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Abstract 

The choice of corrosion protection system depends on the environment and needed lifetime for 

the product. The right corrosion protection should be selected in a sustainable point of view, 

since a well-selected coating system can reduce the environmental and economical impact, by 

using less and better material. The systems used for classifying corrosion protection often give 

a passed/not passed result for the number of years it is expected to last in a specific corrosive 

environment. In the last decades, Electrochemical Impedance Spectroscopy (EIS) has become 

a popular method for evaluating corrosion protection for organic coatings. EIS can collect 

quantitative data by monitoring the coatings electrochemical behavior over time, which can be 

used for optimizing the coating system.   

The purpose of this thesis was to try to predict how different combinations of coating layers and 

substrates will perform as a corrosion protection, which could provide information that can 

optimize the coating process. In this thesis, EIS has been used as a test method to evaluate 

organic coating systems for corrosion protection, by looking at barrier properties and adhesion 

for powder coatings on aluminum substrates. The main part of the coatings were applied in the 

coating plant at Fagerhult AB, but an external supplier has been used as a reference. The 

powders used in the coating process were based on polyester resins and the substrates were 

different aluminum alloys.  

The EIS measurements were performed in the chemistry lab at the School of Engineering at 

Jönköping University and depending on the sample setup was each sample evaluated for two 

or four weeks of testing. Two groups of samples had intact coatings and a third group had 

samples with an applied defect in the coating. The analysis of sample setups with intact coatings 

showed that the topcoat absorbed water faster than the primer. The samples showed no 

significant degradation in corrosion protection for the evaluated period and could thereby not 

provide enough information to be able to conclude which setup give the best corrosion 

protection over time. The samples with a defect in the coating indicated that two of the 

substrates provided similar adhesion in the coating-substrate interface. The coating from the 

external supplier was also included in the test and it showed the best adhesion of the tested 

samples.  

The main conclusion is that the coating system used at Fagerhult AB provides a very good 

corrosion protection. Longer testing time with EIS measurements on intact coatings is needed 

to be able to rank the different sample setups by failure of corrosion protection.  
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1 Introduction 

This master thesis investigates the prediction of corrosion protection on aluminum substrates 

by organic powder coatings. This thesis is a collaboration with Fagerhult AB and the first step 

for the company to quantitatively evaluate their coating system in terms of barrier properties 

and corrosion protection. This introduction chapter will give an understanding of the subject of 

this thesis, the background, purpose, delimitations and the outline of the report. 

 

1.1 Background 

Fagerhult AB develops and produces professional lightening solutions for indoor and outdoor 

use. Fagerhult is a Swedish company located in Fagerhult, north of Habo, and is one out of 

several companies in the Fagerhult Group. The group has lightening products for office, schools, 

retail areas, industries and hospitals. [1] 

Fagerhult aims to be in the frontline of the customer's needs and demands to continue to have 

a strong market position in the area of lightening solutions. The customer needs for high quality 

and long lasting products are always increasing. The corrosion protection and its classifications 

are more known by customers today and therefore have their demands for corrosion protection 

increased.  

Fagerhult has until recently only coated indoor luminaires at their factory in Habo, but have 

now started to coat some of their outdoor luminaires as well. The outdoor coating was 

previously only done by Ateljé Lyktan, located in Åhus, who also is part of Fagerhult Group. 

Fagerhults wants to evaluate the corrosion protection of their outdoor coatings applied at the 

Fagerhult factory. These outdoor coatings are organic powder coatings that consists of polyester 

resins. Fagerhults powder supplier has guaranteed that their outdoor coatings applied with the 

process at the Fagerhult factory will reach the corrosion protection of classification C4. 

Fagerhult wants to verify the corrosion protection of the organic coatings applied on their 

products and has therefore sent coated samples to RISE, Research Institutes of Sweden (former 

SP), in Borås, to perform accelerated exposure tests and confirm what corrosion protection 

class their products are reaching. The tests performed at RISE started in March 2017 and 

consist in accelerated weathering by cyclic exposure and the final result is a passed/not passed 

result.  

In this thesis, Electrochemical Impedance Spectroscopy (EIS) will be used to evaluate and to 

quantify the coating in term of corrosion protection and barrier properties. EIS is a 

nondestructive test method, which can monitor the coatings over time. The EIS measurement 

will be performed to evaluate two types of outdoor coating systems. The first one is a coating 

applied by Fagerhult at their factory in Habo. The second coating has corrosion protection of 

classification C5 and is applied by an external supplier.  
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1.2 Purpose and research questions 

The purpose of the thesis is to test the adhesion and barrier properties of an organic coating 

system for corrosion protection and thereby try to predict the corrosion protection. The testing 

will focus on barrier properties of different coating layers and on adhesion with different 

substrates. By the use of EIS as a test method, the research questions sought to answer are:  

 Can the corrosion protection of samples coated at Fagerhult AB be predicted and 

quantified by EIS testing? 

 How are the corrosion protection properties, of the polyester powder coated 

samples, affected by different layers of coating in an accelerated testing 

environment? 

 How will aluminum substrates, with different composition and manufacturing 

processes, coated with polyester powder coating affect the adhesion between the 

substrate and the coating? 

 

1.3 Delimitations 

The polyester powder coating is applied on the substrate via different coating batches at 

Fagerhult. Some small environmental differences could have been present at the different 

batches, which will not be taken into consideration.  

Corrosion protection of the organic coating is only evaluated for atmospheric corrosion.  

Only two samples of each parametrical setup are evaluated by EIS measurements due to 

limitations of time in the thesis.    

The samples coated by the external supplier, classified to reach C5, will only be used as a 

comparison to the samples coated at Fagerhult. The comparison is done on delamination of the 

coatings.  

 

1.4 Outline 

Chapter 1 goes through the background to why this thesis was started and describes the 

purpose, delimitations and research questions designed for the topic. 

Chapter 2 will provide the reader with the necessary theoretical background for the topic in 

terms of powder coating, corrosion, Pull-Off test and EIS testing.  

Chapter 3 describes how the work was carried out in terms of preparation of samples and 

testing & measurements. 

Chapter 4 presents the results and analyses of the testing & measurements performed in 

chapter 3. 

Chapter 5 include discussions about methods, implementations, results and analysis. 

Conclusions regarding the results and research questions are presented and suggestions about 

future work are proposed.  
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2 Theoretical background 

This chapter presents the theoretical background for the study. The basics for corrosion and 

corrosion protection for aluminum is described and also the basic theory for Electrochemical 

Impedance Spectroscopy (EIS). In the end of the chapter a short explanation on adhesion 

testing, by the Pull-Off method, is presented.   

 

2.1 Research approach 

This study was performed in a true experimental research approach where a cause-and-effect 

relationship is the objective [2].This scientific research approach is based on testing the 

designed research questions. Independent variables in form of aluminum substrates and 

different layers of coating were selected for testing. The investigated dependent variables were 

barrier and adhesion properties of the coating. The study was performed in the way Figure 1 

illustrates. 

 

 

The research approach of this thesis started with planning of the thesis process. The literature 

review and theoretical framework were taking place in parallel with parameter selection and 

testing of chosen parameters. The raw data from the EIS testing were collected, fitted and 

analyzed. Results from the measurements, analyzed data and used methods were discussed. 

The thesis was documented in the final report. 

 

2.2 Atmospheric Corrosion 

The mechanism for atmospheric corrosion is an electrochemical mechanism that occurs 

spontaneously. There are transfers of mass and interchange of charged particles in the 

corrosion process. For corrosion to start, a galvanic cell needs to be created at the metal surface 

to transport electrons and ions. Four elements need to be present to create the cell: anode sites, 

cathode sites, an electrolyte, and an oxidizing agent. 

The electron transfers from the anode to the cathode sites in the cell, via the metal, which yields 

a current flow. The electrolyte in the cell, which transports the ions, is often a thin layer 

moisture from condensation of the relative humidity in the environment or from precipitations. 

In the electrolyte, an oxidizing agent needs to be present for accepting electrons emitted by the 

metal in the anode reaction. The oxidizing agents are often oxygen or hydrogen ions. Figure 2 

shows a schematic presentation of the corrosion reaction for aluminum. [3] 

 

Figure 1. Flow chart of the research approach. 
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The flow and the rate of the reactions depend on the metal, the environment, the temperature 

and the geometry of the substrate. In case of aluminum the following reactions can occur, 

depending on the environment [4]: 

Anodic reaction:  

         𝐴𝑙 →  𝐴𝑙3+ + 3𝑒−   (1) 

Cathodic reactions: (neutral environment):  

2𝐻2𝑂 + 2𝑒− →  𝐻2 + 2𝑂𝐻−     (2) 

 

𝑂2 + 2𝐻2𝑂 + 4𝑒− →  4𝑂𝐻−   (3) 

Cathodic reactions (acid environment):  

𝑂2 + 4𝐻+ + 4𝑒− →  + 2𝐻2𝑂     (4) 

 

2𝐻+ + 2𝑒− →  + 𝐻2     (5) 

 

2.3 Corrosion protection 

To hinder or stop the corrosion, the circuit of anodic and cathodic reactions should be blocked. 

To stop the reactions, one of the four circuit elements (se section 2.2) needs to be removed or 

isolated from the circuit. To make a strategic choice for corrosion protection, it is important to 

know the environment where the product is placed/active in and list the properties that the 

corrosion protection should have in that environment. In a corrosive aggressive environment, 

it is important to start with the material properties of the metal so the corrosion protection can 

be increased, either by selecting a suitable alloying or a different kind of metal. It is important 

to take into account which sort of corrosion that most probably be occurring on the surface of 

the material. The choice of corrosion protection is also depending of the lifetime of the product, 

price, number of product to be produced and the environment where the product will be used 

[5]. 

Figure 2. Schematic presentation of corrosion reaction for aluminum. [4] 
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2.3.1 General corrosion protection for aluminum 

The choice of corrosion protection system depends on the environment and needed lifetime for 

the product. The corrosion protection should be selected in a sustainable point of view, since a 

well-selected coating system can reduce the environmental and economical impact, by using 

less and better material. 

Boehimite film is the natural corrosion protection for aluminum. It is a thin oxide film that 

grows spontaneously on the aluminum surface and acts as a barrier to the environment. The 

film provides good corrosion protection for pure aluminium but aluminium alloys often needs 

a surface treatment since elements in the alloy can act as anodic and cathodic sites. [6] 

Common surface treatments for aluminum are conversion coatings, especially anodizing, and 

organic coatings. The adhesion between substrate and coating is important for corrosion 

protection. Conversion coatings are often used as a pretreatment for organic coatings to 

increase the adhesion to the substrate and thereby increase the corrosion protection. The 

purpose of the surface treatments, from a corrosive point of view, is to create a barrier between 

the corrosive environment and the aluminum surface [6]. 

 

2.3.2 Pretreatment of aluminum prior to coating 

The main objective with the pretreatment of an object is to get good adhesion between the 

substrate and the coating. To achieve this there are two things that that need to be considered: 

The surface cleanliness and the surface profile (roughness) [7].  

The surface needs to be cleaned from contaminants such as soluble salts, dust, grease and oil. 

This is often done with immersion or spray of an alkaline formulation. In some cases, cleaning 

is performed before mechanical processing such as dry blasting, welding or grinding. Cleaning 

before dry blasting is performed to avoid contaminants to penetrate into the substrate by the 

force of the abrasive media [7]. 

The surface profile needs to be adequate with the coating applied in the following step. Cast 

aluminum is often blast cleaned after the casting to remove flash from the casting. The blast 

cleaning creates a rough surface that is good in an adhesive point of view. This profile provides 

a larger surface area for the coating to bond on and this makes it possible to have more bonds. 

The abrasive media used should be non-metallic, to avoid metallic contaminations that can 

create small galvanic coupled cells which can accelerate corrosion [7].  

When the surface of the aluminum has been cleaned it is common to apply an electrochemical 

(anodizing) or chemical (chromating and phosphating) conversion coating. This is done to 

increase the adhesive ability for organic coatings and to improve corrosion protection 

properties [6]. 

 

2.3.3 Corrosion protection by organic coating 

Organic coatings are often applied on aluminum substrates to protect from corrosion and for 

decorative purposes. The organic coatings protect the surface from corrosion by forming a 

physical barrier to the environment [7]. This barrier will by time be lost due to absorption of 

water by the coating, but still a corrosion protection is provided by the adhesion between the 

substrate and the coating. 

The adhesion is important for attaching the coating to the surface, both from a mechanical point 

of view and for corrosion protection since it is the last step in corrosion protection for an organic 

coating. The adhesion stops the movement of ions in the coating-substrate interface. This 

means that no closed electrical circuit can be created and thereby no corrosion will occur until 
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the adhesion is broken. For the corrosion to start, in an intact coating, the following three steps 

need to occur [8]: 

1. Water start to penetrate through the coating. 

2. Ions and oxygen penetrate into the coating via the water. 

3. Ions in the coating and electrons from the substrate create an electrical circuit at the 

coating-substrate interface and corrosion starts.  

 

2.3.4 Adhesion of coating 

There are some disagreements in the theory of the nature of adhesion, but it is commonly agreed 

that three type of bonds occur, Primary chemical bonds, secondary/polar bonds and mechanical 

bonding. [7] 

Primary chemical bonds are ionic or covalent bonds, which are the same type of bonds that 

holds molecules together. These forces have energies in the order of 60-100 kJ/mol [7]. An 

example of a primary bonding for a coating can be seen in Figure 3. 

 
 

 

 

 

 

 

 

 

 

Figure 3. Primary bonding. [7] 

Secondary and polar bonds are formed by polar interactions such as hydrogen bonding. These 

bonds are weaker then primary bonds and are in the range of 0.1-5 kJ/mol. The secondary 

bonds shown in Figure 4a and b, are a common type of bonding that occurs when a conversion 

coating is applied on the substrate. The secondary bonds are often formed with the functional 

groups in the coating, for example the ester-group in polyester. [7] [9] 

 
 

 

            a)   b) 

Figure 4. Secondary bonds. [9] [7] 
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Mechanical bonding occurs when the coating penetrates into holes, pores and other 

irregularities at the surface of the substrate and mechanically locks to the substrate when cured 

[7]. Figure 5 illustrates the mechanical bonding and the surface of a substrate.  

Figure 5. Mechanical bonding. [9] 

  

Illustrations of good and better adhesion of a coating is shown in Figure 6. The illustration to 

the right has more and better bonds between the substrate and the coating, which makes it 

harder for charged ions to move along the coating-substrate interface. [7] 

 

2.3.5 Powder coating process 

Powder coating is a widely used process in the coating industry worldwide and the use of 

powder has increased from 290kt in 1990 to 2000kt in 2010 [10]. The principle of applying the 

powder is to positively charge the powder particles, spray them into the air and make them 

attract to the grounded substrate due to electrostatic forces. The application of the powder can 

be performed with different systems. Two commonly used system are Electrostatic spraying 

(often corona charging) and Tribo-electric spraying. With Electrostatic spraying the powder 

gun applies a voltage to charge the powder particles. With Tribo-electric spraying the particles 

are charged by frictional forces created inside the powder gun, see Figure 7. If the substrate has 

complex geometry, the Tribo-electric system is preferable since it can reduce the Faraday cage 

effect and thereby give a more even thickness of the coating over the entire substrate. When the 

powder is applied the substrate need to pass through an oven to cure the powder. During the 

curing process, the powder melts and create a film on the substrate surface. The curing 

temperature of the powder can vary between different powders, but the oven temperature is 

often in the order of 200 ºC.  The time needed in the oven, to reach the curing temperature of 

the powder, depends on the size and shape of the substrate. [7] 

 

 

Figure 6. Illustration of adhesion bonds between coating and substrate. Dark grey is 
representing the coating and light grey is representing the substrate. The vertical lines 

illustrate the bonds between the coating and the substrate. The white circles with arrows 
illustrates ions in the coating next to the substrate. [9] 
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Polymer based powder is a mix of binders, resins, pigments, fillers and additives in a granular 

form. The granular is produced by using a specific recipe where the ingredients are blended, 

melted, homogenized and finally grinded into the granular form [7]. Polyester is a commonly 

used component in the powder. Polyester is a family of polymers that contain an ester functional 

group. The most simple monomer structure got PET and the monomer chains of the 

thermoplastic PET and PBT can be seen in Figure 8, where the red part is the ester group that 

makes it a polyester. [11] 

 

  

Figure 8. Ester groups in PET & PBT [11]. 

 

Polyester can be thermoplastic or thermosetting [12]. A thermoplastic polymer can be reshaped 

and reused by heating up the polymer, while a thermosetting polymer is hardened by a heating 

process and thereby cannot be reused.   

Environmental impact 

The powder coating process do not need any solvents and the excess powder can be reused, 

which makes the process more environmental friendly than many of the other methods used 

for painting metal substrates. The process allows a large span of coating thicknesses, which 

makes it possible to optimize the coating thickness for its purpose and thereby not use more 

powder than needed. [7] [9]  

 

2.4 Classification of protection provided by coatings 

The corrosion protection of a coating is often classified by how long it can be protective in a 

specific environment. The ISO 12944 standard defines a classification for the corrosive 

aggressiveness of different atmospheric environments and is a standard used worldwide.  The 

corrosion classes range from C1 to C5, where C5 is the most corrosive environment. C5 is also 

divided into industrial (I) and marine (M) environment. There are also additional 

classifications for coatings that are in direct contact with water or soil, called immersion classes, 

which are named Im1, Im 2 and Im 3. This class often requires a thick coating, of 500 µm or 

higher, to withstand the conditions of the environment. [7] 

Additional to the corrosion class there is a durability classification that states how long a coating 

system is expected to last before major maintenance is needed. These are called Low  

Figure 7. Tribo-electric spraying system [8] 



Theoretical background  

14 

(L, 2-5 years), Medium (M, 5-15 years) and High (H, >15 years). The standard can give 

suggestions for a coating system and pretreatment if the environment and needed lifetime for 

the coating is known. [7] A table with some of the classifications can be reviewed Appendix 1. 

 

2.5 Corrosion measurements and testing 

There are several ways to evaluate the coating for corrosion protection and some of the most 

well-known ways are weathering (field-testing) and accelerated laboratory testing. 

Electrochemical Impedance Spectroscopy is one of the accelerated laboratory tests which this 

chapter will focus on.  

 

2.5.1 Electrochemical Impedance Spectroscopy - EIS 

EIS is a nondestructive test method, which can monitor the electrochemical behavior of a 

coating over time, where the time span depends on the purpose of the measurements [13]. It is 

commonly used for investigation of corrosion protection, which can proceed for hundreds of 

days. EIS measures the impedance over a frequency spectrum, typically 10-2 to 105 Hz. During 

the measurement, the conditions are assumed stationary since it makes each measurement over 

a short period, typically 10-15 minutes.  

An example of an EIS setup can be seen in Figure 9. The sample to be tested is immerged or 

partly covered with an electrolyte (an electrically conducting solution) and subjected to an AC 

potential. 

 

Data from the measured frequency spectra can be interpreted to an electrical circuit, where each 

element of the circuit needs to have a physical meaning in the tested sample [14]. Figure 10 

shows an example of a circuit element interpretation for a test sample with an intact coating.  

Figure 9. A setup of an EIS measurement. The isolated testing area is covered by 
electrolyte and two electrodes, a reference electrode and a counter electrode, are 
placed in the electrolyte to collect data. An AC potential is applied by a working 
electrode to the substrate to create a circuit. The data is collected by the use of a 

potentiostat with a frequency response analyzer. [13] 
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Resistance, impedance and capacitance 

The electrical resistance is the ability to resist the flow of a current in a circuit. The definition of 

resistance is the ratio between the applied voltage and the current. The resistance is limited to 

one circuit element, the ideal resistor, but since EIS uses alternating current it is possible to get 

the impedance, that is the contribution of all the circuit elements. By applying AC current, the 

impedance can be measured by the current flow through the electrochemical cell. The 

impedance is thereby representing changes in the current flow of the electrochemical cell. The 

formulas for resistance (R) and impedance (Z) by Ohms law are shown below. [4] 

𝑅 =
𝐸

𝐼
     (6) 

 

𝑍(𝜔, 𝑡) =
𝐸(𝑡)

𝐼(𝑡)
    (7) 

The capacitance is the ability to store electric charge in a circuit. A capacitance is created when 

a non-conductive media, dielectric media, separates two conductive plates. The value of the 

capacitance is depending on the size and distance of the plates and the material properties of 

the dialect media. The relationship is express by the following equation: 

 

𝐶 =
𝜀0+𝜀𝑟𝐴

𝑑
     (8) 

 

ε0 is the permittivity of free space, εr is the dielectric constant, A is the surface area of one plate 

and d is the distance between the two plates. The impedance equation of the capacitance is the 

following:   

 

𝑍𝐶𝑃𝐸(𝜔) =
1

𝑌0(𝑗𝜔)𝑛    (9) 

 

Y0 is the capacitance, j is the imaginary number, ω is the radial frequency and n is an exponent 

equal to 1 for capacitor. 

Current response  

The applied AC potential signal is a sinusoidal function. The function is a response to a 

sinusoidal potential function which has the same frequency as the current signal. This is seen 

as a linear and stationary system and the sinusoidal current response of the sinusoidal potential 

is shown in figure 8. [4] 

Figure 10. Impedance model of an intact coating on a metal surface  
in contact with an electrolyte. [14] 
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Figure 11. The linear sinusoidal current response to the sinusoidal potential.          

 ω = radial frequency, t = time, φ = phase shift, E = potential and I = current  [4] 

 

The relation between the radial frequency (ω) and frequency (f) is the following: 

𝜔 = 2𝜋𝑓     (10) 

 

The potential and the current signal as a function of time is expressed below: 

 

𝐸(𝑡) = 𝐸0 sin(𝜔𝑡)   (11) 

 

𝐼(𝑡) = 𝐼0 sin(𝜔𝑡 + 𝜑)   (12) 

 

By adding the formulas for potential (11) and current signal (12) in Ohm’s law the follow 

expression for impedance is formed: 

 

𝑍 =  
𝐸0 sin(𝜔𝑡)

𝐼0 sin (𝜔𝑡+𝜑)
= 𝑍0

sin(𝜔𝑡)

 sin (𝜔𝑡+𝜑)
   (13) 

 

To be able to express the values of an AC current, the calculations needs to be expressed in a 

complex plane with a real an imaginary part. Figure 12 shown a complex plane [15].    

 

In equation 14, the impedance is expressed with complex numbers: 

 

𝑍 =  
𝐸

𝐼
=  𝑍0 exp(𝑗𝜑) =  𝑍0(𝑐𝑜𝑠𝜑 + 𝑗𝑠𝑖𝑛𝜑)  (14) 

 

Figure 12. Complex plane with imaginary and real part. [15] 
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Presentation of data 

The data received from the impedance measurements is composed of a real and an imaginary 

part. This data is for visualization often presented in a Nyquist plot or a Bode plot.  

The Nyquist plot presents the data in a complex plane, with the real part of impedance values 

on the x-axis and the imaginary part on the y-axis. Each circuit element is represented as a 

semicircle in the plot, an example of this is can be seen in Figure 13. The modulus of the total 

impedance value can be represented by a vector as shown in Figure 12. The angle between the 

vector and the x-axis is called the phase angle, φ. [4]  

 The Nyquist plot has one big disadvantage; the data points in the plot do not tell the user at 

which frequency the measurements were performed. Nyquist plot can by equations be 

transformed into a Bode plot and vice versa. [4]    

In the Bode plot the modulus of impedance is plotted with logarithmic values of frequency on 

the x-axis and both the impedance and phase shift on the y-axis. The plot can be divided into 

two different plots as the Figure 14 shows.  The Bode plots shows at which frequency the 

measurements were performed and because of the logarithmic scale, both low and high values 

of modulus impedance are visualized. [4] A modulus of impedance higher than 108 Ohm/cm2 is 

considered to provide an excellent corrosion protection while a modulus of impedance below 

106 Ohm/cm2 provides poor protection [13]. 

 

 

 

Figure 14. Bode plot of EIS measurement data [4]. 

 

 

Figure 13. Nyquist plot of EIS measurement data [4]. 
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The Nyquist and Bode plots above are result from measurements EIS measurements and can 

be interpreted by an electrical circuit shown in Figure 15. [4] 

 
 

 

 

 

 

Figure 15. Electrical circuit with the capacitance and resistance of a coating. 

Fitting and analysis of data  

Fitting and analysis of EIS data are performed in a data fitting software. Each element, and 

element properties, in the test sample corresponds to one circuit element which means that the 

test sample can be represented by an equivalent circuit. Figure 16 illustrates a circuit for one 

layer of the coating. Rs is the resistance of the electrolyte, Cc is the capacitance of the coating 

and Rc is the resistance of the coating. The resistance of the coating is the ability to resist 

electrical charges (ions) to penetrate through the coating. [4]  

The capacitance in the coating, Cc, is an important parameter for the barrier properties of water 

absorption of an organic coating. By performing measurements on the capacitance evolution it 

is possible to evaluate the volume fraction of water absorption. The water absorptions 

mechanism is complex, only models with restricted validity or qualitative comparison of similar 

materials can be done. [16] The water absorption is described in next section. 

 

 

Figure 16. Equivalent Electrical circuit for a polymer coating and electrolyte. 

 

For samples with a defect in the coating, see Figure 17a, the circuit in Figure 17b is often used 

for the fitting and analysis of the data. Rs represent the resistance of the electrolyte and Cc is 

the capacitance of the coating. Rpo is the resistance of the electrolyte in the defected area. Rdl 

and Cdl is the elements of the double layer which is the interface between the metal and the 

electrolyte.   
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             a). b). 

 
Raw data extracted from EIS measurements gives impedance values at specific points in the 

frequency spectra. The data over the spectra needs to be fitted to a selected circuit to get the 

values for each physical element in the testing sample. Figure 18 shows an example of a Bode 

plot from a sample with a defected coating. The figure shows where the circuit elements, 

shown in Figure 17b, can be extracted. [14].    

 
 

 

A Constant Phase Element, CPE, is generally used to analyze the contribution of capacitive 

elements for total impedance. A capacitance is often replaced by a CPE due to that the CPE can 

consider the non-ideal behavior of an organic coating. The use of CPE during fitting and 

analysis gives the data thereby a more accurate fitting output. [16] If the CPE is in parallel with 

a resistance in a circuit, as the Cdl and Rdl in Figure 17 b, can the capacitance be calculated by 

equation 15 [17]. In Equation 15, the values for Y0, n and R is given by the fitting software. The 

value of n is between 0 to 1, for n=1 the CPE is considered an ideal capacitor. [4] If the n value 

is close to 1 and stabile for measurements over time the CPE value can be treated as a 

capacitance value. 

 
 

𝐶 =  
(𝑌𝑜∗𝑅)(1

𝑛⁄ )

𝑅
    (15) 

 
 
 
 

Figure 18. Bode plot of a sample with a defected coating and 
elements for an equivalent circuit. [14] 

Figure 17 a) and b). a) Shows a cross section of sample with a defect where delamination 
of the coating has started next to the defect. Figure b) shows the equivalent electrical 

circuit of the defected sample. [14]. 



Theoretical background  

20 

Water absorption  

Water absorption of an organic coating can be calculated by the Brasher & Kingsbury equation. 

The equation correlates to the capacitance changes over time to the volume of water absorbed 

by the coating. The Brasher and Kingsbury equation is as follows: [18] : 

 

∅ =
𝐾 log (

𝐶𝑡
𝐶0

⁄ )

log (ε𝑤)
    (16) 

Where: 

Ct = Coating capacitance at time t. 

C0 = Coating capacitance for dry coating. 

K = Coatings increase in volume, which can be assumed to be constant for the short 

measurements of EIS which gives K = 1.   

∅ = Water content expressed as its volume fraction in the coating. 

εw = Dielectric constant of the water (electrolyte) at the working temperature. At 20°C, the 

dielectric constant of water is 80. 

 
The water absorption in an organic coating consists of three phases and it can be seen in Figure 

19. The increase of capacitance in phase I is due to diffusion of water in the coating. In phase II 

the coating is saturated by the water and the capacitance is constant. In phase III more water 

accumulates in the coating, it can be seen as an indication of decreased adhesion to the 

substrate. [19].  

 

 

 

The slope in the beginning of the curve gives information about how fast the coating absorbs 

water. How long it takes before the curve stabilizes can be depending on the thickness of the 

coating.   

Delamination of coating  

If a defect is present in the coating, the increase of the double layer capacitance in an electrical 

circuit can be seen as proportional to the growth of the delaminated coating area. The 

delamination of the coating can be estimated by equation 17. The quote of the first measured 

double layer capacitance (C0dl) and the later measurements (Cdl) can be used as an estimation 

of the area increase (Adl). [20] 

 

𝐴𝑑𝑙 =  
𝐶𝑑𝑙

𝐶𝑑𝑙
0     (17) 

Figure 19. Ideal behavior of a coating capacitance. [19] 
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2.6 Adhesion testing of coatings 

There are standardized test methods for adhesion of organic coatings. Some of the most 

common tests are Multi cut, X-cut and Pull-off. These test methods can be found in the 

Standard: ISO 16376, part 1 and 2 [7].The Pull-off test, shown in Figure 20, is the only one that 

measures the adhesion quantitatively and gives a value of the tensile force needed to remove 

the test dolly from the sample. In the Pull-Off test, the dolly can detach from the substrate in 

four different ways. [21] 

The first way is that the dolly loosens its adhesion to the coating so the break is in the adhesion 

of the dolly-coating interface.  

The second way is a cohesive break inside the coating, in this case the coating is visible on the 

underside of the dolly and on the substrate. This means that the adhesion in the coating-

substrate interface is stronger than the mechanical properties of the coating.  

The third way is that the adhesion in the coating-substrate interface breaks, so the coating is 

attached on the dolly and bare metal is shown on the substrate. This is considered a successful 

test, since the value of the pulling force can give a quantitative value on the adhesion.  

In the fourth way, the dolly is partly covered with coating and some part on the substrate has 

bare metal. Depending on the quote of bare metal on substrate, the test is treated as successful 

or not. 

Figure 20. Setup for Pull-Off test 

 

2.7 Previous research 

Quantification of corrosion rates and durability investigations of coatings can be done for many 

reasons and by different methods. For outdoor coatings, there are mainly two different 

strategies to follow: Weathering (Field-testing) and Accelerated laboratory testing.  

The more accelerated and reliable the test method is, the more favored it will be by the users. 

However, an accelerated test has far from realistic conditions compared to an outdoor 

environment and the more accelerated it is, the less reliable it gets. The weathering tests are 

still the most reliable ones but they are often time consuming, can take several years, and 

therefore have the accelerated laboratory testing become a favored way when the testing time 

needs to be as short as possible. [7]   

 Warburg introduced the concept of impedance in electrochemical systems in the turn of the 

19th century. The invention of the potentiostat in the 1940s and the development of the 

Pull 
force 

Coating 

Adhesive 
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frequency response analyzer in the 1970s were the two things that led to the use of EIS in 

exploring electrochemical and corrosion mechanisms [22].  

EIS is a commonly used testing method for evaluating corrosion protection of organic coatings. 

Primary cause of failure, in terms of corrosion protection, for organic coatings is due to diffusion 

of water through the coating. Therefor previously research in this field often included 

investigations of water absorption of the organic coatings as a part of the evaluation of corrosion 

protection failure [19] [23] [24]. 

In a study by J. B. Bajat et.al, the correlation of EIS measurements and Pull-Off results was 

investigated for powder polyester coatings on aluminum substrates with different 

pretreatments. They concluded that the correlations was good for their samples. [25] 

A study by P. L. Bonora et.al, present the importance of selecting a suitable equivalent electrical 

circuit when performing EIS measurements on organic coated metals. They discussed how 

different physical and chemical properties, in underpaint corrosion, influence the EIS 

measurements and thereby the choice of equivalent electrical circuit. [26]  

In a study by F. Deflorian et al. comparison of organic coating accelerated tests and natural 

weathering considering metrological data was conducted.  This study was as a first attempt to 

apply this approach to a polyester coil coating for outdoor use. The purpose of the study was to 

investigate if it was possible to correlate natural weathering and accelerated laboratory testing 

by more carefully monitor a few different environmental parameters at the test site for 10 

months. Samples from some accelerated tests and weathering tests were evaluated with EIS to 

quantify the damage. They concluded among other things that “The thermal cycling (in shorter 

time) and the salt spray chamber exposure cause a reduction of the barrier properties which 

can be compared with the degradation obtained in natural environments for the low thickness 

samples. The coating thickness can have a strong influence in the accelerated weathering 

results because the tests often induce a coating degradation due to water accumulation at the 

metal–coating interface (blisters).” [27] 
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3 Method and Implementation 

This chapter describes the selection of parameters and preparation of samples, and how 

measurements were performed and evaluated within the thesis.  There is also a description of 

how the collected data was processed and analyzed. Figure 21 illustrates the testing and 

evaluation process for the samples used in the thesis. 

 

Figure 21. Testing and evaluation process for samples. 

 

3.1 Preparation of samples 

This section explains how and why the substrates and layers of coating were selected, and how 

the coating process was performed. Coating application was performed at two locations, at 

Fagerhult in Habo and at one external supplier. Some of the results from the coating thickness 

measurements are presented in this chapter, since that information is important to understand 

why a change of substrate was done. 

 

3.1.1 Parameters and substrates selections 

The selection of parametric setups, coating and substrates, where made in consultation with 

Robin Gustafsson and Mattias Möller from Fagerhult. Due to limited time in testing, the 

selections of parametric setups were done in an attempt to cover as many combinations as 

possible in terms of substrates and layers of coating.  

Substrates 

The substrate selections resulted in three different types of aluminum substrates: a 

standardized Q-panel, a sheet and a cast luminaire (Vialume). 

The standardized Q-panel is a commonly used substrate for testing surface treatment or coating 

quality. The Q-panels can be made of different materials and have different size and surface 

treatments. These substrates are recognized as the world standard samples for a uniformed and 

consistent testing for surface treatment or coating quality. [28] 

The standardized Q-panel substrates selected for this thesis were AQ-24 and AQ-46. The alloy 

of the aluminum is 5005 H24 and the samples have a bare aluminum surface with a smooth 

finish. Surface treatment and surface roughness are the same for the Q-panels and the 

difference between them are only the dimensions. The size of AQ-24 is 51 x 102 x 0.81 mm and 

AQ-46 is 152 x 102 x 0.81 mm. [28] Figure 22a shows the uncoated Q-panels AQ-24 and AQ46. 

The aluminum sheet with high aluminum content [29], of alloy EN AW 1050, was selected 

based on it is used in many of the products produced by Fagerhult. The sheet, of thickness  
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2 mm, was cut into the same size as AQ-46 (102 x 152 mm) to make the coating procedure 

similar to the Q-Panels. The sheet can be seen in Figure 22b. 

The luminaire selected for testing is casted with the aluminum alloy AC 44300, which is a 

commonly used alloy for casting [30]. The cast products are sand blasted at the casting facility 

before being freighted to Fagerhult. The luminaires used in the testing was for practical reasons 

cut into smaller pieces. This was performed at Fagerhult and the shape of test sample is a circle 

with Ø 300 mm. Figure 22c shows the luminaire (Vialume) [31] before cutting.  

 
 

     a)     b) 

 

 

c) 

Coatings  

Fagerhult have three layers of coating on their outdoor products, a conversion coating, a primer 

and a topcoat. Both the primer and topcoat are applied by powder coating and the powders are 

based on polyester. It was decided to investigate substrates with conversion coating and 

different layers of primer and topcoat. It was also decided to include a coating applied by an 

external supplier, with classification C5.  The following layers of coating were selected for the 

samples: 

 Primer, 60-100 µm. 

 Topcoat, 60-100 µm. 

 Primer + Topcoat, 120-200 µm (Outdoor coating at Fagerhult).  

 C5  

Coated samples 

The selection of substrates and coatings resulted in the combinations seen in Figure 23. A 

description for the names of the samples can be seen in Table 1. 

 

 

 

Figure 22. a) Aluminum Q-panels, from the left: AQ-24 and AQ-46. b) Aluminium sheet  
c) Vialume, an outdoor product produced by Fagerhult. 

Figure 23. Sample setup with substrate, coating layers and name. Yellow represent 
the conversion coating, blue represent the primer and grey represent the topcoat. The 

green represent coating applied by the external supplier. 
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Table 1. The explanation of the names of the sample setups. 

Parameter name explanation 

Al   Aluminium 

Q Q-Panel AQ-24, 50 x 102 x 0.81 mm 

QQ Q-Panel AQ-46, 102 x 150 x 0.81 mm 

S Sheet, 102 x 150 x 2 mm 

L Luminaire, diameter 300mm 

P Primer 

T Top Coat 

C5 Coating with classification C5  

D Defect, Scratched coating 

80 60-100 µm layer of coating 

 

The coated samples were divided in three groups with different interests of investigations.  

The groups were the following:   

 Group 1. Samples with the same kind of substrate with different layers of coating. 

This group included samples of AlQT80, AlQP80 and AlQQP80T80. Samples in this group 

were investigated on the corrosion protection properties of each layer of coating. This group 

consisted of samples with primer, topcoat and primer + topcoat. An illustration of the samples 

can be seen in Figure 24. 

 
 
 
 

 

 Group 2. Samples with the different kind of substrates with the same layers of coating.  

This group included samples of AlQQP80T80, AlSP80T80 and AlLP80T80. Samples in this 

group were selected to evaluate how corrosion protection properties would be affected by the 

choice of substrate. This group consisted of samples with the substrates AQ-46, sheet and 

luminaire coated with primer + topcoat. An illustration of the samples can be seen in Figure 

25. 

 

 
 
 

Figure 24. Samples in Group 1. 

Figure 25. Samples in Group 2. 



Method and Implementation 

26 

 Group 3. Samples with a defect coating (applied scratch) with different substrates.  

This group included samples of AlQP80_D, AlLP80T80_D AlSP80T80_D and AlQQC5_D. 

Samples in this group were selected to evaluate how a defect in the coating would affect 

corrosion protection properties. This group consisted of samples with the substrates AQ-24, 

AQ-46, sheet and luminaire. An illustration of the samples can be seen in Figure 26. 

 
 

 

3.1.2 Powder coating process at Fagerhult  

Fagerhult has an automatic powder coating plant in their factory in Habo. The design of the 

plant is for coating indoor luminaires, but now used for coating both indoor and outdoor 

products. An illustration of the plant can be seen in Figure 27 
  

 

 

The loading/unloading procedure of products is not automaized and therefore needs to be done 

manually. Racks or hooks, to place products on, are chosen depeding on the design and 

dimensions of the products to be coated. These are hung on the automatic conveyor.  

After hanging the products, the first step is the pretreatment and which consists of cleaning and 

conversion coating, which are done by spraying. After the pretreatment, the products pass 

through a drying chamber. 

In the next step of the process, the powder is applied on the products. The powder is applied by 

Tribo-electric spraying with spray-guns of model Gema OptiGun GA 03. After the application, 

the powder is cured in an oven at 200 degrees for about 15 minutes. Finally, the products are 

unloaded manually. 

Figure 27. Illustration of the automatic powder coating process at Fagerhult. 

Figure 26. Samples in Group 3 
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The automatic steps in the process can be seen in Table 2. To reach step 9 and 10 the product 

need to go two laps with the conveyor. In this case, step 1-6 are turned off during the second 

lap. 

Table 2. The steps of the powder coating process at Fagerhult. 

Step Process step 

1 

Pretreatment 

Alkaline degreasing 

2 Rinsing 1 

3 Rinsing 2 

4 Chemical conversion coating 

5 Rinsing 3 

6 Drying process 

7 Powder application (Primer) 

8 Curing process 

9 Powder application (Topcoat) 

10 Curing process 

 

Coating of Batch 1 

The powder coating executed at Fagerhult was divided into two batches. Both batches used the 

process steps shown in Table 2. In batch 1, some samples were coated with primer and some 

with topcoat on Q-panel AQ-24. The first batch also included samples with conversion coating 

only which later were used as references in testing.  

Uncoated samples were placed on racks with four vertical hooks, as shown in Figure 28a and b. 

Samples placed in the bottom row of the rack detached in the cleaning and conversion coating 

steps and were discarded. The remaining samples were coated according to the selected layers 

of coatings.  

All samples passed through process steps 1-6. The samples coated with primer continued on the 

conveyor and passed through process steps 7-8. The samples with topcoat were hung off from 

the conveyor after step 6 and were hung on again on the second lap to pass through step 9-10.   

Each coated sample was given a specific number, which was linked to the position of the rack.  

 

 a)  

 

 

 

 

 

 

 

 

 

 

 

 

 b) 

Figure 28a) Racks with four vertical hooks used in the automatic 

 coating process at Fagerhult. b) AQ-24 placed on the rack.  
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Thickness measurement of batch 1  

Measurements of coating thickness were executed at Jönköping University with an Eddy-

Current thickness measurement apparatus, Isoscope MP2, shown in Figure 29. Before starting 

the measurements, the apparatus was calibrated. The calibration was performed on an 

uncoated substrate with three different references with known thicknesses. The calibration was 

done before each change of substrate.  

 
 

 

The coating thickness where measured on the selected test side of the samples. To keep track of 

measured points, a sample with supporting lines was used during measurements as a reference. 

The reference sample and how the results were documented is shown in Figure 30a and b.   

The thickness of the coating where uneven on the samples. The coating thickness were much 

higher at the edges compared to the middle section of the sample. The thickness of the coating 

was also thinner at the top part of the sample compared to the bottom part.  

Sample position on the rack, see Figure 28a, influenced the coating thickness. The coating 

thickness increased with lower positions on the rack, which can be seen in Appendix 2.  

 

 

               

 
 
 
 
 
 
 
 
 
                                    a).     

 

 

   

 

 

 

 

 

 

 

 

b). 

Figure 30 a) Substrate AQ-24 with supporting lines, used during measurements as a 

reference. b) Results and documentation of coating thickness distribution for sample 

AlQT80_2. The grey area is where the EIS measurements were performed on the  

coated samples. 

Figure 29. Thickness measurements apparatus, Isoscope MP2, with an 
uncoated AQ-24 substrate and plastic films with known thicknesses 

used for calibration. 
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Coating of Batch 2 

The smaller Q-panel AQ-24 was replaced by the larger AQ-46 in an attempt to improve the 

coating thickness and thereby have a more even thickness distribution of the coating in the EIS 

testing area. 

The Q-panel AQ-46 and the aluminium sheet were placed on the same racks as in batch 1, but 

only on position 1 and 2. Parts from the casted product Vialume were placed on single hooks. 

Figure 31a, b and c  shows the different substrates and its sample holder. The samples passed 

through process step 1-10 and thereby coated with both primer and topcoat. 

Thickness measurement of batch 2 

Thickness measurements on the coated samples from batch 2 were executed the same way as 

batch 1. The coating distribution was improved in batch 2 and resulted in a more even thickness 

of the coating in the EIS testing area of the samples. The change of sample size moved the EIS 

testing area farther from the edge where the thickness of the coating was higher. Coating 

thickness of samples from batch 2 are shown in Appendix 3. The reference sample for AQ-46 

and how the results were documented is shown in Figure 32.  

 

 

 
a). b). 

a). b). 

 

 

 

 

 

 

 

 

 

 

 

 

c). 

Figure 32. Substrate AQ-46, used during measurements as a reference. b) Results 
and documentation of thickness distribution of sample AlQQP80T80_3. The grey 

area is where the EIS measurements were performed on the coated samples. 

Figure 31. a) Q-panel AQ-46, placed on rack. b) Aluminium sheet, placed on rack. 
c)  Part of a luminaire (Vialume), placed on a single hook 
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The thickness measurements of the luminaires was documented in the way shown in Figure 33. 

A rough mapping was first done to get an overview of the coating distribution. More precise 

measurements was done on areas used for EIS measurements. 

 

 

Figure 33. Documented thickness measurements for luminaire AlLP80T80_3. Green and 
blue areas were used for EIS measurements.  

 

3.1.3 Powder coating application by external supplier 

The external supplier applies coatings with corrosion protection of classification C5. The 

coating process at company is an automated powder coating process performed by electrostatic 

spraying. The two main differences in the coating processes, compared to Fagerhult, are the 

steps in the pretreatment process and the spay-gun in the powder application. The samples 

coated by the external supplier had the substrate AQ-46. The process setups to reach the C5 

classification are shown in Table 3. After the coating application, the samples were delivered to 

Fagerhult. 

 

Table 3.  The steps of the powder coating process at external supplier. 

Step Process step 

1 

Pretreatment 

Alkaline degreasing 

2 Rinsing 1-3 

3 De-oxidation 

4 Rinsing 4-5 

5 Rinsing 6 

6 Chemical conversion coating 

7 Rinsing 7 

8 Drying process 

9 Powder application 

10 Powder curing process 
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Thickness measurements on the coated samples from the external supplier were executed the 

same way as batch 2 from Fagerhult. The coating thickness of the samples were lower and more 

evenly distributed compare to the coatings executed by Fagerhult. The coating thickness 

measurements of samples coated by the external supplier can be seen in Appendix 4. 

 

3.1.4 Sample selection 

The results from the coating thickness measurements were taken into account for sample 

selection, in terms of average thickness and minimum deviation. Two samples of each 

parametrical setup were chosen and these are shown in Table 4. Samples with the same layers 

and similar thicknesses were selected for Adhesion test and for accelerated chamber testing at 

RISE. 

Table 4. Samples selected for EIS measurements. Thickness in the table is for the area used 

in EIS testing. 

EIS Testing  Sample Primer  Topcoat C5 
Expected 
Thickness 

(µm) 

Avr.  
Thickness 

(µm) 

Max. 
Thickness 

(µm) 

Min. 
Thickness 

(µm) 
Scratch 

AlQP80 

AlQP80_1_D x     60-100 130 154 106 X 

AlQP80_7 x     60-100 123 147 107   

AlQP80_10_D x     60-100 123 145 93 X 

AlQP80_14 x     60-100 125 144 110   

AlQT80 
AlQT80_2   x   60-100 88 104 79   

AlQT80_5   x   60-100 89 107 80   

AlSP80T80 

AlSP80T80_1 x x   120-200 121 128 110   

AlSP80T80_7 x x   120-200 118 126 110   

AlSP80T80_9_D x x   120-200 122 128 117 X 

AlSP80T80_21_D x x   120-200 116 128 106 X 

AlQQP80T80 
AlQQP80T80_2 x x   120-200 121 128 115   

AlQQP80T80_3 x x   120-200 119 126 116   

AlLP80T80 

AlLP80T80_2 x x   120-200 119 116 124   

AlLP80T80_2_D x x   120-200 120 115 126 X 

AlLP80T80_3 x x   120-200 118 114 125   

AlLP80T80_3_D x x   120-200 120 115 127 X 

AlQQC5 
AlQQC5_1_2_D     x  - 58 63 55 X 

AlQQC5_1_6_D     x  - 58 66 53 X 

 

When the two samples from the same sample parametrical setup showed different behavior in 

the beginning of EIS measurements, an extra sample was selected for testing. The extra samples 

chosen for restarts are shown in table Table 5.  

 

Table 5. Extra samples selected for EIS measurements. Thickness in the table 
 is for the area used in EIS testing 

EIS Testing  Sample Primer  Topcoat C5 
Expected 
Thickness 

(µm) 

Avr.  
Thickness 

(µm) 

Max. 
Thickness 

(µm) 

Min. 
Thickness 

(µm) 
Scratch 

AlQP80 AlQP80_5_D x     60-100 136 165 119 X 

AlSP80T80 
AlSP80T80_3_D x x   120-200 105 113 99 X 

AlSP80T80_6_D x x   120-200 106 114 99 X 

AlQQC5 AlQQC5_4_2_D     x  - 59 64 52 X 
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3.2 Testing and measurements  

This section describes the experimental setups of the tests executed in the thesis, which were 

Electrochemical Impedance Spectroscopy, adhesion testing and surface profile measurements. 

The fitting and analysis of EIS data is also described in this section.   

 

3.2.1 Electrochemical Impedance Spectroscopy – EIS 

This section describes the preparations and the execution of the EIS measurements.  

Preparation for EIS measurement  

The preparation for the EIS measurements were performed in the workshop and in the 

chemistry lab at Jönköping University.  

In the sample preparation step, a plastic pipe of polypropylene was glued onto all the samples 

by using transparent silicon. The pipe was attached on the sample in order to give electrolyte 

continuous contact with the testing area during the testing period of the sample. Due to 24 

hours of hardening time of the silicon glue, the pipes were attached 1-2 days before starting the 

EIS measurements. Pipes of Ø 40mm were used for samples coated in batch 1 with the AQ-24 

substrates. On the remaining samples, pipes of Ø 50mm were mounted. This change of pipe 

gives a larger testing area which enable a stronger signal to be sent to the electrodes during EIS 

measurements [4]. Between EIS measurements, the pipes were covered with thin plastic film 

to protect the testing area from environmental pollutants and evaporation of the electrolyte. 

The coating was grinded away from one of the corners of the test samples so the substrate could 

act as a working electrode in the EIS measurements. Figure 34 shows two samples, AlQP80_2 

and AlSP80T80_1, prepared for EIS testing.  

 
 

 

 

 

On samples in group 3 (see section 3.1.1), a defect was created prior to attaching the pipe. A 

scratch was made with a knife, as shown in Figure 35. The knife had a fine and sharp blade and 

the scratch cut through the layers of coatings down to the substrate. The length of the scratch 

depended on the size of the pipes. Samples with smaller pipes had a scratch of length 30±1 mm 

and samples with larger pipes had a scratch of length 40±1 mm.   

 

Figure 34. Two samples prepared for EIS measurements. The left is AQ-24 with  
Ø 40mm pipe and the right AQ-46 with Ø 50mm pipe. Thin plastic films cover the 

opening of the pipes to keep pollutants away from the testing area. 
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The electrolyte used in the EIS measurements is called Harrison solution. This solution had the 

composition 3,5 w% ammonium sulfate ((Na4)2SO4) and 0,5 w% sodium chloride (NaCl). The 

chemicals for the solution were dissolved in distilled water. The choice of electrolyte was made 

in consultation with supervisor Caterina Zanella. Diluted Harrison solution can be considered 

appropriate for product placed in industrial inland environments [32].   

Two electrode holders were manufactured in the workshop. The electrode holders fixated the 

position of the electrodes during EIS measurements and acted at the same time as a cover for 

the testing sample. The electrode holders were thereby protecting the sample from 

environmental pollutants and evaporation of the electrolyte during the measurements. The 

holders gave a robust measurement process of the samples, with the electrodes in the same 

positions in all EIS measurements. Figure 36 shows two setups for EIS measurement with the 

two manufactured electrode holders.  

 

 

 

 

 

 

 

 

 

                 a). 

 

 

 

 

 

 

 

 

  b). 

 

 

A faraday cage, by 2mm aluminum sheets, was manufactured in the work shop. It was used 

during EIS measurements to minimize the electrical noise from the surroundings [33].  

Figure 36. Electrode holders for EIS measurements, a) shows holder for 
pipes with Ø 40mm, b) shows holder for pipes with Ø 50mm. 

Figure 35. Applied scratch on AlQP80_10 and AlQP80_1. 
The knife in the figure was used for performing the scratches. 
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EIS measurements 

The test sample was placed in the faraday cage and the pipe was filled with electrolyte. An 

Ag/AgCl reference electrode and a platinum counter electrode were placed in the electrode 

holder, which was placed over the testing sample. A working electrode was connected to the 

grinded area of the substrate and the EIS measurements was started. Figure 37a and b shows 

EIS measurement setups of test samples AlQP80_14 and AlQP80_1_D.  

 

    
a). 

  
b). 

Single measurements were performed over a frequency spectrum of 10-2–105 Hz and 

measurements were executed with 5 points/decade. The amplitude for the sinusoidal voltage 

was 15mV for samples with a scratched coating and 30mV for samples with intact coating. The 

execution time for one single measurement was between 10-15 minutes and all the 

measurements was executed at room temperature around 22 degrees.  

The EIS measurements were performed with a Vertex Potentiostat/Galvanostat, an EIS 

equipment from Ivium Technologies. Ivium Technologies own software, Ivium Soft, was used 

for controlling the Vertex.  

Measurements in the first 24 hours were executed automatically, by using a loop in the software, 

with single measurement each hour. Single measurements were executed 48 and 72 hours after 

the first measurement. After 72 hours, single measurements were executed with 2-3 days in 

between during the following three weeks. In the fourth week and forward, one single 

measurement was executed each week. Due to the limited time of the thesis, the samples with 

an intact coating were analyzed for four weeks of measurement and the ones with a scratched 

coating for two weeks. Both samples for each sample setup were analyzed. 

The raw data from the EIS measurements were exported from Ivium soft in Excel-sheets in 

form of impedance, Phase shift and frequency. The impedance data were multiplied by the 

testing area, in cm2, of the sample. This was done to be able to compare samples with different 

sizes by using the impedance per unit area, and to compare results with other research. Bode 

plots were created in the Excel-sheets to visualize the measurements. 

 
 
 

Figure 37a and b shows two setups of the EIS measurements. Plastic pipes were attached 
on coated standard Q- panel samples and two electrodes are placed in the electrolyte, one 

reference electrode, Ag/AgCl, and one electrode which collect the EIS data. 
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Fitting of EIS data 

 

To fit and analyze the data from the EIS measurements, the fitting software ZSimWin 3,5 was  

used. Points in the frequency spectra that clearly were affected by electrical noise were removed. 

Figure 38 shows the equivalent circuit used for samples with intact coating.  

   

 

 

The equivalent circuits selected for fitting of scratched samples is shown in Figure 39 a. By 

removing measured points in the frequency spectra, the equivalent circuits was adapted by 

removing elements from the circuit, as shown in Figure 39b and c. For example, the circuit in 

Figure 39c was adapted to removal of noisy data in the frequency range 103 – 105 Hz, which 

was present for two week of measurements. 

 

 

 

Water absorption  

The water absorption was calculated, for samples with intact coating, by Brasher & Kingsbury 

equation. The CPE from the first EIS measurement was defined as C0, and the following 

measurements were defined as Ct. The water dielectric constant, εw, was assumed to be equal to 

80 due to that the EIS measurements were performed in room temperature. The constant K 

was set to 1, due to the short time of the single measurements. The Brasher & Kingsbury 

equation used for calculations was the following: 

 

∅ =
1∗ log (

𝐶𝑡
𝐶0

⁄ )

log (80)
    (18) 

 

 

 

 

a)  b) c) 

Figure 39. a, b, and c shows three equivalent circuits which were used for fitting and 
analysis of samples with scratched coatings. 

Figure 38 Equivalent circuit used for fitting 
and analysis of samples with intact coating. 
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Delamination of coating 

The CPE values from the fitting was transformed to capacitance values by the use of equation 

15 (see section 2.5.1). On scratched coatings the delamination was calculated by the quote of the 

double layer capacitance, Cdl, over time. The double layer capacitance from the first EIS 

measurement was set as a starting value, C0dl. The delaminated area was calculated by the 

equation 17 (see section 2.5.1).    

 

3.2.2 Adhesion testing 

Pull-off tests were executed to quantitatively evaluate the adhesion of the coatings. The samples 

were shipped to RISE and to the University of Trento, in Italy, were testing were performed. 

The results were delivered by mail, together with pictures of the samples after testing. 

The samples sent for Pull-Off testes of the luminaire, were cut out pieces from the same 
samples used for EIS measurements. The pieces were cut out after the EIS measurements 
were finished, in case more area was needed for restarts. 
 

3.2.3 Surface profile measurement 

The surface profile measurements were performed on the bare aluminum substrates used in 

the thesis. The surface profile was measured with a Perthometer M4Pi, shown in Figure 40. The 

profile was measured in 4 directions with 10 repetitions in each direction on Q-panel, sheet and 

luminaire. The length of each measurement was 4 mm.  

 
 

 

 

   

3.2.4 Visualization of coating layers 

One sample from each sample setup was cut, embedded, grinded and polished in order to look 

at their cross-section in an optical microscope. The main reason was to visually verify the 

thickness of different layers in multi-layer coatings. This section will describe the procedure for 

this. 

The samples were cut into pieces in dimension of 15 x 10 mm. The pieces were embedded, by 

using a Struers CitoPress 1, in Multifast powder. Two pieces of each sample were placed in the 

same embedding, with the coating facing each other. The placement was chosen to protect the 

coating in the grinding and polishing steps since the coating is much softer compared to the 

aluminum substrates. The samples were grinded and polished by a Struers Tegramin 30 with 

the steps shown in Table 6. 

 

Figure 40. Surface profile measurements executed 
by a Perthometer M4Pi on an aluminium sheet. 
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Table 6. Grinding and polishing setups of the mounted  

samples for optical measurements.  

Step Type 
Applied force 

per sample  
Setup 

1 
Grinding 

 Grinding paper, P80 10 N Distance 1,5 mm 

2  Molto 220 10 N Distance 0,5 mm 

3 
Polishing 

 Largo 5 N Time 5 min 

4  Nap 5 N Time 5 min 

 

An optical microscope, Olympus GX71, was used for optical measurements and visualizations 

of the coating layers. Steam Motion, an optical microscope software, was used to visually 

measure the thickness of the coating.  
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4 Results and Analysis 

This chapter presents the results from EIS measurements, fitting and calculations of both water 

absorption and delaminated area. Pull-Off results and surface profile measurements are 

presented and results from the optical measurements and visualizations of the coating layers 

can be seen in appendix 5.  

 

4.1 Electrochemical Impedance Spectroscopy (EIS) 

To validate trends in the EIS measurements, each sample had a duplicate sample measured 

during the thesis. Only one of them is presented in this chapter.  

One sample from each investigated group is presented in Bode plots. Bode plots of all samples 

presented in this chapter can be seen in Appendix 6. The data presented in Bode plots are 

divided into two graphs, one for the modulus of impedance and one for the phase shift.   

Group 1 and 2, samples with intact coatings, shows the results from the calculated water 

absorption for about four weeks of measurements. Plots of CPE and water absorption includes 

the sample names and the average coating thickness of the EIS testing area. 

Group 3, samples with a defective coating, shows the result of the delaminated area for about 

two weeks of measurements.  

 

4.1.1 Group 1  

Results from Group 1, samples with the same kind of substrate with different layers of coating, 

are presented in this section. The results of Group 1 are represented by the following samples: 

AlQT80_5, AlQP80_7 and AlQQP80T80_2.  

All the samples in group 1 had similar behavior in terms of the modulus of impedance and phase 

shift for four weeks of testing. The result from sample AlQQP80T80_2 is presented in Bode 

plots in Figure 41, 42 and 43. A small decrease of modulus of impedance can be seen in the 

plots and there are no big changes of trends. The phase shift is stable around -90 degrees.  

 
 

 

Figure 41. Bode plot with modulus of impedance for sample AlQQP80T80_2. 
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Figure 42. Bode plot with modulus of impedance for sample AlQQP80T80_2, the plot shows 
the frequency spectra of 0,01-0,1 Hz from Figure 41. 

 
 

 

Figure 43. Bode plot of phase shift for AlQQP80T80_2. 
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Fitted data of three samples in group 1 are shown in Figure 44. The frequency power of the CPE 

was high and stabile for all samples in group 1, which made it possible to use the CPE instead 

of the capacitance. The CPE values have stabilized after around 15 hours. CPE values from the 

samples ALQP80_7 and ALQQP80T80_2 are similar and they are lower compared to the CPE 

values of sample AlQT80_5.   

 

 
 

Figure 44. Fitted data expressed in the Y0 values from the CPE for about  
4 weeks of measurements of samples in group 1. 

 

The CPE values from the fitting were used as input for calculations of the water absorption in 

the coating and the results are shown in Figure 45. The samples have passed phase I of water 

absorption (see section 2.5.1) and have entered the phase II and stabilized. There are no signs 

of entering phase III. The percentage of water in the coating differs between the samples but 

they are still behaving similarly.    

 

 

Figure 45. Water absorption of samples in group 1 with  
calculations based on CPE fitting data. 
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Figure 46 shows the water Absorption of the first 50 hours of measurements. Sample 

AlQT80_5, with topcoat only, got a steeper slope in the beginning and stabilizes faster, after 

about 5 h of immersion with a lower water uptake.  

 

 

Figure 46. Water absorption of sample in group 1 
 in the first 50 hours of measurements. 

 

4.1.2 Group 2  

Results from Group 2, samples with the different kind of substrates with the same layers of 

coating, are presented in this section. The results of Group 2 are represented by the following 

samples: AlQQP80T80_2, AlSP80T80_7 and AlLP80T80_2. 

All the samples in group 2 had the same behavior as group 1 for four weeks of testing, in terms 

of the modulus of impedance and phase shift. The result from sample AlLP80T80_2 is 

presented as Bode plots in Figure 47, 48 and 49. Samples in the group shows a small decrease 

of impedance modulus. The phase shift is stable around -90 degrees. 

 

 

Figure 47. Bode plot of modulus of impedance for sample AlLP80T80_2. 
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Figure 48. Bode plot of modulus of impedance for sample AlLP80T80_2, 
 the plot shows the frequency spectra of 0,01-0,1 Hz from Figure 48. 

 
 
 

 

Figure 49. Bode plot of phase shift for sample AlLP80T80_2. 
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Fitted data of three samples in group 2 are shown in Figure 50. The frequency power of the CPE 

was high and stabile for all samples in group 2, which made it possible to use the CPE instead 

of the capacitance The CPE values have reached a stabilized phase within the same time as 

group 1, after around 15 hours. Sample AlSP80T80_7 has the highest CPE values, followed 

byAlQQP80T80_2 and sample AlLP80T80_2 has the lowest CPE values.  The average coating 

thickness of the testing areas are more similar in this group compared to group 1.  

 

 
 

Figure 50. Fitted data expressed in the Y0 values from the CPE for about 4 weeks of 
measurements of samples in group 2. 

 

Figure 51 shows the water absorption for group 2. They show similar behavior as samples in 

group 1. The samples have passed phase I and have entered phase II and the absorptions of 

water has stabilized. There are no signs of entering phase III. 

 
 

 

Figure 51. Water absorption of samples in group 2 with calculations  
based on CPE fitting data. 
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Figure 52 shows the first 50 hours of the water absorption. The water absorption had stabilized 

for all samples after about 15 h of immersion. The samples have different slops in the beginning 

of the measurements and have some differences in percentage of water absorption, but in 

general the samples have similar behavior.  

 

 

Figure 52. Water absorption of sample in group 2 in  
the first 50 hours of measurements. 

4.1.3 Group 3  

Results from Group 3 are presented in this section, which are samples with a defect in the 

coating with different substrates. The results of Group 3 are represented by the following 

samples: AlQP80_1_D, AlSP80T80_3_D, AlLP80T80_2_D and AlQQC5_1_6_D. Samples in 

group 3 shows results of delaminated areas calculated by the capacitance.  

The Bode plots of samples in group 3 shows a decrease of impedance modulus during the EIS 

measurements within the testing period. Figure 53 and 54 shows the modulus of impedance 

and phase shift for sample ALQP80_1_D. The modulus of impedance is low compared to the 

intact coatings in group 1 and 2. The values indicated that the scratch is through the coating 

down to the substrate. The phase shift is changing within the testing period and two time 

constants appear in the later measurements.  

 

Figure 53. Bode plot of modulus of impedance for AlLP80T80_2_D. 
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Figure 54. Bode plot of phase shift for AlLP80T80_2_D. 

 

Figure 55 shown the CPE values of the delaminated area of the coating at the coating-substrate 

interface of the samples in group 3. The data from fitting were more scattered in this group 

compared to group 1 and 2 and the frequency power was unstable. To be able to compare the 

results of group 3, the CPE needed to be converted into capacitance.  

 

 

Figure 55. Fitted data expressed in the Y0 values from the CPE for  
about 2 weeks of measurements of samples in group 3. 
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Figure 56 shown the capacitance values of the delaminated area. Two of the samples, 

AlQP80_1_D and ALSP80T80_3_D, shows some kind of stabilization of the capacitance in the 

delaminated area after 72 hours. Sample AlQQC5_1_6_D shows a slower and more even 

increase of the capacitance values compared to the other samples. Samples AlLP80T80_2_D 

has scattered capacitance data up to 150 hours and then stabilizes.   

 

 

Figure 56. Capacitance values calculated by the CPE result from  
the fitting of samples in Group 3. 

 

Sample AlQP80_1_D in Figure 57 has a faster increase of the delaminated area in the first 25 

hours. The delamination stabilized at 75 hours and the area has increased to around 300%. 

 

 

Figure 57. Delamination of sample AlQP80_1_D. Calculations of the delamination is based 
on the capacitance values from the CPE from fitting. 
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Figure 58 shows the delamination of sample AlSP80T80_3_D. The delamination of the coating 

is increasing faster in the beginning and has stabilized around 300% after 150 hours.  

 

 

Figure 58. Delamination of sample AlSP80T80_3_D. Calculations of the delamination is 
based on the capacitance values from the CPE from fitting. 

 

Figure 59 shows the delamination for sample AlLP80T80_2_D. The Sample has scattered data 

in the first 150 hours of measurements which made it difficult to analyze the delamination rate. 

For this reason, the sample was excluded from further comparisons.  

 

 

Figure 59. Delamination of sample AlLP80T80_2_D. Calculations of the delamination is 
based on the capacitance values from the CPE from fitting. 

 

 

 

-100

-50

0

50

100

150

200

250

300

350

400

0 50 100 150 200 250 300 350 400 450 500In
cr

ea
se

 o
f 

d
el

am
in

at
ed

 a
re

a 
[%

]

Immersion time [h]

Delamination of area, AlSP80T80_3_D

AlSP80T80_3_D

-100

-50

0

50

100

150

200

250

300

350

400

0 100 200 300 400 500

In
cr

ea
se

 o
f 

d
el

am
in

at
ed

 a
re

a 
[%

]

Immersion time [h]

Delamination of area, AlLP80T80_2_D

AlLP80T80_2_D



Results and Analysis 

48 

Figure 60 shows the delaminated area of sample AlQQC5_1_6_D. This sample has a more 

stable increase of delaminated area compared to previous samples. The delamination increase 

is faster in the beginning and shows after 350h an area increase below 200%.  

 

 

Figure 60.  Delamination of sample AlQQC5_1_6_D. Calculations of the delamination is 
based on the capacitance values from the CPE from fitting. 

 

Figure 61 shows the comparison of delaminated area for samples in group 3, where sample 

AlLP80T80_2_D has been removed. The figure shows that samples AlQP80_1_D and 

AlSP80T80_3_D in general behaves similar and has a larger increase of the delaminated area 

compared to sample AlQQC5_1_6_D.  

 

 

Figure 61. The increase of the delaminated areas of all samples in group 3. 
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4.2 Adhesion – Pull-Off 

The results from the Adhesion tests performed by TRENTO is shown Table 7-9. Result delivered 

as pictures can be seen in Appendix 7. The results of the luminaire did not arrive in time and 

were not included in this report.   

Table 7 shows that the sheet has stronger adhesion to the coating compared to the Q-panel 

substrate. By comparing the Q-panels, the coating applied by the external supplier has better 

adhesion compared to the coating applied by Fagerhult.  

Pull-Off tests performed on AQ-24 with only primer or only topcoat failed and deformations 

were visible on the backsides of the samples. The result from Table 8 will not be analyzed or 

used for comparison. 

 

Table 9 shows results of the Pull-Off tests executed on the larger Q-panel substrate AQ-46, in 

this case the topcoat has better adhesion compared to the primer.  

   

Table 7. Successful Adhesion tests by Pull-Off method. 

Sample 
Number of 

tests 
Avr. 

[MPa] 
Max 

[Mpa] 
Min 

[MPA] 

AlQQP80T80 6 2,50 3,29 2,17 

AlSP80T80 6 6,54 6,47 4,82 

AlQQC5 6 3,60 4,15 3,37 

 

Table 8. Unsuccessful Adhesion tests by Pull-Off method. 

Sample 
Number of 

tests 
Avr. 

[MPa] 
Max 

[Mpa] 
Min 

[MPA] 

AlQP80 6 1,82 2,57 1,40 

AlQT80 6 1,96 2,79 1,51 

 

Table 9. Successful Adhesion tests by Pull-Off method. 

Sample 
Number of 

tests 
Avr. 

[MPa] 
Max 

[Mpa] 
Min 

[MPA] 

AlQQP80 6 2,64 3,28 1,62 

AlQQT80 6 3,69 4,45 3,15 
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4.3 Surface profile 

The measurements of the surface profile of the different substrates shows that the sand blasted 

luminaire has a much rougher surface profile compared to the Q-panel and the sheet. The  

Q-panel and the sheet has both smooth surface profiles. The results from the 40 measurements 

on each substrate can be seen in figure 62-64.  Note that the y-axis in the figures have different 

values due to big difference in surface profiles.  

 

Q-panel 

 

Figure 62. Ra-values for the surface profile of substrate AQ-46, measured in four directions. 

 

 

Sheet 

 

Figure 63. Ra for the surface profile of substrate Sheet, measured in four directions. 

 

 

Luminaire 

 

Figure 64. Ra for the surface profile of substrate luminaire, measured four different 
directions. 
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5 Discussion and conclusions 

In this chapter, discussions about the methods and results are presented. Conclusions of the 

thesis are presented along with the answers of the research questions. 

 

5.1 Discussion of methods 

Coating of samples 

The EIS measurements needed to start as soon as possible to be able to manage the selected 

sample setups within the timeframe. Since Fagerhult had already ordered the AQ-24 Q-Panels 

before this thesis started, those Q-Panels were used for the first coating batch. A second coating 

batch was done with the AQ-46 Q-Panels together with products from Fagerhult. The thickness 

of the coating layer turned out to be different in the batches, so it would have been better to coat 

all samples in the same batch, so all parameters in the coating process would be the same. This 

would have made it easier to compare results of the thesis. 

The distribution of the coating was more important than the thickness for this thesis, since the 

objective was to look at different layers of coatings and not different thickness of coatings. The 

first plan was to make random thickness measurements on each samples and use the average 

as a reference in EIS measurements. When the first thickness measurements were performed, 

it was realized that the coating distribution was too uneven and therefore all samples needed to 

be measured thoroughly to be able to select samples with similar thickness. 

The size of the Q-Panels had a great impact in the coating distribution, especially on the smaller 

samples. The products coated by Fagerhult are often larger than the samples coated for this 

thesis, so it would have been better to select even larger samples that were similar in size to 

Fagerhults products and thereby more suited for the programed coating process. The high 

thickness at the edges might be hard to avoid but the increasing thickness on the lower part can 

probably be improved by optimizing the coating process for the size and shape of the sample. 

The position on the rack also affected the coating distribution. The results of the thickness 

measurements showed that if three samples were hanging vertically on the same rack the 

average thickness of the samples were higher on the samples on lower position. This was 

probably because the powder intended for the samples above were falling down on the lower 

samples due to gravity. By only using the upper two positions on the rack, the average thickness 

between the samples was improved. The average thickness between the samples would 

probably be even better if only one sample was placed on each rack. 

The curing time in the oven was different between the samples due to short stops of the 

conveyor. These stops mostly depended on Fagerhults products with complex geometry, which 

needed extra powder manually applied after the automatic powder application to cover all areas 

to be coated. When these products were placed after our samples on the conveyor, the time 

needed for the extra powder application extended the curing time in the oven for our samples 

up to five minutes. This could affect the crosslinking of polymer chains in the coating, which 

affect the barrier properties for the coating. Since there are no exact measured time for the 

curing, it is hard to say the effect of this in the EIS measurements.  

 

Sample selection 

The sample selection was based on the thickness measurement. The samples with the most 

similar thickness and distribution were selected for testing. The uneven coating distribution on 

the samples resulted in that just a few samples from each sample setup had similar thickness. 

Samples for EIS measurements and cyclic chamber tests at RISE were prioritized and the first 

to be selected for testing. The samples for Pull-Off tests were selected secondly. For the 
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scratched samples that was restarted in EIS, due to inconsistency in trends between the 

samples, the thickness and distribution on the testing area was different from the first selection. 

This was because the samples with the most similar thickness and distribution were already 

selected for other testing. The difference in thickness should not affect the trends for the 

scratched samples, since the objective in those measurements was the adhesion in the coating-

substrate interface, which only have a minor influence from the coating thickness of thick 

coatings. Since only the layer closest to the substrate was evaluated for adhesion, an assumption 

was made that samples with primer only could represent samples with primer + topcoat. 

All samples selected for EIS measurements in group 3 had a defect in the coating, a cut done 

with a sharp knife. This group of samples had many restart due to the behavior of the first EIS 

measurements. The two main reasons for restarts were that samples with the same sample 

setup had different modulus of impedance in the beginning of the EIS measurements or that a 

sample had a modulus of impedance close to intact coatings. These behaviors were probably 

connected to the execution of the cut. The performance of the cut was probably different for 

each sample since it was done by hand. The force applied on the knife could affect length, depth 

and width of the cut and thereby affect the EIS measurements. 

 

EIS measurements 

Before starting the first EIS measurements within the thesis, some dummy tests were done to 

practice the setups and testing procedure. During these test some electrical noise was detected 

at low frequency in the EIS measurements. The faraday cage and the sample holders were 

manufactured in attempt to reduce the electrical noise and to create a robust testing 

environment. Some electrical noise at low frequency was still detected in the measurements 

within the thesis, but less than during the dummy tests. In the beginning of the testing period 

for the real samples, the EIS measurements were affected by electrical noises in the high 

frequency spectra in the range of 103 – 105 Hz. The noise was assumed to be temporary, since it 

was not present during the dummy tests. After one week, the electrical noise still was present. 

Together with employees at Jönköping University efforts were made to try to find the source. 

The noise disappeared after around two weeks but the source was never found. The collected 

data in the high frequency spectra could not be used for the first two weeks of measurements. 

This affected mostly data collected for sample AlQP80_1_D and AlQP80_10_D.  

Some days after the high frequency noise disappeared, the reference electrode was replaced. It 

was then realized that the previous electrode caused an artifact in the same region as the noise. 

That artifact should not have affected the EIS data for samples with intact coatings, but have 

affected sample AlQP80_1_D and AlQP80_10_D to some degree.  

 

Fitting of EIS data 

The results of the fitting are in some degree depending on the user of the fitting software. The 

user can delete points in the frequency spectra to improve the fitting and select starting values 

to guide the fitting. With experience in the area, the fitting procedure can be improved.   

In the fitting of samples with intact coating, the electrolyte resistance was removed from the 

equivalent electrical circuit since the impedance contribution of the element was neglectable 

and its error was very high. This improved the fitting and the assumption was made that as long 

as the important physical properties of the samples were represented in the equivalent electrical 

circuit, it was better to have a fitting with fewer circuit elements in this case.  

The fitting of sample AlQP80_1_D and AlQP80_10_D were difficult to preform due to the 

deleted data in the high frequency spectra. This fitting was performed with the help of the 

supervisor.  
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Fitting and analysis performed on samples with a scratched coating were in general harder to 

fit and analyze, compared to the samples with intact coatings. These fittings were more sensitive 

and the outcome depended on the choice of staring values and deleted points in the frequency 

spectra. When problem with a fitting occurred, a previous fitting result was used as starting 

points. 

It would have been good to have more EIS measurements during the first hours, so 

measurements without obvious noise could be selected for the fitting.   

 

5.2 Discussion of Results 

 
EIS measurements  

The degradation of the corrosion protection, for samples with intact coatings, is interpreted by 

the plateau of the impedance at lowest frequency in the Bode plots. Samples with an intact 

coating, group 1 and 2, showed excellent corrosion protection properties with modulus of 

impedance above 1011 Ohm/cm2. These samples did not show a plateau at the lowest frequency 

and thereby have a value above what is readable.  

In previously performed research, diluted Harrison solutions is a commonly used electrolyte 

for investigating corrosion protection for low thickness organic coatings. Because of the high 

thicknesses of the coatings within this thesis, it was decided to use a pure Harrison solution to 

accelerate the corrosion process. Even with the pure solution is was not possible to observe any 

failure of corrosion protection for intact coatings within the four weeks of testing. To be able to 

detect failure and compare the difference between the samples, more time with coating in 

contact with the electrolyte is needed. 

Samples with a defected coating, Group 3, shows a decrease of modulus impedance over time 

which is connected with the degradation of the corrosion protection. The sample have different 

modulus of impedance in the first EIS measurements, which probably is connected to the shape 

and size of the defect.  

 
Fitting 

The fitting results for of samples in Group 1 and 2 were presented as CPE, since the frequency 

power were stable at 0.98 or higher and therefor the CPE can be treated as a capacitance. In 

Group 1, CPE values of sample ALQT80_5 was higher than the other samples, which can 

depend on many parameters but was probably due to a lower coating thickness.  

The cause of the small differences in CPE values of samples in Group 2 was hard to determine 

since it can depend on a variety of parameters such as substrate composition, curing time in 

oven and variation of local coating thickness. In general, the samples were acting so similar that 

the contribution from different substrates cannot be determined. 

The fitting result for samples in Group 3 were uneven, within each sample, compared to results 

from Group 1 and 2. The equivalent circuits for defective samples contained more elements 

contributing to the total modulus impedance. The fitting software did not always find a fitting 

with low error values and therefore needed to be forced in one fitting direction. The CPE 

frequency power was different between the samples and to be able to make comparisons the 

CPE needed to be converted into capacitance.  

To get an improved visualization of trends, more fittings should be done on collected EIS data 
in the early measurements.  

The equivalent electrical circuits used in this thesis were selected with the minimum of required 

elements to interpret the physical properties of the samples. Considering other elements in the 

equivalent electrical circuits could give an improved fitting. 
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Water absorption 

When looking at the graphs of water absorption, the steepness in the beginning of the curve 

tells how fast the coating is absorbing water. When the curve has stabilized, the comparable 

percentage of water in the coating is readable in the graph. A thicker coating should take longer 

time before stabilizing but should not reach a higher value since it is calculated as a percentage 

of water in the coating. The first EIS measurement will affect the calculations of water 

absorptions since the increase in percentage is based on that measurement.  

All tested samples with intact coating showed similar results in water absorption. This was 

expected since both the primer and topcoat are based on polyester and thereby should have 

similar behavior in the cross-linking and absorbing water. All samples had stabilized after about 

20 hours, which means that the first step in the corrosion protection had been breached. After 

the four weeks of testing, no samples showed any greater tendencies of further degradation, 

which indicated that the adhesion in the coating-substrate interface provided a very good 

corrosion protection.  

In group 1, the samples coated with only topcoat showed a tendency to absorb water faster than 

the ones with only primer and stabilized after around 5 hours in phase I of water absorption. 

This behavior is probably due to the composition of the powder and shows that it is not as good 

as the primer in the first step of corrosion protection. The sample with only topcoat reached 

phase II faster but stabilized at lower percentage compared to samples with primer, which mean 

that less water is present for ion transport. The water absorption of the topcoat may not 

necessarily impact the corrosion protection since the main purposes may not be to resist water 

absorption, but instead to provide UV-resistance, color, scratch resistance etc. The rate of 

absorbing water for the sample with and primer + topcoat was similar to the topcoat in the 

beginning and more similar to the primer when closer to stabilizing, which seems reasonable. 

The higher water content in sample AlQQP80T80_2 in Group 1 could be caused by the first EIS 

measurements since this have a big impact in the calculations.   

Samples in group 2 were absorbing water so similar that the reasons for difference in steepness 

in the beginning of the curve and total absorption between them is hard to tell. It can be 

connected to the first EIS measurements, curing of the powder or the composition of the 

substrate, but it is hard to know with the few number of tested samples. If more samples were 

tested, the start values used in the calculation could be confirmed and give more accurate 

results. If the sample were tested for a longer time and reached phase III, something more could 

probably be said about difference in water absorption. 

 
Delamination of coating 

It was realized after a few weeks of testing that the corrosion protection provided by samples 

with intact coating was very good due to the adhesion. This led to the use of scratched samples, 

in group 3, became the more important samples for evaluating corrosion protection, in form of 

adhesion, within the timeframe of the thesis. Because of the instability of the CPE frequency 

power (0.7-1) and to be able to make comparisons between the samples, the CPE was converted 

into capacitance using Eq. 15 in section 2.5.1. 

The delamination was calculated by using the first measured CPE for the double layer as a 

reference to see how the following measurements changed over time. The result from these 

calculations is depending on the result from the fitting, which were difficult to perform, and the 

errors received in the fitting will be present in these calculations also. So, the validity from 

difficult fittings can be questioned. 
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The Q-Panels with primer and the sheet with primer + topcoat, seems to behave similar in terms 

of delamination rate and at which percentage they stabilize. This seems likely since they have 

similar surface profile and both have a high aluminum content in the alloy. 

The Q-panels with C5 coating shows the slowest rate of delamination, as expected. This is 

probably due to the different pretreatment and powder used in the coating process. The C5 

samples had a lower coating thickness than the other samples, which shows that the thickness 

of the coating does not have to be so high to provide a good adhesion. 

The luminaire was hard to analyze because of the troublesome fitting that gave jumping CPE 

values. The luminaire has much rougher surface profile than the other samples, which should 

give a better basis for adhesion. On the other hand, the alloy in the luminaire contains more 

precipitates that could act as anodic or cathodic sites and change corrosion rate. These samples 

have been disregarded for comparison with other samples. More EIS measurements needs to 

be performed on the luminaire to verify trends and to be able to compare results with the other 

substrates. 

In general, all samples showed a very small amount of delaminated area, which is connected to 

a good adhesion in the substrate- coating interface. That they perform this well is probably a 

combination of a good pretreatment and the selection of powder. What happens when the 

curves stabilized has not been further investigated due to the complexity of corroding aluminum 

and limited time in the thesis. 

 

Pull-Off 

The AQ-24 samples, with primer and topcoat, tested in batch one deformed in the testing area 

during the Pull-Off tests. This was probably due to the low thickness of the substrate in 

combination with good adhesion of the coating. These samples had a cohesive break, which 

means that the adhesion in the coating-substrate interface is better than the given test result, 

but do not give information on how much better.  

The AQ-46 samples coated by the external supplier performed better than the AQ-46 samples 

coated by Fagerhult, as expected, but did not perform as well as the sheets coated by Fagerhult. 

The results of the adhesion tests were delivered by mail, so it was not possible to see if the 

samples had deformed. That the adhesion of the sheets was twice as high as the AQ-46 samples 

seems unlikely, since they have similar alloy composition and surface profile. Therefore, it can 

be assumed that AQ-46 samples also deformed in the testing area during the test. This means 

that the results from the Pull-Off test on the Q-Panels cannot be used for comparison with other 

samples. 

The intention was to compare the Pull-Off results with the calculations of delamination of 

coating, but since the Pull-Off tests showed inconsistency between the different substrates this 

was not possible.  

 

Optical microscope 

The results from the thickness measurements with the optical microscope did not correspond 

well with the results from the Eddy-current method. If the difference between the methods 

depended on the margin of error in the Eddy-current method or the sample preparation for 

optical microscope, needs to be further investigated. What could be concluded is that the 

thickness of the primer was lower than the topcoat in samples with the multi-layer coatings. 
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5.3 Conclusions 

In this section, the conclusions of the thesis are presented by answering the research questions 

and also enlighten other conclusions made during the thesis. 

What can be concluded is that all intact coatings in the thesis performed very well in corrosion 

protection. Samples coated by Fagerhult, with an applied scratch, had a larger delaminated area 

than the samples coated by their supplier of coating with C5 classification.  

The research questions of the thesis, stated in the beginning of the report, are repeated below 

and followed by the answer concluded with this thesis.    

 Can the corrosion protection of samples coated at Fagerhult AB be predicted and 

quantified by EIS testing? 

The intact coatings showed impedance values above 1011 ohm/cm2 within the four weeks of 

testing, which can predict a very good corrosion protection. Since the intact coatings showed no 

sign of failing within the testing period, they could therefore not provide any information that 

could help quantifying for how long time the coatings will provide corrosion protection. To be 

able to quantify the corrosion protection, EIS measurements needs to be performed longer time 

than four weeks. 

 

 How are the corrosion protection properties, of the polyester powder coated 

samples, affected by different layers of coating in an accelerated testing 

environment? 

The barrier properties that could be quantified were the differences in the rate and amount of 

absorbed water in the primer and topcoat. The topcoat absorbed less water but twice as fast as 

the primer.  

During the four weeks of testing, samples with different layers of intact coatings reached phase 

II of water absorption and showed no sign of losing the adhesion, which is the last step of 

corrosion protection. This shows that the different layers of coating have no significant effect 

on the corrosion protection for the four weeks of testing. 

 

 How will aluminum substrates, with different composition and manufacturing 

processes, coated with polyester powder coating affect the adhesion between the 

substrate and the coating? 

In general, the samples with a defective coating tested in the thesis had a small amount of 

delaminated area, which indicates a very good adhesion. The luminaire samples, with a defect 

in the coating, were disregarded from the results, therefore only Q-panel and sheet were 

compared. All though the two substrates have similar surface profile and alloy compositions, it 

can be concluded is that the sheet with primer + topcoat seems to delaminate slower in the 

beginning compared to the AQ-24 with primer, which indicates a better adhesion for the sheet.    

The differences in adhesion for different substrates with intact coatings could not be quantified 

within the four weeks of testing. 
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5.4 Future work 

The result from the accelerated testing at RISE did not arrive before this thesis ended. It would 

be interesting to analyze those results, compare them with the results from this thesis and see 

how well they correlate. If they correlate well, Fagerhult could use EIS as a method for 

optimizing their layers of coatings for corrosion protection.  

By performing tests on coatings with different thicknesses, more information could be gained 

about when a coating thickness no longer contribute significantly to the corrosion protection. 

This information could be used to change the thickness used today on outdoor products.  

Since the adhesion was good for all the tested coatings, it would be interesting to see how a 

sample with only topcoat and a defect would perform. If the topcoat performed as well as the 

others, maybe the primer could be removed as a layer in the coating of outdoor luminaires.  
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7.1  Appendix 1. Information from ISO 9223  
 and ISO 12944-2 

  



 

 

7.2 Appendix 2. Coating thickness Batch 1 

AlQP80, Primer 60-100 µm 

Size: 50x102 mm 

Coating Date: 2017-02-02 

 

AlQT80, Topcoat 60-100 µm 

Size: 50x102 mm 

Coating Date: 2017-02-02 
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7.3 Appendix 3. Coating thickness Batch 2 

AlQQP80, Primer 60-100 µm 

Size: 102x150 mm 

Coating date: 2017-02-13 

 

AlQQT80, Topcoat 60-100 µm 

Size: 102x150 mm 

Coating date: 2017-02-13 
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AlQQP80T80, Primer 60-100 µm + Topcoat 60-100 µm 

Size: 102x150 mm 

Coating date: 2017-02-13 

 

AlSP80T80, Primer 60-100 µm + Topcoat 60-100 µm 

Size: 102x150 mm 

Coating date: 2017-02-13 
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AlLP80T80_1, Primer 60-100 µm + Topcoat 60-100 µm 

Size: Ø 300 mm 

Coating date: 2017-02-13 
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AlLP80T80_2, Primer 60-100 µm + Topcoat 60-100 µm 

Size: Ø 300 mm 

Coating date: 2017-02-13 
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AlLP80T80_3, Primer 60-100 µm + Topcoat 60-100 µm 

Size: Ø 300 mm 

Coating date: 2017-02-13 
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7.4 Appendix 4. Coating thickness C5 

AlQQC5  

Size: 102x150 mm 

Coating date: 2017-02-16 
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7.5 Appendix 5. Optical microscope 
Pictures of cross-sections by Optical microscope, Olympus GX71, and coating thickness 
measurements. Reference values from thickness measurements with Eddy-Current are noted 
above each picture.  
 

Thickness measurements results of AlQQP80T80_10 (Reference value: 103±1 µm) 
 

 
 

Thickness measurements results of AlSP80T80_11 (Reference value: 2 x 90±1 µm) 
 

 

 

 



 

 

Thickness measurements results of AlSP80T80_11  
 

 
 

Thickness measurements results of AlLP80T80_10 (Reference value: 110±1 µm) 
 

 

 
 
 
 

 
 
 
 
 
 

 



 

 

Thickness measurements results of AlLP80T80_10  
 

 

  



 

 

7.6 Appendix 6. EIS data - Bode plots 
 
Bode plot from EIS measurements of test sample AlQT80_5 
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Bode plot from EIS measurements of test sample AlQP80_7 
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Bode plot from EIS measurements of test sample AlQQP80T80_2 
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Bode plot from EIS measurements of test sample AlSP80T80_7 
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Bode plot from EIS measurements of test sample AlLP80T80_2 
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Bode plot from EIS measurements of test sample AlQP80_1_D 
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Bode plot from EIS measurements of test sample AlSP80T80_3_D 
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Bode plot from EIS measurements of test sample AlLP80T80_2_D 
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Bode plot from EIS measurements of test sample AlQQC5_1_6_D 
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7.7 Appendix 7. Pull-Off, Adhesion testing  
 
Pull-Off result, performed at the University of Trento (February 2017)  
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Pull-Off result, performed at the University of Trento (March 2017) 
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Pull-Off result, performed at the University of Trento (March 2017) 
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Pull-Off result, performed at the University of Trento (May 2017) 
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