2 ) 

δH 

(MPa1/2 ) 

δT 

(MPa1/2 ) 

Water 

Solubility 

(ppm) 

Boiling 

Point 

(°C) 

EEP124-125 15.5 4.1 8.0 17.9 29,000 166.0 

CYCOH125-

126 

17.4 4.1 13.5 22.4 36,000 161.8 

MEK125, 127 16.0 9.0 5.1 19.1 275,000 79.6 

PGME125-

126 

15.6 6.3 11.6 20.4 1,000,000 118.0 

DXL128, 125, 

129 

18.1 6.6 9.3 21.3 1,000,000 75.0 

Water 15.6 16.0 42.3 47.8  100.0 

PKHH* 14.3 0.4 9.5 17.2   

*PKHH values were calculated by group contribution theory 

Water Diffusion  

The previous discussion gave the impression that more water at saturation would 

accelerate corrosion.  However, from the polymer film saturation values and diffusion 

behavior, it was elucidated that water management and transport to the substrate interface 

influences corrosion.  As model thermoplastic epoxies, the thin films were expected to 
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exhibit non-Fickian diffusion.66, 116, 130  Figure 21A depicts the full diffusion behavior of 

each solvent blend; Figure 21C shows an expanded plot of Figure 21A up to 20,000 

s1/2*cm-1 where the samples are approaching saturation.  The diffusion coefficient (Table 

3) was calculated from the slope of the initial water uptake, shown in Figure 21B.  

Saturation is representative of the maximum weight percent of the water that can be held 

in the film; limited by free volume and available hydrogen bonding sites. 

Of the polymer films, CYCOH/DXL AMB held the most water at saturation, 

which promoted water whitening of the polymer film but was not transported to the 

substrate interface (Table 3, Figure 19).  This statement is supported by the absence of 

corrosion product away from the scribe as well as water whitening radiating from the 

scribe as a diffusion front (Figure 19).  The first diffusion region of Figure 21B displayed 

deviations from linear behavior for the CYCOH/DXL AMB and ADAP samples with 

multiple stages, or slope changes characteristic for two stage and sigmoidal diffusion.66   

The CYCOH/DXL AMB sample had the largest water uptake (2.39 wt.%), the 

slowest diffusion rate, and displayed sigmoidal behavior.  The greater residual solvent 

content promoted a plasticized state whereby solvent molecules were available on the 

surface to interact with water, resulting in the first stage of sigmoidal diffusion and 

relaxation, followed by full bulk penetration of water.66, 131-132  Coniglio et. al have shown 

that as water enters a network, it can either form hydrogen bonds or occupy the voids in 

the polymer network.116  This observed behavior was similar to that reported previously 

in the literature, supporting our conclusion that solvents played a significant role in the 

diffusion process.  Sigmoidal water diffusion was further backed up by water-solvent 

interactions of the material (whitening but no corrosion) far from the scribe.  Solvent 
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content and type guided water arrangement in the polymer matrix and thereby changed 

the size of the water scattering centers, resulting in water whitening.  Jiang et al. observed 

the same phenomena of polymer whitening, and discovered whitening did not occur until 

after plasticizing water reaches saturation, elucidating two steps of water absorption.121 

 

Figure 21. Sorption experiments were conducted at 25°C, 95% RH 

A. Sorption thru saturation, where the final data point is M∞.  B. Expanded diffusion region of (A) where Mt / M∞ is less than 0.4, 

Fickian diffusion was calculated.  C.  Expanded turnover point with the Tg of the polymer films and the boiling point of the 

formulation solvents displayed on the graph.  D. Expanded diffusion behavior of CYCOH/DXL AMB and CYCOH/DXL ADAP 

showing sigmoidal and two phase diffusion. 

The CYCOH/DXL ADAP sample was thermally annealed to remove the solvent 

and determine if water management changed with solvent removal.  A 47% decrease in 
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water absorption was observed after thermal annealing, corroborating that water-solvent 

interactions increased the water absorption.  However, the diffusion coefficient of water 

for the CYCOH/DXL ADAP sample was larger than that for the CYCOH/DXL AMB 

sample (Table 3); this supports the two-step absorption behavior.  The CYCOH/DXL 

ADAP sample undergoes two-step absorption, described mechanistically as initial 

penetrant absorption into the polymer up to turnover to saturation, followed immediately 

by a second absorption step whereby additional penetrant diffuses into the polymer 

before reaching full film saturation.66, 116, 133  The difference between the two-step 

sorption of CYCOH/DXL ADAP was the change in physical state from rubbery to glassy 

when dried.  The CYCOH/DXL AMB samples had sufficient solvent for plasticization, 

unlike CYCOH/DXL ADAP that required the first diffusion step to hydroplasticize the 

film.  The MEK/PGME AMB and ADAP samples had the same trend as the 

CYCOH/DXL films, where less residual solvent in the film resulted in decreased water 

saturation, but faster diffusion rates.  Water whitening was observed of the MEK/PGME 

AMB samples which like CYCOH/DXL AMB was due to solvent-water interactions.  

The remaining films displayed case II non-Fickian diffusion (Figure 21).  Here a 

sharp diffusion front indicative of case II diffusion was observed, representing water 

plasticizing the polymer followed by consistent and continued water advancement 

swelling the polymer network relatively evenly.66  The faster diffusion of ADAP samples 

would suggest that water has the highest potential to reach the substrate interface before 

AMB samples.  However, as the corrosion data supports the transport of water by AMB 

samples and solvent interactions although slower in diffusion reach the substrate interface 

more efficiently due to the porous morphology formed (see the previous section). 
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It was evident that the type of distribution observed of the polymer-solvent blends 

were dependent on the dilution solvents utilized in each film from the corrosion data.  Of 

the solvents listed in Table 5, the solubility parameter of EEP is within 5% of the 

polymer matrix (PKHH), resulting in a more homogeneous film morphology (Figure 

19C).  After evaluating the water miscibility of the various solvents, it was observed that 

fully water miscible solvents (i.e. PGME and DXL) yielded polymer films with higher 

water affinity, even after removal of solvents (ADAP).  Once in the network, differences 

in chemical potential promoted solvent displacement from the polymer film by water.  

Solvent displacement created additional hydrogen bonding sites not only on the polymer 

backbone but with polar solvent molecules residing within matrix.116 

Water Types 

To understand water organization within the polymer films, we utilized spot 

specific ATR-FTIR spectroscopy to monitor hydrogen bonding distribution of water and 

its ingress into the network as reported by Cotugno et al. and Musto et al...69-70, 134  Here 

this characterization method was used to understand how hydrogen bonding distribution 

changes over time. As previously mentioned, in the literature, there is a strong foundation 

of water type characterization (hydrogen bonding of water) in polymer networks, through 

the deconvolution of the 3100- 3600 cm-1 spectral region.  This region indicates water 

ingress in the polymer film with increased peak height and area.  In the literature, it is 

common to see a continuous increase in this spectral region.  Although there have been 

recent studies with infrared analysis and atomic force microscopy that have concluded 

that water uptake into an epoxy coating is heterogeneous, but favors locations of 

unreacted epoxy for ingress.135  However, regardless of coating type, it was observed that 
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there was not a constant increase in water over time (Figure 23- Figure 28).  Despite the 

differences across the samples, each coating type had a repeatable time scale where the 

spectral region increased and decreased over time.  The coating types showed spikes in 

water content at different time which is directly related to the water management due to 

solvent and morphology effects during exposure.   

In theory, the interfacial movement of water from a defect as illustrated in 

Scheme 1, would result in the ATR-FTIR measuring less water.  Sorenson et al. 

investigated cathodic delamination of coated metals and noted that penetration of water 

and ions leading to delamination favored interfacial movement over perpendicular 

movement from a given defect, through evaluation of delamination distance as a function 

of coating thickness.136  The findings of Sorenson et al. would suggest that near the site 

of ATR-FTIR data collection was a defect or a thinner polymer region, which promoted 

interfacial movement of water.  This mobility of water in the coating pushed apart the 

polymer chains and formed new hydrogen bonds between the water molecules and 

participating functional groups of the polymer matrix or other additives.  In the systems 

studied there were a finite number of hydrogen bond accepting groups, and an infinite 

number of pathways that can be formed and rearranged as the coating was 

hydroplasticized.  Therefore, these dynamic changes in water content were considered an 

effect of perpendicular and interfacial movement into the surface towards the 

coating/substrate interface.  As water moved deeper into the coating, empty entry spots 

were left on the surface to be once again filled, periodically increasing the region height 

and area (3100- 3600 cm-1). 
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As depicted in Figure 22, there exists an equilibrium distribution of free and 

bound water at sufficiently long time scales (high rust area).  Water absorption initially 

occurred with a rapid ingress of free water through pores and defects.  As the absorption 

process continued, available hydrogen bonding sites were occupied reflecting the trend in 

Figure 22 whereby there was more bound water at the end of testing.71  The subsequent 

stages of absorption filled the microvoids in the polymer network to achieve the final 

equilibrium and establish a new ratio of free: bound water.71  This equilibrium was 

assumed to be sufficient to propagate corrosion under the film. 

 

Figure 22. Free/bound ratio of water versus rust area. 

The IR spectra were collected on a spot of the panel that was non-scribed (NS).  Water types from the peak areas of deconvoluted 

subtracted spectra at the 3400 cm-1 for hydrogen bonded water to the polymer network (bound) and non-hydrogen bonded water 

(unbound or free) for all films exposed to ASTM B117.  All polymer films are plotted against the corresponding average corrosion 

area (%).  The method for peak deconvolution was modified from Cotugno et al. by combining S1, S2’, and S2” as bound water.70 

The MEK/PGME AMB coating exhibited a water absorption profile where the 

maximum water content was at 168 h (Figure 23).  Throughout water absorption, until 

168 h there were very minimal changes in the 3400 cm-1 peak as there was the extraction 

of PGME simultaneously with water absorption, which was identified through the 

decrease in fingerprint region peaks corresponding to PGME, in addition to the secondary 
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water absorption shoulder (1650 cm-1) consistently growing over time.  Figure 22 showed 

more bound water in the polymeric film consistently over time which was attributed to 

the concentration of PGME at the surface.  The observed solvent extraction supported 

previous claims of solvent extraction which formed porous morphology during corrosion 

testing, as well as provided support for water whitening on account of PGME in the film.  

There was also evidence of water-solvent interactions by the shift of the peak center for 

the hydroxyl of PGME to the polymer/water peak of the exposed coating. 

 

Figure 23. ATR-FTIR exposure of MEK/PGME AMB during exposure to ASTM B117. 

 

The water uptake maximum of the MEK/PGME ADAP coating occurred after 24 

h of exposure (Figure 24) when there was more free water in the film, which decreased 

through the end of exposure as bound water increased (Figure 22).  Across all 

MEK/PGME coatings, there was an increase in bound water as rust area increased.  

Coatings with less than 3 wt% residual solvent showed more free water initially, which 
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suggested water occupation of film voids before hydrogen bonding with the polymer.  

Although MEK/PGME ADAP samples had more free water at the beginning, there was 

less visible corrosion.  This observation elucidated a difference in morphology of ADAP 

and AMB films, where although there were voids in the polymer network of ADAP films 

there were fewer pathways directly to the metal interface. 

 

Figure 24. ATR-FTIR of MEK/PGME ADAP during exposure to ASTM B117 

 

When the phenoxy pellet was solvated with just one slow evaporating solvent that 

is less polar than PGME, EEP, the intensity of the maximum water uptake peak decreased 

(Figure 25).  The reduction of the water peak occurred because of the mobility of EEP to 

the surface of the polymer film, identified by the increase of the 1700 cm-1 carbonyl peak 

of EEP.  The increase of EEP to the surface of the film appears to block the absorption of 

water and the concentration of polymer observed.  The Hansen solubility parameter of 

EEP has little energy from hydrogen bonding (δh), and intermolecular force (δp) between 
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molecules is small which supports there are no water-EEP interactions due to different 

HSP.  The absence of a 3400 cm-1 peak shift (Figure 25) confirmed the dissimilarity of 

HSP between water and EEP which resulted in no water -solvent interactions (Table 5).  

Interestingly, there were dynamic changes in water type maximum of free and bound 

water over exposure time (Figure 22).  Which support traditional water saturation 

behavior, where voids are occupied followed by association with the polymer. 

 

Figure 25. ATR-FTIR of EEP AMB during exposure to ASTM B117. 

 

The EEP ADAP cast films exhibited an increase in water content, with a water 

content maximum at 24h (Figure 26).  However, the periodicity of the water types 

suggested that at given moments in time, the total water content of the film dynamically 

changed between free and bound majorities (Figure 22), thereby exhibiting the traditional 

absorption and relaxation of water in the polymer film. 
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Figure 26. ATR-FTIR of EEP ADAP sample over exposure to ASTM B117. 

 

The CYCOH/DXL AMB sample had a decrease in the 3400 cm-1 peak due to the 

extraction of CYCOH during water immersion.  The extraction of CYCOH was observed 

by the reduction of the characteristic peaks of CYCOH: 3400, 2800, and 2900 cm-1.  The 

water types of CYCOH/DXL AMB were similar throughout the exposure, which was 

also the case of MEK/PGME AMB when solvent extraction at the surface was the 

predominant phenomena.  The preservation of water type during exposure resulted in 

different amounts of visible corrosion depending upon the actual value of the free: bound 

water ratio.  A constant higher ratio of free water resulted in lower rust area than a 

consistently lower ratio of free water.  Having more bound water in the network at the 

surface was hypothesized to allow for more free water transport to the metal interface to 

facilitate corrosion, which was supported by visual corrosion of MEK/PGME AMB as 

well as the porous morphology. 
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Figure 27. ATR-FTIR of CYCOH/DXL AMB during exposure to ASTM B117. 

 

Once the solvent was removed to produce CYCOH/DXL ADAP films, there was 

no longer the previously discussed issue of solvent extraction.  Figure 28 showed the 

increase of water over time of CYCOH/DXL ADAP during exposure.  The water types 

followed the same behavior as MEK/PGME ADAP where initially there was more free 

water followed by a steady decrease as there became more bound water in the film. 
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Figure 28. ATR-FTIR of CYCOH/DXL ADAP during exposure to ASTM B117.  

 

Summary 

The effects of solvent-polymer interactions on the studied films were retained 

during application, solvent evaporation, and drying, even with annealing at temperatures 

above the polymer’s initial Tg.  Conclusions from this study can be summarized in the 

following points:  

▪ Coating formulations with completely water soluble solvents imparted a 

templated morphology that facilitated fast water transport as seen from the 

significant corrosion area growth; however, there was no direct correlation 

between HSPs and corrosion rate.   
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▪ Solvents with solubility parameters within 5% to that of the polymer 

network resulted in similar water absorption and corrosion performance, 

regardless of residual solvent content. 

▪ Higher residual solvent amount consistently resulted in higher water 

uptake, regardless of solvent characteristics. 

▪ Solvent blends with hydroxyl functionality show a shifted hydroxyl/water 

signal in ATR-FTIR spectroscopy due to hydrogen bonding between 

solvent and water.  
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CHAPTER IV – ELECTROCHEMICAL EVALUATION OF POLYMERIC THIN FILMS 

Introduction 

To measure corrosion resistance in advance of visual failure, many researchers 

have utilized electrochemical impedance spectroscopy (EIS).21, 137  Although EIS is used 

to evaluate a coating’s ability to protect against corrosion; the electrochemical results are 

often not correlated to other analytical techniques to verify water, oxygen, and electrolyte 

diffusion and saturation, or chemical degradation of the polymer.  In this chapter, the 

objective is to determine if EIS results may screen coatings rapidly to reflect chemical 

and physical changes during exposure (Task 3, Figure 12; Chapter I).  Electrochemical 

techniques (EIS and SKP) were correlated with attenuated total reflectance- Fourier 

transform infrared spectroscopy (ATR-FTIR) to support equivalent electrical circuits 

(EEC) with chemical changes in the coating.  For our research, thermoplastic and 

thermoset matrix materials cast with different solvent blends and anneal/cure profiles 

were selected to compare to an MILSPEC Air Force primer, prepared per MIL-PRF-

53022. 

We hypothesize that initiation of coating failure is a detectable decrease in 

measured barrier properties during exposure due to an increase of more strongly bound 

water associated with the polymer matrix, which would rearrange bonds at the 

polymer/substrate interface.  The increase in strongly bound water has been shown 

previously to induce physical changes within epoxy matrices.57, 138  Our study correlated 

electrochemical changes as a result of water type within the matrix during full immersion 

in 3.5 wt.% NaCl.  ATR-FTIR quantified an overall increase in bound water and 

subsequent decrease in free water due to solvent mobility. Coating capacitance for water 
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uptake, as measured by EIS, directly correlated with ATR-FTIR results. These two 

techniques allowed for comparison of both molecular and electrochemical changes to 

understand the corrosion process better. 

Experimental 

Sample Preparation 

Sample preparation is described in Chapter II. 

Infrared Spectroscopy 

The procedure is described in Chapter II. 

Electrochemical Impedance Spectroscopy 

A PAR STAT 2273 potentiostat (Princeton Applied Research) was employed to 

collect EIS data.  The full frequency scan range was from 1.0 MHz to 10 mHz to collect 

30 data points with logarithmic point spacing.  The three-electrode configuration of a flat 

cell was the test chamber used for EIS; where Saturated Calomel Electrode (SCE) was 

the reference electrode, the platinum mesh was the counter electrode, and a coated panel 

was the working electrode.  The exposed area of the working electrode in the test 

chamber was 1 cm2.  EIS samples were exposed to a 3.5 wt% NaCl solution for one week 

and were checked visually for signs of corrosion daily. 

Scanning Kelvin Probe 

An M470 Scanning Electrochemical Workstation (Bio-Logic) was employed to 

collect area maps with the scanning Kelvin probe of 168 h exposed samples.  The area 

scans were conducted in step scan mode with 100 µm steps of a 12,000 x 13,000 µm 

sample area. 
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Results and Discussions 

Chemical Analysis 

We selected a series of polymer films with increasing complexity to understand 

how the change of a formulation ingredient contributes to corrosion control.  The basic 

model primer polymer base was a thermoplastic DGEBA based Phenoxy resin, PKHH.  

Three PKHH formulations were selected to demonstrate the impact of HSP, and water 

solubility of the solvent on the formulation.  Two of the polymer films were formulated 

with a solvent blend of MEK/PGME; one sample was aged for six months under ambient 

conditions to simulate a coated substrate left in storage.  The second MEK/PGME blend 

was dried following the ADAP drying procedure to reveal the effect of polar water-

soluble solvent removal.  The third PKHH formulation was EEP AMB, selected because 

of the similar HSP to the polymer, and the realistic residual solvent content. 

Structural complexity was introduced to the coating formulations with an in-house 

solvent free epoxy-amine primer (EA), to model a realistic commercial coating network 

before the addition of additives or inhibitors.  Lastly, a commercial zinc inhibited epoxy-

amine primer (DEFT® 02W053) was used to show the full performance of a complete 

formulation for corrosion control.  The comparison of the model to commercial 

formulations was chosen to determine the most influential formulation ingredient on the 

corrosion rate. 

Table 6 shows the physical properties of the samples including Tg, residual 

solvent, formulation solvents, polymer type, and inhibitors.  The sample Tg’s were all 

above the exposure temperature of 23 °C.  The coating Tg’s were within 50-61 °C, 

excluding the MEK/PGME ADAP sample.  Physical aging is the process of holding an 



 

63 

amorphous material like PKHH below its Tg in a non-equilibrium state.  During this 

process, the material will relax to eventually return to equilibrium.139  The MEK/ PGME 

Aged sample had a Tg higher than the ambient aging environment.  Therefore, during the 

six months under ambient conditions, the MEK/PGME sample experienced physical 

aging. 

The MEK/PGME ADAP sample was a representative coating with a low residual 

solvent to show a thermoplastic coating that had no solvent effect, and water absorption 

predominantly based on the free volume of the polymer film.  The EA sample, as a 

solvent free thermoset matrix, was selected because the Tg was comparable to the other 

coatings.  As well as the properties measured would be based on the chemistry of the 

polymer, not influenced by formulation ingredients.  The commercial coating, DEFT® 

02W053 had solvents that had an average water-solubility like EEP and a thermoset 

network like EA. Therefore, it was expected that the studied properties would behave like 

EEP AMB and EA depending on a solvent or polymer controlled process. 

Table 6  

Polymer film properties. 

Polymer Film Binder Solvents Inhibitor 
Residual 

Solvent 

(wt. %) 
Glass Transition 

Temperature 

(°C) 

PKHH MEK/PGME 
AGED (MEK/PGME 

AGED) 
Phenoxy MEK 

PGME N/A 6 53 

PKHH MEK/PGME 

ADAP (MEK/PGME 

ADAP) 
Phenoxy MEK 

PGME N/A 1 95 

PKHH EEP AMB (EEP 

AMB) Phenoxy EEP N/A 9 50 

In House Epoxy-Amine 

(EA) 
Epoxy-
Amine N/A N/A N/A 61 
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DEFT® 02W053 Epoxy-

Amine 
heptan-2-one, 4-chloro-

αααtrifluorotoluene,  
butan-1-ol, benzyl 

alcohol 
Zinc Oxide 6 52 

 

In the networks studied, there exists a finite number of hydrogen bond accepting 

groups, and an infinite number of pathways that can be formed and rearranged as the 

coating is hydroplasticized.140  Table 7 shows the water saturation of the films at room 

temperature and 95% RH.  The thermoset films have the highest water content because of 

the increased polarity of the network from the amine crosslinker.  The other coatings held 

approximately 1 wt% less water, suggesting the addition of a crosslinker alone was 

responsible for 1 wt% water in the network. 

Table 7  

Water saturation of polymer films. 

Polymer Film 
Wt.% Water at Saturation 

(95% RH) 

PKHH MEK/PGME AGED (MEK/PGME AGED) 2.76 

PKHH MEK/PGME ADAP (MEK/PGME ADAP) 1.32 

PKHH EEP AMB (EEP AMB) 1.16 

In House Epoxy-Amine (EA) 2.48 

DEFT® 02W053 2.59 

 

Deconvolution of the 3100 – 3600 cm-1 spectral region has been used to 

characterize water type distribution (Figure 29), and the peak height and area (Figure 30, 

Figure 32, Figure 35, Figure 37-Figure 38) is indicative of water content in the polymeric 

network.134, 141-142  Regardless of coating type, there existed both an increase and decrease 

at different time intervals of water content, rather than a continuous increase over time 

during immersion in 3.5 wt% NaCl (Figure 30, Figure 32, Figure 35, Figure 37-Figure 
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38).  Although the dynamic water content of the coatings was unexpected, the process 

which water permeates the film implies the variable location of water at any given time.  

The initial ingress of water during immersion fills voids of the material, followed by 

longer range segmental relaxation of the network or hydroplasticization, which creates 

voids for further water accumulation.140, 143  As water moves deeper into the coating, 

voids are created near the surface that can further accept water. 

In terms of water type and diffusion first free water enters the polymeric film.  

Then hydrogen bonding sites on solvent and the polymer become occupied by bound 

water, creating an initial water equilibrium.57, 71, 102, 144-145  As water molecules exhibit an 

average residence time of 7 x 10-10 s, this equilibrium is constantly in a dynamic state, 

between free and hydrogen bound water.84  For this reason it was expected for free: 

bound water ratios of the samples to have bulk trends rather than individual time point 

dependent trends (Figure 29).  The overall trend in water ratio, regardless of the polymer 

film, was to hold more bound water in the sample.  However, individual sample trends 

will be discussed with comparison to the ATR-FTIR water content over exposure time. 
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Figure 29. Free: bound water ratio of polymer films. 

All samples were coated on mild steel and immersed in 3.5% NaCl for 168h.  Water types were calculated from the procedure 

described in Chapter II.  The ratio of free water to the sum of the bound water was calculated at each timepoint for the sample. 

Figure 30 depicts the water content over immersion time in 3.5 wt% NaCl of 

MEK/PGME Aged.  The MEK/PGME Aged sample had small increases in the 3400 cm-1 

peak up to 48 h, followed by a large increase at 72 h, and a subsequent decrease at 168 h.  

The decrease in water content measured at 168 h was representative of the solvent 

migrating to the film’s surface, as determined in the subtracted spectrum of MEK/PGME 

Aged in the finger print region (650-1000 cm-1) (Figure 31).  This means solvent 

extraction was occurring in addition to surges of free water identified from small 

increases of the free: bound water.  Which proved the necessity of free water to provide 

mobility to displace water-soluble solvents for extraction. 
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Figure 30. ATR-FTIR spectra of the MEK/PGME (75/25) Aged coating immersion in 3.5 

wt% NaCl solution. 

 

Figure 31. Subtraction mid-IR of PKHH MEK/PGME Aged. 

The subtracted spectrum of MEK/PGME Aged at 168h has a higher absorbance in regions of polymer and solvent functionality 

showing that the decrease in the water concentration at the site of collection is due to solvent concentration increase at the air/polymer 

interface. 

When the phenoxy pellet was solvated with just one slow evaporating solvent, 

EEP, that is less polar than PGME, the intensity of the maximum water uptake peak 
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decreased (Figure 32).    This occurred because of the less hydrophilic nature of EEP, 

which decreased the attraction of water into the coating due to more favorable solvent-

polymer interactions.  Interestingly, the maximum water uptake occurred at 48 h, 

however a decrease in free water occurred at that time (Figure 29).  There were 

noticeable dynamic changes in water types over time for the EEP AMB sample (Figure 

29).  The constant fluctuations in water content suggested the film was at saturation in 

water content as observed from the peak height.  Thereby the water in the film would 

rearrange in the network in an equilibrium state. 

 

 

Figure 32. ATR-FTIR spectra of the EEP AMB coating as a function of immersion time in 

3.5 wt% NaCl solution. 

The thermoplastic coatings that contained more than 1 wt.% residual solvent 

(MEK/PGME Aged and EEP AMB) exhibited a peak at 1717 cm-1 representative of 

carbonyls (Figure 30 & Figure 32).  The MID-IR of the solvents in PKHH blends in 
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Figure 33 confirms that the peaks are from MEK and EEP. Therefore, the peak for 

carbonyl appearance and subtle increase over exposure is a result of solvent mobility to 

the surface of the coating.  The peak of the -OH of PGME at 3400 cm-1 complicates the 

accuracy of monitoring the water content as this is the spectral region of water absorption 

(Figure 33).  Which is why spectral subtractions were conducted to eliminate as much 

influence of polymer and solvent concentration on water absorbance. 

 

Figure 33.  Solvent mid-IR 

The mid-IR of each solvent utilized in the PKHH series is depicted to illustrate the potential area of peak overlap with the polymer 

binder during exposure.  The carbonyl peak at 1717 cm-1 of MEK and EEP can be confused with the formation of a carbonyl peak 

during degradation of a phenoxy or epoxy backbone of DGEBA origin.  The peaks of -OH of PGME at 3400 cm-1 complicate the 

accuracy of monitoring the water content as this is the spectral region of water absorption also which is why spectral subtractions are 

conducted to eliminate as much influence of polymer and solvent concentration on water absorbance. 

The carbonyl peak at 1717 cm-1 of MEK and EEP can be confused with the 

formation of a carbonyl peak during degradation of a Phenoxy™ or epoxy backbone of 

DGEBA origin.  Chemical degradation of Phenoxy™ resins rarely occurs in the absence 

of ultraviolet (UV) radiation. Thus this study was performed in the absence of applied 

UV radiation.146-148  No chemical degradation was expected in the mid-IR range at 
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wavenumbers of 2963 and 2920 cm-1 (CH, CH2, CH3) and 1717 cm-1 (aldehyde and 

carbonyl) from the resulting degradation products as UV light was not used during 

exposure (Figure 34). 

 

Figure 34. UV degradation mechanism of a Phenoxy™ resin. 

The water peak maximum of the MEK/PGME ADAP sample occurred after 48h 

of exposure with a large increase in absorbance like MEK/PGME Aged at 72h (Figure 

35).  Comparable to MEK/PGME Aged, there is 20% or less free water in the 

MEK/PGME ADAP film at any given time (Figure 29).  Across all MEK/PGME 

coatings, free water decreased indicating a redistribution of water to more strongly 

hydrogen bonded water.  Regarding visual corrosion protection, MEK/PGME ADAP, 

and MEK/PGME Aged had less visual corrosion product than MEK/PGME AMB at 

168h (Figure 36).  This suggests that although residual solvent may contribute to the 

onset of corrosion, physical aging improved the water management of the polymer film.  

Therefore, the state of the polymer chain arrangement and the bonding of water in the 

film plays a crucial role in limiting access to the substrate, regardless of the additives.  

The pattern of corrosion was scattered isolated rust spots which was evidence of 

heterogeneous water diffusion.135 
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Figure 35. ATR-FTIR spectra of the MEK/PGME ADAP coatings as a function of 

immersion time in 3.5 wt% NaCl solution. 

 

Figure 36. The visual image of samples at 168h of 3.5% NaCl. 

The diameter of exposure area is 1 inch. 

There are no detectable residual solvents in EA resulting in no peak formations 

over immersion exposure from solvent migration (Table 6).  Comparably to the films cast 

from MEK/PGME, the model epoxy-amine thermoset (EA) exhibited a notable increase 
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in the 3400 cm-1 peak height after 72h of immersion (Figure 37).  There was a shift in 

free water to bound water over time; however, EA exhibited a steady increase in free 

water, suggesting a different water management mechanism when compared to 

MEK/PGME Aged (Figure 29).  The inconsistency in the absorption peak height of the 

EA sample suggested free volume guided water uptake, because of the absence of 

solvents.  Whereby the previously discussed films have free volume guided water uptake 

influenced by solvent selection. 

 

Figure 37. ATR-FTIR spectra of the EA coating as a function of immersion time in 3.5 

wt% NaCl solution. 

Comparing the model systems to a commercial coating package (DEFT® 

02W053), a constant increase in water with time, similarly to EA (Figure 38).  After 

deconvolution of the spectra, it was found that there was little change in water 

distribution (Figure 29).  In the full IR spectrum of DEFT® 02W053, there appeared to be 

a constant solvent presence, because the solvent peaks had negligible changes throughout 

exposure (Figure 38).  Therefore, the formulation ingredients that controlled water 
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management were inhibitor/pigment and the polarity of the crosslinked polymer.  The 

films contained less than 10% free water, due to interactions with the titanium dioxide 

and zinc phosphate, in addition to the functional groups of the polymeric binder.  These 

data suggest that controlling the amount of free water will successfully slow corrosion, 

which could be accomplished through the incorporation of hydrogen bond acceptors into 

the polymer. 

 

Figure 38. ATR-FTIR spectra of the DEFT® 02W053 as a function of immersion time in 

3.5 wt% NaCl solution. 

 

Electrochemical Analysis 

Bode plots, or impedance vs. frequency graphs, are the most common way to 

measure changes in a coatings behavior using EIS (Figure 39).  Idealized coating 

responses are depicted in Figure 39.  Coating 1 exhibits a nearly linear trend across all 

frequencies with high impedance, indicating a purely capacitive system and an excellent 

undamaged barrier (Figure 39).  Coating 2 exhibits a capacitive region at high 
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frequencies (>100 Hz) and a resistive component at low frequencies (100-0.01 Hz), 

indicative of ion diffusion through the film and a decrease in barrier protection (Figure 

39). 
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Figure 39. Representative Bode plot of capacitive and resistive behavior. 

Coating 1 exhibits purely capacitive behavior and Coating 2 exhibits a resistive plateau.  The impedance measurement at 0.01 Hz is 

used to track the resistance of the coating over time. 

EIS was used to determine a film’s barrier properties, i.e. the ability to prevent 

ingress of water and electrolyte over time.  The absolute magnitude of impedance at 10 

mHz (|𝑍|0.01) from the bode plot at each time point was plotted over time in Figure 40 

for each film to evaluate their barrier properties. 
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Figure 40. |Z|0.01 versus time. 

The impedance measurement at 0.01 Hz is used to track the resistance of the coating over time. 

While there is not a set specification for protective coatings in regards to 

electrochemical analysis, traditionally a threshold is used as established by Bacon and 

coworkers. In 1948, Bacon and coworkers proposed a set of impedance values at a low 

frequency to define a good (≥109 ohms-cm2), fair (105 - 108 ohms-cm2), and poor coating 

(<105 ohms-cm2).149  González et al. found that a sharp decrease in impedance shortly after 

immersion indicated the metal was not adequately protected and suggested a porous film.150   

Comparing the coatings of Figure 40, all but MEK/PGME Aged have a sharp decrease in 

impedance after immersion.  Therefore, the rest of the coatings most likely have a 

mechanism driven by void diffusion that starts corrosion.  
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The |𝑍|0.01 values of MEK/PGME ADAP, and MEK/PGME Aged coatings as a 

function of exposure time in a 3.5 wt% NaCl solution show the effect of varying levels of 

residual solvent.  Its ADAP counterpart (1 wt% residual solvent) began exposure as a good 

barrier (109 ohms-cm2) and then decreases to a fair barrier (108 ohms-cm2) after 96h (Figure 

40).  These results suggest that if a coating is dried to have less residual solvent after 

casting, it is possible to increase the barrier performance of a coating significantly.  

Regardless of the impracticality to dry coatings to a specified residual solvent, the more 

tangible option of formulating coatings to possess minimal levels of residual solvent is 

within practical limits.  However, when the same resin solution was dried and aged under 

ambient conditions for six months (MEK/PGME Aged) before testing, the coating has an 

impedance of 1010 ohms-cm2 over the entire exposure time resulting in good barrier 

performance.  This result lends itself to a more complicated interaction of residual solvent, 

environmental exposure, and physical aging that contribute to coating performance. 

Comparison of the ATR-FTIR data with the barrier properties of the MEK/PGME 

coatings suggested that physical aging equilibrated the polymer film with the environment 

before exposure aided in the preservation of barrier properties seen from the minimal 

change in impedance (Figure 40). 

The coatings exhibited an instant decrease in barrier properties from 0-10h followed 

by a leveling of the |𝑍|0.01 values after 12h (Figure 40).  This behavior would suggest an 

equilibration time with the exposure solution.  EA remained a good coating (|𝑍|0.01 > 109 

ohms-cm2) over its whole exposure time, suggesting solvent free coatings perform better. 

When the AF primer was compared with the model coatings, its |𝑍|0.01 values over 

time were on the lower border of a fair barrier (~ 107 ohms-cm2).  While the other coatings 
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only lasted a week of testing before displaying signs of visual corrosion, the Air Force 

coating was in testing for 41 days before blisters and corrosion products were visible.  The 

zinc oxide inhibitor in the coating helped to manage the water in the network so that there 

were minimal changes in water uptake and barrier properties. 

To identify changes in water organization with changes in barrier properties the 

|Z|0.01 was plotted as a function of free: bound water ratio (Figure 41).  From Figure 41, as 

|Z|0.01 decreased, the ratio was coating dependent.  The DEFT® 02W053 sample had a 

constant |Z|0.01. However the water ratio was different at each point.  This observation was 

the same for MEK/PGME Aged and EA, which previously were discussed to have more 

water in the films.  Therefore, when barrier properties began to level, there was a relaxation 

period that rearranged and accepted more water into the voids of the coatings instead of 

occupying hydrogen bonding locations.  This observation implies that barrier properties 

decrease from an influx of free water.  MEK/ PGME ADAP in Figure 40 shows two 

plateaus of different values of |Z|0.01 over time which represented high free water at initial 

testing that became more bound water after relaxation and a decreased impedance as water 

and electrolytes are now fully in the polymer film. 
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Figure 41. |Z|0.01 as a function of free: bound water ratio. 

The water absorption of a coating was studied via EIS by measuring the 

capacitance, which is driven by a change in the dielectric of a polymer film (Figure 42).22  

An increase in the capacitance measurements indicates an increase in water content, which 

was correlated by measuring the water content via ATR-FTIR (Figure 30, Figure 32, Figure 

35, Figure 37Figure 38). 
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Figure 42. Capacitance values from EIS spectra of polymer films versus immersion time 

in 3.5 wt% NaCl solution. 

The MEK/PGME ADAP and Aged films exhibited an increase in capacitance up 

to 48 h followed by a plateau which correlated well with the changes in impedance.  The 

capacitance of MEK/PGME ADAP and Aged films compared to ATR-FTIR elucidated 

after 48 h the main driver of water content changes would be the mobility of PGME to 

the surface for extraction.  The EEP AMB coating exhibited a subtle increase in peak 

height (Figure 32), which is reflected in Figure 42 with very small differences in 

capacitance over time.  The IR analysis of the EA sample exposed to the 3.5 wt% NaCl 

solution exhibited substantial peak height change the correlated with capacitance trends 

signifying the same water absorption mechanism (Figure 37).  The DEFT® 02W053 
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primer also maintained a capacitance of approximately 1E-10 F.  Thus; thermoset coating 

networks studied with lower capacitance implies lower water permeation.  However, if 

the coatings are not taking on as much water, it is surprising that despite the drastically 

different|Z|_0.01 values, the EA sample coating is a good barrier while the Air Force 

Primer is a fair barrier.  Overall, thermoplastic coatings formulated with MEK/PGME 

with 1 wt% or more residual solvent had higher water uptake as shown with capacitance 

whereby the solvent selection either drove absorption by solvent extraction or 

morphological changes during drying. 

Equivalent Electrochemical Circuit Data Analysis- Mechanistic Pathways 

To confirm the behaviors described above as progression of the corrosion process 

through exposure to 3.5 wt.% NaCl solution, equivalent circuits were used to model the 

measured signal into capacitors and resistors in a circuit.  According to the Bode plot 

(Figure 40) MEK PGME Aged demonstrated the highest impedance and was fit per 

circuit model A (Figure 43).  Model A is the representative circuit of a capacitive coating 

(good barrier) and is the goal for all barrier coatings over a length of time.  The MEK 

PGME Aged sample exhibited Model A behavior throughout the whole 200h exposure 

time through circuit model fitting with Zview, a nyquist plot of the fitted sample is in 

Figure 44. 

 

 

Figure 43. Capacitive coating EEC model A. 

Rs is the solution resistance, and CPE1 is the capacitance of the coating 

Rs CPE1

Element Freedom Value Error Error %

Rs Fixed(X) 434 N/A N/A

CPE1-T Fixed(X) 2.431E-10 N/A N/A

CPE1-P Free(+) 0.9739 0.0043733 0.44905

Chi-Squared: 0.66973

Weighted Sum of Squares: 34.156

Data File: C:\Users\Christina\Documents\UDRI Data\E

IS Data UDRI PSTAT 147\MEK AMB 2-15 Seco

nd Time , 1.dat

Circuit Model File: C:\SAI\ZModels\Undamaged Coating.mdl

Mode: Run Fitting / Freq. Range (0.01 - 100000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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Figure 44. Nyquist plot of MEK/PGME Aged fit to model A. 

Unlike MEK PGME Aged, the force dried sample MEK PGME ADAP 

experienced two different EEC models throughout the exposure, Models B and C (Figure 

45 & Figure 47).  Model B is a simplified Randles cell which has three elements in the 

model: the solution resistance (Rs), coating or double layer capacitance (Ccoat), and the 

resistance of the coating (Rcoat) (Figure 45).  The double layer is the coating/solution 

interface, at this point, the immersion solution has not penetrated to the coating/substrate 

interface.  After 144h of exposure a second capacitor (model C), representing diffusion 

into the coating is added to maintain the fit (Figure 48).  The overall behavior of MEK/ 

PGME ADAP is mechanistically and physically different from the Aged.  The EEC 

models of MEK/PGME ADAP showed the process of water penetrating the network and 

allowing for the flow of electrons to the substrate interface to start corrosion.  The 

process of increased water behavior was demonstrated by the addition of capacitive 

elements, where one was surface dependent (void space) and the other was bulk coating.  
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As shown in previous chapters, MEK/ PGME ADAP contained less than 2 wt.% residual 

solvents and because of the high temperature dry schedule, it is expected that the coating 

would be denser but would have voids induced from solvent evaporation at the air 

interface. 

 

Figure 45. Simplified Randles cell EEC model B. 

Model B is a simplified Randles cell which has three elements in the model: the solution resistance (Rs), coating or double layer 

capacitance (Ccoat), and the resistance of the coating (Rcoat). 

 

Figure 46. Nyquist plot of MEK/ PGME ADAP at t=5h, fitted with model B. 

 

Rs Ccoat

Rcoat

Element Freedom Value Error Error %

Rs Fixed(X) 17 N/A N/A

Ccoat-T Fixed(X) 0.0003306 N/A N/A

Ccoat-P Fixed(X) 0.53583 N/A N/A

Rcoat Free(+) 9122 1497.3 16.414

Chi-Squared: 0.09734

Weighted Sum of Squares: 4.9643

Data File: C:\Users\Christina\Documents\UDRI Data\E

IS Data UDRI PSTAT 147\MEK AMB 36, 192h.

dat

Circuit Model File: C:\SAI\ZModels\AppendixC Coated Metal.md

l

Mode: Run Fitting / Freq. Range (0.0005 - 100000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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Figure 47. Randles cell with diffusion element EEC model C. 

Model C has four elements in the model: the solution resistance (Rs), coating capacitance(Ccoat), double layer capacitance (Cdl), and the 

resistance of the coating (Rcoat). 

 

Figure 48. Nyquist plot of MEK/ PGME ADAP at t=144h, fit to model C. 

EEP AMB has only one EEC throughout exposure following model D (Figure 49, 

Figure 50).  However, resistance still decreases, and a corresponding increase in 

capacitance, indicating the continued diffusion of water and decrease in barrier 

properties.  The elements of model D are the same as model C with the addition of Rcorr.  

The addition of another resistive element to create two circuits within the film which 

represents a defect in the film that can reach all the way to the metal surface. 

Rs Ccoat

Rcoat Cdl

Element Freedom Value Error Error %

Rs Fixed(X) 443 N/A N/A

Ccoat-T Free(+) 5.9394E-10 1.8496E-11 3.1141

Ccoat-P Fixed(X) 0.9 N/A N/A

Rcoat Fixed(X) 3.152E07 N/A N/A

Cdl-T Free(+) 8.9648E-08 9.0674E-09 10.114

Cdl-P Fixed(X) 0.5 N/A N/A

Chi-Squared: 0.055923

Weighted Sum of Squares: 2.7961

Data File: C:\Users\Christina\Documents\UDRI Data\E

IS Data UDRI PSTAT 147\MEK ADAP 33 t144h

.dat

Circuit Model File: C:\SAI\ZModels\AppendixC Coated Metal.md

l

Mode: Run Fitting / Freq. Range (0.0005 - 100000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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Figure 49. Corrosion of a coated metal EEC model D. 

Model D has five elements in the model: the solution resistance (Rs), coating capacitance(Ccoat), double layer capacitance (Cdl), the 

resistance of the coating (Rcoat), and corrosion resistance (Rcorr). 

 

Figure 50. Nyquist plot of EEP AMB at t=5h, fit to Model D. 

When the epoxy backbone is retained but it is formulated to be a crosslinked 

system in EA the models that best fit the behavior are models B and D (Figure 45, Figure 

49Figure 51).  The transition from model B to D adds the second circuit which is located 

on the substrate where charge transfer occurs indicating the start of the corrosion process 

through a defect in the coating. 

Rs Ccoat

Rcoat Cdl

Rcorr

Element Freedom Value Error Error %

Rs Fixed(X) 179 N/A N/A

Ccoat-T Free(+) 3.255E-10 5.5734E-12 1.7123

Ccoat-P Fixed(X) 1 N/A N/A

Rcoat Free(+) 1.0322E05 1275.6 1.2358

Cdl-T Free(+) 4.1047E-06 1.0265E-07 2.5008

Cdl-P Fixed(X) 0.5 N/A N/A

Rcorr Free(+) 2.6163E06 3.3552E05 12.824

Chi-Squared: 0.0062622

Weighted Sum of Squares: 0.30059

Data File: C:\Users\Christina\Documents\UDRI Data\E

IS Data UDRI PSTAT 147\MEK AMB 36 OCP.da

t

Circuit Model File: C:\SAI\ZModels\AppendixC Coated Metal.md

l

Mode: Run Fitting / Freq. Range (0.0005 - 100000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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Figure 51. Nyquist plot of EA (Go9V9 B2) at t=10h, fit to model B. 

By measuring a commercial coating, the effect pigments and inhibitors have on 

the corresponding EEC(s) can be measured and compared to the model systems without 

additional components.  DEFT® 02W053 starts with model B, where the double layer 

develops at the coating-solution interface.  Then after 4h of exposure the EEC transitions 

to model E (Figure 52) where there is diffusion into the coating and charge transfer.  This 

EEC then expands to having a second smaller circuit in model F (Figure 54), indicative of 

the zinc oxide protecting the steel substrate. 

 

Figure 52. Corrosion of a coated metal EEC model E. 
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Model E has six elements in the model: the solution resistance (Rs), coating capacitance(Ccoat), double layer capacitance (Cdl), the 

resistance of the coating (Rcoat), corrosion resistance (Rcorr), and capacitance of the inhibitor (CPE1).  Where CPE is the label for a 

capacitor and R is the label for a resistor. 

 

Figure 53. Nyquist plot of DEFT® 02W053 at t=2h, fit to Model E. 

 

Figure 54. Corrosion of a coated metal with a defect EEC model F. 

Model F has seven elements in the model: the solution resistance (Rs), coating capacitance(CPE1), double layer capacitance (CPE2), 

the resistance of the coating (Rp), corrosion resistance (R1), resistance of inhibitor (R2), and capacitance of the inhibitor (CPE3).  

Where CPE is the label for a capacitor and R is the label for a resistor. 
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Rs CPE1

Rp R1

CPE2

R2

CPE3

Element Freedom Value Error Error %

Rs Fixed(X) 436 N/A N/A

CPE1-T Free(+) 1.1371E-10 1.6106E-12 1.4164

CPE1-P Fixed(X) 1 N/A N/A

Rp Fixed(X) 94480 N/A N/A

R1 Free(+) 2.2937E06 21777 0.94943

CPE2-T Fixed(X) 8.8464E-09 N/A N/A

CPE2-P Fixed(X) 0.5 N/A N/A

R2 Fixed(X) 1.925E07 N/A N/A

CPE3-T Fixed(X) 1.01E-05 N/A N/A

CPE3-P Fixed(X) 0.5 N/A N/A

Chi-Squared: 0.0082039

Weighted Sum of Squares: 0.4102

Data File: C:\Users\Christina\Documents\UDRI Data\E

IS Data UDRI PSTAT 147\AF 376 1.dat

Circuit Model File: C:\SAI\ZModels\Al outter and inner salt 

layers.mdl

Mode: Run Fitting / Freq. Range (0.01 - 100000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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Figure 55. Nyquist plot of DEFT® 02W053 (AF Primer) at t=168h, fit to Model F. 

Scanning Kelvin Probe Analysis 

Correlation between ATR-FTIR and scanning Kelvin probe (SKP) potential area 

maps allowed for water bonding type analysis in regards to electrochemical activity on a 

localized scale.  We expected that areas of higher cathodic activity would correspond to 

more organized, or bound, water. 

SKP measures the voltage drop as charge flow from the tip of the SKP through air 

to the grounded substrate.  This creates a capacitor that the instrument then attempts to 

equilibrate and the amount of potential needed to equilibrate is recorded.  The charges 

and the potential difference of the probe are noted by the instrument.  The corrosion was 

observed of the samples to be scattered rust spots which suggested heterogeneous water 

uptake.  Epoxy and phenoxy films are known for heterogeneous water diffusion where 

there are transport pathways for water, oxygen, and electrolyte to the metal interface 
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which was supported by the variation in the water peak of the selected sample spots from 

FTIR in Figure 56-Figure 60.   

Blisters in the DEFT® 02W053 are noted by the boxes Figure 56A with spots 1, 2, 

and 3 from most to least cathodic.  Comparing the 3400 cm-1 regions in IR spots 2 and 3 

have a greater content of water and correlate well with an increase in cathodic potential.   

This decrease in water was hypothesized to be the buildup of corrosion product thinning 

the concentration of coating underneath and extraction of solvent.   

SKP and IR for EA are depicted in Figure 57, which also agrees with the data 

measured from the DEFT® 02W053 sample where greater water concentrations 

correlated directly with an increase in cathodic potentials.  The pristine potentials were 

lower than that of the pristine DEFT® 02W053, and we expect this to be due to the strong 

interactions with the PEO functionalities within the polymeric network.  All the 

thermoplastics previously mentioned, also depict the same trend in which higher cathodic 

activity is localized in regions with higher water content (Figure 58-Figure 60).  Khun 

and Frankel found that under high humidity conditions, water was easily transported to 

the metal interface by an exposed epoxy film.118  The water accumulated at cathodic 

regions where water driven  hydraulic delamination was shown to eventually occur.118  

This phenomena is the same that we observed, however our timeline to delamination was 

longer due to less extreme exposure conditions of the epoxy films.  The water 

preferentially accumulated at cathodic regions of the SKP potential scan therefore 

demonstrating heterogeneous water distribution because every cathodic region is 

surrounded by more anodic activity (more positive values). 
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Figure 56. SKP, ATR-FTIR and visual image of DEFT® 02W053. 

A) visual image with labels of the spots where IR was collected, the area of the panel is ~ 12,000 x 13,000 µm. B) SKP area map of 

the sample with labels of the spots collected by IR.  C) Corresponding IR to each spot collected on the sample as well as a pristine 

spectrum.  The time point of this sample was 41 days of exposure in 3.5 wt% NaCl. 
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Figure 57. SKP, ATR-FTIR and visual image of EA. 

A) visual image with labels of the spots where IR was collected, the area of the panel is ~ 12,000 x 13,000 µm. B) SKP area map of 

the sample with labels of the spots collected by IR.  C) Corresponding IR to each spot collected on the sample as well as a pristine 

spectrum.  The time point of this sample was 200h of exposure in 3.5 wt% NaCl. 
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Figure 58. SKP, ATR-FTIR and visual image of MEK/PGME AGED. 

A) visual image with labels of the spots where IR was collected, the area of the panel is ~ 12,000 x 13,000 µm. B) SKP area map of 

the sample with labels of the spots collected by IR.  C) Corresponding IR to each spot collected on the sample as well as a pristine 

spectrum.  The time point of this sample was 200h of exposure in 3.5 wt% NaCl. 
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Figure 59. SKP, ATR-FTIR and visual image of MEK/PGME ADAP. 

A) visual image with labels of the spots where IR was collected, the area of the panel is ~ 12,000 x 13,000 µm. B) SKP area map of 

the sample with labels of the spots collected by IR.  C) Corresponding IR to each spot collected on the sample as well as a pristine 

spectrum.  The time point of this sample was 200h of exposure in 3.5 wt% NaCl. 
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Figure 60. SKP, ATR-FTIR and visual image of EEP AMB. 

A) visual image with labels of the spots where IR was collected, the area of the panel is ~ 12,000 x 13,000 µm. B) SKP area map of 

the sample with labels of the spots collected by IR.  C) Corresponding IR to each spot collected on the sample as well as a pristine 

spectrum.  The time point of this sample was 200h of exposure in 3.5 wt% NaCl. 

Summary 

A variety of increasing complex model coatings were tested and compared to a 

commercial epoxy-amine coating to better understand water types present during 
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electrochemical evaluation of coatings.  It was found that solvents within the coating 

move towards the surface of the network during exposure due to an affinity with the 

immersion solution and increased mobility because of hydroplasticization.  Which 

resulted in an apparent decrease in water content as solvent reached the air interface.  

Overall it was found that over time more bound water (S2+S1) was present in the 

network and Free water (S0) decreased over time.  Indicating that if free water was 

controlled, corrosion could be slowed.  Electrochemically, a decrease in |Z|0.01 is 

indicative of water and electrolyte ingress into the polymeric film.  The films studied 

exhibited an immediate decrease, followed by a plateau, supporting our solvent extraction 

finding from ATR-FTIR, as well as the change in water type over time.  It was observed 

that before a plateau occurs, there is an increase in free water, suggesting the impedance 

decrease is due to a net free water increase in the network.  Again, supporting our 

findings that reducing free water can slow or mitigate corrosion.  ATR-FTIR and 

capacitance measurements correlated supporting previous literature that capacitance can 

be an adequate measure of water absorption.  The EEC models supported the conclusions 

drawn from all another testing in this chapter that film diffusion with free volume 

expands the model due to transport pathways to the metal.  Whereas associations of the 

immersion media with an additive in the network adds complexity to the model but is not 

necessarily corrosion occurring.  The localized testing with SKP could identify anodic 

and cathodic regions of the coatings in advance of corrosion or with corrosion spots 

present.  The ATR-FTIR of the selected sample locations of the SKP map had a higher 

water content in cathodic locations, or the site where water is reduced.  This method also 
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gave support to decreases in water transport overtime at a location, where if water content 

decreases over time that location could become an anodic site of metal dissolution. 
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CHAPTER V – REJUVENATION OF MODEL POLYMERIC FILM BARRIER 

PROPERTIES 

Introduction 

Throughout this dissertation, we have discussed the role of solvent polarity, water 

solubility, and how the corrosion rate changed depending on the solvent blend used to 

solubilize PKHH.  The films were evaluated by the quantification of saturation behavior 

at 95% RH, pristine residual solvent, pristine Tg, and corrosion area propagation (visual) 

in tandem with ATR-FTIR for characterization of water types.  Together, this screening 

process evaluated the synergistic effect of film components ability to stave off corrosion.  

Now that the basic understanding of the model films was established it was desired to 

decrease the rate of corrosion without modifying the formulation.  To reduce the rate of 

corrosion, we propose the addition of a maintenance cycle during exposure that aims to 

return the exposed film back to the pristine condition.  Whereby returning the polymer 

film to the pristine state would be accomplished from a thermal cycle to remove all water. 

Physical aging, or the changes in physical properties caused by structural 

recovery, has been shown to be reversible through two main mechanisms of rejuvenation: 

mechanical and thermal.53  In the case of mechanical and thermal rejuvenation, either 

stress or a heat treatment above the sample Tg is applied to the system to erase physical 

aging.45, 53-58  Current work in the literature has focused on regeneration of properties. 

However, this concept has not been applied to anticorrosive coatings for the potential to 

extended service lifetime. 

Examples of thermal rejuvenation in literature allowed removal of hygroscopic 

aging which resulted in the recovery of Tg and adhesion to a specified point of 
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exposure.39, 45, 57  The ability to manipulate and maintain a level of optimum performance 

with simple rejuvenation methods in corrosion control coatings could extend lifetimes 

and reduce the cost of frequent replacement.  We hypothesize removal of water from 

corrosion control polymers in advance of irreversible changes, could allow the recovery 

of all or part of the original pristine performance and delay corrosion initiation. 

Experimental 

Materials and Sample Preparation 

PKHH resins, Go9V9 B2 Chrome were prepared as in Chapter II.  DEFT ® 

02W053 was prepared according to the technical data sheet.  Steel panels were cleaned 

with an acetone wash.  Drying procedures were followed as described in Chapter II.  The 

full size 3” x6” coated panel was cut into 1.5” x1.5” squares.  Samples were then 

clamped down to a 1” diameter immersion well that was filled with 40 mL of 3.5 wt.% of 

NaCl. 

Exposure and Rejuvenation Experimental and Characterization 

Water saturation, Tg, and residual solvent procedures are in Chapter II.  Shown in 

Scheme 3 is an experimental schematic of the samples, at each time point five IR spectra 

were collected per sample and then returned into the immersion solution until the next 

time point.  Immersion time points before the thermal cycle were t= 24, 48, 72, 96, 120, 

144, 168 h.  After 168h of immersion, the samples went through a thermal cycle at 120°C 

for 5h.  Then IR was collected to observe the -OH stretch absorbance for water removal.  

Thermal cycled samples were then re-immersed and monitored with IR for an additional 

168h.  Samples were also monitored visually for corrosion following ASTM D610. 
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Scheme 3. Experimental schematic rejuvenation procedure 

Each coated metal sample had five spectra locations labeled on the back side before being clamped down into the immersion cell filled 

with 3.5 wt% NaCl.  At daily intervals, samples were removed from the immersion cell to collect ATR-FTIR spectra.  After 168h, 

samples went through a thermal cycle to remove water (confirmed by ATR-FTIR) and then the second immersion cycle began for an 

additional 168h. 

Results and Discussion 

To define performance target values to achieve after rejuvenation of the 

polymeric coatings it was imperative to establish a baseline of physical performance and 

chemical compositions.  Table 8 summarizes the pristine Tg, residual solvent, and the 

water saturation percent at 95% RH at 25°C, which elucidated the physical state during 

testing in ASTM B117 (35 °C).  From the values of Tg, there were two ranges: 50-62°C 

and 94-95°C.  The first range contained EEP AMB, EA Chrome, and DEFT® 02W053 

which varied in residual solvent content and water saturation.  From Chapter III it was 

revealed that Tg alone could not predict a qualitative ranking of corrosion resistance, 

unlike solvent content and water uptake.  Liu et al. studied the impact of residual solvent 

on water uptake of sulfonated poly (ether ether ketone) (SPEEK) membranes and found 

that the amount of residual solvent was responsible for water absorption.151  SPEEK 

membranes also exhibited morphology differences due to the type and amount of residual 
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solvent, which impacted the water absorption.122  These results agreed with previous 

work in Chapter III, where the residual solvent and water saturation content were better 

indicators of performance in thermoplastic polymer films.  Herein lied the opportunity to 

determine if the trends for thermoplastic polymer films would be true for inhibited 

thermosets.  The thermoset polymer films (EA Chrome and DEFT® 02W053) had the 

highest water saturation values of ~ 2.5 wt.%, attributed to more hydrophilic groups in 

the network from the amine crosslinker and inhibitor. 

Table 8  

Pristine film properties. 

Polymeric Films T
g
 (°C) Residual Solvent 

(wt.%) 
Wt.% Water 

at Saturation 

(95% RH)  

Diffusion 

Coefficient(cm2/s) 
Mean Square 

Roughness 1x1 µm 

(nm) 

PKHH MEK/PGME 

ADAP 
95 1 1.32 1.67e-8 4.32 

PKHH EEP AMB 50 9 1.16 2.30e-8 0.26 

PKHH EEP ADAP 94 1 1.27 2.85e-8 1.98 

EA Chrome 61 0 2.48 5.03e-9 NA 

DEFT ® 02W053 52 6 2.59 3.14e-8 NA 

 

Table 9 lists the solvents in the studied polymer films along with the solvents 

respective water solubility (ppm).  The MEK/PGME ADAP sample although formulated 

with highly water soluble solvents, there was 1 wt% residual solvent. Therefore, solvent 

effects do not play a role during exposure.  However, with 1 wt% residual solvent, 

MEK/PGME ADAP had topographical implications from solvent evaporation evident 

from surface roughness values from AFM (Table 8, Table 9Figure 61).  The EEP AMB 

and ADAP samples were formulated with a low water soluble solvent that is within 5% 
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of HSP solubility of PKHH.  Which created a homogeneous morphology (Chapter III), 

that had few solvent effects and less surface roughness than MEK/PGME ADAP (Table 

8, Figure 62-Figure 63  The surface roughness of EEP AMB was smaller than EEP 

ADAP which showed the effect of the drying procedure.  Whereby EEP ADAP was 

exposed to high temperatures to effectively boil solvent out of the film, leaving behind a 

roughened topography.  DEFT® 02W053 was formulated with a solvent blend that was 

divided between solubility on the magnitude of EEP and lower (Table 9).  Therefore it 

would be expected that in water absorption and corrosion protection DEFT® 02W053 

would behave similarly to EEP AMB regardless of the increase in hydrophilic moieties in 

the polymer network formulation. 

Table 9  

Model film solvent solubility and presence. 

Solvents Solubility in Water (ppm) PKHH MEK/PGME PKHH EEP DEFT ® 02W053 
PGME 1000000 X     
MEK 275000 X     
Butan-1-ol 73000     X 
Benzyl alcohol 36000     X 
EEP 29000   X   
Heptan-2-one 5000     X 
4-Chloro-α α α- trifluorotoluene 84.5     X 
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Figure 61. AFM of MEK/PGME ADAP 

 

 

Figure 62. AFM of EEP ADAP. 
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Figure 63. AFM of EEP AMB. 

Diffusion behavior shown in Figure 64 described how water entered and resided 

in the polymer films.  Although the amount of water held at saturation (Table 8) was 

referred to as occupied volume by water, the diffusion behavior indicated the pathway(s) 

of water.  There are four well-established types of diffusion behavior for polymeric films 

during penetrant exposure: Fickian, sigmoidal, non-Fickian case II, and two stage 

sorption.68  Of the polymeric coatings studied there were two different types of diffusion 

behavior, two-stage absorption and non-Fickian case II.  Two stage absorption involves a 

primary absorption to a brief saturation and a secondary absorption to the final saturation 

equilibrium.68, 116, 133  The process of two-stage absorption has been attributed to 

independent contributions of Fickian diffusion and relaxation.68, 116, 133  Deft® 02W053 

had two stage absorption and the largest diffusion coefficient which resulted in water 

occupied voids at the film surface followed by relaxation of the network moving water 

into the bulk of the film.  As this process occurred with each diffusion up to the turnover 

to saturation would be a period of swelling before the polymer would relax once at the 

surface and bulk film saturation.  All other films had non-Fickian case II diffusion which 

resulted in a sharp diffusion front, followed by continuous penetrant absorption causing 
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polymer swelling upon saturation. 68, 143 Coniglio et. al supported that as water entered a 

network, it produced interactions with materials in the network forming hydrogen 

bonding when possible and also resided in the voids of the film.116  This behavior was 

also observed by Khun and Frankel, where the easier it was for contaminant to reach the 

metal surface the more water and oxygen available to continue the corrosion reaction.118 

Therefore, thermoplastic coatings because of the continuous fast diffusion behavior 

would transport corrosion reactants to initiate corrosion before the thermoset films. 

Although Deft® 02W053 and EA Chrome had the largest water saturation values, 

they had the fastest and slowest diffusion coefficient, respectively (Table 8).  As both 

networks are thermosets, there are also more polar functionalities in the network for 

water to interact with, which would increase the water saturation.  The disparity between 

water saturation and diffusion coefficient was attributed to the difference in residual 

solvent content.  EA Chrome had no residual solvent, leaving water with no easily 

extractable material from the film to create room during diffusion.  Thereby limiting 

water penetration to polymer interactions and the resulting hydroplasticization to produce 

chain mobility. 
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Figure 64.  Kinetic diffusion plots from water absorption. 

Water absorption at 25°C and 95% RH of polymer free films to saturation (A).  The initial diffusion behavior of the polymer films is 

the part of the sorption curve where the diffusion coefficient is calculated (B). 

Corrosion Rate 

In practice, corrosion control coatings would not be transparent, however, 

inhibited/pigmented films are opaque making it impossible to identify visual corrosion 

beneath the coated metal objects until hydraulic induced defect or ruptured blister.  In this 

study, I opted to maintain samples without intentionally created defects, i.e., no scribes 

on the samples and for the corrosion rate to be evaluated from the perspective of an 

undamaged film.  Figure 65 presents the visual data of MEK/PGME ADAP pre- and 

post- exposure, where no visual corrosion occurred until 144h of 3.5wt.% NaCl 

immersion.  After rejuvenation, an increased orange corrosion area was observed, 

indicative of the anode and cathode consuming reactants as the film was force dried to 

remove all contaminants from the polymer film.  Sangaj and Malshe had studied the 

limiting reagent’s impact on the formation of corrosion product, and supported that as 

reactants were available the cathodic and anodic reactions were stimulated.26  There was 

a stagnation of corrosion growth for the 48h post thermal cycle, where the polymer film 
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was becoming saturated for the second time.  It has been reported that the absorption of 

epoxy-phenolic resins is heterogeneous, which leads to a difficult assessment of polymer 

films.135  The arrival of contaminants at the substrate increased the corrosion area until 

testing was concluded.  The MEK/PGME ADAP sample had multistep corrosion growth 

and equilibrium periods which had been shown in the literature to be directly related to 

the amount of reactants availability at the polymer-substrate interface. 152,153 Therefore, 

any change in slope was related to a change in reactant concentration at the substrate 

interface, controlled by diffusion.152-153  A plateau signified a period of saturation where 

corrosion growth could not occur because of a limited reactant flow to the active site.  

Limited access to the active sites would be caused by the accumulation of insoluble 

corrosion products at the site of growth, which slowed the penetrants travel to the 

substrate interface to continue corrosion propagation.  The described non-continuous rate 

of corrosion was found to be the mechanism of rust growth in the work of Khun and 

Frankel.118  It was unexpected that the corrosion area increased directly after the thermal 

cycle. However there was a decrease in growth for 48h after the thermal cycle for the 

MEK/PGME ADAP sample representing a successful rejuvenation. 
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Figure 65.  Exposure images of MEKPGME ADAP 

Exposure was immersion in 3.5wt% NaCl before (t) and after (trej) a thermal cycle at 120°C for 5h.  Samples are 1” in diameter. 

Compared to MEK/PGME ADAP, the EEP ADAP sample had the same physical 

properties quantified in Table 8.  However, EEP ADAP did not visually corrode until 

after the thermal cycle (Figure 66).  The corrosion area of EEP ADAP remained below 

0.5 %, whereas MEK/PGME ADAP reached 6.5% corroded area with no induced defect 

(Figure 67).  The differential in corrosion propagation was an indication that evaporation 

of solvent induced surface roughness acted as sites for initial contaminant transport, the 

size of which was dependent on the solvent blend in the formulation.122, 151  Although 

unlike MEK/PGME ADAP, the EEP ADAP sample continued to increase minimally in 

corrosion area after rejuvenation and therefore did not benefit from the thermal cycle.  

The EEP ADAP sample had negligible corrosion growth which further supported a defect 

free network and a homogeneous film morphology observed by SEM in Chapter III.  This 
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result would mean that it was not as easy to remove water from the film because it was a 

solid barrier.  However, once one spot had been penetrated and started corrosion that 

location did not improve in protection, but allowed diffusion to occur faster. 

 

Figure 66. Exposure of EEP ADAP. 

Exposure was immersion in 3.5wt% NaCl before (t) and after (trej) a thermal cycle at 120°C for 5h.  The sample diameter is 1”. 
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Figure 67.  Corrosion area (%) over immersion time. 

Exposure was immersion in 3.5wt% NaCl before (t) and after (trej) a thermal cycle at 120°C for 5h. 

In EEP AMB samples solvent was present in the thermoplastic film, which left 

the film with void spaces that continued to grow after hydroplasticization, for water and 

other contaminants to reside.122, 151  This was evident in the EEP AMB samples through 

visual corrosion at 96h, which was 120h sooner than EEP ADAP (Figure 66 & Figure 

68).  Corrosion continued to reach a final corrosion area of ~ 20% (Figure 67).  The 

corrosion area was 50x larger than EEP ADAP and ~ 3x larger than MEK/PGME ADAP 

even though both had 1wt% residual solvent.  Before the thermal cycle, EEP AMB had 

the most rapid corrosion area growth of 10%; after the thermal cycle, there was a 

decrease in the rate which indicated the morphology changed upon heating creating a 

tortuous pathway for water, oxygen, and electrolytes to reach the interface, much like 

EEP ADAP.  After rejuvenation of EEP AMB, there was a decrease in the steepness of 

the slope which showed a successful decrease in corrosion rate. 
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Figure 68.  Exposure of EEP AMB. 

Exposure was immersion in 3.5wt% NaCl before (t) and after (trej) a thermal cycle at 120°C for 5h.  Sample diameter is 1”. 

The pigmented coatings DEFT® 02W053 and EA Chrome did not show evidence 

of visual corrosion (rust or blisters) (Figure 69 & Figure 70).  Nevertheless, based on the 

results of the model polymer films it was reasonable to assume that for a defect-free 

coating under natural weathering in a severe environment, there would be 0.5-20% 

unseen corroded area. 
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Figure 69.  Exposure of Deft® 02W053. 

Exposure was immersion in 3.5wt% NaCl before (t) and after (trej) a thermal cycle at 120°C for 5h.  Sample diameter is 1”. 
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Figure 70.  Exposure of EA chrome. 

Exposure was immersion in 3.5wt% NaCl before (t) and after (trej) a thermal cycle at 120°C for 5h.  The sample diameter is 1”. 

Water Types and Corrosion 

From the corrosion area propagation, it was known that there was an 

accumulation of water and oxygen at the substrate interface to facilitate corrosion.  The 

water content via ATR-FTIR supported this mechanism through a continuous increase in 

peak area of 3400cm-1 (Figure 71).  The free: bound water ratio is plotted as an average 

of every data point before and after the thermal cycle, to show the bulk change in water 

type (Figure 72).  From the water content plot, all the values of water content dropped to 

20-30 au after the thermal cycle, which proved the removal of some water from the film.  

However, of the remaining water, the free: bound ratio remained the same with high 

bound and low free water in the network.  Zhou and Lucas tried to remove all water from 
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epoxy networks and found that even when heated over long periods of time there was still 

minimal water that remained in the network.57  Upon the second cycle of exposure, the 

samples had a slow water absorption which showed the impact of the thermal cycle.  The 

thermal cycle removed the previous film morphology and water, producing a tightly 

packed network.139  Overall from the water ratio, when there was a higher ratio after the 

thermal cycle, the polymer film corroded more after rejuvenation from the increase of 

free water in the film (Figure 67& Figure 72).  Of the samples, EA Chrome had the most 

efficient thermal cycle, the water content dropped below the first data water content and 

then maintained the rejuvenated water amount.  In addition to maintaining a low 

rejuvenation water content, the EA Chrome sample also had a negligible change in water 

ratio.  Therefore, it appears compared to all the thermoplastic coatings that EA Chrome 

had the best performance.  This efficiency is the chromate inhibitor and the lack of 

solvent in the original formulation allowing for uncomplicated water management. 
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Figure 71.  Subtracted peak area of 3400 cm-1 of samples over immersion time. 

The subtracted peak area is representative of the change in water content.  Exposure was immersion in 3.5wt% NaCl before and after a 

thermal cycle at 120°C for 5h. 

 

Figure 72.  Free: bound water ratio of non-scribed samples 

Exposure was immersion in 3.5wt% NaCl before (red bars) and after (blue bars) a thermal cycle at 120°C for 5h. 
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Summary 

Initially, we were unsure whether water type would impact corrosion growth for 

non-scribed samples.  We verified that when the ratio Free: Bound water increased the 

likeliness of corrosion growth increased.  If we assumed pigmented or inhibited coatings 

have random initiation of corrosion, dependent on surface topography, the total corrosion 

area under the film could be up to 15% before any visual indicators such as blisters 

appear.  This was postulated based off a variety of non-pigmented thermoplastic polymer 

films where corrosion was dependent on polymer topography and residual solvent.  

Thermal cycled films mid-immersion showed a decrease in corrosion growth and water 

content as well as a minimal change in water binding types. 
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CHAPTER VI – EFFICACY OF REJUVENATION OF COMMERCIAL COATINGS 

Introduction 

In the previous chapter, we found that a thermal cycle was a viable option for 

removal of water, and decreasing the rate of water absorption on the second wet cycle.  

The question being how practical a rejuvenation cycle is for real world coatings?  Studies 

conducted on the model polymer films revealed solvent type, and remaining solvent 

changed the rate of water diffusion, morphology, and corrosion rate.  As water is 

abundant and impossible to avoid it becomes necessary to define the amount of water in a 

polymer film that does not accelerate corrosion.  We evaluated the change in corrosion 

rate of the real-world coatings with ASTM D610 visual area analysis to determine the 

most efficient rejuvenation temperature. 

Legghe et al. reported that after immersion in DI water an epoxy coating was 

heated at 60 °C for several hours, which resulted in partial recovery of adhesion to the 

metal substrate. 39  The restoration of core coating properties like adhesion through a 

thermal cycle motivated this work to study the amount of water removal necessary with a 

heat cycle to decrease the rate of corrosion.  In this work, we evaluated the regeneration 

of initial diffusivity and corrosion growth of commercial coatings via four separate 

thermal cycles: 80 °C for 80 mins (B), 60 °C for 4h (C), 40 °C for 6h(D), and AMB for 

12h (A). 

Experimental 

Mil Spec Epoxy Amine 

The procedure is described in Chapter II. 

Mil Spec Top Coat 
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The procedure is described in Chapter II. 

Commercial Corrosion Control Coatings 

The procedure is described in Chapter II. 

Substrate Preparation 

The procedure is described in Chapter II. 

Exposure and Thermal Maintenance Cycles 

Samples were exposed to ASTM B117 for 120h and then went through one of 

four thermal maintenance cycles (ambient conditions for 12h (AMB), 80°C for 80 

minutes (80C), 60°C for 6h (60C), or 40°C for 8h (40C)).  After the maintenance cycle, 

samples were re-exposed to ASTM B117 for an additional 288h. A diagram of the 

described procedure is shown in Scheme 4. 

 

Scheme 4.  Exposure cycle of commercial coatings. 

Samples were exposed to ASTM B117 for 120h and were then exposed to a thermal cycle followed by an additional 288h of ASTM 

B117 bringing the total exposed lifetime to 408h. 

Differential Scanning Calorimetry 

The procedure is described in Chapter II. 

Thermogravimetric Analysis 

The procedure is described in Chapter II. 
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Infrared Spectroscopy 

The procedure is described in Chapter II. 

Corrosion Area 

The procedure is described in Chapter II. 

Results and Discussion 

Commercial coatings (DEFT®; PPG) and in-house formulations have been 

deconstructed (Table 10) by a binder, inhibitor(s), and solvents. While all the polymeric 

components of the primers consisted of epoxy-polyamides, the types of inhibitors and 

solvents were varied by formulation.  With similar polymer chemistry, differences in 

corrosion growth and water management would be influenced by the inhibitor and 

solvents.  The top coat used in this study was an in-house polyurethane coating 

formulated to fulfill military specifications (MIL-SPEC).  Each primer was coated on 

mild steel, with/without a top coat, to reveal if the top coat influenced corrosion 

protection.  Previous chapters have provided evidence that polar solvent blends accelerate 

corrosion because of water-solvent exchange and the imparted film morphology.  

Therefore, a secondary barrier would benefit DEFT® 084 (most polar solvent blend) 

through covering any primer imperfections that would ordinarily attract water ingress. 

There were three different inhibitor packages in the primers: strontium chromate/ 

barium chromate, zinc phosphate/ zinc 5-nitroisophthalate, and dipraseodymium trioxide.  

Strontium chromate has a proven history in providing the best protection for a metal 

substrate. However, strontium chromate is being phased out as an inhibitor because it is 

carcinogenic.154-156  Therefore, samples with DEFT® 40A were expected to have the least 

corrosion area during exposure.  Zinc phosphate has been a preferred replacement for 
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strontium chromate, which is carcinogenic because both inhibitors protect at sites of 

anodic and cathodic activity.156  Whereas, praseodymium has been used in the literature 

as a protectant for aluminum alloys through blocking the cathodic sites with an oxide 

film.157  As a result of only studying the coatings on steel, it would be expected to see 

limited inhibitor action for DEFT® 084 as the inhibitor only offers cathodic protection. 

Table 10  

Commercial coating formulation components 

Coating Binder Inhibitor(s) Solvent(s) 
Primer or 

Top Coat 

DEFT® 02-Y-

040A (40A) 

Epoxy Polyamide Strontium 

Chromate, 

Barium Chromate 

Pentan-2-one, 

Parachlorobenzotrifluoride, Heptan-2-

one, N-butyl acetate, 4-methylpentan-2-

one 

Primer 

DEFT® 02-GN-

084 (084) 

Epoxy Polyamide Dipraseodymium 

trioxide 

Butan-2-ol, Cyclohexanone, Pentan-2-

one, Benzyl alcohol, 4-methylpentan-2-

one, 4-chloro-α, α, α-trifluorotoluene, 4-

nonylphenol  

Primer 

Epoxy Amido-

Amine Inhibitor 

Package #2 (EAA) 

Epoxy Polyamide Zinc Phosphate, 

Zinc-5-

nitroisophthalate 

2-heptanone, Aromatic 100 Primer 

Polyurethane (TC) Polyurethane NA 2, 4 Pentanedione, Methyl amyl ketone, 

Diisobutyl ketone, Methyl ethyl ketone 

Top Coat 

 

Physical properties of Table 11 show the difference in primer, topcoat, and 

primer-topcoat films.  There were two T g’s of the primer-topcoat films, which 

demonstrated that each layer existed individually.  However, because the first cycle Tg 
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was variable from the topcoat’s Tg by 1-20°C, it was anticipated that bonding occurred at 

the primer-topcoat interface.  Our previous work in Chapters III-V and the literature have 

determined that solvent choice directly influence the final properties obtained in coatings 

and membranes (Table 11).158-161  Kruczck and Matsuura reported similar findings where 

solvent type altered the polymer-solvent interactions and they noticed a change in 

morphology and permeability of SPPO films. 162 

Both the residual solvent content of the films, as well as the water miscibility of 

the solvents, directly correlated to the water absorption and diffusivity (Table 11 and 

Table 12).  For example, DEFT® 084 contained the highest levels of residual solvent 

(13.7%), and the solvents were the most water miscible, resulting in the highest water 

absorption and fastest diffusion of the primers.  The lowest water absorption of the 

primers was DEFT® 40A, because of the chromate inhibitor, which limits water 

absorption.  The diffusion of the coatings was faster for the primer-topcoat samples.  This 

observation provided further evidence that the primer and topcoat synergistically protect 

the substrate because the residual solvent of the primer-topcoat films was equal to or less 

than the primer only samples.  The diffusion rate was 4X faster with the topcoat, but the 

amount of water absorbed changed only by 20 %.  The differential in water diffusion and 

absorption with a topcoat although quicker than the primers, the water was anticipated to 

reside in the more polar topcoat, decreasing the standard amount of water transported to 

the substrate interface.  Therefore, lowering the corrosion rate of primer-topcoat samples 

when compared to primer samples. 

Table 11  

Commercial coating properties. 
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Sample 

Name 

Tg(s) 1st Heat Cycle 

(°C) 

Tg(s) 2nd Heat 

Cycle (°C) 

Residual 

Solvent 

(wt.%) 

Water 

Saturation at 

95% RH 

(wt.%) 

Initial Water 

Uptake Slope at 

95% RH (cm2 /s) 

084 ____ 61.0 ___ 85.3 13.7 2.6 2.3 x 10-8 

084 TC 47.7 61.6 56.8 86.4 8.6 2.7 9.9 x 10-8 

40A ____ 54.9 ____ 81.6 4.4 1.2 3.9 x 10-9 

40A TC 20.5 57.3 48.2 85.6 4.9 1.7 7.9 x 10-9 

EAA ____ 50.8 ___ 81.8 5.5 1.9 7.1 x 10-10 

EAA TC 17.5 53.1 33.8 71.6 4.7 2.6 3.9 x 10-9 

TC 16.6 ____ 37.1 ___ 4.7 3.3 7.9 x 10-9 

 

Table 12  

Solvent in water solubility and presence in coatings 

Solvent Solubility 

in Water 

(ppm) 

DEFT ® 

02GN084 

DEFT ® 

02Y040A 

EAA Polyurethane 

Top Coat 

Butan-2-ol 290000 X    
methyl ethyl ketone 275000    X 
2,4 Pentanedione 160000    X 
Cyclohexanone 86000 X    
Pentan-2-one 60000 X X   
Benzyl alcohol 35000 X    
4 methyl pentan-2-one 19100 X X   
N-butyl acetate 6800  X   
Heptan-2-one/ Methyl amyl 

ketone 

5000  X X X 

Diisobutyl ketone 430    X 
4chloro-aaa trifluorotoluene 84.5 X    
4-nonylphenol 6 X    
Parachlorobenzotrifluoride 0  X   
Aromatic 100 0   X  



 

121 

Diffusion behavior on a kinetic plot provides insight into the transport mechanism 

of water through coatings.68  Figure 73A, and B shows the shape of the absorption 

process from diffusivity through saturation.  The overall shape of the absorption curve of 

DEFT® 084 was sigmoidal, identified by a slight “S” shape before the linear region 

begins around 1000 s/cm.  Sigmoidal behavior involves two absorption steps, surface 

absorption and then bulk diffusion of the polymer film.68  The DEFT® 084 experienced 

solvent extraction while in the humidity chamber which is identified by the decrease in 

weight gain of the water absorption plot (Figure 73).  When DEFT® 084 was top coated, 

there was no decrease in weight gain supporting that the topcoat aids in protecting the 

primer from decreasing performance prematurely.  In the case of DEFT® 40A, there is a 

slight two-stage absorption initially, which like in DEFT® 02W053 in previous chapters 

is caused by the inhibitor-water interactions.  Once again the topcoat shields the primer 

from a two-stage absorption as the topcoat did for DEFT® 084.  The EEA sample like the 

other primers had faster diffusion when top coated and had a longer time to saturation 

when the film was not top coated.  Therefore, like in the physical properties there is a 

synergy of the primer-topcoat that improved the water transport properties. 
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Figure 73. Kinetic plot of water sorption of model thermoplastic epoxy primers 

Where (A) is full sorption behavior thru saturation and (B) is the diffusion region of the samples. 

In the ATR-FTIR spectra of the coatings, there were no shifts of the peak center 

in the regions of water content (i.e. 3400 cm-1 and 1650 cm-1) of all top coated samples 

(spectra can be found in supplemental Figure A5-Figure A8, Figure A13-Figure A20).  

During exposure, solvent extraction was identified by the inconsistent absorbance pattern 

of the ketone region of the ATR-FTIR for all coatings (1717 cm-1) (spectra can be found 

in supplemental Figure A1-Figure A24).  The combination of both a decrease in ketone 

concentration and no spectral shift of the water peaks revealed residual solvents were not 

participating in hydrogen bonding with water or the coating.  Whereby as the coating 

became hydroplasticized the increased mobility migrated solvents to the air interface for 

extraction.  Of the primer only samples there was a shift in the water peak for 40A and 

084 spectra can be found in supplemental Figure A1-Figure A4 and Figure A9-Figure 

A12).  The shift of the water peak center of 084 and 40A samples were representative of 

hydrogen bond interactions with the primer polymer. 
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Corrosion Rate 

The previous section supported that solvents were not interacting with the 

polymer network, but were present and plasticized the coating (Table 11 from residual 

solvent content and Tg).  All coating systems studied were pigmented and analyzed for 

corrosion progression with ASTM D610 like the work of Taylor et al.163  However, as 

reported in the previous chapter, the percent of corrosion that would likely be unseen at 

the coating-substrate interface could add about 15% corroded area.  The corrosion rate 

was quantified and reported in two ways, corrosion product growth (ASTM D610) and 

the delamination distance over time, modified from Leng et al.98, 164-165  Using the method 

of Leng et al., it was known that a linear relationship of the plot of delamination distance 

versus time identifies an ion diffusion limited process for delamination distance (or 

corrosion propagation) (representative plot, Figure 74).98, 164-165  Any deviation from 

linearity implied pooling of reactants at the metal interface that start delamination and 

then must be consumed, the depletion of reactants then drove the second wave of 

corrosion.118  All samples regardless of the temperature for the maintenance cycle 

maintained a linear relationship identifying ion diffusion as the controlling mechanism of 

the delamination distance (Table 13, Graphical data in supplemental Figure A28-Figure 

A31).  Ion diffusion in this study was water, oxygen, and NaCl entering the polymer 

coating from ASTM B117 exposure. 
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Figure 74. Example diagram of Leng et al. method. 

 

 

Figure 75. Example diagram of corrosion area versus time. 
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Table 13  

Leng method linear fit slope and correlation coefficient. 

Thermal 

Cycle 
084 084TC 40A 40A TC EEA EEA TC 

PKHH 

TC 

AMB (m) 0.44 0.14 0.23 0.19 0.13 0.15 0.14 

AMB (R2) 
0.97 0.94 0.85 0.85 0.92 0.97 0.96 

40°C (m) 0.44 0.19 0.21 0.15 0.13 0.15 0.12 

40°C (R2) 0.92 0.96 0.90 0.94 0.80 0.91 0.97 

60°C (m) 0.52 0.14 0.21 0.20 0.11 0.13 0.14 

60°C (R2) 0.96 0.95 0.83 0.85 0.81 0.90 0.96 

80°C (m) 0.45 0.14 0.20 0.21 0.13 0.12 0.18 

80°C (R2) 0.93 0.97 0.82 0.87 0.71 0.88 0.96 

 

 

The full corrosion area versus exposure time graphs are shown in supplemental 

Figure A25-Figure A27.  Figure 76 reports the corrosion rate of the coatings before and 

after a thermal cycle.  In the case of DEFT® 084 and DEFT® 084-TC regardless of the 

thermal cycle, there was an increase in corrosion rate 3X and 33-66% greater respectively 

post-rejuvenation.  The increase in corrosion rate post-rejuvenation (cycle 2 ASTM 

B117) was attributed to the thermal cycle’s inability to remove enough water and solvent 

from the coating, leaving a constant pathway for reactants to travel to the substrate 

interface. This observation was supported by literature that described the process of 

corrosion pathways consuming all reactants at the interface.  Which for a period exhibits 

a reduced rate of corrosion until full saturation and ion percolation allows the 

environmental ingress to amply supply the next batch of raw materials necessary for 

corrosion to progress e.g., environmental contaminants arrival at the interface.118 In the 

example of DEFT® 084 after thermal rejuvenation there was no decrease in corrosion rate 
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due to the inefficiency of water removal before the second exposure cycle.  DEFT® 084 

experienced severe blistering during exposure which suggested a porous morphology, 

which allowed for transport at locations other than the induced scribe.  The EEA primer 

decreased the corrosion rate 30-50%, and EAA TC decreased the corrosion rate up to 

60%, regardless of the thermal cycle.  The decreased corrosion rate occurred because of 

the lack of polar solvents in the formulation and the presence of zinc phosphate, which 

protects through the formation of a passivating film on the metal substrate, isolating 

corrosion to the scribe as seen in supplemental (Figure A38-Figure A43).  Contu et al. 

proposed that epoxy-amide coatings with zinc based inhibitors, like EAA, have an 

inherent chemical structure that is similar to ligands that zinc ions bind to limiting the 

available hydrogen bonding sites for water.102 
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Figure 76.  Corrosion rate before and after thermal cycle. 

The slope of the corrosion growth versus time plot pre and post thermal cycle in Appendix D, Table A2 are plotted for the films.  

Solid bars are the corrosion rates pre-thermal cycle, and the patterned bars are post thermal cycle.  Each thermal cycle is represented 

by a different color: green (AMB), red (40C), blue (60C), and orange (80C). 

From Figure 75, there is a two-step process of corrosion growth increasing, 

followed by a plateau.  This observation is similar to the corrosion loss versus exposure 

time reported by Melchers and Jeffrey. 153  The theoretical plot in Figure 77 diagrams the 

process of proposed water transport as corrosion propagates to regions of diffusion and 

relaxation to redistribute water.  The relaxation time of the proposed process is 

representative of the depletion of reactants at the metal interface, where no corrosion is 
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occurring but heterogeneous diffusion of water and electrolytes are constantly being 

redistributed in the network. 

 

 

Figure 77.  Example of rate changes during corrosion 

The diffusion and relaxation of the film controlling the reactants that reach the substrate-polymer interface. 

 

Water Types and Corrosion 

From the corrosion behavior described in the previous section, it was suggested 

that there are periods of diffusion and relaxation, which would be realized in the 

absorption and then a plateau of water content.  In supplemental Figure A32-Figure A34 

how the water content over time for all coatings revealing an increase and plateau in 

water at varied times per coating type.  Figure 78 shows the water content pre- and post- 

thermal cycle, where all coatings absorbed more water post- thermal cycle regardless of 

the dry temperature.  This observation was supported by the sigmoidal diffusion behavior 

which has a small period of surface absorption followed by a brief plateau which would 

be the relaxation of water with in the network opening transport pathways. 
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Figure 78.  Water content pre and post thermal cycle 

The average subtracted peak area (3400 cm-1) of the time points pre (24-96h) and post (144-408h) thermal cycle at AMB (12h), 80°C 

(80 mins), 60°C (4h), 40°C (6h). 

 

Figure 79 - Figure 82 show the water type ratio of free and bound water pre and 

post thermal cycle, plots of water type versus time can be found in supplemental Figure 

A35-Figure A37.  To make the plots seen in Figure 79- Figure 82, the average ratio of the 

water type pre and post thermal cycle were calculated and then plotted by coating type.  

Our previous hypothesis was that as there was a decrease in free water in the network, 

there would decrease the corrosion rate.  The results of the water types were inconclusive 

for DEFT® 084 and DEFT® 40A with and without a topcoat due to no clear trend in water 

ratio.  However, EEA and EEA TC both had a decrease in free water post thermal cycle 

for all drying temperatures.  The trend in decreased free water correlated with a decrease 

in corrosion rate post thermal cycle for EEA and EEA TC coated samples was also 
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accompanied by fewer blisters and visual evidence of delamination.  This observation 

further brought evidence that corrosion protection can be improved with lower polarity 

solvent blends, in addition to inhibitors that work to bind with water, stalling transport to 

the metal interface. 

 

Figure 79.  Change in water type ratio for AMB thermal cycle. 

The averages of bound and free water time points pre (24-96h) and post (144-408h) thermal cycle at AMB (12h). 

 

Figure 80.  Change in water type ratio of 40°C thermal cycle. 
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The averages of bound and free water time points pre (24-96h) and post (144-408h) thermal cycle at 40°C (6h). 

 

 

Figure 81.  Change in water type ratio for 60°C thermal cycle. 

The averages of bound and free water time points pre (24-96h) and post (144-408h) thermal cycle at 60°C (4h). 

 

 

Figure 82.  Changes in water type ratio for 80°C. 

The averages of bound and free water time points pre (24-96h) and post (144-408h) thermal cycle at 80°C (80 mins). 
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Summary 

The study of fully formulated primer and primer-topcoat coated mild steel further 

supported results obtained in model polymeric films in previous chapters.  The results 

continued to provide evidence that incorporation of polar solvents will increase the rate 

of corrosion in the result of corrosion occurring at random locations other than the 

induced defect.  It was found from the data presented that the zinc phosphate inhibitor 

and low polarity solvent blend into an epoxy-polyamide coating resulted in decreased 

free water and decreased corrosion rate up to 60% during exposure to ASTM B117.  The 

decrease in corrosion rate was achieved regardless of thermal cycle temperature which 

suggested that the formulation of the coating worked well together to slow reactant 

transport and passivate corrosion with zinc phosphate over steel.  Therefore, the authors 

would suggest that coating manufacturers perform a series of tests like the ones used here 

to look for decreased corrosion rates over periods of time with different exposures or 

maintenance cycles. 
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Supplemental 

 

Figure A1. ATR-FTIR of 40A rejuvenated under AMB conditions. 

The steel coated 40A sample was exposed to ASTM B117 for 120h followed by a thermal cycle at AMB.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A2. ATR-FTIR of 40A rejuvenated at 80 °C. 

The steel coated 40A sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 80 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A3. ATR-FTIR of 40A rejuvenated at 60°C. 

The steel coated 40A sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 60 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A4. ATR-FTIR of 40A rejuvenated at 40 °C. 

The steel coated 40A sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 40 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A5. ATR-FTIR of 40A TC rejuvenated under AMB conditions. 

The steel coated 40A TC sample was exposed to ASTM B117 for 120h followed by a thermal cycle at AMB.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A6. ATR-FTIR of 40A TC rejuvenated at 80 °C. 

The steel coated 40A TC sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 80 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A7. ATR-FTIR of 40A TC rejuvenated at 60 °C. 

The steel coated 40A TC sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 60 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A8. ATR-FTIR of 40A TC rejuvenated at 40 °C. 

The steel coated 40A TC sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 40 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A9. ATR-FTIR of 084 rejuvenated under AMB conditions. 

The steel coated 084 sample was exposed to ASTM B117 for 120h followed by a thermal cycle at AMB.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A10. ATR-FTIR of 084 rejuvenated at 80 °C. 

The steel coated 084 sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 80 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A11. ATR-FTIR of 084 rejuvenated at 60 °C. 

The steel coated 084 sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 60 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A12. ATR-FTIR of 084 rejuvenated at 40 °C. 

The steel coated 084 sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 40 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A13. ATR-FTIR of 084 TC rejuvenated under AMB conditions. 

The steel coated 084 TC sample was exposed to ASTM B117 for 120h followed by a thermal cycle at AMB.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A14. ATR-FTIR of 084 TC rejuvenated at 80 °C. 

The steel coated 084 TC sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 80 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A15. ATR-FTIR of 084TC rejuvenated at 60 °C 

The steel coated 084 TC sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 60 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A16. ATR-FTIR of 084 TC rejuvenated at 40 °C. 

The steel coated 084 TC sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 40 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A17. ATR-FTIR at EAA TC rejuvenated under AMB conditions. 

The steel coated EAA TC sample was exposed to ASTM B117 for 120h followed by a thermal cycle at AMB.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A18. ATR-FTIR of EEA TC rejuvenated at 80 °C. 

The steel coated EAA TC sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 80 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A19. ATR-FTIR of EAA TC rejuvenated at 60 °C. 

The steel coated EAA TC sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 60 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A20. ATR-FTIR of EAA TC rejuvenation at 40 °C. 

The steel coated EAA TC sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 40 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A21. ATR-FTIR of EAA rejuvenated under AMB conditions. 

The steel coated EAA sample was exposed to ASTM B117 for 120h followed by a thermal cycle at AMB.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A22. ATR-FTIR of EAA rejuvenated at 80 °C 

The steel coated EAA sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 80 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A23. ATR-FTIR of EAA rejuvenated at 60 °C. 

The steel coated EAA sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 60 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A24. ATR-FTIR of EAA rejuvenated at 40 °C. 

The steel coated EAA sample was exposed to ASTM B117 for 120h followed by a thermal cycle at 40 °C.  After rejuvenation, the 

coating was then subjected to a second exposure cycle.  A) is the resultant full ATR-FTIR spectra and B) is the expanded view of the 

water peak. 
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Figure A25. Corrosion over time of 084 and 084TC. 

 

 

Figure A26. Corrosion area over time of 40A and 40ATC 

 

 

Figure A27. Corrosion area versus time of EEA (A14) and EEA (A14) TC 
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Table A2.  

Slopes of corrosion growth. 

 Slope of Corrosion Area Growth Pre and Post Thermal Cycle 

Sample Name 
Pre 

AMB 
Post 

AMB 
Pre 

40°C 
Post 

40°C 
Pre 

60°C 
Post 

60°C 
Pre 

80°C 
Post 

80°C 

EAA TC 6e-5 4e-5 7e-5 5e-5 4e-5 3e-5 4e-5 4e-5 

EAA 8e-5 4e-5 7e-5 2e-5 8e-5 1e-5 1e-4 7e-6 

084 TC 3e-5 4e-5 3e-5 4e-5 3e-5 4e-5 3e-5 5e-5 

084 1e-4 4e-4 9e-5 4e-4 1e-4 5e-4 1e-4 5e-4 

40A TC 3e-5 2e-5 6e-5 4e-5 5e-5 2e-5 4e-5 3e-5 

40A 1e-4 4e-4 9e-5 4e-5 1e-4 5e-4 1e-4 5e-4 

 

 

Figure A28. Delamination distance of EEA 
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Figure A29. Delamination distance of EEA TC. 

 

Figure A30. Delamination distance of 40A. 
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Figure A31. Delamination distance of 40ATC. 

 

 

 

Figure A32.  Subtracted peak area of EAA TC and EEA under varied thermal cycles. 
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Figure A33.  Subtracted peak area of 084TC and 084 under varied thermal cycles. 

 

 

Figure A34.  Subtracted peak area of 40ATC and 40A under varied thermal cycles. 

 

 

Figure A35. Free and bound water distribution of EEA TC and EEA under varied thermal 

cycles 
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Figure A36. Free and bound water distribution of 084TC and 084 under varied thermal 

cycles.  

 

 

Figure A37. Free and bound water distribution of 40ATC and 40A under varied thermal 

cycles 
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Figure A38. Panel images after 24h exposure 
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Figure A39. Panel images after 72h of exposure 
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Figure A40. Panel Images POST rej 0h 
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Figure A41. Panel images POST rej 72h 
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Figure A42. Panel visual images POST Rej 96h 
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Figure A43. Panel images POST rej 552h. 
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CHAPTER VII – CONCLUSIONS AND FUTURE WORK 

Conclusions 

Throughout this body of work, the overarching goal was to determine the effects 

of solvents on the polymer’s physical arrangement, water and electrolyte transport, and 

resultant corrosion rate of the underlying steel substrate.  To realize this goal, we 

developed a suite of experimental techniques that could be used to characterize a coating 

system to understand the compatibility of formulation ingredients to optimize protection 

of a coated metal substrate.  We divided the primary goal into four major tasks (Figure 

12, Chapter I), discussed in Chapters III-VI. 

Chapter II /Task 1 discussed the formulation and application of model and 

commercial corrosion control primers to evaluate solvent interactions during accelerated 

laboratory testing, specifically ASTM B117.  The model formulations started as a 

thermoplastic phenoxy (PKHH) solubilized in three separate solvent blends.  The 

differential in polarity (Hansen Solubility Parameters) and water solubility were the 

driving characteristics for solvent selection.  The solvent blends were MEK/PGME, EEP, 

and CYCOH/DXL. 

The corrosion rate and water transport properties of these model thermoplastic 

coatings were found to be solvent dependent (Task 2/ Chapter III).  The MEK/PGME 

AMB (dried under ambient conditions for 3 days) sample consistently rusted at a rate 8X 

faster than the other PKHH formulations.  The increased corrosion rate was a direct result 

of the water miscible slow evaporating solvent’s (PGME) extraction from the polymer 

film.  The extraction of PGME was confirmed by spectral changes in ATR-FTIR 

representative of the solvent and a porous morphology observed by SEM.  In result of 
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PGME extraction the development of a porous morphology allowed for the efficient 

transport of the reactants of corrosion to the metal-polymer interface, thereby increasing 

the corrosion rate. 

In the films with CYCOH/DXL, the water solubility of the slow evaporating 

solvent decreased, but hydrogen bonding parameter increased.  There changes in polarity 

caused a decrease in corrosion rate compared to MEK/PGME films, and water whitening 

of the film resulted in no corrosion product beneath the film.  The decrease in corrosion 

was a direct result of the semi-solid nature of CYCOH during testing which acted as a 

small molecule plasticizer.  In this way CYCOH hydrogen bonded with water molecules 

trapping them in the film, inhibiting water transport to the metal-polymer film interface.  

Preferentially bound water in the bulk coating instead of transporting water to the 

substrate interface was confirmed by visual microscopy and visual corrosion product area 

isolated to the scribe.  The last PKHH solvent blend was EEP, which had a Hansen 

solubility parameter that was within 5% of the polymer.  The similarity in solubility 

imparted the resultant EEP AMB film with a uniform morphology (SEM).  The solvent 

blend repelled water more than the other two blends previously discussed.  This resulted 

in decreased water content at saturation and aided in maintaining 3-8X slower corrosion 

rate than MEK/PGME AMB depending on the residual solvent of the EEP film.  From 

these observations of model thermoplastic films, we concluded that the rate of corrosion 

could be tuned during formulation by adjusting the solvent blend polarity to be similar to 

the resin, and the solvent solubility to be less extractable by water. 

Chapter IV combined EIS and SKP as a secondary method to track the water 

transport behavior previously studied with ATR-FTIR.  A variety of increasing complex 
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model coatings were tested and compared to a commercial epoxy-amine coating to better 

understand water types present during electrochemical evaluation of coatings.  The same 

thermoplastic films were utilized in addition to a solvent free epoxy amine coating.  

Electrochemically, a decrease in |Z|0.01 is indicative of water and electrolyte ingress into 

the polymeric film.  The films studied exhibited an immediate decrease, followed by a 

plateau, supporting our solvent extraction finding from ATR-FTIR, as well as the change 

in water type over time.  It was observed that before a plateau occurs, there is an increase 

in free water, suggesting the impedance decrease is due to a net free water increase in the 

network.  Again, supporting our findings that reducing free water can slow or mitigate 

corrosion. 

The EEC models supported the conclusions drawn from all another testing in this 

chapter that film diffusion with free volume expands the model due to transport pathways 

to the metal.  Whereas associations of the immersion media with an additive in the 

network adds complexity to the model but is not necessarily corrosion occurring (EA, 

DEFT 02W053, MEK/PGME).  The localized testing with SKP identified anodic and 

cathodic regions of the coatings in advance of corrosion and with corrosion spots present.  

The ATR-FTIR of the selected sample locations of the SKP map had a higher water 

content in cathodic locations, or the site where water is reduced.  This method also gave 

support to decreases in water transport overtime at a location, where if water content 

decreased over time that location could become an anodic site of metal dissolution 

It was found that solvents within the coating move towards the surface of the 

network during exposure due to an affinity with the immersion solution and increased 

mobility because of hydroplasticization.  Which resulted in an apparent decrease in water 
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content as solvent reached the air interface.  Overall it was found that over time more 

bound water (S2+S1) was present in the network and Free water (S0) decreased over 

time.  Indicating that if the free water was controlled, corrosion could be slowed.  

Electrochemically, a decrease in |Z|0.01 is indicative of water and electrolyte ingress into 

the polymeric film.  The films studied exhibited an immediate decrease, followed by a 

plateau, supporting our solvent extraction finding from ATR-FTIR, as well as the change 

in water type over time.  It was observed that before a plateau occurs there is an increase 

in free water, suggesting the impedance decrease is due to a net free water increase in the 

network.  Again, supporting our findings that reducing free water can slow or mitigate 

corrosion.  ATR-FTIR and capacitance measurements correlated supporting previous 

literature that capacitance can be an adequate measure of water absorption.  The EEC 

models supported the conclusions drawn from all another testing in this chapter that film 

diffusion with free volume expands the model due to transport pathways to the metal.  

Whereas associations of the immersion media with an additive in the network adds 

complexity to the model but is not necessarily corrosion occurring.  The localized testing 

with SKP could identify anodic and cathodic regions of the coatings in advance of 

corrosion or with corrosion spots present.  The ATR-FTIR of the selected sample 

locations of the SKP map had a higher water content in cathodic locations, or the site 

where water is reduced.  This method also gave support to decreases in water transport 

overtime at a location, where if water content decreases over time that location could 

become an anodic site of metal dissolution 
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The final task to was to determine the efficacy of a maintenance cycle during 

exposure to retard corrosion (Chapters V and VI, Task 4).  Heating exposed samples to 

remove water during exposure was proposed to slow the rate of corrosion during the 

second exposure cycle.  To achieve water removal back to the pristine state; polymeric 

films were exposed to a thermal cycle at 120°C for 5h (Chapter V).  During this process, 

we opted not to scribe the films to simulate real world applications.  The coatings studied 

in these chapters were the thermoplastic films, solvent free epoxy (EA) with and without 

strontium chromate and a commercial coating, DEFT 02W053 (Chapter V).  From 

Chapter V we concluded if we assumed pigmented or inhibited coatings have random 

initiation of corrosion, dependent on surface topography, the total corrosion area under 

the film could be up to 15% of the surface.  Thereby any pigmented coating could 

corrode 15% or more before any visual indicators such as blisters appear. However, the 

pigmented epoxy-amine films there was no visual corrosion detected during testing.  

When all samples were thermal cycled, there was up to 50% decrease in water content.  

The corrosion growth decreased but once the film was re-saturated the rate of corrosion 

increased again.  Therefore, the process of rejuvenation could decrease the rate of 

corrosion and water content successfully. 

Finally, to further test rejuvenation and to test our techniques for practical 

applications, commercial primers and top coat were studied.  The commercial coatings 

varied by solvent blend polarity and inhibitors allowing for a broad characterization.  Our 

characterization methods were used to establish and understand the influence of 

formulation ingredients on water diffusion, initial Tg, residual solvent, water type ratio, 

and visual corrosion rate.  Results correlated well with model systems, where more polar 
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solvent blends led to larger corrosion rates and higher water uptake.  A variety of thermal 

cycles were used on the commercial coatings to make the thermal cycle temperature more 

practical for government applications.  However, only EAA (epoxy amido amine with 

Zinc phosphate) and EAA TC responded to the thermal treatments with a decreased rate 

of corrosion and water uptake post-rejuvenation.  This observation strengthened the 

argument for optimization of formulation components because EAA contained the most 

non-polar solvent blend compared to the other coatings and used zinc phosphate as an 

inhibitor, both properties individual to EAA.  These results showed that the compatibility 

of each formulation ingredient is crucial to optimize coating anti-corrosion performance.  

Therefore, the authors would suggest that coating manufacturers perform a series of tests 

like the ones used here to look for decreased corrosion rates over periods of time with 

different exposures or maintenance cycles.  In addition to mindfully choosing solvents 

based on polarity and solubility that provide a synergistic effect with the polymer to 

produce uniform morphology.   

 

Future Work 

Completion of the research tasks led to a set of screening techniques we believe 

will aid coating scientists, engineers, and formulators with optimizing formulations 

already in place to increase performance and longevity.  Future work would involve the 

expanding in-house formulations of model unpigmented clear polymer networks and 

inhibited polymer coatings to vary in structure, solvent, and inhibitor.  The DOE of these 

networks would be designed to increase corrosion protection of the coating.  The testing 

of different metal alloys to establish if the techniques were limited to only accurately 
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representing mild steel.  These techniques would be applied to real world exposure and 

more sophisticated accelerated weathering techniques to develop a lifetime prediction 

model. 

We believe that although most commercial coatings tested did not respond to 

thermal cycles; there is still potential to develop maintenance cycles that involve steps 

other than stripping and reapplying the coating. 
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