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1.1 Background 

Corrosion of aluminum and aluminum alloys 

      In most cases the corrosion of aluminum and its alloys is associated with the flow of electric 

current between anodic and cathodic regions. Relatively pure aluminum displays good corrosion 

resistance in air at ambient temperature due to the barrier oxide layer that is generated naturally on 

the surface, and if damaged, re-forms immediately in most environments. Such a layer is generally a 

few nanometers thick, being composed of a compact amorphous layer and a thicker, more 

permeable outer layer of hydrated oxide
1
. The thermodynamic stability of this oxide film can be, 

however, varied by changing the pH of the environment. In the pH range lower than 4 or higher 

than 8.5, aluminum corrodes in aqueous solutions, yielding Al
3+

 in acid and AlO2

 in bases

2
.  

 

 

Figure 1 Pourbaix E-pH diagram for pure Al/H2O ( 25˚C). The lines (a) and (b) correspond to water 

stability and its decomposed product. 

 

 

    Despite its good corrosion resistance and being light in weight, the mechanical properties for 

pure aluminum are far below demand for most structural use, e.g., a yield strength of only 7-11 

MPa. Therefore heterogeneous alloys were developed, such as the 2xxx and 7xxx series, where the 

intermetallic particles dramatically enhance the alloy strength, but induce different electrochemical 

characteristics. Aluminum alloy 2024-T3 (AA2024), which possesses a tensile strength of 400-427 

MPa, and a yield strength of at least 269-276 MPa, is used widely as fuselage skin and structural 

material in aircraft design due to its good strength-to-weight ratio
1, 3

. Yet the presence of Cu is 



  Introduction 

3 
 

viewed as detrimental in terms of corrosion because of the formation of cathodic particles, such as 

Al2Cu and AlCu2Mg,  that enhance the cathodic reactions locally and efficiently 
1, 4, 5

.   

 

Several types of corrosion for Al and its alloys are listed and introduced briefly below:   

 

Pitting corrosion: A type of local corrosion that takes place on the metal surface where a 

protective/passive (oxide) layer is destabilized, leading to small pits/ holes. For 

2xxx Al alloys, pits generally develop at the surface sites where the intermetallic 

inclusions are located. 

Crevice corrosion: A type of local corrosion, in which the occurrence of anodic and cathodic sites 

are influenced by a differential aeration cell. At the site where less oxygen is 

present due to geometrical hindrance, anodic reaction takes place, coupled by the 

cathodic reaction occurring outside the crevice where more oxygen is available. 

Well-known examples are fasteners, lap joints, flanges, etc. 

Galvanic corrosion: A type of corrosion resulting from the difference in corrosion potential of two 

electrically connected metals.  In a corrosive solution, anodic reaction takes 

place at the less noble metal and the cathodic reaction occurs at the more noble 

metal. 

Intergranular corrosion: A type of local corrosion that takes place at grain boundaries, which 

display different electrical potentials than the grain, resulting in a corrosion cell. 

Intergranular corrosion propagates sometimes more quickly than pitting 

corrosion but to a limited extent due to the deficiency of oxygen transport and 

aggressive species.  

Exfoliation corrosion: A type of corrosion often described as a special intergranular corrosion that 

forms at grain boundaries and proceeds laterally along planes parallel to the 

surface. Sometimes this corrosion attack propagates along a layer with high 

density of intermetallics, eventually causing the metal to delaminate. 

 

 

    The most common corrosion protection for aluminum and its alloys is offered by organic 

coatings, which provides protection by a barrier action
6
 and/or from active corrosion inhibition 

incorporated
6
. However, the coated Aluminum and its alloys suffer from another type of corrosive 

attack, filiform corrosion, which is generated by a differential aeration cell. An aeration cell is 

formed by the differences in oxygen concentration between two parts of the system: 
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Low oxygen concentration area: 

Al  Al
3+

 +e
 

 (a) 

Al
3+ 

+ 3H2O  Al(OH)3 + 3H
+
 (b) 

 

High oxygen concentration area: 

2H
+
 + 2e


  H2 (c) 

O2 + 2H2O + 4e

  4OH


 (d) 

 

    Once a coating defect has occured, the oxygen concentration can be varied in different regions of 

the metal surface. For example, if the corrosion products contain no species which can be oxidized, 

the oxygen transport rate through the hydroxide-oxide corrosion products is estimated to be about 

10
4
 times higher than that through a thick intact coating

7
. As a consequence, the area covered by the 

corrosion product is prone to become the cathodic sites coupled with the anodic sites beneath the 

intact coating. The corrosion propagates along the coating-metal interface by the dissolution of Al, a  

type of corrosion behavior called “anodic undermining”
7, 8

 (Figure 1).  On the contrary, if the 

permeation rate of oxygen is faster for the intact coating than for the corrosion product, cathodic 

sites will be generated under the coating. Delamination will take place due to the transport of 

cations, which is motivated by the hydroxyl groups generated according to eq. (4), into the coating-

metal interface. This kind of delamination mechanism is called “cathodic delamination”
6, 8

 (Figure 

2), and usually accounts for the coating delamination on iron substrates.   
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Figure 1   Schematic illustration of the anodic undermining mechanism taking place on coated AA 2024 in a 

corrosive environment. The thickness of the black arrows indicates the oxygen permeation rate. 

Please note that this illustration only represents global anodic undermining. Other local 

corrosion behavior, which occurs simultaneously, is not shown.  

 

 

 

 

Figure 2 Schematic illustration of the cathodic delamination mechanism taking place on coated Fe. The 

thickness of the black arrows indicates the oxygen permeation rate. Fe
+2

 oxidation occurs and 

consumes the oxygen, resulting in a slower oxygen permeation rate.  The transport of cations such 

as Na
+

 and Fe
+3

 present in the corrosive environment into the cathodic sites beneath the coating 

causes further coating delamination. Please note that this illustration only represents global 

cathodic delamination. Other local corrosion behavior, which occurs simultaneously, is not 

shown.  
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Corrosion protection-organic coatings   

   The aerospace industry places a high demand on its coatings on aircraft structures. A complete 

coating system basically consists of three individual layers
9
. The first layer is the conversion 

coating, which is considered to provide a surface pre-treatment. This layer protects the underlying 

metal from corrosion and also gives improved adhesion to the substrate. The second layer is the 

primer, which is made up of pigmented organic resins, such as epoxies. The final layer is the 

topcoat which is typically formulated using polyurethane resins. 

    Chromate conversion coatings (CCC), formed by immersion of aluminum alloys in an acidic 

solution of chromate and fluoride, have been used for years to inhibit aluminum corrosion
10

. Such 

films have been shown to contain both Cr (III) and Cr (VI), the latter, which, however, is known to 

be toxic and poses serious human health and environmental hazards. Rigid environmental 

regulations, introduced in the US and EU, have stipulated the elimination of the hexavalent 

chromium as the active ingredient in corrosion inhibition
11, 12

. The development of environmentally 

friendly pre-treatments for metallic substrates is a field of growing interest due to banning the use of 

chromates as protective pre-treatments
13

 . 

    One of the emerging researches in this field is on anti-corrosive properties of electrically 

conductive coatings, which provides electrochemical protection by preventing the corrosion 

reaction originating from the cathodic and anodic zones at the interface
14, 15

. However, the 

applicability of this method was limited by some technical hurdles such as the poor oxidative 

stability of electrically conductive polymers, their poor mechanical properties, porosity, but also 

depletion of reaction species, and the detrimental interactions between the interface and the 

generated radicals or redox species. Recently, attention has been drawn on employing conductivity 

in the form of a composite coating. Such a coating can offer great passive protection and 

processability with respect to its selected polymeric matrix, and the incorporated conductive species 

can work actively to suppress the corrosion reaction
16-19

.  

 

Percolation 

    Generally, polymers are electrically insulating materials, having typically a volume resistivity 

from 10
12

 to 10
15

 Ω·cm
20

. However, by incorporating conductive particles, polymers can be 

converted from insulators to (semi)conductors. The insulating-to-conductive transition of these 

conductive composites is not a gradual one but characterized by an abrupt increase with several 

orders of magnitude at a certain particle loading
21-24

, where a conductive particle network is formed 

through the polymeric matrix. This critical concentration is called the percolation threshold.  
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    Percolation theory has been extensively developed since the early 1970s. The work done, as 

reviewed by Kirkpatrick and Zallen
25, 26

, showed that a minimum of 16 vol% particle concentration 

is required for random percolation. However, for carbon-black (CB)-thermosetting systems, many 

experiments showed a lower necessary volume fraction
21, 27-30

. A basic kinetic theory was 

developed for non-random dynamic percolation, in which particle-particle interaction is described 

by two competitive forces: attractive London-van der Waals forces and repulsive Coulomb forces 

due to the surface charge of the dispersed particles. Once the repulsive forces are overcome by 

thermal energy, mechanical stirring or modification of the surface charge, particle agglomeration 

occurs during which a percolating structure is formed irreversibly
30, 31

.  

    Also fractal structures have been taken into account
24, 29, 32

. A fractal is a structure showing self-

similarity at various length scales
21, 33

. Two models have been well accepted when referring to the 

kinetics of fractal aggregation. One is Diffusion Limited Cluster Aggregation (DLCA), which was 

first proposed by Witten and Sander
34

, and further developed recently by Huijbregts et al.
33

. In this 

model, fractal clusters attach to each other once they meet, building up the percolating network 

irreversibly. The other model is Reaction Limited Cluster Aggregation (RLCA)
35

, for which it is 

assumed that the possibility of network formation due to first contact of clusters is small. Due to the 

repulsive interactions, the rate of formation is determined by the time needed for clusters to 

overcome the energy barrier. Fractal structures are characterized by their fractal dimension df which 

has been used extensively to determine the mechanism of fractal aggregation. For DLCA, the df-

value has been found to be universally 1.85 ± 0.05
28, 36

, while for RLCA df = 2.1 ± 0.05
28, 37

. 

 

     

Characterization of corrosion on coated metal 

I. Electrochemical impedance spectroscopy (EIS) 

    As corrosion reactions are predominantly electrochemical reactions, the use of proper 

electrochemical methods is critical. Electrochemical impedance spectroscopy (EIS) is thereby a 

good tool being extensively applied in studying the deterioration and corrosion process on metal-

coating systems
38-44

. This technique is based on the application of a continuous perturbation to a 

steady-state system and the subsequent analysis of the relaxation of the electrochemical system to a 

new steady state
45

. 

    When a small sinusoidal voltage is applied to a system:    

    E(t) = E0 sin (ωt + φe)                                                                                                                (1)     

    a sinusoidal current   
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    I(t) = I0 sin (ωt + φi )                                                                                                                  (2)  

with a phase shift  φe   φi  can be obtained. To simplify the calculation, a Laplace transformation is 

applied and therefore the impedance Z, which equals to ∆E(t)/∆I(t), can be represented as:  

      Z = Z' + jZ"                                                                                                                               (3) 

leading to the modulus of the impedance as: 

           √(  )  (   )                                                                                                           (4) 

where Z' =         ; Z" =        ,  φ is the phase angle and j = (1)
1/2

. 

   To present the data in a more visually accessible way, a Nyquist plot can be made by setting the 

real part of impedance the x-axis, and the minus imaginary part, the y-axis, as shown in figure 3 (a) 

46
. This one-time constant plot originates from the equivalent circuit inserted. The impedance at 

every point on the semicircle can be represented as a vector of (|Z| cos φ, |Z| sin φ). At high 

frequency end, the impedance of the cell was almost created by the RΩ, and at the low frequency 

limit, a pure resistance (RΩ + Rp). The primary advantage for the Nyquist plot is that the effects of 

the resistances can be seen easily. Figure 3 (b) displayed another representation, the Bode plot, in 

which the most distinct advantage is the showing of |Z| and φ as function of frequency.    

 

 

Figure 3 (a) the Nyquist plot obtained from the EIS measurement on the inserted equivalent electrical cell, 

and (b), the corresponding Bode plot. 

 

    In general, the anti-corrosive properties of organic coatings are influenced by various factors 

including, for example, the dielectric constant, adhesion, water and oxygen uptake, and ion 

penetration properties of the coatings, and more complex, the pigments and additives used, the 

coating defect. Equivalent circuits thereby serve as ‘finite element models’ to link the 

physical/electrochemical phenomenon to the signal detected by EIS.  
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    For example, an organic coating ideally behaves as a dielectric, being electrically equivalent to 

the capacitance C0 of the polymer layer. For an intact coating immersed in electrolyte solution, the 

equivalent circuit can be expressed as a C0 in series with the solution resistance RΩ as shown in 

figure 4 (a), and the corresponding Nyquist and Bode plots, in (b) and (c), respectively
47

. Notice 

that in the Nyquist plot the intercept of the curve with the x-axis gives an estimate of the solution 

resistance, but not the value of the capacitance, which, however, can be determined in the Bode plot 

by the y-intercept.  

 

 

       

Figure 4 (a) the equivalent circuit for an ideal intact coating and the corresponding (b) Nyquist plot and the 

(c) Bode plot. 

 

 

    After a longer testing time, the coating delamication may occur at the metal-coating interface (a 

failed coating), a general impedance which is composed of, in many cases, an ion 

conduction/transfer resistance Rp in parallel with a double-layer conductance Cdl should be 

considered. Moreover, due to the influence of forming the electrical double layer, C0 has to be 

replaced by a constant phase element, Cc
48

. An example is shown in figure 5, in which two time 

constants can be observed in the corresponding Nyquist and Bode plots (|Z| - frequency). The 

magnitude, |Z| at the y-intercept of the Bode plot decreases, revealing the loss of coating barrier 

properties. Note that since corrosion is a very complicated process and can be influenced by many 

external factors, the aforementioned model can differ from case to case
45, 49, 50

.  
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Figure 5 (a) the equivalent circuit of a failed coating and the corresponding (b) Nyquist plot and the (c) 

Bode plot. 

 

 

II. Salt spray 

Contrary to the EIS test, which detects the corrosion/coating delamination in a local area, salt 

spray test provides global information of the corrosion progress in an eye-visible way. Note that the 

salt spray test is an accelerated test in which the coated panels are pre-damaged in a standard way. 

Later being placed in an extreme corrosive environment, the corrosion reaction initiates from those 

damaged weak sites, and propagates into the adjacent intact area, resulting in coating delamination. 

The higher the corrosion resistance, the less the corrosive defects can be observed in the same 

exposure time. The method used in this study is based on ISO 7253, in which test specimens are 

placed in an enclosed chamber and exposed to a continuous indirect spray of neutral (pH 6.5 to 7.2) 

salt water solution (5 wt%) with a rate of 1.0 to 2.5 ml/hour. The chamber temperature is kept at 

+35 °C. The main disadvantage of salt spray test is their weak correlation between the duration in 

test and the expected coating life time. Despite this, this method is still used extensively to compare 

the coating performance with respect to their corrosive resistance.  
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 1.2 Purpose of this study 

The purpose of this research is to tailor a sustainable composite primer by incorporating simply 

conductive fillers that can modify the electrochemical behavior of the coating-metal interphase 

through forming percolated conductive network. As a result, the corrosion process, which takes 

place after the coating is damaged, can be substantially subdued. With sufficient electrical 

conduction at the coating-metal interface, this structure is expected to change the corrosion 

mechanism of AA2024, and shifts the delamination site away from the coating-metal interface 

where the fatal coating delamination usually takes place. A schematic illustration is shown in figure 

6.  

 

 

Figure 6  Schematic illustration of the approach of this study. After percolating conductive pathways have 

been established in the polymeric coating, electrons which are generated from the anodic sites can 

be possibly transferred through the metal-oxide-coating (MOC) interphase into the coating or 

coating surface, resulting in a cathodic reaction occurring both at the MOC vicinity and in the 

coating or coating surface. Therefore the corrosion mechanism may be changed from anodic 

undermining to cathodic delamination. Moreover, the delamination sites can be partially shifted 

from the interface into the coating or coating surface, reducing the risk of coating detachment.  

 

 

 

1.3 Outline of the thesis 

    To approach the goal of this study, firstly an optimized coating system has to be built up. In 

Chapter 2 I varied the epoxy-to-NH ratios in order to find an epoxy crosslinking system that 

possesses good thermal and chemical resistance, and low water-uptake. Moreover, the adhesion 

property, which is crucial for the anti-corrosive behavior of organic coatings, is seriously taken into 

account and examined by using both the cross-hatch method and the more elaborated and 

quantitative pull-off test.  
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    After the optimized coating system was determined, the carbon black nanoparticles (CB) were 

introduced for establishing conductive pathways in the polymeric matrix. The percolation threshold 

was examined by measuring this CB-epoxy composite with various CB concentrations. Besides an 

electrical conductivity and a study of the static percolation theory, a deeper insight of the dynamic 

percolation was provided by measuring the in-situ conductivity together with a study on kinetics of 

the curing reactions. Results for this part are shown in Chapter 3. 

   AC conductivity measurement as well as the conductive AFM (C-AFM) equipped with an 

ultramicrotome were applied to obtained a 3-dimensional view with respect to the conduction 

behavior of the percolated conductive clusters. In this chapter, both the theoretical background and 

the experimental results were examined in Chapter 4.  

    The electrochemical behavior of AA2024 coated with the aforementioned composite coating 

(CB) and a reference system (CL) in which an un-filled coating with the same polymeric 

composition applied were investigated in Chapter 5. A micro-electrochemical impedance 

spectroscopy (micro-EIS) was designed with an attempt to acquire a local defect which was 

manually created in order to speed up the corrosion process. Prior to this experiment, the barrier 

properties of the intact systems for both the CB and CL samples were studied by using a 

conventional EIS. At the end of this chapter, a corrosion mechanism of the CB system that differs 

from the conventional anodic undermining for AA2024 is proposed. 

    Chapter 6 is a continuation of chapter 5 concerning the newly-proposed corrosion mechanism. 

The conventional salt-spray test was performed on both CB and CL systems, and a much better 

stability for the CB system was observed as compared with the CL one. Another test was designed 

to visualize the propagation of especially underfilm corrosion/ corrosive delamination. The results 

were consistent with the micro-EIS tests shown in the previous chapter. Both corrosion tests 

confirmed the better anti-corrosive behavior of the CB system.  Finally, the scanning vibrating 

electrode technique (SVET) and the scanning electrochemical microscopy (SECM) technique were 

applied to verify the corrosion mechanism proposed.  
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Wet adhesion of epoxy coating is an indispensable property for their corrosive protection 

function on metal substrates in general, but especially on aluminum alloys such as 2024-

T3. To explore the influence of the type of chemical bonding at the interface on the 

coating adhesion strength, samples with molar epoxide-to-amine (E/NH) ratios ranging 

from 0.6 to 1.4 were prepared and fully cured. The Tg , cross-link density (XLD), and the 

water absorption, were measured and analyzed with respect to the coating adhesion 

strength, which was verified by the classic “cross-hatch” and the more quantitative pull-

off tests, both in dry and wet conditions. In addition, two types of internal stresses that 

deteriorated the coating adhesion strength were identified. One was caused by the 

mismatch of thermal expansion coefficients (CTE) of substrate and coatings (tensile) and 

the other was induced by water uptake (compressive). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2 

  
Wet adhesion of epoxy-amine coatings on 

Aluminum alloy 2024-T3 

 



Chapter 2 

18 

 

2.1 Introduction 

Amine-cured epoxy resins, due to their good mechanical properties, strong adhesion, and 

excellent chemical resistance, are widely used in adhesives and protective coatings
1
. Among these 

applications, the protection of aluminum alloys for aircraft construction from corrosion attack is of 

particular interest
2,3

.  

The excellent adhesive strength of epoxy coatings has been suggested to be attributed to the 

various bonds formed between the polymer functional groups and the aluminum oxide layer
1,4-6

. 

However, this protective interface becomes more vulnerable in aqueous environment. Water has 

been shown to accumulate at the interface and to cause degradation of adhesive bonding, usually 

followed by corrosion initiation and propagation
7-9

.  

Many investigations have been carried out to understand the mechanisms of bonding and 

debonding in order to improve the durability of the polymer-oxide-aluminum alloy interface in the 

presence of water. Leidheiser and Funke
10

 illustrated two debonding mechanisms which are widely 

accepted. On the one hand, water chemically disrupts the hydrogen bonding at the interface between 

the polymer matrix and the aluminum oxide surface. On the other hand, it induces swelling internal 

stress and thereby decreases the load-bearing capacity of these films. Kinloch and co-

workers
11,12

investigated the interface stability by calculating the thermodynamic work of adhesion. 

They found that, for an epoxy/aluminum oxide interface, the work of adhesion changed from 

positive to negative on going from a dry to a wet environment, indicating a displacement of the 

epoxy by water, a phenomenon that reduces the interface stability. Moreover, the tensile internal 

stress, which results from the thermo-geometric shrinkage mismatch between substrate and coating 

after cooling down from the curing (post-bake) temperature, is also considered as an important 

cause of wet coating debonding
13-15

.  

A small variation in epoxide-to-amine (E/NH) mixing ratio can influence the epoxy coating 

properties significantly
16,17

. Many potential influences of coating wet de-adhesion, such as the 

cross-link density
18

, coating free volume
19,20

, thermal expansion coefficient
21

and moisture 

absorption
22

are all variables of the epoxide-amine stoichiometry. However, a thorough investigation 

covering all this factors with an attempt to understand the phenomenon of coating wet adhesion loss 

is still missing. Therefore, in this chapter the glass transition temperature (Tg), the cross-link density 

(XLD), water absorption, coating free volume, the thermal expansion coefficient (CTE) and the wet 

adhesion properties of epoxy coatings as a function of the epoxide-to-amine ratio were studied.  

Two kinds of adhesion tests were used in this study: the cross-hatch test (ASTM D3309) and the 

pull-off test. The former is widely employed as a quick, standard and semi-quantitative method to 

classify the adhesion properties of organic coatings
23

. The latter provides more quantitative 
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information of the forces needed to disrupt the bonding between substrate and coating. Only 

adhesive failure
24

 is taken into account. However, the pull-off test is more time-consuming.  

Therefore all the samples investigated here were first tested by using the cross-hatch method, and 

then the pull-off test was applied on specific samples for a more quantitative evaluation.  

 

2.2 Materials and methods 

2.2.1 Coating preparation  

    A bisphenol A based epoxy (Epikote 828, Resolution Nederland BV, see fig. 1) with an 

equivalent weight (eqw) per epoxide group of 187 g/mol is used in this study.  The curing agent, 

Jeffamine D230 (Huntsman BV, Belgium), is a polyether based amine with an average 

aminohydrogen eqw of 60 g/mol. Coatings were prepared by mixing these two components at 

epoxide / amine (E/NH) ratios of 0.6, 0.8, 0.9, 1.0, 1.1, 1.2 and 1.4, respectively.  After 

magnetically stirring for 5 min and ultrasonically degassing for 5 min, the materials were casted in 

thin-wall Al pans for making free standing films and on Pt sheet for water uptake measurements. 

For the adhesion tests, resins with different E/NH ratios as mentioned above were applied on 

Aluminum alloy 2024-T3, which was pretreated beforehand by sanding (Scotch-Brite, 3M) and 

washing with acetone to remove oil and dust. The application of the coating was done by employing 

a quadruple film applicator (Erichsen GmbH & Co. KG) with controlled film thicknesses 20-40, 40-

60, and 60-80 µm, respectively. All these samples were cured at 100 C for 4 hours under vacuum 

and were cooled in the oven until room temperature was reached. The coating thickness was 

measured after curing to confirm the required values were obtained. 

 

 

 

 

Figure 1 Molecular structure of the epoxy and amine used in this study. 
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2.2.2 Characterizations 

The Tg of the coatings was determining by DSC (Perkin-Elmer Pyris 1) measurement with a 

scan rate of 20 
o
C/ min. Dynamic mechanical analysis was carried out using a DMA-Q800 (TA 

Instruments) in fixed frequency mode (1 Hz) with a heating rate 3
 o
C/ min. 

The water uptake measurements were done using a frequency response detector (EG&G model 

1025) coupled to a potentiostat/galvanostat (EG&G model 283). The capacitance as a function of 

immersion time was recorded at 1 kHz at room temperature. The Brasher-Kingsbury equation (1)
25-

27
 was used to deduce the water volume fraction in the coatings from the capacitance versus time 

curve. Denoting Ct as the coating capacitance at time t, and C0 as the capacitance of the dry coating, 

the volume fraction c is estimated by  

c = log (Ct/C0)/ log 80                     (1) 

Further details have been discussed in previous papers 
27,28

. 

The linear coefficient of thermal expansion (CTE) of coatings was measured by DMA using 

tension clamps in the controlled force mode. A preloading of 0.05 N was applied, while during the 

experiment the loading was set to zero in order to obtain the real thermal expansion of coatings. The 

coatings were prepared by casting the resin into Al cups and, after curing, free standing films with 

smooth surface were obtained by peeling the material from the cup walls. Two scans are performed 

for each sample. The temperature scanning range was from 0 C to 140 C employing a scan rate 3 

C / min.  One set of samples was cooled down with a floating bottom clamp, allowing the coating 

to shrink freely (F); the other set of samples was cooled down with both clamps locked, and 

therefore the length of coatings was fixed, being unable to shrink during cooling (L).   

2.2.3 Adhesion tests 

2.2.3.1 Cross-hatch test 

The cross-hatch test based on ASTM D3359 was used to classify the adhesion strength of 

coatings to the substrate. The edges of all the samples were sealed by water-proof tape before 

immersion. Two sets of samples were prepared. One set was immersed in distilled water for two 

days and tested immediately after being picked up and wiping the water off the coating surface 

(W2d). The other set was also immersed in distilled water for two days, but it was dried in air at 

room temperature to desorb the water for two days (R2d). A multi blade-tester for “cross-hatch” 

testing (Evano Instruments, the Netherlands) with a spacing of 1 mm was selected to test samples 

with thickness 20-40 µm.  For samples with 40-60 and 60-80 µm film thickness, another tester with 

2 mm spacing was chosen. Cuts that reached the substrate were made with a uniform cutting rate 

and pressure to form 25 squares (figure 2a). After brushing, a standard tape (3M Scotch) was 
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applied over the cuts and peeled away rapidly at an angle close to 180
o
. The adhesion strength was 

characterized by evaluating the intact coating area.  

 

2.2.3.2 Pull-off test 

The pull-off test was performed by using an Easy TEST (EZ 20) tensile equipment. After the 

samples were immersed and dried as indicated above, the coating surface was ground by sand paper 

(#1200, 3M) to enhance the mechanical anchoring of the glue (3M scotch-weld DP460) which 

attached the stud perpendicularly to the coating surface (figure 2b). The force needed to detach the 

coating from the substrate was monitored as a function of the stud displacement. Only the loading 

of adhesive failure was recorded. Further details were given in our previous paper
28

. 

 

 

 

  

Figure 2 Illustrations of the (a) cross-hatch and (b) pull-off adhesion tests. 
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2.3. Results and Discussion              

2.3.1 Glass transition temperature (Tg)                                                       

The Tgs of studied samples were characterized both via DSC and DMA. The DSC traces of the 

second heating scan were plotted in figure 3a. All the coatings were all fully cured as no further 

exothermic reactions were observed in their first scans. The tan δ curves obtained from DMA 

measurements were plotted in figure 3b, in which a clear peak, which represents the Tg value for 

each ratio can be seen. Figure 3c displayed a comparison of the Tg results obtained via both methods 

as function of the coating E/NH ratios. Although the absolute Tg values were not the same due to the 

intrinsic difference of the responses measured, a similar profile for both curves was observed. The 

Tg of a polymer is quite structure-sensitive, influenced strongly by intra- and intermolecular 

interactions
29

. In our case we would expect that the Tg changes systematically with increasing 

epoxide content. However, instead of continuously shifting to a higher value with increasing 

epoxide content, the Tg reached a maximum at E/NH = 1.0, showing a behavior that is significantly 

stoichiometry dependent. It was shown by Nielsen
30

 that the Tg of a cross-linked polymer can be 

related to its XLD, which is represented by the molecular weight between two cross-links, Mc. 

 

Figure 3  (a) DSC thermograms (the second heating scan is depicted) of coatings based on different E/NH 

mixing ratios. b) The tan δ curves measured from DMA. The Tg values were obtained via the tan 

δ peaks. c) The Tg values obtained via DSC (■) and DMA (○) versus the composition of the 

Epikote 828 / Jeffamine D230 coatings.  
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2.3.2 Cross-link density (XLD) 

The XLD was evaluated using DMA. The storage modulus E’ as a function of temperature is presented 

in figure 4a. In accordance with the DSC results, one clear glass-to-rubber transition can be observed for all 

the samples, among which the sample with E/NH = 1.0 possesses the highest storage modulus. The relation 

between modulus E’ and Mc for a rubber was derived by Kuhn
31

.  Based on his assumptions, Mc can be 

represented by equation (2)
32

.    

Mc = 3ρRT/E’                     (2)                                                                                 

where ρ is the polymer density (1 g/cm
3
 is used for all samples in this study), R is the gas constant, and T is 

the absolute temperature, taken at the point with the lowest E’ in the rubbery plateau. According to this 

relation, the Mc value for the sample with E/NH = 1.0 is 589 g/mol. However, for ideal cross-linking the 

molecular weight between cross-links would be close to 335 g/mol
33

, which is around one-half of our result. 

This difference is probably due to the model represented by equation (2), which oversimplifies the real 

situation during network formation. A 25 to 50 percent deviation from the ideal value can be accepted 
34-36

. 

Taking this into account, as well as the variations caused by the presence of coating defects, i.e. dangling 

ends and loops, the theoretical and the experimental results match each other satisfactorily. 

Although the precise Mc value obtained from (2) is oversimplified, it is still helpful to compare the cross-

linking structure for systems consisting of the same materials and curing procedure. The Mc values derived 

from equation (2) as a function of stoichiometry are depicted in figure 4b. In good agreement with the Tg 

results, Mc reaches a minimum at E/NH = 1.0, and rises with increasing degree of off-stoichiometry on both 

sides.  Apparently, the cross-link density can be changed accurately by varying the E/NH ratio in this system, 

and the highest cross-linking density was observed in sample with E/NH ratio 1.0. 

 

 
 

 

 

Figure 4 (a) The storage modulus curves of Epikote 828 / Jeffamine D230 materials for different mixing 

ratios as a function of temperature, and b) Mc, cross-link density derived from equation (2) as 

a function of stoichiometry.  
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2.3.3 Water absorption measurements 

Time dependent water absorption can be monitored by using single frequency EIS
28

. All the 

measurements were performed at room temperature, which is far below the Tgs of the coatings. The 

effect of epoxide-amine stoichiometry on the water absorption behavior is displayed in figure 5a, 

where fitted curves were used in order to have a clear comparison. For all coatings the water 

fraction c reached saturation after immersing for about 8 hours. To illustrate the scatter, one fitting 

example is shown in figure 5b.  

 

 

Figure 5 (a) Water absorption volume fraction φc of Epikote 828 / Jeffamine D230 coatings with different 

E/NH ratios; coatings were applied on platinum. (b) An illustration of experimental results and its 

fitting curve for E/NH = 1.1. (c) The water saturation fraction (■), and the Mc (○) values as a 

function of coating stoichiometry. 
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  The water absorption capacity of these coatings correlates nicely with their XLD as can be seen in 

figure 5c, in which the c and Mc profiles display a degree of high similarity. The first group, with 

the lowest water sorption fraction, includes the samples with E/NH = 0.9, 1.0, and 1.1. The second 

group consists of the coatings with E/NH = 0.8 and 1.2 with intermediate Mc values while the third 

group, taking up more water than the others comprises the samples with E/NH = 0.6 and 1.4.  

However, also other influences on water uptake should be considered, such as solubility and 

free volume effects. In addition to the network structure, the transport of water in a coating has also 

been demonstrated to be influenced by the polarity of coating, which is dependent on the 

concentrations of polar groups, e.g. hydroxyl or amine
 37-40

. To estimate the influence of polarity 

change, we first calculated the van Krevelen and Hoftyzer 3-D solubility parameter δ and its 

components δd, δp, and δh for the dispersion, polarity, and hydrogen bonding contributions, 

respectively for the coating
41

 by the Molecular Modeling Pro software (ChemSW, US). In order to 

have a proper, stoichiometric molecule in the calculation, model compounds were employed using 

Epikote 828 and Jeffamined D 230 with E/NH ratios of 0.75, 1.0, and 1.25, respectively. Those 

numbers are the closest to the ratios use in the experiments, namely 0.8, 1.0 and 1.2. The results are 

shown in table 1, in which only minor variations among the samples can be seen, being not 

sufficient to explain a 1.5 fold increase of the water absorption from samples with E/NH = 1.0, to 

0.8 and 1.2. Furthermore, δh reaches the highest value for E/NH = 1.0, and drops down when off-

stoichiometry increases, a phenomenon in contrast to the water absorption behavior, in which the 

stoichiometric samples displayed the lowest water uptake. Clearly, the polarity of the coating in 

relation to the coating stoichiometry is less likely to be the determining factor of the water uptake.   

With respect to water uptake, free volume effects have previously also been regarded to be 

relevant
42

. To study the amount of free volume in our coatings, time-temperature superposition 

(TTS) measurements were performed by using DMA for coatings with E/NH = 0.8, 1.0, and 1.4, 

respectively
43

. According to Williams-Landel-Ferry (WLF) analysis
44

,  the fractional free volume fg 

divided by a constant B can be calculated through working a graphical fitting on the master curves 

obtained via TTS. Based on the fact that, below Tg, the amount of free volume is stable versus 

temperature, the Tg values obtained both by DSC and DMA are used as reference temperature Tr
44

. 

The results are summarized in table 2, in which the fg/B values are rather constant and do not 

correlate with the E/NH ratio, revealing that the coating stoichiometry does not influence its free 

volume content.  
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E/NH ratio 0.75 1.0   1.25 

Illustration 

 
 

 

δ  (J1/2
/cm

3/2
) 24.42 24.58 24.63 

δd (J
1/2

/cm
3/2

) 20.75 20.87 21.29 

δp (J
1/2

/cm
3/2

) 1.75 1.62 1.50 

δh (J
1/2

/cm
3/2

) 12.76 12.89 12.29 

Amine                   Epoxy  

 

Table 1 The van Krevelen and Hoftyzer’s 3-D solubility parameters of coatings with E/NH ratios 0.75, 1.0, 

and 1.25, respectively. 
 

 
 

 

 E/NH ratio 0.8 1.0 1.4   

 
Tr=Tg (DSC) 0.045 0.042 0.045 

Tr=Tg (δ) 0.057 0.050 0.054  

 

Table 2 The fg/B values of coating determined by WLF method. 

 

 

The molar thermal expansion (MTE) method was also applied 
45

 to analyze the amount of free 

volume in the coatings. In figure 6a a clear glass-rubber transition can be seen for each sample. By 

extrapolating the expansion curves of the glassy and rubbery paths to 0 K (-273 C), a difference 

between the fictitious lengths of the samples in the glassy and rubbery state at 0 K is obtained, 

which is an indication of the coating free volume (A full explanation can be found in reference
45

). 

The data are summarized in figure 6b, in which coatings show a similar length difference, revealing 

that the amount of free volume in these coatings is independent of their stoichiometry. Apparently, 

the free volume is not a dominating factor of coating water uptake.  
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Figure 6 (a) The thermal expansion behavior of coatings with E/NH = 0.8, 1.0, and 1.2 as a function of 

scanning temperature, and (b) the length difference at 0 K (an indication of coating free volume) 

as a function of coating stoichiometry. 

 

2.3.4 Wet adhesion 

2.3.4.1 Influence of epoxide-amine stoichiometry 

As a preliminary screening, the adhesion properties of coatings with E/NH ratios 0.9, 1.0, and 

1.2 were tested by using the cross-hatch test before immersing in water (dry adhesion). No coating 

delamination was observed. The results of cross-hatch tests for the coating, after water immersion 

(2 days), varying their stoichiometry and thickness, are shown in Table 3.  The adhesion strength is 

classified with numbers from 0 to 5, in which a larger number means less delamination and a 

stronger load-bearing property. It is clear that the samples with higher epoxide contents bear better 

wet adhesion properties. Noteworthy, the overall wet adhesion behavior of these coatings is 

independent of their water uptake capacity.  

 

E/NH ratio 0.6 0.8 0.9 1.0 1.1 1.2 1.4 

20-40 µm 0 0 0 0 0 2 5 

40-60 µm 0 0 0 0 0 5 5 

60-80 µm 0 0 0 0 0 0 0 

The classification numbers refer to the percentage of coating flaking area after test: 0, 1, 2, 3, 4, and 5 

indicate greater than 65%, 35-65%, 15-35%, 5-15%, less than 5%, and none of the coating was flaked after 

testing, respectively.  

Table 3 The results of cross-hatch adhesion tests for coatings immersed in water for 2 days with different 

E/NH ratios and thicknesses. 
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To have a more quantitative view of the amount of remaining adhesive bonding after immersing 

in water, pull-off tests were performed on samples with E/NH = 0.8, 1.0, 1.2, and 1.4 with a film 

thickness of 40-60 µm. Within this thickness range the coatings show the best adhesion in the cross-

hatch tests. In addition, another set of samples, was used in order to clarify the effect of internal 

stress. The results for as-prepared coatings (dry), two-day immersed coatings (W2d), one-week 

immersed (W1w), and two-day recovered at room temperature after picked up after two-day 

immersion (R2d) are presented in table 4. For the coatings with E/NH ratios 0.8, 1.0, and 1.2, the 

differences in their dry adhesion strengths is not large, ranging from 6.9 ±1.9 to 7.3 ±1.6 MPa. 

However, when the E/NH ratio increases to 1.4, the adhesion strength rises to 11.6 ±1.3 MPa, 

indicating that the epoxide groups have a positive influence on coating adhesion property.  

After immersing in distilled water for two days, the average adhesive strength for those ratios 

reduced to < 1.1 MPa (0.8), 1.9 ± 0.23 MPa (1.0), 3.0 ± 0.94 MPa (1.2), and 2.5 ± 0.36 (1.4), 

respectively. These results are in good accordance with the cross-hatch tests for which coatings with 

a larger excess of epoxide groups, the wet adhesion strength is also higher. Debonding was more 

severe for samples with E/NH = 0.6 and 0.8. Even before testing, several samples delaminated 

spontaneously, so the average strength is recorded as – and less than 1.1 MPa, respectively.  

Extending the immersion time to 1 week provides us a clearer view of coating performance in 

humid environment. All the adhesion strength drops down further, especially for the coating with 

E/NH = 0.8. This coating can be easily removed by manual peeling. The remaining adhesion 

strength is strongly associated with their epoxide content. For the coating with more remaining 

epoxide groups, less reduction in strength was observed. Epoxide groups are known to interact with 

the hydroxide groups present at the surface of aluminum oxide layer, forming e.g. aluminum 

alkoxides by ring opening
4,45 

or hydrogen bonds
6,45

, thereby enhancing the durability of the 

interface. Therefore, after immersion, the coatings possessing higher E/NH ratios show better wet 

adhesion.  
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Adhesion strength (MPa) 

Conditions 
Dry W 2 d R 2 d W 1 w 

E/NH 

0.8 6.9±1.91 <1.1(-) 1.7±0.25 - 

1.0 7.0±1.84 1.9±0.23 2.3±0.12 1.1±0.42 

1.2 7.3±1.59 3.2±0.96 4.4±2.40 2.1±0.67 

1.4 11.6±1.27 2.5±0.36 3.5±1.35 3.1±1.00 

  - : Coating delaminated before applying test, indicating extreme poor adhesion strength. 

For each ratio, 4~6 samples were tested. Excepting the wet adhesion for 0.6 and 0.8. 

 

Table 4 Adhesion strength for dry and wet pull-off tests of samples with E/NH = 0.8, 1.0, 1.2 and 1.4.  

 

2.3.4.2 Influence of internal stress 

2.3.4.2.1 Tensile internal stress (TIS) 

In addition to the chemistry at the interface, internal stress in a coating is reported to be 

detrimental in wet adhesion 
14-16,45-47

. This stress field is developed immediately after the coating 

reaches gelation and vitrification
48

, where the polymer networks become relatively immobile. When 

the sample undergoes further thermal treatment, a tensile internal stress (TIS) will be generated due 

to the mismatch of the thermal expansion coefficients (CTE) between coating and substrate
49

. The 

larger difference between their CTEs, the greater the TIS will be. 

Experiments were designed to measure the sample CTEs by using DMA. The CTE values of the 

Al cup used to prepare the free-standing film and AA2024 in this study are measured as 1.09‧10
-5

 

K
−1

 and 1.07‧10
-5

 K
−1

, respectively. These two values are close and much lower than that of the 

epoxy coatings used in this study, which range from 4 to 8 K
−1

, depending strongly on their E/NH 

ratios, as shown in figure 7. The existence of TIS at the coating-metal interface is thereby evident. 

In figure 7a, the first scans were performed on free-standing films. Being just removed from the 

substrate, the films employ the characteristics of substrate constraint. Therefore, in order to rule out 

the influence of the substrate, the films were allowed to shrink freely during the cooling from the 

first scan. As can be seen in the same diagram, the second scans behave very differently. All the 

values decreased, and the differences among them are significantly leveled out, indicating the 

coating CTE values have been influenced by the substrate constraint to a great extent. 

Evidence was provided by a reference experiment (L), which was performed on the same set of 

samples with locked clamps under the same cooling. Being fixed vertically by the clamps during 
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cooling, the free-standing film is unable to shrink in this direction. This set-up simulates coatings 

being adhered to a rigid substrate. The results are shown in figure 7b. The CTE from the first scans 

are in reasonable in agreement with that of the experiment (F). However, the second scan of L 

samples behaved differently than that of the F samples. Despite the slight drop in value due to small 

shrinkage from the other two dimensions, the profile of the second scan for L samples is the same 

as their first one, evidence that the molecular rearrangement is confined when the coating is fixed 

by clamps, while in a real situation, the coating adheres to a substrate. 

The CTE of the polymer in the glassy state represents its intermolecular space, which is 

associated with the molecular packing for cross-linked epoxies. Studies showed that the highly 

cross-linked systems display low packing densities due to the geometric constraints imposed by the 

network cross-links
50-55

.   However, this is just a part of what we saw in our experiments, in which 

the presence of a substrate apparently constrains the segment packing as well, especially for 

coatings with higher cross-link density. Nevertheless, the effect of substrate constraining is less 

visible for the samples with off-stoichiometric E/NH ratios, in which the polymer chains have more 

flexibility against the stress field. This provides a further insight of the better adhesion for coatings 

with excess epoxide, such as 1.2 and 1.4. However, for coatings with excess amine, such as 0.6 and 

0.8, although the CTE mismatch between coating and substrate is also smaller than the 

stoichiometric one, poor wet adhesion was still found, indicating that the chemistry at the interface 

still dominates their wet adhesive behavior. Moreover, although preferential adsorption may occur 

and influences the polymerization near the interface, but in the absence of further information, we 

assume that polymerization is homogeneous over the coating. 
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Figure 7 The coefficient of thermal expansion of coatings in glassy state (Citgo) as a function of coating 

stoichiometry: (●) (○) cooling in floating mode (F), where the coating can shrink freely, and (■) 

(□) cooling in locked mode (L).  
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2.3.4.2.2 Compressive internal stress (CIS) 

After water penetrates into coatings, another type of internal stress is reported to be generated. 

Being compressed by the water swelling, the interfacial bonding is weakened, and becomes prone to 

disruption
10,56

. Croll
46

 has shown that the internal stress of the swollen coating increases with the 

thickness of the coating. As a result, the adhesion strength might be overcome at a particular point, 

causing the coating to peel off spontaneously. A similar result was observed in our experiments. 

Coatings were prepared with three different thickness ranges: 20-40 µm, 40-60 µm, and 60-80 µm, 

and their wet adhesion (W2d) results are listed in table 3. When the thickness of the coatings with 

E/NH = 0.6, 0.8, and 0.9 increases to 60-80 µm, the coatings delaminated spontaneously even 

before testing. For the coatings with E/NH = 1.2 and 1.4, the adhesion strength, as measured by a 

cross-hatch method, drops dramatically to classification number zero when their film thickness 

further increases, while they still possess strong wet adhesion strength at thickness less than 60 µm. 

Bouchet
14

 in his study also showed a similar connection between coating thickness and internal 

stress. With increasing thickness from 20 to 90 μm, the internal stress rose from around 10 to 18 

MPa for epoxy coatings on chemically etched aluminum alloys.  

The “R2d” tests were further carried out on samples to obtain better understanding of the 

dry/wet reversibility of CIS. After being picked up from two-day immersion, samples were dried for 

two days. The adhesion strength of R2d samples was found to be higher than the that of the W2d 

samples, as shown in table 4, revealing that during two-day immersion, only part of the bonding 

loss for the W2d samples was caused permanently by the displacement of water, and the rest of the 

bonding was just weakened by CIS. Therefore, when the CIS reduced with the reduction of the 

water content, the load bearing properties of the remaining bonding were recovered, as exhibited by 

the R2d samples
13

.  

It is worth noting that the extrinsic CIS may be partly annihilated by the intrinsic TIS, thereby 

resulting in less adhesion loss. For W2d coatings with E/NH = 1.0 and 1.2, in which higher TIS 

were found, the degree of strength loss was less than that of the coatings with E/NH = 1.4, 

indicating that water swelling, to a certain extent, is impeded by the tensile stress. However, after a 

longer immersion time, as can be seen for W1w samples, most of bonding is displaced permanently 

by water, and the influence of the CIS-TIS compensation behavior becomes insignificant. 
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2.4 Conclusions 

In this chapter, the Tg, cross-link density (XLD) and water uptake properties of epoxy (Epikote 

828) / amine (Jeffamine D230) coatings as function of their stoichiometry (E/NH) are studied. The 

highest Tg and XLD appear for the coating with E/NH ratio 1.0, in which the epoxide (E) and amine 

(NH) functional groups are equally present and form a tight network structure. The water uptake 

properties are relative with coating network structure and are independent of the coating polarity 

and free volume. Coatings with lower XLD absorb more water due to the less dense networked 

structure. 

The wet adhesion properties of epoxy-amine coatings are influenced by many factors. Instead of 

contributing to the final performance independently, these factors are highly interconnected. In this 

study, it was clearly demonstrated that the epoxide-amine stoichiometry plays a dominant role in 

the adhesion behavior of the coatings. The adhesion behavior is determined by the type of chemical 

bonding at the polymer-metal interface. With respect to the chemical bonding, the interface of 

coatings with a molar excess of amine groups appeared to be disrupted easier by water than that 

with an excess of epoxide groups. 

Moreover, the internal stresses, both intrinsic and extrinsic, also affect the adhesion. While the 

coatings were cured at elevated temperatures (100 °C) under dry conditions but the adhesion 

measurements were performed at room temperature and under humid conditions, both tensile 

(thermal shrinkage after curing) and compressive (water uptake) internal stresses have to be 

considered. The difference between the coefficient of thermal expansion (CTE) for coating and 

substrate reveals the existence of the intrinsic tensile internal stress (TIS). The extent of the 

stoichiometric mismatch was shown to correlate positively with the extent of water uptake in the 

coatings, but negatively with the CTE.  

For coatings that were dried in air after picked up from immersion, the adhesion strength 

recovered to a certain but limited extent for all samples, regardless of their stoichiometry. This 

indicates that some interfaces bonding, irrespective of their bonding types, is subject to the 

compressive internal stress (CIS), which is caused by water-induced swelling, and thereby shows a 

weakening behavior under adhesion test.  

The CIS can be partly compensated by the TIS but only up to certain water content. Above that 

content, compensation no longer occurs and the CIS dominates. After longer immersion, more 

bonds are affected by water, and the chemistry at the interface dominates the overall adhesion. 

Adding these effects together, the best wet adhesion performance of epoxy-amine coatings results 

for coatings with E/NH ratio 1.2 for shorter immersion time, and 1.4 for longer immersion time. 

Both coatings possess a relatively low internal stress level, and excess epoxide groups.  
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Particle agglomeration in carbon black filled epoxy (CB-E) and carbon black filled epoxy-amine (CB-

E-A) nanocomposites with CB concentrations ranging from 0.125 to 1.25 vol% was investigated by 

performing conductivity measurements as a function of time. For the non-cured CB-E samples the 

difference in conductivity is not pronounced while for the thermosetting CB-E-A samples a 

percolation transition was observed. The concentration 1.25 vol% was selected for both CB-E and 

CB-E-A samples to perform in-situ conductivity measurements at 20, 50, 70, and 100 C, 

respectively. The conductivity development of CB-E-A samples was not only faster than that of CB-E 

samples, but also reaching lower final conductivity values. In scanning and isothermal DSC, the 

cluster aggregation for CB-E-A samples was confirmed to be restricted by polymer gelation. 

Thermodynamic studies showed that no particle-particle and particle-polymer chemical reactions 

occurred during the epoxy-amine curing. The particle agglomeration is thereby attributed to be 

controlled by diffusion limited cluster aggregation (DLCA). Finally, the fractal structures of CB-E-A 

samples were investigated by using TEM. The fractal dimension df  was calculated and showed a 

smaller value as compared to the universal value of DLCA, showing the influence of gelation on 

fractal formation in this system. 
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3.1 Introduction 

    Generally, polymers are electrically insulating materials, having typically a volume resistivity 

from 10
12

 to 10
15

 ohm·cm 
1
. However, by incorporating conductive particles, polymers can be 

converted from insulators to (semi)conductors, which can be used in a number of advanced 

applications such as electromagnetic interference shielding (EMI) 
2,3

, sensors 
4,5

, electrostatic 

dissipation (ESD) 
6
, electrically conductive adhesives 

7,8
 and, as shown recently, as a possible 

anticorrosive coating material 
9
.  

The insulating-to-conductive transition of these conductive composites is not a gradual one but 

characterized by an abrupt increase with several orders of magnitude at a certain particle loading 
10-

13
, where a conductive particle network is formed through the polymeric matrix. This critical 

concentration is called the percolation threshold.  

Percolation theory has been extensively developed since the early 1970s. The work done, as 

reviewed by Kirkpatrick and Zallen 
14,15

, showed that a minimum of 16 vol% particle concentration 

is required for random percolation. However, for carbon-black (CB)-thermosetting systems, many 

experiments showed a lower necessary volume fraction 
10,16-20

. A basic kinetic theory was 

developed for non-random dynamic percolation, in which particle-particle interaction is described 

by two competitive forces: attractive London- van der Waals force and repulsive Coulomb forces 

due to the surface charge of the dispersed particles. Once the repulsive forces are overcome by 

thermal energy, mechanical stirring or modification of the surface charge, particle agglomeration 

occurs during which a percolating structure is formed irreversibly 
21,22

.  

Also fractal structures have been taken into account 
12,19,20,20,23

. A fractal is a structure showing 

self-similarity at various length scales 
10,24

. Two models have been well-accepted when referring to 

the kinetics of fractal aggregation. One is Diffusion Limited Cluster Aggregation (DLCA), which 

was first proposed by Witten and Sander 
25

, and further developed recently by Huijbregts et al. 
24

. In 

this model, fractal clusters attach to each other once they meet, building up the percolating network 

irreversibly. The other model is Reaction Limited Cluster Aggregation (RLCA) 
26

, for which it is 

assumed that the possibility of network formation due to first contact of clusters is small. Due to the 

repulsive interactions, the rate of formation is determined by the time needed for clusters to 

overcome the energy barrier. Fractal structures are characterized by their fractal dimension df which 

has been used extensively to determine the mechanism of fractal aggregation. For DLCA, the df-

value has been found to be universally 1.85 ± 0.05 
16,27

, while for RLCA df = 2.1 ± 0.05 
16,28

. 

Although these theories offered a clear picture of dynamic percolation, the influence of filler-

matrix reaction was barely taken into account. The present work is aiming to fill this gap by 

measuring in situ the conductivity for non-gelating (thermoplastic) CB-epoxy dispersions (CB-E) 
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and gelating (thermosetting) CB-epoxy-amine systems (CB-E-A), while monitoring the kinetics of 

the curing reaction in CB-E-A by using DSC. Since the epoxy matrix is insulating, particle 

aggregation can be detected by measuring the electrical conductivity. Hence, conductivity 

measurements were performed isothermally at various temperatures in order to understand the 

mechanism of particle agglomeration as well as the influence of matrix gelation. To reinforce these 

results, the fractal structure of a CB-E-A sample with a CB concentration above the percolation 

threshold was investigated by using TEM, and the fractal dimension df determined.  

 

3.2 Experimental  

3.2.1 Preparation of CB-epoxy composite  

    Carbon black (KEC-600J, AkzoNobel) was ground into a fine powder in a mortar and dried at 50 

°C for 5 days under vacuum. Thereafter, a master batch with 2 vol% of CB was prepared by 

dispersing this powder in a bisphenol A based epoxy resin (Epikote 828, Resolution Nederland BV) 

for 8 hours at 6000 to 15000 rpm by using a disk agitator (DISPERMAT CA40-C1, VMA) until a 

homogeneous dispersion was obtained. No additives were used in the whole process. Certain 

amounts of the dispersion were taken from this master batch and diluted by adding extra epoxy 

resin to make CB-epoxy (CB-E) samples with concentrations ranging from 0.25 to 1.25 vol%. For 

each sample, mechanical stirring was performed for 1 min, and thereafter immediately applied on 

polycarbonate substrates by using a quadruple applicator (Erichsen GmbH & Co. KG). 

Subsequently, the samples were placed into a temperature-controlled cell (time required about 30 s) 

to cure them at the various temperatures, meanwhile performing conductivity measurements 

(Section 2.2). For the curing samples (CB-E-A), a cross-linker, Jeffamine D230 (Huntsman), was 

added by keeping the desired CB concentrations (0.125- 1.25 vol%) and the epoxy / NH molar ratio 

at 1.2 / 1. All these preparation processes were kept in exactly the same order to establish a fair 

comparison between the CB-E and CB-E-A samples. 

 

 

3.2.2 Image analysis 

Samples of the coated substrates further were microtomed in order to observe the cross-

sectional morphology by transmission electron microscopy (Tecnai, FEI). For the calculation of the 

fractal dimensions df, three images with identical magnification were taken from different locations 

from each sample.  
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3.2.3 In-situ conductivity measurements 

For conductivity measurements the composites casted on polycarbonate substrates were 

introduced in a curing cell (Figure 1) consisting of a brass box for thermal buffering and 

equilibration. The cell was set to a fixed temperature, allowed to equilibrate before sample 

introduction, and kept at constant temperature during curing. The electrical unit consisted of a stage 

having four gold electrodes with a distance of 0.5 cm (4-point measurements: INSERT 

REFERENCE) mounted on a device that can control the depth in the micrometer range. The 

electrodes were placed into the samples until reaching the substrate (sample thickness about 100 

µm). Currents ranging from 1 to 7 μA were applied to the sample using a Keithley electrometer 273, 

the voltage was recorded using a Keithley electrometer model 6517A and the conductivity 

calculated from the slope of the current-voltage graph. Measurements were repeated after several 

time intervals during the curing process. No current was applied to the sample during the delay time. 

 

.  

 

 

Figure 1 Block diagram (cross-section) of the in-situ conductivity measurements during curing. 

 

 

 

3.2.4 Curing kinetics by DSC measurements 

3.2.4.1 Dynamic heating scans 

Dynamic runs with constant heating rates were carried out by using a DSC (Perkin-Elmer Pyris 

1). After sample preparation (Section 2.1), 5-8 mg of each mixture was put in an aluminum DSC 

pan which was hermitically sealed thereafter. After being put in the DSC chamber and equilibrated 

for 1 min at 0 °C, the temperature scans started with scanning rates ranging from 2.5 to 25 °C/min, 

respectively. 
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3.2.4.2 Isothermal runs 

The sample preparation for the isothermal DSC studies was the same as used in the dynamic heating 

scans. The DSC chamber was preheated to the desired temperature before putting the Al pans in the 

chamber. Data were recorded after thermal equilibrium was reached. At the end of each run, 

samples were cooled down to 0 °C rapidly in the DSC chamber. After equilibration at 0 °C for 1 min, 

a temperate heating scan was performed on the same sample aiming to obtain the residual reaction 

heat HR. 

 

 

3.3 Results and discussion 

3.3.1 In- situ conductivity measurements  

3.3.1.1 Variation of CB concentration 

The conductivity for CB-E samples, in which no curing occured, was measured as a function of 

CB concentration at room temperature for six days, the results of which are shown in Figure 2a. 

Immediately after the dispersions were applied on the substrates, the electrical conductivity of the 

CB-E samples showed a clear correlation with the CB concentrations. However, the difference 

between conductivities is rather small and no clear percolation transition is observed. After 4 hours, 

the conductivity value for each sample increased by 1 to 2 orders of magnitude, except for the 

sample with 1.25 vol% which did not show any significant increase. After 6 days the conductivities 

did not change anymore and the dispersions reached their equilibrium state. In order to elucidate the 

mechanism of the conductivity increase, the surface conductivity of the dispersions for equilibrated 

samples (6 days) was measured. Apart from a slight variation that was observed in the sample with 

CB 0.25 vol%, the samples displayed surface conductivities identical to their bulk ones, indicative 

of absence of particle segregation. The increase of conductivities thereby can be attributed to 

particle agglomeration that forms long-term conductive pathways in the resin. The agglomeration 

took place spontaneously after the applied shear force (of the mixing process) was removed, 

revealing that the CB is thermodynamically prone to aggregation, probably by reducing the 

interfacial energy in this epoxy resin. However, particle-particle interaction in CB-E samples is 

quite weak, and any tiny movement can modify the agglomeration state, thereby reducing the 

conductivity. It is whorthwhile to that during the whole measuring period, the samples were not 

moved and each individual measurement was done within 3 seconds in order to avoid external 

influences on the particle agglomeration process as far as possible 
29

.  

The conductivity behavior for CB-E-A samples, in which curing  occured, was clearly different. 

As displayed in Figure 2b, immediately after application, the conductivities increased with 
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increasing CB content, similarly as for the CB-E samples. However, already after 1.5 hour, as the 

curing was proceeding, the conductivity values displayed a typical percolation profile with a 

growing conductivity gap, especially between the 0.25 vol% samples, where no conductivity 

increase was measured, and 0.50 vol% samples. This indicates, firstly, that when the CB 

concentration is low, i.e. below the percolation threshold, agglomeration is not thermodynamically 

preferred in the epoxy-amine matrix. Either by adsorption on, or by reaction with the CB particles, 

the amine stabilized the CB dispersion. Secondly, it indicates that the percolation above the 0.50 

vol% level is driven by the gelation reaction. 

 To obtain the percolation threshold, a sample with CB content 0.1 vol% was prepared, and the 

final conductivity was measured by using the same process. Based on the percolation theory, when 

the particle concentration p is close to the percolation threshold pc (hence |p  pc| << 1), the  

conductivity follows a universal law 
15

:  

  tpp cdc                                                                                                                           (1)  

where dc (S/cm) is the dc conductivity of the studied sample and t a characteristic exponent. Above 

pc, percolation pathways exist 
30

 through which the electrons can be transported through ‘infinite’ 

clusters, contributing to the dc conductivity value. The pc and t values were obtained by non-linear 

fitting of ln dc versus ln(ppc) resulting in pc = 0.24 vol% and t = 2.9 (the same fit for the 1.5 h 

data gave pc = 0.21 vol% and t = 3.2). Alternatively, linear fits with a fixed pc were made increasing 

the value of pc with step Δpc = 0.05 vol% in the range of pc = 0.125 to 0.5 vol%. The best fit  pc 

value  0.24 vol% is dramatically smaller than the theoretical value 16 vol%. The corresponding 

t-value is 2.9 ± 0.14, which deviates from the t-value 2.0 ± 0.2 obtained from Monte Carlo 

simulations for 3-dimensional random percolation. This suggests that discontinuous fractal 

networks may be formed in this system 
10,31-37

.  
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Figure 2 dc conductivity as a function of CB concentrations for (a) CB-Epoxy (CB-E) and (b) CB-

Epoxy-Amine (CB-E-A) samples. (c) a log σdc - log (p-pc) plot with linear fitting for 

obtaining the parameter pc and t in equation (1). 

 

 

 

3.3.1.2 Variation of temperature 

    Figure 3a displays the in situ conductivities measured isothermally at different temperatures for 

the CB-E samples. All samples showed sharply increasing conductivity values initially, followed by 

a gradual transition into a plateau. The rate of conductivity increase and level of conductivity are 

strongly related with temperature. For samples measured at 70 and 100 °C, the conductivity jumped 

about 3 orders of magnitude and turned stable faster. However, for samples measured at lower 

temperatures, i.e. 50 °C and room temperature, the final conductivity values were lower and the 

transition took longer time. Such a phenomenon has been correlated in colloidal systems 
38

 with the 

mobility of particles controlled by their Brownian motion and the viscosity of the matrix, as both 

are temperature-dependent. In our system, elevating temperature enhances the diffusion rate of CB 

to obtain the lowest energy state, and to overcome the repulsive force between particles, leading to a 

higher conductivity level for samples measured at a higher temperature.  

The results obtained from the CB-E-A sample showed a different profile. After a sharp increase 

of conductivity in the early stage, all samples reached the same conductivity level regardless of 

temperature and time. Moreover, the increasing-to-plateau transition is faster as compared with the 

corresponding CB-E samples. This indicates that the presence of the amine / curing reaction on the 

one hand speeds up the initial aggregation by volume exclusion of the on-going network formation, 

while on the other hand it also fixates the final agglomeration state to a certain common level, so 

that the final conductivity (about 10
3

 S/cm) for CB-E-A is less than that for CB-E samples 
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measured at 50, 70, and 100 °C, respectively. In order to further understand the interaction between 

curing and agglomeration in CB-E-A samples, DSC studies were performed on CB-E-A sample 

with 1.25 vol% CB. 

 

 

 

Figure 3 The in-situ conductivity of (a) CB-E and (b) CB-E-A samples with CB 1.25 vol% 

measured at 100, 70, 50, and 20 (RT) °C, respectively. The inset in (b) shows the zoom-in 

transition area as well as the conductivity vitrification time span (min), marked by 

arrows. 

 

 

 

3.3.2 Thermodynamic studies 

3.3.2.1 Temperature scan 

DSC scans were carried out with increasing rates ranging from 2.5 to 25 °C/min on epoxy-

amine samples. The total reaction heat for each run, HT, was calculated by integrating the area 

underlying the thermograms (Table 1). The average HT -values show that the reaction heat of the 

E-A samples without CB (CL) is slightly higher than that of the 1.25 vol% CB-E-A samples. The 

HT -value of the CB-E-A samples corrected for its CB weight content (1.25 vol% is approximately 

equal to 2.5 wt%) is almost the same for both systems, namely 334.1 J/g for the CL samples and 

331.4 J/g for the CB-E-A samples. 

The reaction activation energy Ea was calculated according to Kissinger’s method 
39

, 

 )d(1/)ln(d p

2

pa TTqRE //   (2) 

where R is the gas constant, q is the heating rate in a dynamic scan and Tp is the peak temperature in 

the thermograms (Table 5). A plot of  ln (q/Tp
2
) versus 1/Tp for both the CL and CB-E-A samples is 

shown in Figure 4a. Linear fitting was done to obtain the value of Ea resulting in 53.1 ± 1.4 kJ/mole 
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for the CL samples and 52.7 ± 4.0 kJ/mole for the CB-E-A samples. These values can be regarded 

as identical. 

Another method was reported by Ozawa 
40-42

 to analyze the value for Ea. A plot of ln (q) versus 1/Tp 

results the relationship between Ea, q, and Tp as: 

 

 )d(1/lnd pa TqRE /   (3) 

 

The results are shown in figure 5b, showing an Ea-value 59.6 ± 1.5 kJ/mole for the CL samples and 

59.3 ± 4.0 kJ/mole for the CB-E-A samples. These two values can be also considered the same. 

The results of the Kissinger and Ozawa analysis are apparently different. However, since 

d(lnq/T
2
)/d(1/T) = d(lnq)/d(1/T)2T and noting that the maximum peak temperature range is not 

very large, we may approximate d(lnq/Tp
2
)/d(1/Tp) by d(lnq)/d(1/Tp)  2Tp where Tp represents 

the average peak temperature. Doing so results in a correction of 2RTp and from the Kissinger 

analysis we have 53.1+6.6 = 59.7 kJ/mole and 52.7+6.5 = 59.2 kJ/mole for the CL and CB samples, 

respectively, in very good agreement with the values from the Ozawa analysis (fitting directly 

d(lnq)/d(1/Tp)  2Tp versus 1/Tp, of course, yields exactly the same results as the Ozawa fit). The 

difference in expression is due to different approximations made and the remaining question about 

what should be considered as the most reliable value is outside the scope of this paper. 

It is clear, though, based on the aforementioned analyses, that CB was neither participating in 

the epoxy-amine chemical reaction, nor reacted with the amine. Because it is highly unlikely that 

CB reacts with itself, 
43

, the percolation transition in a CB-E-A sample is considered to be mainly a 

diffusion process of CB, corresponding to diffusion-limited-cluster-aggregation (DLCA), 

accelerated by increasing temperature.  

 

 

 

Table 1 The total reaction heat obtained by DSC dynamic heating scans for samples without 

particles (CL) and with 1.25 vol% CB (CB-E-A). Some data were missing due to the pan 

vibration at higher scanning temperatures. 
 

 

Heating rate (
°C

/min) 2.5 5 10 15 20 25 
Ave. ∆HT 

Resin Total heat of reaction HT (J/g) 

CL 345 347 329 339 - 311 334.1 

CB-E-A 338 302 315 - 304 - 323.1 
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Figure 4 Plots of ln (q/Tp
2
) - 1/Tp according to Kissinger's model, and (b) the plots of 1/ Tp as a 

function of ln q based on Ozawa's model. In both plots, the fitted lines are displayed. 

 

 

3.3.2.2 Isothermal reaction 

The epoxy-amine curing reaction has been identified as an auto-catalytic reaction 
16,41-44

. The 

conversion rate dα/dt at constant temperature is controlled by two rate constants, k1 and k2, and can 

be formulated as: 

   nmkk
t




 max21
d

d
  (4) 

in which αmax denotes the maximum conversion and m and n represent kinetic exponents. The 

reaction rate is quick at the beginning and decreases with increasing conversion.  

Isothermal DSC studies for CB-E-A samples with 1.25 vol% CB and CL samples were carried 

out at 100, 70, and 50 °C, respectively. The degree of conversion α 
43

 can be obtained from  

 

 
t

THttH
0

Δ)d/d(d /    (5) 

 

where dH/dt is the measured heat flow rate and HT  is the total reaction heat obtained by dynamic 

scans. For αend, the degree of conversion at the end of the reaction 
43

, we have  

 

 TRT HHH Δ)Δ(Δend /   (6) 

where HR is the residual heat measured by a subsequent temperature scan immediately after the 

isothermal curing reaction 
42,44

. The results of αend for both the CB-E-A and CL samples cured at 
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different temperatures are displayed in Table 2. For both systems curing at a lower temperature 

resulted in a lower end degree of conversion. Fits according to eq. 4 were made. An example of 

which is shown in Figure 5 where α is plotted as a function of curing time for CB-E-A samples 

cured at 100, 70, and 50 °C, respectively. A nice match between the experimental data and the fitted 

lines can be observed. The reaction rate parameters k1 and k2 obtained as shown in Table 3 together 

with the ones obtained from the CL samples via the same fitting procedure. 

 

 

 CB-E-A CL 

 100 °C 70 °C 50 °C 100 °C 70 °C 50 °C 

αend 0.99 0.94 0.89 0.98 0.96 0.93 

 

Table 2 The end degree of conversion obtained from CB-E-A and CL samples cured isothermally at 

100, 70, and 50 °C, respectively. 
 

 

 

 CB-E-A CL 

 100 °C 70 °C 50 °C 100 °C 70 °C 50 °C 

k1 (s
−1

) 0.031 0.0107 0.0021 0.023 0.0074 0.002 

k2 (s
−1

) 0.164 0.0355 0.0103 0.144 0.033 0.0081 

 

Table 3 The reaction rate constants k1 and k2 obtained via fitting for samples CB-E-A and CL, each 

cured isothermally at 100, 70, and 50 °C, respectively. 

 

 

At the same curing temperature, the k1 and k2 values obtained from the CB-E-A samples are 

slightly higher than those of the CL samples, revealing that an additional acceleration of the epoxy-

amine reaction was caused by the presence of CB. Since the activation energies for both systems are 

the same, this difference appears in their Arrhenius frequency factor 
43

, i.e. their entropy. Rather 

than joining in the chemical reaction, the surface groups on the CB particles, i.e. carboxylic acid 

salts, carbonyl- and OH-groups 
45

, provide a kind of platform, locally adsorbing the molecules and 

increasing their reaction probabilities. Such a phenomenon may cause changes in CB-polymer 

interfacial energy. Sumita et al. 
46

 proposed a model considering the percolation phenomenon as a 

phase-separation process. Another model was reported by Welling and co-workers 
47,48

 in which it 

is assumed that the flocculation of CB particles at a certain critical concentration results from a 
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phase-transition. In these two well-accepted models, the changes in CB-polymer interfacial energy 

were considered as the trigger for the formation of a percolating structure. As can be noted from the 

aforementioned results, the presence of amine, either directly interacting with the surface groups of 

CB, or indirectly changing the interfacial energy between the CB and the polymer through a cross-

linking reaction, evidently enhanced the percolation network formation process when sufficient CB 

is present to establish a long-range network. 

 

Figure 5 The degree of conversion as a function of curing time for composite with 1.25 vol % CB 

cured isothermally at 100, 70, and 50 °C, respectively. 
 

 

 

3.3.2.3 Influence of polymer gelation 

As a result of the on-going reaction of the epoxy resin with the amine cross-linker, the viscosity 

will increase with concomitant accelerated hindrance of cluster diffusion. However, it is not 

experimentally possible to measure viscosity in situ by means of imposed shear, since that would 

destroy the fractal structure build up. We therefore chose to take the gelation point of the epoxy / 

amine system as a measure for the time span to hindered cluster diffusion. Theoretically gelation 

occurs when the reaction achieves a certain degree of conversion c, which is predicted to be 
49

: 

 

 
21

eac )]1)(1([ / ffr   (7) 

 



Curing kinetics and dynamic percolation… 

49 
 

where r is the off-stoichiometric ratio between amine and epoxy and fa and fe denote the 

functionalities of amine and epoxy, respectively. Accordingly, for our system, c was calculated 

from eq. 7 as 0.634. By correlating this value to our experimental result (Figure 7), the time for each 

sample to reach their gel points tg can be obtained, as shown in Table 3. The corresponding time 

spans tc, at which the conductivity stops developing and reaches the final plateau, as marked by 

arrows in the inset of Figure 7a, are also displayed.  

A good correlation is obtained between the tg- and tc-values as given in Table 4. It was reported 

50
 that the vitrification time of thermosetting polymers occurs soon after the gelation point is 

reached. In this sense, the vitrification time estimated by conductivity measurements is in good 

agreement with the vitrification time of the polymer matrix as estimated from the degree of 

conversion, clearly confirming that the cluster aggregation process, especially at a later stage, is 

strongly influenced by the polymer gelation, which restricts the mobility of clusters and stabilizes 

the formed fractal networks through forming permanent polymer networks.  

 

 

 100 °C 70 °C 50 °C 

tg (min) 9 30 128 

tc (min) 12-16 35-60 130-160 

 

Table 4 The gelation time tg obtained by DSC and the time span tc when the in-situ conductivity 

stopped developing for CB-E-A samples measured, respectively, at 100, 70, and 50 °C.  

 

 

 

3.3.3 Morphology study 

Figure 6 displays TEM images of a cured nanocomposite sample containing 1.25 vol% CB. The 

particles are distributed homogeneously in the polymeric matrix, and the aggregates show self-

similarity under different magnifications, a characteristic of fractal structures. Figure 6d shows a 3-

dimensional image of the morphology of fractal aggregates in the same sample as obtained by 

conductive AFM (C-AFM). Although the conductivity in the clusters is not homogeneously 

distributed, as indicated by the various different colors representing different conductivity levels, 

charge transport still took place throughout the whole sampled volume, contributing to the overall 

conductivity.  
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Figure 6  TEM images (a) and (b) display different magnifications of a nanocomposite with 1.25 

vol% CB, showing the self-similar characteristic of fractal aggregations. Figures (c) is 

the 3 dimensional reconstructive image of the fractal structures in the same sample. The 

image is obtained by a C-AFM.  

 

 

 

 3.3.4 Fractal dimension 

Lin et al. 
27,28,51

 proved that both the DLCA and RLCA models display universal behavior. The 

process features, fractal dimensions and aggregation kinetics under either regime are identical 

regardless of the particle types. In this study, the fractal dimensions for composites with 1.25 vol% 

CB were estimated for two samples with extreme reaction rates: one cured at 100
 
°C (H) and the 

other at 20 °C (L). The calculations were performed by using the software Frac_Lac 
52

 based on the 

box counting method, in which the linear dimension was changed by a factor 2. Three different 

images taken from different locations of each sample with the same magnification were used.  

The calculations showed that the df-values for the H and L samples are 1.56 ± 0.04 and 1.66 ± 

0.03, respectively. For the H samples, although the clusters obtained more energy to diffuse due to 

the higher curing temperature, the curing reaction also proceeded much faster than for the L 

samples. Consequently, gelation was achieved earlier, vitrifying the fractal development and 

resulting in a smaller df-value. In contrast, clusters within a L sample were less mobile, but have 

longer time to aggregate before reaching the gelation point. Under such conditions the influence of 

the curing reaction is smaller, contributing to a df-value that is closer to the theoretical value for 

DLCA. However, the df-values for both the H and L samples are in all cases smaller than the DLCA 

value 1.8, indicating that as long as a curing process is present, the fractals formed in this system 

can never reach their ideal df-value.  
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3.4 Conclusions 

CB epoxy composites without (CB-E) and without amine cross-linker (CB-E-A) were studied. 

The CB-E materials with CB concentration ranging from 0 to 1.25 vol% showed no typical 

percolation characteristics. Agglomeration of CB in this system is thermodynamically favored, 

taking place spontaneously regardless of concentrations, contributing to the increase of 

conductivities until reaching equilibrium state. However, when amine was added to this system 

(CB-E-A), in contrast, a clear percolation transition was observed. Below the percolation threshold 

(~ 0.24 vol%), the CB particles remained well dispersed, while above the threshold the particles 

agglomerated, resulting in a conductivity increase of about 4 orders of magnitude. The 

agglomeration process for both the non-gelating CB-E and the gelating CB-E-A systems was 

temperature dependent. Thermal energy reduces the matrix viscosity and enhances the Brownian 

motion. Both effects increase the mobility of particles, leading to an acceleration of agglomeration. 

For the CB-E samples, the repulsive interactions between the particles are limited, thus an 

increasing conductivity level was obtained for samples measured isothermally with increasing 

temperature (50, 70, and 100 C). However, for the corresponding CB-E-A samples, in which 

particle agglomeration was fixated in later stages, identical and lower final conductivity levels for 

all CB-E-A samples were obtained, clearly showing the influence of the matrix gelation process.  

DSC studies confirmed that the fixation of particle aggregation could be attributed to the matrix 

gelation. The gelation time tg of the curing reaction shows a good correlation with the time span tc 

for the arrest of the conductivity development. Moreover, no chemical reaction between particles or 

between particle and polymer could be established. The conversion profile could be fitted well with 

the auto-catalytic model, indicating that the only chemical reaction taking place is the epoxy-amine 

curing. Agglomeration is confirmed to be merely a diffusion process, corresponding to diffusion-

limited-cluster-aggregation (DLCA). Microstructure studies revealed the fractal nature of the CB 

clusters. The fractal dimensions df for CB-E-A samples with 1.25 vol% are found to be in all cases 

lower than the universal DLCA value, 1.85 ± 0.05, indicating that the presence of amine is critical 

for the percolation transition to occur, but that the inevitable gelation arrested particle aggregation. 

Clusters have less time to grow into the expected dimension of the standard DLCA process, 

resulting in a df -value of 1.55 for CB-E-A samples cured at 100 °C (H) and 1.65 for the ones cured 

at 20
 
°C (L). 
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Conductive particle filled polymer composites are promising materials for applications where both 

the merits of polymer and conductivity are required. The electrical properties of such composites 

are controlled by the particle percolation network present in the polymeric matrix. In this chapter, 

the electrical properties of carbon black-epoxy-amine (CB-E-A) composites with various CB 

concentrations are studied as a function of the AC frequency f. A transition at critical frequency fc 

from the dc plateau σdc to a frequency-dependent part was observed. Conductivity mechanisms at 

f > f c and f < f c were investigated. By considering the fractal nature, conduction for f > f c was 

verified to be inter-cluster charge diffusion. At the region f < f c, with the assistance of conductive 

atomic force microscopy (C-AFM), the conduction behavior of individual clusters can be observed, 

revealing both linear and nonlinear I-V characteristics. By combining microtoming and C-AFM 

measurement, 3D reconstructed images offered direct evidence that the percolating network of 

this studied sample consisted of both a low conductivity part, in which the charge transports 

through tunneling, and a high conductivity part, which shows ohmic electrical property. The 

temperature-dependent conductivity behavior was also studied in order to have an in-depth 

insight of the overall conductivity mechanism. The results showed that fluctuation-induced 

tunneling may dominate the conduction over a wide temperature range, while at higher 

temperature thermally activated conduction may also contribute. 
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4.1 Introduction 

Epoxy-amine resins are widely applied in various fields where easy-processing, low 

water-uptake, excellent adhesion, and good corrosion protection are needed 
1-3

. Such polymer 

systems are generally electrically insulating, having a volume resistivity from 10
12

 to 10
15

 ohm-cm
4
. 

By incorporating conductive particles, i.e. carbon blacks (CB)
5-7

, carbon nanotubes
8, 9

, or metallic 

fillers
10

, the material can be altered from an insulator to a (semi)conductor, resulting in a broader 

application possibilities. However, the insulating-to-conductive transition is generally not a gradual 

one 
5-12

. Instead, it is characterized by an abrupt increase with several orders of magnitude at a 

certain particle loading 
13

. Above this critical concentration a phase consisting of an insulating 

polymeric matrix and a (semi)conductive particle network exist. Electrons thereby can be 

transported via the conductive pathways, contributing to the higher conductivity value.  

To deal with such a disordered system in which the long range connectivity suddenly appears, 

percolation theory has been extensively developed and applied
13, 14

. Based on this theory, the 

conductivity behavior follows an universal rule when the particle concentration p is close to the 

percolation threshold pc, i.e. | p  pc | << 1
13, 14

, given by  

 tpp cdc                                               (1)                                                                                                                                                     

where dc (S/cm) is the dc conductivity, and t is a critical exponent, showing value t = 2 for a 

3-dimensional system. However, many experimental results with t-values higher than 2 were 

obtained. This suggests existence of a different type of electrical conduction that is more sensitive 

to increasing of particle concentration than predicted by conventional percolation theory.  

Another important characteristic for determining the conduction mechanism of disordered 

materials is their alternate current (AC) conductivity. For a system with a conductive percolation 

network, at a critical frequency fc a transition of conductivity from the dc-plateau to the 

frequency-dependent (f-d) AC behavior is usually observed, described by a relationship between f c 

and dc given as:  

 zf dcc                                                                                                                              (2) 

Particularly for systems containing fractal clusters, this the f-dependent feature was attributed to the 

anomalous charge diffusion within clusters
15

. By introducing the fractal dimension df, random walk 

dimension drw, and the correlation length ξ, The z-value can be represented as
14, 16

 

1)/(  frwrw dddz                                                                                                        (3) 
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For a percolating composite formed through random percolation, the z-value was reported as 

1.67 
15

. In contrast, for a system consisting of fractal network developed according to diffusion 

limited cluster aggregation (DLCA), a z-value 1.36 was obtained 
17

.  

In chapter 3, CB-epoxy-amine (CB-E-A) composites were prepared and analyzed. The clusters 

were demonstrated to be fractal, and influenced by the addition of amine, resulting in a value of df. 

= 1.65 smaller than the one for DCLA mechanism. Moreover, the percolation threshold for this 

composite was found at CB concentration 0.24 vol%, and the corresponding t-value showed a value 

2.9 ± 0.14, considerably deviating from the theoretical value 2. In order to obtain a deeper 

understanding of the electrical conduction of these materials, in this study, the AC conductivity 

measurements were performed as a function of CB concentrations, and the z-value was determined. 

Furthermore, using conductive atomic force microscopy (C-AFM) combined with ultramicrotoming, 

the conductivity behavior of individual percolating pathway was, to our knowledge, for the first 

time revealed.  

 

 

4.2 Experimental  

4.2.1 AC conductivity measurement 

The preparation of CB-epoxy-amine composites with CB concentration ranging from 0.25 

to 1.25 vol% has been described in detail in our previous work 
18

. From each sample with thickness 

with 40-60 μm, xy = 1515 mm pieces were cut. Silver paint (Fluka) was applied on both sides of 

samples as electrodes as well as to reduce the contact resistance. The conductivity σac(f) was 

measured at room temperature as a function of frequency f using an impedance analyzer (EG&G, 

Model 283) equipped with a frequency response detector (EG&G, Model 1025) in a frequency 

range 10
−2

 to 10
6

 Hz.  

 

 

4.2.2 C-AFM analysis 

Two samples with CB concentrations (1 and 1.25 vol%), well above the percolation threshold, were 

used for conductive AFM (C-AFM) measurement. Conductive gold-coated cantilevers NSC36/Cr-

Au (Micromash) were applied for conductivity measurements using an AFM equipped with an 

ultramicrotome (Ntegra Tomo, NT-MDT Co.). Both topography and current distribution are 

measured at the same time in a contact mode with C-AFM. The sample is always grounded and a 

voltage is applied to the tip. An oscillating diamond knife (DIATOME) has been used for cutting. 

Alternate microtome cutting and measurements of the same area by C-AFM result in a stack of 



Chapter 4 

 
60 

 

AFM images having a z-distance (thickness of each section) down to 10 nm. This array of scans has 

been aligned in one 3D image by using the simple procedure. A more detailed description about this 

technique can be found in a previous paper from our group
19

.  

 

4.2.3 Temperature-dependent conductivity measurement 

Measurement of σdc as a function of temperature from 145 to 306 K was performed on the sample 

with 1.25 vol% CB. A sample with a thickness of 0.25 mm was cut into 20.8 cm
2

, with silver 

paint (Fluka) applied on both sides in order to reduce the contact resistance. The measurement was 

done by placing the sample into a brass cell, equipped with temperature control and a two-point 

measurement set (DVM 890, Velleman) (figure 1), placed in a liquid nitrogen bath. The system was 

set to a fixed temperature, allowed to equilibrate and kept constant during data acquisition.   

 

 

 

Figure 1 Block diagram (cross-section) of the temperature-dependent conductivity measurement. 

 

 

4.3 Results and discussion 

4.3.1 AC conductivity  

The AC conductivity σac is derived from the complex impedance data  
20

:  

 σac = [Z′ / (Z′
2 

+ Z″
2
)]  (d/A)                                                                                                    (4) 

where Z′ and Z″ are the real and imaginary parts of the impedance, respectively, d denotes the 

sample thickness, and A denotes the sample area. The conductivity as a function of frequency f for 

CB-E-A composites with different CB concentrations are plotted in figure 2a, in which indeed an 
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increase of  intercept values as well as an extension of the plateau for each sample can be observed 

with increasing CB content. With increasing f, a f-independent to f-dependent transition occurs a 

critical fc. In the low-f region (in this study 10
0
-10

−2
 Hz), where the ac conduction mechanism is the 

same as that for dc conduction, the intercept value is generally considered to represent the dc 

conductivity.   

The critical frequency fc for all samples except the 0.25 vol% samples (in figure 2a), and a z = 

1.14±0.12 was obtained by fitting the fc -dc data according to eq. (2) (figure 2b). To verify the 

validity of this value for our system, we note that fractal theory
13, 15

 at the vicinity of pc, provides: 

  



 cpp                                                                                                                     (5) 

where ν is the critical exponent, and ξ denotes the percolation correlation length, which can be 

regarded as the largest finite size of clusters possessing a fractal structure. Below this length scale, 

the clusters show self-similarity, and above, the structure can be considered as Euclidian (volume-

versus-length scaling relation). If the f-dependent behavior in our system is caused by the presence 

of fractal structures, the critical frequency fc can be associated with fξ , so that we have:  

rwd

c

d

c ppff


  ||rw 


                                                                                    (6)                      

where drw is the effective dimensionality of the random walk 
15

, which equals to 2+θ for a fractal 

system
15, 16, 21

. Here θ represents the deviation for drw.  For the lower f region, where f < fξ, the 

conductivity is determined by the electrons that move over a length L > ξ. With increasing f at  f = fξ, 

the electrons within the finite clusters start to participate, traveling over a mean distance L ≦ ξ for f 

≧ fξ, resulting in an increased conductivity. In our system, the νdrw value can be obtained by fitting 

the data to eq. (6), through which νdrw = 4.17 ± 0.08 (R
2 

= 0.99991) was obtained. By substituting ν 

= 0.8 
15, 22

, we obtain drw = 5.21, which yields z = 1.15 (eq. (3)), with the df = 1.66 as obtained in our 

previous work on the same composite
18

. This value is in good agreement with the experimental 

fitting value z =1.14 ± 0.12 mentioned before, indicating that the assumption of  fc ≡ fξ is valid, and 

the f-dependent behavior in this composite is dominated by intra-cluster charge transport in fractal 

objects.  

    Notice that the z-value 1.14 is smaller and closer to unity as compared with other values reported 

15, 17
. Based on the established relation fc ≡ fξ, in the low-f region such a shift implies another 

conduction mechanism offered by clusters with L < ξ than the prediction from percolation theory. 

Jäger et al.
16

 suggested that this additional conductivity is due to the electron tunneling through the 

gap between clusters. To assume this suggestion, the critical exponent t has to be taken into account. 

And we use  
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          /)(2rw  td                                                                                                     (7)                                       

in which β is the exponent obtained from: 

  cppΡ                                                                                                                      (8)          

where P is the percolation probability, which is zero before p reaches pc, and rises steeply with 

increasing p until approaching P = 1 where most of the sites are occupied by infinite clusters. A 

reasonable estimate for β  near pc is β = 0.4
13

, through which t = 2.97 can be obtained according to 

eq. (7). This t-value, although slightly lower than our experimental value where t = 3.14
18

, is higher 

than the universal value 2, meaning that the dc conductivity increase with increasing particle 

volume fraction is larger than the percolation model based on Monte Carlo simulation with true 

physical contact between clusters, predicted
21, 22

. This t -shift  to higher values has been widely 

studied
23-29

, suggesting that electron tunneling through the gap between adjacent clusters plays a 

significant role. Electrical conduction becomes possible before the clusters truly contact to each 

other, resulting in a higher conductivity level. Balberg
30

 used a connection model, particularly for 

CB-polymer system, to explain that the presence of inter-particle space leading to non-universal and 

high t values.  Lee et al.
31

 used SEM in an attempt to visualize a 3D percolation structure that gives 

a t-value 3.1 ± 0.3. Nevertheless, direct evidence of the charge tunneling effect on clusters is still 

missing in these studies.  
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Figure 2 (a) The AC conductivity as a function of scanning frequency for CB-E-A samples with CB 

concentrations ranging from 0.25-1.25 vol%. (b) The plot of fc versus log σdc as well as the fitting 

based on eq. (2). 

 

 

4.3.2 Conductive Atomic Force Microscopy (C-AFM) analysis 

To investigate the conductivity behavior of percolation clusters, a C-AFM was done
19

. The 

topography of samples with 1 and 1.25 vol% CB are shown in figures 3a and 3c, respectively. The 

CB particles, being harder than the polymeric matrix, can be identified from the contrast as the 

brighter spots (the vertical lines are caused by microtome cutting). The corresponding current 

distribution images of the same area are shown in figures 3b and 3c, respectively, where the 

different colours represent different current densities as indicated by the colour bar on the side. The 

average current calculated from C-AFM image is almost independent on tip-sample load (load was 

changed 3 times), which means that contact resistance has a small influence on measured current. 

Note that some clusters shown in figures 3a and 3c can not be found in figures 3b and 3d, 

respectively, indicating that the missing clusters, as marked by circles, are not contributing to the 

long-range conduction.  
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Figure 3 (a) and (c): topography of CB-E-A samples with 1 and 1.25 vol% CB, respectively, and (b) and (d): 

the corresponding current distribution images. (e) :the I-V curves as measured for cluster 1, 2, and 

3, as indicated in figure (d). 
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To confirm this, conductivity measurements were performed for individual clusters of the 1.25 

vol% CB sample, as indicated by numbers 1, 2, and 3 in figure 3d, respectively. The corresponding 

I-V characteristics were displayed in figure 3e. Cluster 1 in figure 3d shows the highest current 

densities and a linear I-V curve, indicating that a long-range conductive pathway formed by 

physical contact between CB particles has been built up, resulting in ohmic electrical behaviour. 

Notice that the linear I-V behaviour of cluster 1 is only valid for the path from the scanning tip to 

the electrode and not necessarily be representative for the whole composite. Indeed, cluster 2 and 3 

show a lower conductivity as well as non-linear I-V behaviour, strongly suggesting the presence of 

electrical tunnelling along the conductive pathway.  

To investigate the conductive pathways in a larger scale, a 3D reconstruction of the conductive 

pathway was made in regions where  clusters 1, 2, and 3 are located. Clusters with similar colour 

have similar conduction behaviour as shown in figure 4a. The dark-green parts are clusters in 

deeper layer that do not form conductive pathways with the clusters appearing on the surface. As 

illustrated for cluster 1, 2 and 3 before, a colour change from pink/white to blue indicates the 

change of current densities from strong to weak as well as the change of conduction mechanism 

from Ohmic to tunnelling. In figure 4b, several transitions between low and high conductivity 

clusters within one conductive pathway can be observed. Such a transition indicates that the cluster 

possessing the lower conductivity is the bottleneck for charge transport along this conductive 

pathway, as well as contributes to the nonlinearity of the overall I-V characteristic. Once the low 

conductivity parts were removed by microtoming, the remained conductive pathway showed a 

higher conductivity level as well as a more linear I-V behaviour. Similar results were also obtained 

for Multiwalled Carbon Nanotubes/PS (MWNT/PS) composites
19

. The low-to-high conductivity 

transition in a single conductive pathway has been detected here for the first time. In contrast to 

conventional percolation theory, the percolation network formed in this material is composed from 

both high and low conductive clusters. Hence, before a percolation network is formed through 

physical contact, electron tunnelling can take place in some parts of the network, resulting in an 

increased overall conductivity. This is consistent with the t and z values observed for dc and ac 

conductivity, respectively.  
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Figure 4 (a) The 3D reconstructed image of a CB-E-A sample with 1.25 vol% CB taken from the area where 

the cluster 1, 2, and  3 as shown in figure 3d are located. The microtome z-step of 20 nm was used 

and 28 C-AFM images were obtained to re-construct a volume of 4.54.50.54 μm
3
. (b) A zoom-

in 3D image of conductive clusters obtained from (a), showing the transitions between clusters 

with high and low conductivity within the 3D conductive pathways. 

 

 

4.3.3 Temperature dependence of dc conductivity 

To gain a further global insight in the conduction mechanism of this system, the dc conductivity 

as a function of temperature was measured. Unlike for a crystalline semiconductor, due to the 

disorder induced localization, the energy spectrum for a 3D disordered semiconductor can be 

regarded as quasi-continuous, and several electrical conduction mechanisms have been proposed. 

Carriers can be activated and move via direct tunneling between localized states, crossing the 

mobility edge and contributing to the conduction 
32

.  For the phonon-induced tunneling (variable 

range hopping, VRH), the σdc often can be expressed by: 

       TT /exp 0                                                                                                                                                        (7)

                                                                                                                                                         

 

where T is the absolute temperature, and T0 is a parameter determined by the density of states (DOS) 

at the Fermi level with respect to the decay of the wave function.  Based on the model developed by 

Mott
33

, γ is found to be ¼. Efros and Shklovskii
34

 introduced an attractive Coulomb force which 

creates a soft gap in the DOS near the Fermi level  resulting in γ =  ½ (ES-VRH).  This expression 

is valid especially in the vicinity of 0 K where the thermal activation effect can be ignored. 

However, particularly for disordered materials containing large, i.e. micrometer size, conducting 
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segments, the charge transport was found not to obey the atomic-scaled hopping between localized 

sites distributed on an atomic scale. Sheng 
35

 proposed a model in which the electrical conductivity 

is ascribed to tunneling through a potential barrier of varying height due to local temperature 

fluctuations. Based on this fluctuation induced tunneling (FIT), the resistance ρ(T) is: 

                                                                                                   (8)                                                                                                                                       

 

where T1 is a measure of the energy required to move an electron cross the insulating gap between 

CB clusters, and T0 is the temperature below which the conduction reduces to pure electrical 

tunneling, a temperature-independent phenomenon.  

To investigate the conductive mechanism of our system, the resistivity as a function of temperature 

was measured for the sample with 1.25 vol% CB. The results are plotted as ln σdc versus T
-1/4

, 

ln σdc versus T
-1/2

, and ρ versus T, as shown in figure 5a, 5b, and 5c, respectively. In figure 5a and 

5b, a linear relationship is not observed, indicating that the conduction mechanism of this sample 

cannot to be attributed to VRH in this temperature range. In contrast, a good match between the 

experimental results and eq. (8) can be observed. The parameter T1 and T0 was found to be 261 K 

and 9 K, respectively, suggesting that the electrical conduction of this sample can be described by 

FIT appropriately at temperatures above 9 K. According to the FIT theory, T1 and T0 are described 

by

 

    ,8/01 kaAT 

                                                                                                                    

(9a)

                                          

    ,/2 10 aTT                                                                                                                        (9b) 

where χ = (2 mV0 /h
2
)
1/2

 , ε0 = 4V0 /ea, A is the area of the capacitance formed by the junction, a is 

the interparticle distance of width, k is Boltzmann constant, V0 the potential barrier height, h is 

Planck’s constant, and e and m are the electron charge and mass, respectively. In a composite where 

the fillers are homogeneously dispersed, the composite conductivity can be described by the 

behavior of single tunnel junction, in which the gap width can be assumed to be a  p
-1/3

.  In 

addition, based on eqs. (8), (9a), and (9b), a can be associated with ρ by introducing χT = (2 mV0T 

/h
2
)
1/2 

with V0T  = V0 /(1+16πχkT/A ε0
2
)
2
, giving ρ  exp[2 χT a], and therefore, the relationship σdc   

ρ
-1

  exp ( p
−1/3

) can be established. Accordingly, the σdc and p obtained from figure 2a are plotted 

as lnσdc to p
-1/3 

in figure 5d, in which the rather linear relationship suggests that with the increasing 

of p, the gap width between clusters decreases consistently with FIT dominated charge transport. 

However, T1 = 261 K implies that above this temperature, the thermal activated transport may also 

play an additional role. This may explain the deviation from the fitting curves in figure 5d and at 



  01 /exp TTT 
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higher temperature range in figure 5c, respectively. To verify this, a plot of ln σdc versus T
-1

 for 

results obtained at temperatures higher than 260 K is displayed in figure 5e. A good match between 

the experimental data and the fitting can be observed, indicating that the thermal activated 

conduction also influences the charge transport of the studied sample. 
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Figure 5 ln σdc of a CB-E-A sample with 1.25 vol% CB versus (a) T
-1/4

for Mott-VRH and (b) T
-1/2

 for ES-VRH. 

According to the FIT theory, ρ of the same sample as a function of T is plotted in (c), and (d) the 

ln σdc versus p
-1/3

 plot. (e) the ln σdc - T
-1 

plot of the data obtained in the temperature range higher 

than 260 K.  

 

4.4 Conclusions 

The AC conductivity of carbon black-epoxy-amine (CB-E-A) composites has been characterized by 

a crossover at frequency fc from frequency-independent σdc to the frequency-dependent part 

particularly on samples with CB concentration higher than 0.5 vol%. The relationship f c≡ f ξ was 

confirmed, where ξ is the largest fractal length scale. The frequency-dependent conductivity at f > f 

c thereby can be attributed to the charge diffusion within fractal objects.  The z exponent obtained 

from fitting fc ~ σdc
z
 shows a value 1.14, which is lower than the values obtained from systems 

formed through random percolation and diffusion limited cluster aggregation. Combined with a t-

value higher than 2 obtained respectively from dc conductivity measurement (σdc ~ |p-pc|
t
), and ac 

conductivity measurement (drw= 2+θ = (t-β)/ν), charge tunneling effect between conductive clusters 

was proposed to occur at f < f c. The conductive atomic force microscopy (C-AFM) result showed 

that only part of the clusters in the composite contributed to the overall conductivity. The 

conductivity measurements preformed on individual clusters displayed both linear and nonlinear I-V 

behaviors, verifying the presence of electron tunneling through the clusters. Moreover, the 3D 

reconstructed images offered direct visual evidence that the percolation network of the studied 

sample is constructed by both clusters with high and low conductivity, the latter dominates the 

overall conduction mechanism as electron tunneling. Finally, in order to have a global insight of the 

overall conductivity mechanism, the temperature-dependent conductivity was measured on CB-E-A 

sample with 1.25 vol% CB. Different conductivity models including Mott-VRH, ES-VRH, and 
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fluctuation-induced tunneling FIT were applied to fit with our experimental data. Among them the 

FIT is the most appropriated one to describe the temperature dependence of this sample at the 

temperature range 9-261 K. Above this range, thermal activated conduction was considered to also 

take place, verified by fitting ln σdc versus T
-1

 for data obtained at temperature higher than 260 K.  
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The barrier properties of conductive nanocomposite coatings containing 0, 1 and 1.25 vol% of 

carbon black (CB) applied on aluminum alloy AA2024-T3 were investigated by using 

electrochemical impedance spectroscopy (EIS). Micro-electrochemical impedance spectroscopy 

(micro-EIS) and optical microscopy (OM) were also used to investigate the delamination of the 

nanocomposite coating containing 0 and 1.25 vol% CB, respectively. A defect of about 500 μm in 

diameter was created in the composite coating as well as in the unfilled reference sample. The 

polarization resistance of the unfilled coating decreases 10 times faster than that of the 

nanocomposite coating. The blister size of the nanocomposite coating is also smaller after 200 

hour of immersion. It was concluded that the composite delaminates by a factor of one order of 

magnitude slower as compared to a similar unfilled coating. A protective mechanism was proposed 

in order to explain this observation.  
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5.1 Introduction 

 

    Numerous studies have been done concerning the application of organic coatings on the 

corrosion protection of metallic substrates
1
. It is commonly agreed that control of corrosion based 

on organic coatings is provided by the use of three options: electrochemical inhibitors, sacrificial 

filler (active protection) and barrier coatings (passive). Inhibitive pigments like chromates are 

commonly used on aluminum alloys while sacrificial coatings such as zinc-rich primers offer 

cathodic protection on steel substrates. In this last case, electrical attachment of a less passive anode 

(the sacrificial filler) prevents discharge of current from the metal to the electrolyte
2, 3

. The exact 

mechanism by which barrier coatings protect metals from corrosion is still unclear. Some authors 

say that the passive protection offered by barrier coatings is due to their high electrical resistance 

above the interface thus preventing external flow of ionic currents between anodic and cathodic 

areas
2, 4, 5

. Various studies mention the use of conducting polymers in corrosion protection
6-8

. A 

number of protective mechanisms have been proposed in this case but the most acceptable is the 

combination between electrochemical inhibition and cathodic protection.   

    Recently, the addition of few percent of conducting polymer to a non-conducting polymeric 

matrix has drawn particular attention. It was shown that the modification of a paint formulation by 

adding 0.2 to 0.6 wt% of conducting polymers (such as polyaniline or polypyrole) increases 

significantly the protective properties of the coatings on steel substrates
9-12

. The role of the 

conducting polymer is its ability to intercept electrons at the metal surface and to transport them 

into the coating. Oxygen reduction and / or further oxidation (in the case of polyaniline) takes place 

in the coating and reduce access of water and oxygen to the metal interface. Thus, the conducting 

polymer provides electrochemical protection by preventing the corrosion mechanism based on the 

existence of cathodic and anodic zones at the interface
2, 13

.  

    On the other hand, only a few reports exist on the corrosion protection of metal using carbon-

black (CB) nanocomposite coatings. Zhang et al.
14

 studied the corrosion resistance of steel coated 

with a nanometer CB composite in 3 wt% NaCl and showed that CB nanoparticles in the coating 

are effective in improving the corrosion resistance of the steel. The nano composite coating having 

the better corrosion protection to steel in NaCl solution contained 1 % wt of CB. Because of the 

large specific surface area of CB and its high activity, there is a strong interface connection between 

coating and CB nanoparticles. In addition, during the initial stage of curing, CB nanoparticles can 

move easily in the coating and fill the micropores of the coating so that the packing density of the 

composite is improved. Such nanocomposite coatings provide a much better barrier against 

corrosive ions such as chloride. Wei et al.
15

 evaluated the corrosion (in 3 % NaCl) of mild steel 

protected with carbon black filled fusion-bonded epoxy coatings and found a positive change of the 
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corrosion performance if the CB weight fraction is above the percolation threshold. It appears that 

the conducting composite coating containing CB particles is very promising as material for 

corrosion protection of steel. To the best of our knowledge, conductive epoxy coatings containing 

CB particles were not tested on aluminum alloys and no delamination study was done on such 

composite coating from a small and controllable defect area. Some coatings may have good barrier 

properties but delaminate rapidly after damage. The aim of this work is to study the delamination of 

a conductive epoxy composite coating on bare AA2024-T3 alloy. Micro-electrochemical impedance 

spectroscopy (EIS) is combined with optical and confocal microscope visualization of the substrate 

to study the delamination from a local defect. Results are compared with a reference unfilled 

coating (CL) in order to appreciate the role of the conductive particles on the delamination. A 

protection mechanism provided by the CB conductive pathway is proposed.   

 

 

5. 2 Experimental 

5. 2.1 Coating preparation 

    Carbon black particles (KEC-600J, Akzo Nobel) were ground into a fine powder in a mortar and 

dried at 50 °C for 5 days under vacuum. Afterwards, a master batch with 2 vol% of CB was 

prepared by dispersing these particles in a bisphenol A based epoxy resin (Epikote 828, Resolution 

Nederland BV) for 8 hours at 6000 to 15000 rpm by using a disk agitator (DISPERMAT CA40-C1, 

VMA) until a homogeneous dispersion was obtained. No additive was used in the whole process. 

After diluting to the concentration of 1.25 vol%, a cross-linker Jeffamine D230 (Huntsman), was 

added with keeping the epoxy / NH molar ratio at 1.2 / 1, and was further mechanically stirred for 1 

min. This concentration leads to coatings with a degree of filling above the percolation threshold13. 

    The surface of the AA2024-T3 alloy plates (ThyssenKrupp Aerospace) was pretreated by sanding 

(Scotch Brite, 3M) and washing with acetone to remove oil and dust. This pretreatment reduces the 

thickness of the oxide layer and exposes the intermetallic compounds on the surface of the substrate. 

Directly after the surface pretreatment was done, the nanocomposite coating was applied on panels 

by using a quadruple film applicator (Erichsen GmbH & Co. KG) with a controlled thickness of 40 

to 60 µm. In order to evaluate the performance of the nanocomposite coating, an unfilled epoxy 

coating (without carbon black) of similar chemical structure and composition was thus applied on 

AA2024-T3. All coatings were cured at room temperature for 4 days followed by a post-cure at 

100 °C for 4 hours. 
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5.2.2 Conductivity measurement 

The dc conductivity σdc of coated sample was obtained by measuring the AC conductivity at room 

temperature using an impedance analyzer (EG&G, Model 283). In the low frequency region (in this 

study 10
0-

-10
−2

 Hz), where the ac conduction mechanism is the same as that for dc conduction, the 

conductivity value can be generally considered as having the same value the dc conductivity. The 

sample was cut into 1515 mm pieces, and a silver paint (Fluka) was applied on the coated side of 

sample to act as electrode as well as to reduce the contact resistance.  

 

5.2.3 EIS analysis 

5.2.3.1 Conventional EIS 

Electrochemical impedance spectroscopy (EIS) was employed to monitor the barrier properties of 

coatings after immersion in a 0.5 M NaCl solution. A commercial corrosion cell was used. All data 

were recorded at room temperature using a Potentiostat / Galvanostat (EG&G, Model 283) coupled 

with a frequency response detector (EG&G, Model 1025). The impedance of the composite applied 

on AA2024-T3 was also measured in the dry state in order to check the electrical contact between 

the substrate and the composite. The surface of the nanocomposite film (applied on AA2024-T3) 

was coated with silver paint to form a parallel plate capacitor in which the dielectric material is the 

nanocomposite. All EIS tests were performed in a Faraday cage. 

                          

 

                                             Figure 1 Setup for the micro-EIS measurements. 
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5.2.3.2 Micro-EIS 

To study the corrosion behavior locally, artificial defects were introduced by drilling a hole in the 

coatings with a flat slightly conical tip with a diameter of about 500 μm. For this purpose, a small 

electrical drill was mounted on a device which allows depth control of the defect. As shown in 

Figure 1, a home-made micro-electrode was placed on the hole in order to record the EIS signal 

during the corrosion process. This system forms a three electrode micro-electrochemical cell 

consisting of an AA2024-T3 working electrode, a small platinum wire counter electrode and a small 

commercial Ag / AgCl, KClsat reference electrode (EG&G). Specially designed glassware was used 

in order to keep the drop diameter 4 mm during the experiment. The cell was placed in a chamber to 

avoid air ventilation around the drop and to reduce its evaporation rate. This chamber was 

introduced in a Faraday cage in order to minimize external interference on the EIS signal. Micro-

EIS data were recorded at several time intervals in the frequency ranging from 100 kHz to 10 mHz 

by using a 5 mV ac amplitude of voltage. Experiments were performed at room temperature using a 

Potentiostat / Galvanostat (EG&G 283) coupled with a frequency response detector (EG&G 1025).  

    For the unfilled transparent coating, the EIS signal and optical images of the coating were 

recorded from the same hole at several time intervals in order to correlate the change in the EIS 

signal to the visual corrosion product. Since the semiconducting coating is non-transparent, 

confocal microscopy was employed to visualize the delamination frontier since this technique is 

capable of detecting small height changes. N-methyl pyrolidone (NMP) was also used to dissolve 

and remove the composite coating at the end of EIS test and the corrosion area on the substrate was 

monitored with an optical microscope.    

                    

 

5.3 Results and discussion 

5.3.1 Electrical response of a dry composite coating 

   The percolating CB network has been investigated in the previous chapters with respect to their 

electrical properties. The percolation threshold was found to be at a CB concentration 0.58 vol% as 

mentioned in chapter 3, above which long-range conductive pathways are established in the 

polymeric matrix as being verified by the ac conductivity measurements. One objective of this work 

is to establish electrical contact between the CB clusters and the AA2024-T3 substrate. The 

presence of aluminum oxide on the alloy may have a negative influence (Ohmic drop) on the 

electrical contact between the semiconducting nanocomposite and the substrate.   
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    The impedance of the semiconducting nanocomposite (with 1.25 vol% of CB) applied on AA-

2024 was measured in dry state in order to test the electrical contact between the substrate and the 

composite. This measurement is helpful to avoid any misinterpretation of the EIS data when 

conductive coatings are immersed in 0.5 M NaCl. Figure 2b shows the electrical response of a dry 

composite coating. The Nyquist plot of the composite appears as a semi-circle. Such a plot is 

characteristic of electrode processes under charge transfer control. This reveals the existence of CB 

conductive pathway in the nanocomposite. The intercept of the semi-circle in the Nyquist plot with 

the real axis (Zre) gives a charge transfer resistance in the range of 10
7
 Ω.cm

2
. Since the electrical 

conductivity of a free standing nanocomposite film at 10 mHz is 2.8 × 10
−6

 S cm
-1

 this reveals a low 

interfacial Ohmic drop. The result confirms not only the presence of CB percolation pathways in the 

composite but also the existence of sufficient electrical contact between the AA2024-T3 substrate 

and the CB clusters. A TEM micrograph, which shows the physical contact that leads to electrical 

conduction between the CB and the AA 2024 substrate, is displayed also in figure 2.                 

 

 

 

     Figure 2 TEM cross section and EIS response of epoxy nanocomposite containing 1.25 Vol% of CB 

particles.  

 

5.3.2. Barrier properties of coatings  

    Organic composite coatings are permeable to water, oxygen and other agents which may affect 

the adhesion. Accordingly, some coatings may have acceptable adhesion while dry and fail badly 

when tested under high humidity or after immersion in water for several hours
15

. In the present 

work, unfilled coatings (CL) as well as the nanocomposite (F) adhere on AA2024-T3 both in their 

dry and wet states with an adhesion pull-off strength value close to 8 MPa. The presence of carbon 

black in the composite did not result in a dramatic change in the adhesion of this material on the 
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AA-2024 substrate. The barrier property of coatings was studied in NaCl solution by using 

impedance spectroscopy. Figure 3 displays the EIS results of the unfilled coating and the 

nanocomposite coating in which the carbon black concentration is below or above the percolation 

level. Below the percolation threshold, the impedance displays in all case as a straight line with a 

negative slope while the phase angle is very close to 90 degree over the whole frequency range. The 

sample thus behaves like an ideal capacitor having a phase shift of 90º in the same frequency range. 

This reveals the absence of electrochemical process in both systems. Both coatings provide a very 

good barrier which is stable up to 140 days of immersion in 0.5 M NaCl solution.  

    Above the percolation threshold (1.25 vol% CB), the impedance behavior is characteristic of a 

polarizable electrode. But the charge transfer process observed in this case should be interpreted 

carefully since it is not due to the corrosion. It is important to notice the overlapping (or a very 

small shift of the intercept with |Z| axis) of all data recorded after 150 days of immersion in 0.5 M 

NaCl.  Corrosion reactions and ions transport would have lead to a decreasing coating resistance 

with immersion time. The overlapping curves account for the good barrier properties of the 

semiconductive nanocomposite coating. The electrical conductivity of the composite dominates the 

impedance spectra of immersed sample.  

 

      



Chapter 5 

80 

 

     

                                      

Figure 3 Bode plot of the impedance data of clear epoxy and nanocomposite coating containing 1 and 1.25 

vol% CB. Data were recorded in 0.5 M NaCl using 10 mV ac amplitude. 

 

 

 

5.3.3 Corrosion induced delamination  

5.3.3.1 Defect morphology 

Sample preparation is a crucial step during the investigation of coating delamination from a local 

defect area. The instrument used to generate the hole or the scratch should not induce additional 

stress in the coating around the defect center. Otherwise in some cases, partial delamination of the 

coating may occur around the hole. This would probably lead to an erroneous interpretation of the 

final test results. In the present case, a small electrical drill was mounted on a stage to allow the 

depth profile control. Before the test, samples were examined with confocal and optical 

microscopes in order to check the shape of the defect as well as eventual failure. Figure 4 displays 

confocal micrographs of the  semiconducting nanocomposite and the unfilled coating sample. From 

these images it appears that the boundary of all holes is smooth and that no major delamination was 

induced during the drilling process. The profile confirms the conical shape of holes with a base 

diameter of about 500 μm and a depth of about 160 μm. It also confirms the reproducibility of the 

drilling device. The coating thickness is close to 60 μm; the depth profile indicates how the AA-

2024 substrate was partially removed during drilling. It is important to expose the coating / AA-

2024 interface to the NaCl solution since the delamination process will start from this region.  
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 Figure 4 Confocal microscope micrographs and the depth profile of defects before the corrosion test for (a) 

unfilled coating (CL), and (b)1.25 vol% CB composite coating (F). 

         

 

5.3.3.2 Micro-EIS investigation of the delamination process 

    EIS data of the unfilled and the semiconducting undamaged coatings were previously recorded 

(Figure 3) at the open circuit potential (ocp) by using the macro-scale commercial electrochemical 

cell. The home-made micro-electrode was utilized to record EIS data (at the ocp) on a small part of 

the undamaged coatings. After normalization with the area, all data were in agreement with the 

results obtained by using the commercial cell. A similar test with an uncoated AA-2024 substrate 

gives comparable results. This confirms the reliability of the micro-electrode set-up. The micro-

electrode was placed on top of the defect in such a way that the NaCl solution completely wetted 

the surface around the hole. The advantage of this micro set-up in comparison to a large size EIS 

(

(
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set-up is that only a very small area of the sample is exposed to the electrolyte and it allows a local 

study of the corrosion process. The diameter of the drop (0.5 M NaCl) is about 4 mm, large as 

compared to the size of the defect but small if compared with the macro-EIS.   

    Figure 5 displays the micro-EIS data of the unfilled epoxy and the CB semiconducting defective 

coatings. Holes where flushed carefully (without wetting the whole panel) with water every 48 h in 

order to remove the corrosion products and avoid blocking of the defect center. For the unfilled 

coating at the early stage of immersion (t ≤ 5 h), |Z| appears as a straight line with negative slope at 

frequencies above 1 Hz and as a horizontal plateau at lower frequencies. The phase angle shows a 

single large plateau at a value close to 80 degree at intermediate frequencies. Although charge 

transfer exists at the defect center, the capacitive behavior of the coating dominates the initial 

impedance plots. After 5 h of immersion, a small deflection appears at about 200 Hz on the |Z| vs 

frequency plot; the intercept of the Bode magnitude with the |Z|-axis decreases gradually with 

immersion time and the phase shift shows two clear peaks. This accounts for the presence of two 

time constants in the system; the high frequency time constant is related to the coating properties 

while the low frequency time constant is due to the electrical double layer. As expected, the EIS 

data of the unfilled coating is characteristic of a defective coating. The change in the |Z| intercept 

value (at low frequency) with time (from 2 × 10
6
 to 10

4
 Ω.cm

2
) accounts for the decreasing 

polarization resistance of the coating with the immersion. This shows the progress of corrosion 

reactions and the coating delamination with time. 
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Figure 5 Bode representation of the impedance data of defective unfilled epoxy (a, b) vs 1.25 vol% CB 

semiconducting nanocomposite coatings (c, d). All data were recorded in 0.5 M NaCl with the 

micro-electrode. The defect diameter was 500 μm in all cases. 
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Figure 6 Delamination rate of semiconducting nanocomposite vs unfilled coating. The resistances were 

obtained by fitting micro-EIS data with the electrical model of figure 6 or its modified version.  

     

    Impedance spectra of the semiconducting nanocomposite coating are similar to those of the 

unfilled  

sample. It is important to notice the presence of three peaks in some phase angle plots of the 

composite. This originates from the additional carbon-black conducting phase in this system. On the 

other hand, all |Z| curves tend to overlap at high frequency while the low frequency intercept of the 

magnitude with |Z|-axis decreases from about 9 × 10
4
 to about 10

4 
Ω.cm

2
 after 213 h of immersion. 

The change in the polarization resistance is less pronounced in this case as compared to the unfilled 

coating. This suggests that the corrosion and delamination processes are slower for the composite 

coating. In order to check the reproducibility, EIS measurements were repeated three times on 
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samples prepared from different batches but with similar composition and microstructure. The 

results were comparable with the above mentioned data.  

    Several authors study the delamination of organic coatings on metallic substrates by using EIS. 

Mansfeld
16

 reported on the relation between the delaminated area Ad and the polarization resistance 

or the double layer capacitance:  

 

                             (1) 

 

In these relations t

dlC  and 
t

pR  represent, respectively, the double layer capacitance and the 

polarization resistance of the coated system at time t while 0

dlC  and 
0

pR  correspond to the 

double layer capacitance and the polarization resistance of the same but uncoated substrate 

immersed in the same electrolyte. From the above equations, it will be clear that the polarization 

resistance of a coating system will decrease with the increasing debonded area. Based on those 

relations, Armstrong et al.
17, 18

 studied the delamination of organic coatings on steel and discussed 

the possible existence of pores and defects through which ions flow and induce interfacial 

delamination of the coatings. On the other hand, it is not very clear whether data obtained in bulk 

solutions for bare metals (
00 , dlp CR ) are in agreement with corresponding data for the metal / coating 

interface
16

. The equations need to be adjusted before applying to the present system because there is 

an artificial defect initially in the sample. It was shown from the confocal images that part of the 

AA2024 substrate is removed below the coating. The surface and interface properties of the 

substrate at this position are different from those of the bare AA2024. Therefore, the polarization 

resistance of this system cannot be compared with the bare substrate for the estimation of the 

debonded area. Nevertheless, the ratio between initial polarization resistance (directly after 

immersion) and its value at time t will be proportional to the corroded area and thus  

 

                                                                
 

  d

p

p
A

tR

tR


 0
                                                             (2) 

Since the debonded Ad area is proportional to the delamination rate, it is possible to compare the 

delamination rate of the semiconducting nanocomposite with the one of the unfilled coatings based 

on equation 2. 

    Figure 6 compares the delamination rate of the semiconducting nanocomposite and the unfilled 

coatings. For the composite coatings the ratios of the polarization resistance are below 20 after 220 

h of immersion in 0.5 M NaCl. The results of three tests carried out on different composite samples 

ddl

t

dl ACC 0 dp

t

p ARR /0
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with similar composition are all in agreement. In contrast, the resistance ratios are quite high for the 

unfilled coating after the same period of immersion in NaCl. This reveals the fast delamination rate 

of this system.  

    Although the impedance spectroscopy gives valuable information about the corrosion rate of 

nanocomposite and clear coatings, one can still argue about the origin of the EIS signal recorded on 

a defective system as shown in this case. Two different corrosion propagation mechanisms can be 

responsible for the observed EIS signal. The first is the enhancement of corrosion reaction on the 

metallic part, i.e. pitting corrosion in the z-direction at the bottom of the defects which can give a 

similar EIS signal. The second is the combination of both uniform interfacial corrosion propagation 

(filliform-type) and the pitting corrosion at the bottom of the defect. Since all coatings were applied 

on AA-2024 panels from the same batch and the drilling process was similar in all cases, EIS 

analysis shows a clear difference between the delamination rate of unfilled and the nanocomposite 

coatings. This suggests that the corrosion mechanism involving interfacial coating delamination is 

responsible for the observation. Nevertheless, it is useful to perform another test to confirm the EIS 

results. Direct observation of the corrosion product or the debonded area with an optical or a 

confocal microscope can give this additional information.  

  

5.3.3.3 Optical and confocal microscope investigation of the delamination process 

    In the case of the unfilled transparent coating, electrochemical impedance data and the optical 

picture of the coating around the defects were recorded simultaneously on the same sample. EIS 

experiments were stopped at several time intervals; the sample was flushed with water in order to 

remove some crystallized salts and subsequently submitted to optical microscopy analysis. Figure 7 

displays the optical texture of a sample after different immersion times. 

    From zero to 24 h of immersion, no real coating delamination is observed but corrosion reactions 

probably occur at the bottom of the defect. At longer immersion times, corrosion products appear at 

the interface between the coating and the substrate as indicated by discoloration. The delamination 

starts from the defect and propagates at the interface. Note that the end of the discolored region 

around the hole cannot be assigned to the delamination frontier but corresponds to the interfacial 

corrosion product because delamination can be more extended than the observed frontier. Also note 

that the corrosion initiation is not symmetrical around the cylindrical hole. The reactions start from 

some specific point and seem to propagate faster in certain directions. This effect can be due to the 

presence (or the absence) of favorable intermetallic inclusions around the point where corrosion 

started or to the rolling direction in the AA-2024 substrate.  
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Figure 7 Optical micrographs of defective unfilled (transparent) coating on AA-2024 after several time of 

immersion in 0.5 M NaCl. 

 

    Because the nanocomposite coatings are non-transparent, it is not possible to obtain the time 

dependent optical visualization of the delamination process. Instead, confocal microscopy was used 

to analyze the composite coating at the end of EIS test.  Alternatively in some cases (Figure 8b) the 

coating was removed by using the NMP and the corrosion products were scanned with the optical 

microscope.  

 

 

 

Figure 8 Confocal micrograph of semiconducting nanocomposite n AA-2024 after 250 h immersion in NaCl 

(a) and the optical microscope texture (b) of similar sample when the coating is removed with 

NMP after 213 h of immersion.   

 

 

        In order to be sure that NMP will not clean the interfacial corrosion product, traces of the 

corrosion product were monitored on a transparent (unfilled) coating before and after removal of the 

coating. Both pictures were compared and shown to be in agreement within experimental error. 

Figure 8 shows the blister size of a nanocomposite coating around the defect. A blister of about 1 

mm in diameter can be seen on the confocal image of the composite after 250 h of immersion. The 

aa
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optical image of fig. 8b shows a similar trace of corrosion after coating removal. Both experiments 

were carried out on samples of similar composition and microstructure but prepared from different 

batches. This shows the reproducibility of the test. Note that the scale bar (200 μm) is smaller in the 

case of the composite coating as compared to the unfilled sample (Figure 7) indicating that the 

delaminate area is smaller for the semiconducting nanocomposite. As in the unfilled coating, 

corrosion starts from a specific part of the defect and seems to have a directional preference.   

    It is clear from the optical images that the delamination rate is slow for the semiconducting 

nanocomposite as compared to unfilled coating. The observation is in agreement with the EIS 

results. This confirms that the decreasing polarization resistance of the coating (as shown in the EIS 

signal) with the immersion time is related to the interfacial corrosion and to the coating 

delamination. Concluding, the semiconducting nanocomposite coating provides better corrosion 

protection of AA-2024 compared to the unmodified coatings. Although the exact mechanism why 

the semiconducting coating works better is unclear an explanation based on the propagation of 

charge carriers through the coating may account for this observation. 

 

5.3.4 Protection mechanism of conductive composite coating on bare AA2024-T3  

    The electronic properties of the substrate surface have a strong influence on the delamination 

mechanism of organic coatings on metallic substrates. For a substrate covered by semiconducting 

oxide such as steel and zinc, the exchange current resulting from a change in the oxidation state of 

the interfacial oxide (i.e. Fe
2+

 to Fe
3+

) can be measured at the intact coating interface. The cathodic 

reaction (oxygen reduction) is the driving force for the delamination of non-conducting organic 

coatings on such a substrate. The process is known as cathodic delamination. In the case of Al and 

aluminum alloys, which are mostly covered by a non-conducting oxide, the oxidation of the 

substrate below the coating is responsible for the corrosion evolution. A non-conducting coating 

delaminates from a small defect according to the anodic undermining mechanism [19]. Differences 

between the corrosion mechanisms of those substrates are due to the possibility of interfacial 

electron conduction for the case of steel or zinc and its absence for aluminum.  

    When semiconducting composite coatings containing CB particles are used, electrical contacts 

can be established between the steel surface and the composite or between the intermetallic 

compound on AA-2024 substrate and the composite. Consequently, electrons generated at any 

defective region will not be localized at the coating-metal interfaces as in the case of insulating 

coatings. Localization of electrons at the interface favors interfacial oxygen reduction and thus 

coating delamination. In that case, debonding will be accelerated by the OH
−
 resulting from the 

reduction of oxygen. Figure 9 shows the delamination mechanism of a defective semiconducting 
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nanocomposite coating on AA-2024. The multiple percolation and interconnection between 

particles in the composite or the electrical contact between the composite and the intermetallic will 

increase the region where electrons transfer is  

 

 

  

Figure 9 Delamination mechanism provides by a semiconducting nanocomposite coatings on AA-2024. 

 

allowed. Electrons generated at the defect will migrate both into the coating and to the interface. 

This spreading of electrons into the coating will decrease the rate of oxygen reduction at the metal-

coating interface and thereby reduce the coating delamination. This might be the reason why the 

delamination rate is slow when a semiconducting composite coating is applied on AA-2024. The 

protection provided by semiconducting composite containing CB could be enhanced if one applies a 

top-coating on this composite layer in order to avoid the enhancement of pitting corrosion due to the 

large cathodic area of conductive composite exposed to air.  In this case, a new interface could be 

defined and oxygen reduction may shift from the metal-composite to the composite-top coating 

interface.  

    The use of CB as conducting fillers is advantageous over the application of conducting polymer 

additives. Conducting polymers may easily oxidize, reduce or generate some radicals after water 

uptake. The redox species and radicals may destabilize the coating matrix and increase the ion 

transport through the film. In contrast, CB particles are chemically inert and electrochemically 

inactive allowing only electron transport. Therefore, the life time and the barrier properties of the 

polymeric matrix will not be significantly affected.  
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5.4 Conclusions 

    A semiconducting nanocomposite coating containing 1.25 vol% carbon black particles was 

applied on AA-2024 alloy. The delamination of this coating due to corrosion was studied by 

creating a conical hole of 500 μm base diameter into the coating and by exposing the interface to a 

0.5 M NaCl aqueous electrolyte. Micro-electrochemical impedance spectroscopy and confocal 

microscopy were used to monitor the local change of the impedance of the system with the 

immersion time and to study the size of blister caused by the coating delamination, respectively. 

The results were compared with an unfilled coating of similar chemical composition.  

     The polarization resistance of the semiconducting nanocomposite decreases by a factor of about 

10 after 213 h immersion time. The change was more pronounced in the case of unfilled coatings in 

which the resistance varies by a factor of about 100 after a similar period of immersion. Large 

delaminated areas with underfilm corrosion products were found when the substrate with the 

unfilled coating was analyzed by using optical microscopy. In case of semiconducting 

nanocomposite the size of the blister was smaller by one order of magnitude. This result is in 

agreement with the change of the polarization resistance obtained from EIS and confirms that the 

corrosion rate is higher for the unfilled coating as compared to the semiconducting nanocomposite. 

A corrosion protection mechanism based on the spreading of electrons from the defect center into 

the semiconducting coating was proposed to explain the efficiency of this system. Electrons 

generated from the substrate can migrate through the conductive pathways into the coating. This 

will reduce the rate of oxygen reduction at the coating substrate interface and decrease the 

delamination rate. 
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The corrosion induced delamination for a conductive CB-epoxy nanocomposite coatings (F) and an 

unfilled epoxy coating (CL) with controlled defects on aluminum AA2024-T3 was investigated by 

Scanning Vibrating Electrode technique (SVET) and Scanning Electrochemical Microscopy (SECM). 

As proposed in chapter 5, different corrosion mechanisms for a F and a CL samples are observed. 

Furthermore, a quantitative method was developed to measure the propagation rate of corroded 

area on F and CL samples. Results showed that the increase of corroded area on F samples is slower 

than that on CL samples by a factor of 10. Finally, long-term salt-spray tests were performed on 

samples coated with 0, 0.75, and 1.25 vol% CB nanocomposite coatings, showing the promising 

anti-corrosive performance of the conductive nanocomposite coatings. 
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6.1 Introduction 

    Aluminum alloy 2024-T3 (AA2024-T3) is widely used in aerospace industries due to its excellent 

weight-to-strength ratio
1
.  The corrosion protection of this alloy has been provided by chromate 

based conversion and organic coatings for years until recently being banned due to the toxic and 

carcinogenic nature of Cr(VI)
2
. In the past decade, numerous studies have been done in order to find 

a replacement that offers equivalent performance
3-5

.   

    One of the emerging researches in this field is on anti-corrosive properties of electrically 

conductive coatings, which provides electrochemical protection by preventing the corrosion reaction 

originated from the cathodic and anodic zones at the interface
6, 7

. However, the applicability of this 

method was limited by some technical hurdles such as the poor mechanical properties, porosity, 

depletion of reaction species, and the detrimental interactions between the interface and the 

generated radicals or redox species. Recently, attention has been drawn on employing conductivity 

in the form of a composite coating. Such a coating can offer great passive protection and 

processability with respect to its selected polymeric matrix, and the incorporated conductive species 

can work actively to suppress the corrosion reaction
8-11

.  

    In chapter 5, the anti-corrosive performance of a conductive carbon black (CB)-epoxy 

nanocomposite coating on AA2024-T3 was studied
12

. Electrochemical impedance spectroscopy 

(EIS) analysis revealed that after an artificial defect was created, the polarization resistance 

decreased by a factor about 10 after 213 hours immersion in 0.5 M NaCl while a factor of 100 was 

found for the same substrate coated with an unfilled epoxy coating
12

. A corrosion protection 

mechanism was proposed accordingly where electrons generated from the defect area migrate 

through the conductive particle pathways into the coating, decreasing the rate of oxygen reduction at 

the coating-substrate interface
12

. In order to verify the re-location of the cathodic processes from the 

defective area to the conductive coating film, local electrochemical techniques are employed in this 

chapter. The scanning vibrating electrode technique (SVET)
13

 offers the possibility of mapping the 

ionic current densities distribution that can be used to identify the anodic and cathodic zones on the 

surface. Moreover, the variations of dissolved oxygen concentration, which can be related to 

cathodic processes on the coating surface, can be detected by the scanning electrochemical 

microscopy (SECM)
14

.  

    Moreover, a microscopic image analysis was developed to study the corrosion induced coating 

delamination in terms of the discolored area beneath the coating. The long-term salt-spray tests were 

also used to examine the stability of the polymer-metal interface of AA2024-T3 coated with epoxy 

coatings with different levels of conductivity offered by various CB concentrations.  
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Figure 1 DC conductivity versus CB concentration and the 3-D morphology of percolating CB networks 

obtained on nanocomposite sample with 1.25 vol%.  

 

 

6.2 Experimental  

6.2.1 Coating preparation  

    Carbon black particles (KEC-600J, Akzo Nobel) were ground into fine powder in a mortar and 

dried at 50 °C for 5 days under vacuum. Afterwards, a master batch with 2 vol% of CB was 

prepared by dispersing these particles in a bisphenol A based epoxy resin (Epikote 828, Resolution 

Nederland BV) for 8 hours at 6000 to 15000 rpm by using a disk agitator (DISPERMAT CA40-C1, 

VMA) until a homogeneous dispersion was obtained. No additive was used in the whole process. 

After diluting to a concentration of 1.25 vol%, a cross-linker Jeffamine D230 (Huntsman), was 

added with keeping the epoxy / NH molar ratio at 1.2 / 1, and was further mechanically stirred for 1 

min. This concentration leads to coatings with a degree of filling above the percolation threshold
15

. 

    The surface of the AA2024-T3 (ThyssenKrupp Aerospace) was pretreated beforehand by sanding 

(Scotch-Brite, 3M) and washing with acetone to remove oil and dust. This pretreatment reduces the 

thickness of the oxide layer and exposes the intermetallic compounds on the surface of the substrate. 

Right after the surface pretreatment was done, the nanocomposite coating was applied on panels by 

using a quadruple film applicator (Erichsen GmbH & Co. KG) with a controlled thickness of 40-60 

µm. In order to evaluate the performance of the nanocomposite coating (F), an unfilled epoxy 

coating (CL) of similar chemical structure and composition was thus applied on AA2024-T3. All 

coatings were cured at room temperature for 4 days followed by a post-cure at 100 ºC for 4 hours.  

 

 

6.2.2 Formation of defective coatings 

    An artificial defect with an uniform diameter about 500 μm was created on the samples by using 

an electrical drill that can control the drilling depth, as described before
12

. The coating thickness is 
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close to 60 μm, and the depth of the defect is about 160 μm, which allows the AA2024-T3 substrate 

to be exposed to electrolyte. The reproducibility of the drilling was confirmed by confocal 

microscopy.  

 

6.2.3 Scanning vibrating electrode technique (SVET) 

    The local current density SVET-maps of the samples were carried out by using a SVET device 

from Applicable Electronics (USA). The vibrating probe was a thin Pt needle covered with 

parylène® and leaving the metal exposed only at the needle’s tip, on which a platinum black sphere 

of ca. 20 µm in diameter was deposited. The measurements were made with the electrode tip 

vibrating in a plane perpendicular to the sample at amplitude of 20 μm. The mean distance between 

the microelectrode and the surface of the sample was 100 μm. A calibration routine converts the 

measured potentials into current densities at the corroding surface. The samples were partially 

coated with adhesive tape leaving only an exposed area typically around 3 mm × 3 mm over which a 

scan was made. The mean acquisition time per scan was about 31 min. 

 

6.2.4 Scanning electrochemical microscopy (SECM) 

    The SECM measurements were carried out with a Scanning Electrochemical Workstation Model 

370 (Princeton Applied Research, AMETEK Inc.). A platinum-disk microelectrode of 5 μm radius 

was used as the working electrode. An Ag/AgCl, KCl (sat) electrode as a reference and a platinum 

plate as the counter-electrode completed the electrochemical cell. SECM-scan measurements were 

carried out at a tip-sample distance of approximately 40 µm. SECM measurements were performed 

at tip-potential of − 0.6 V which corresponds to reduction of dissolved oxygen in solution. Samples 

were immersed in 0.05 M NaCl solution. 

 

6.2.5 Analysis of the corroded/ discolored area on AA2024-T3 

10 pieces of AA2024-T3 panels coated with CB-epoxy nanocomposite coating (F) and pure epoxy 

coating (CL) were prepared, respectively. On all the samples, defects with diameter about 500 µm 

were created by micro-drilling
12

. After every 24 hours of exposure to 0.5 M NaCl solution, one 

panel from each F and CL sets of samples was randomly chosen. Thereafter the coatings were 

dissolved by N-methyl pyrolidone (NMP) in order to observe the corroded area underneath by using 

optical microscopy. The process is illustrated in figure 2. 
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Figure 2 The illustration of the experimental process of the study on the development of the underfilm 

corroded area for both F and CL samples. 

 

6.2.6 Salt-spray test 

    Epoxy-amine coatings comprising 0, 0.75, and 1.25 vol% CB on AA2024-T3 were prepared and 

cured at 20 ºC for 4 days followed by a postcure at 100 ºC for 4 hours. Conductivity measurements 

as described in chapter 3 showed that the percolation threshold occurs at a particle concentration of 

about 0.24 vol%. To study the influence of the particle percolation structure on the corrosion 

resistance, three samples for each CB concentration were scratched and put into a salt spray cabinet 

for 7 weeks. The whole testing process is based on ISO 7253. 

 

 

6. 3 Results and discussion 

6.3.1 SVET measurements  

    Figure 3a shows the distribution of ion current density of a CL sample. The artificial defect spot 

where the AA2024-T3 was exposed was circled with white dashed line. Cathodic current as well as 

anodic current were observed both outside and inside the defect. Soon after this sample was 

immersed in NaCl solution, oxidation current gas formation was detected. The generation of H2 in 

the form of bubbles within the defect impeded the SVET mapping, resulting in a weak signal level 

(low current). This could be explained by the presence of Cu-rich intermetallic inclusions, which are 

more cathodic as compared to the Al matrix in the AA2024-T3, leading to local pitting corrosion 

and subsequent pit acidification16. However despite the low anodic and cathodic signal, all the 

activity detected (also the generation of H2) is located within the defect while the intact coating 

around remains inactive.  

    In figure 3b a clear separated anodic and cathodic activities for a F sample is displayed. Within 

the defect area, only anodic current is present, and the coupled cathodic reaction mainly reduction of 

oxygen is located outside of the defect, in the coating.  which generates H2. is located mainly within 

a small coated area (blue). In this case the absence of H2 formation facilitate the measurement and 

clearer SVET signal (higher currents) are measured. These results indicate that for the case of 
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conductive anodic and cathodic process take place at separated locations: anodic within the defect 

(bare metal) and the cathodic reaction in the coating. 

 

 

Figure 3 Current density mapping images for samples coated with (a) unfilled epoxy coating (CL), and (b) 

1.25 vol% CB nanocomposite coating (F). The circles indicate the location of the artificial defect. 

Color scale: a/cm
2
. Map size: about 1 mm x 1 mm. “ 

 

 

 

6.3.2 SECM experiments 

    The corresponding SECM results obtained from the same CL and F samples used in the previous 

SVET measurements are shown in figure 4a and 4b, respectively. The SECM was used to monitor 

the oxygen concentration on the sample surface. However, these measurements was easily affected 

by the surface topography of the samples. In these experiments, the samples are quite rough around 

the defect, resulting in the blue regions around the defect in figure 4a and the red area on the right 

hand side of figure 4b.  

 

 

Figure 4 The SECM mapping images obtained in the redox-competition mode on a defective vicinity on 

AA2024-T3 covered by (a) a clear coating (CL), and (b) a CB filled coating (F). Currents 

measured at the tip corresponding to electroreduction of oxygen. Color scale: Normalized 

currents, i/ilim. Scan size: 1 mm × 1 mm. 

 

 



Corrosion tests and mechanism study 

97 
 

By excluding the topographical effect, the current value detected inside and outside the defect is of 

significance. A lower currents (~ 0.46) was detected within the defect of the CL sample (figure 4a) 

while a higher current was detected outside the defect (~0.72), where a red color is shown. This 

means that a lower concentration of oxygen, an indication of the cathodic activity, takes place within 

the defect, coupling with the anodic activity taking place in the coating area. Contrary to the CL 

sample, for the F sample (figure 4b), a higher current values (~0.62) was detected within the defect 

than the surrounding coating area (~0.45). This indicates that the oxygen consumption (cathodic  

reaction) occurs outside of the defect, and the coupling anodic activity takes place inside the defect.    

 

    A summary for the corrosion mechanism for a F sample is illustrated in figure 5. Electrons 

generated from the metal oxidation can be transferred through the conductive pathways into coating 

area, resulting in the relocation of the cathodic sites. However, SVET measurements also showed 

that such a relocation is limited with respect of cathodic area (figure 3b). A reason is suggested by 

the TEM observation.  

 

 

Figure 5 Schematic illustration of the anodic and cathodic reaction locations in the case of a defective CB 

filled nanocomposite (sample F). 

 

    Figure 6a shows a TEM image taken from the bulk part of a cured coating with 1.25 vol% CB, in 

which the CB can be seen to distribute evenly over the area. However, in the vicinity of the 

polymer-metal interface, as shown in figure 6b, less CB particles can be observed as compared with 

its bulk. The number of conductive pathways that account for electrical conduction thereby 

decreases, resulting in limited possibility of electron transportation from the anodic activities to the 

cathodic ones in the coating. One of the advantages of such non-homogenously distributed 
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conductive pathways is that the electrons generated from anodes can only be transferred to a limited 

coated area, minimizing the risk of greatly enlarging the cathodic area that is known to enhance 

corrosion process 

 

 

Figure 6 Transmission electron microscope (TEM) images taken from the (a) bulk part and (b) polymer-

metal interface of 1.25 vol% CB-epoxy nanocomposite coating applied on AA2024-T3. 

 

 

 

 

6.3.3 Analysis of corroded/ discolored area  

    The formation of corrosion products can be considered as a direct indication of an ongoing 

corrosion process. As shown in chapter 5, the expanding discolored area caused by corrosion 

products was found to be associated with a decreasing of polarization resistance with respect to 

coating delamination. Thus the delamination rate can be estimated by tracing the discolored area as a 

function of immersion time. However, due to the opaque nature of the CB-epoxy coating, such an 

investigation cannot be done directly. The methodology used here offers a straightforward and 

representative way to do analysis. Because it is the destructive nature of this experiment, corrosion 

propagation could not be followed in-situ. However, statistical results can still be obtained by using 

different samples prepared at the same time under the same conditions, but varying the immersion 

times. 

     A comparison of the results obtained from CL and F samples is displayed in figure 7a, in which 

corrosion products can already be found on a CL sample after one-day immersion, but hardly can be 

seen on a F sample. With increasing immersion time, a larger discolored area can be observed for 

the CL samples, yet hardly visible for F samples. Measurements of the discolored area were done in 

order to obtain a quantitative view of the corrosion propagation. The results are shown in figure 7b, 

in which the development rate of discolored area for CL samples was found to be about 10 times 

higher than that of F samples. This result is in good agreement with the micro-EIS study shown 



Corrosion tests and mechanism study 

99 
 

previously, in which the delamination rate for F samples were slower than that of the CL samples 

also by a factor of about 10. 

 

 

 

 

 

Figure 7 Comparison of the propagation of the discolored area at the coating-metal interface as a function 

of immersion time for CL and F samples (a), and the associated discolored area as a function of 

testing time (b). 

 

 

 

 

6.3.4 Salt-spray test 

    Based on the aforementioned studies, the capability of transferring electrons as indicated by 

electrical conductivity is key to the anti-corrosive properties of the CB-epoxy nanocomposite 

coating. Therefore, salt-spay accelerated corrosion tests were performed on samples with 0 (CL), 
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0.75 (m-F), and 1.25 vol% (F) CB. As shown in figure 8a, such CB concentrations are well-below, 

just-above, and well-above the percolation threshold with regard to their electrical conductivities.  

    The corresponding salt-spray results are shown in figure 8b, c, and d, respectively. After 7 weeks 

being exposed to a corrosive salt spray environment, the anti-corrosive behaviors of these samples 

are quite different. For CL samples, the corrosion took place from along the scratch, propagating 

further underneath the coating, and formed blisters and filiform corrosion defects. When filiform 

corrosion continually developed, blisters merged and formed a larger area of coating delamination 

with irregular frontiers, as shown in figure 9a. The average length of corrosion propagation is 

around 4 mm.  

    However, for m-F samples, where the particles start to form continuous pathways, the corrosion-

induced coating delamination was clearly inhibited. Much less and smaller blisters were formed with 

a few filiform corrosion defects developed from them. The average length of corrosion propagation 

is around 2 mm. Moreover, when the conductivity of the coating is further increased as the particle 

concentration reaches 1.25 vol%, corrosion propagation was significantly suppressed. As shown in 

figure 8b, almost no coating delamination can be observed for F samples. This result shows the 

prominent anti-corrosive properties as offered by the conductive nanocomposite coating. The non-

conductive polyurethane top-coat applied for salt-spray test blocks the electron transfer available for 

the cathodic reaction. With such a shielding, the effect of enlarged cathodic area, which would 

evoke pitting corrosion in the defect, can be greatly mitigated. Although a new interface may be 

produced between the conductive primer and the top-coat, this delamination is much more 

controllable and harmless than the delamination and corrosion propagation at the primer-substrate 

interface.  
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Figure 8  (a) The conductivity as a function of CB concentration with b well-above, c just above, and d 

well-below the percolation threshold. Representative images of the corresponding salt-spray 

result after are displayed in (b), (c), and (d) correspond to the sample b, c, and d shown in (a), 

respectively. 

 

 

 

6.4 Conclusions 

    The corrosion and delamination behavior of an AA2024-T3 substrate coated with a conductive 

nanocomposite-epoxy coating (F) was accelerated and studied. Local electrochemical methods, 

SVET and SECM, are used to monitor the spatial distribution of the oxidation and reduction 

processes. SVET results demonstrated that cathodic currents are located at the coating around the 

defect area in the case of the CB-nanocomposite. SECM measurements consisted of monitoring 

dissolved oxygen available in the proximities of the coating defect. It is observed that for the case of 

CB-nanocomposite a higher depletion of oxygen is located at the coating. These results suggest that 

the presence of CB-particles in the coating offer a new pathway for the cathodic processes to divert 

away from the defect. This re-location of charge transfer is restricted by a limited number of 
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conductive pathways present in the coating, as shown by TEM analysis in which a non-homogenous 

distribution of CB was shown. The delamination rate in terms of the underfilm corroded 

discoloration for F samples was observed to be about 10 times slower than that for CL samples, 

showing good agreement with the m-EIS studies. Finally, as displayed by the salt-spray test results, , 

almost no coating delamination occurred after 7 weeks being exposed to a severe corrosive 

environment for samples with complete percolated networks. The protection properties decreased 

with decreasing coating conductivity which is associated with  lower CB concentration. Coatings 

with conductive pathways were confirmed to be more anti-corrosion by inhibiting corrosion 

propagation. Moreover, the possible disadvantage of enlarging the cathodic area caused by this 

conductive coating was prevented by limited electron delocalization on the one hand, and the 

electrical shielding offered by the non-conductive top-coat used in the salt spray test on the other 

hand.  
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Summary and Outlook 

 

    In an attempt to improve the anti-corrosive properties of epoxy coatings on aluminum alloys, 

percolating nanocomposite coating were tailored. These materials were fabricated by dispersing 

conductive carbon black nanoparticles (CB) into an epoxy resin. Before applying on substrates, an 

amine was added into the resin with a controlled epoxy-to-NH (E/N) ratio of 1.2/1, which was 

determined as the optimum E/N ratio for good coating adhesion and low water permeability without 

compromising the thermal and chemical resistance.  

    The wet adhesion properties of epoxy-amine coatings are influenced by highly interconnected 

factors. With respect to the chemical bonding, the interface of coatings with a molar excess of 

amine groups appeared to be disrupted easier by water than that with an excess of epoxide groups. 

Furthermore, intrinsic tensile internal stress (TIS) and compressive internal stress (CIS) induced by 

water swelling were proved to be present in the coating. The CIS can be partly compensated by the 

tensile ones. Anyway, the effect of this phenomenon becomes insignificant for prolonged 

immersion. After longer immersion, more chemical bonds are displaced by water and the chemistry 

at the interface dominates the overall adhesion. Adding these effects together, the coatings with 

E/NH ratio 1.2 renders the best wet adhesion performance of epoxy-amine coatings for shorter 

immersion time, while E/NH ratio 1.4 performs better for longer immersion time. Both coatings 

possess a lower internal stress level and more epoxide groups. 

    In-situ conductivity measurement were performed with the corresponding curing kinetics being 

studied by DSC, showing that the percolation phase transition was enhanced by the addition of 

amine, and significantly impeded when gelation occurs. The DSC thermodynamic studies revealed 

no particle-particle or particle-polymer chemical reactions during the percolating process. The 

conversion profile fitted well with the auto-catalytic model, suggesting that the epoxy-amine curing 

is the only chemical reaction taken place. The agglomeration is confirmed to be merely a diffusion 

process, corresponding to diffusion-limited-cluster-aggregation (DLCA). The microstructure studies 

revealed the fractal nature of the CB clusters. The fractal dimensions df for CB-E-A samples with 

1.25 vol% were estimated, and found to be in all cases lower than the universal DLCA value, 1.85 ± 

0.05. This indicates that the presence of amine is critical for the percolation transition to occur and 

the subsequent gelation prevented the further particle aggregation. Clusters acquired less time to 

grow into the expected dimension for a standard DLCA process, resulting in df = 1.55 for Carbon 

black-epoxy-amine (CB-E-A) samples cured at 100 °C (H), and df = 1.65 for the ones cured at 20 

°C (L). 
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    The AC conductivity of carbon black-epoxy-amine (CB-E-A) composites as presented in this 

work has been characterized by a crossover at frequency fc from frequency-independent σdc to the 

frequency-dependent part particularly on samples with CB concentration higher than 0.5 vol%. The 

relationship fc ≡ fξ was confirmed, where ξ is the largest fractal length scale. The frequency-

dependent conductivity at f > fc thereby can be attributed to the charge transport within the fractal 

objects.  The z exponent obtained from fitting fc ~ σdcz shows a value 1.14, which is lower than the 

values obtained from systems forming through random percolation and DLCA. Combined with a t-

value higher than 2 obtained from dc conductivity measurement (σdc ~ |p-pc|
t
), and ac conductivity 

measurement (drw = 2+θ = (tβ)/ν), charge tunneling was proposed to occur at f < fc. A study done 

by using conductive atomic force microscopy (C-AFM) showed that only part of the clusters in the 

composite contribute to the overall conductivity. The conductivity measurements performed on 

individual clusters display both linear and nonlinear I-V behaviors, verifying the presence of 

electron tunneling through the clusters. Moreover, the 3D reconstructed images offer direct visual 

evidence that the percolation network of the studied sample is constructed by both clusters with 

high and low conductivity. The latter dominates the overall conduction mechanism to be electron 

tunneling instead of ohmic conduction based on physical contacts between clusters/particles. 

Finally, in order to have a global insight of the overall conductivity mechanism, the temperature-

dependent conductivity was measured on CB-E-A sample with 1.25 vol% CB. The results were 

fitted according to various conductivity models, Mott’s variable range hopping (Mott-VRH), Efros-

Shklovskii variable range hopping (ES-VRH), and fluctuation-induced tunneling (FIT), 

respectively, showing that FIT may be the most appropriate one to describe the temperature 

dependence of the conductivity within at the temperature range 9-261 K. Above this range, thermal 

activated conduction was considered to take place, as verified by fitting ln σdc versus T
1

 for data 

obtained at temperature higher than 260 K. 

    The studies of the anti-corrosive properties of composite coatings were carried out on samples 

filled with 1.25 vol% CB (F) and a reference sample without CB (CL). After 120 days of immersion 

in 0.5 M NaCl solution, no corrosion reaction can be observed by conventional Electrochemical 

Impedance spectroscopy (EIS). In a next step, pin holes with a uniform diameter 500 μm were 

manually created on a F sample and a CL sample and the accelerated corrosion reaction was 

investigated by micro-EIS. After 200 hours immersion, a clear difference between F and CL 

samples can be found. The decrease of impedance for F samples was slower than CL samples by 

approximately a factor of 10. Consistent results were observed in different sets of coatings. 

Meanwhile, a correlation between the impedance drop and the growth of corroded area was found. 

Parallel experiments also demonstrated that the propagation rate of visibly corroded area for F 



106 
 

samples is 10 times slower than for CL samples. To have a deeper insight in this phenomenon, the 

scanning vibrating electrode technique (SVET) was employed, showing that the corrosion 

mechanism for F samples was transformed, as anticipated, from anodic undermining to cathodic 

delamination due to the presence of the conduction paths. Electrons generated at anodic sites have 

chances to spread into the coatings, further reducing the risk of coating delamination caused by ion 

transportation. Finally, salt spray tests were performed on coatings without CB (CL), with 0.75 

vol% CB, and with 1.25 vol% CB (F). Superior corrosion protection properties were found for F 

samples, revealing the significant positive influence of the conductive network on the anti-corrosive 

performance.  
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Outlook 

 

Alternative pre-treatment/ primer system with high adhesion properties 

    In this research the positive effects of conductive composite coating on the anticorrosive 

properties of AA 2024 have been proven. To further enhance the long-term durability of the 

polymer-oxide-metal interface, other polymer systems with a higher adhesion property on AA2024 

could be considered.   

 

i. Sol-gel 

   A sol-gel pretreatment that forms Me-O-Si bonds is another option. This method enables a wide 

range of additives to the coating-forming solution. The mechanical problem resulting from cracks, 

and micro pores can be overcome by incorporating the organic molecules inside an inorganic 

network, forming hybrid organic-inorganic sol-gel coatings, which can be prepared at low 

temperature, even down to room temperature
1
. Low-cost and flexibility of application method for 

complex geometries are additional advantages. Some promising results on the protection of 

aluminum alloys have been reported
2
.  

 

ii. Other epoxy-amine system 

     Due to the various adhesive mechanisms between polymer and the metal substrate, different 

epoxy-amine coatings offer adhesion property on AA2024 differently. In one of our recent studies, 

a coating formed by Eponex 1510 (E1510) (Momentive BV, the Netherlands) with curing agent, 

Jeffamine EDR 148 (J148) (Huntsman BV, Germany), displays excellent (wet) adhesion property 

on AA2024
3
. However, disappointingly, Figure 1 (a) shows the cross section images of the a CB-

E1510-J148 composite coating (1.25 vol%). It is clear that the dispersion of CB in E1510-J148 is 

poor, resulting in large aggregates, that may influence the conductivity behavior, which is about 10
2
 

lower than the CB nanocomposite sample studied in this thesis (CB-Epi828-J230) with the same 

CB concentration, as shown in figure 1(b). To improve this, one may consider either modifying the 

dispersing process, i.e. three-roll mill
4
, using alternative conductive fillers that can be easily 

dispersed in E1510, or exploring other favorable amine / epoxy combinations, similar to the E1510-

J148 formulations. 
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Figure 1 (a) the cross-sectional image of CB-E1510-J148 coating obtained by light microscopy, and (b) the 

ac conductivity performance for CB-Epi828-J230 and CB-E1510-J148 with the same CB 

concentration. 

 

Alternative conductive particles 

i. Other C-fillers 

    Percolation phenomenona that show a sharp conductivity rise with increasing filler 

concentrations are universal. Graphene and carbon nanotubes (CNT), which have much higher 

intrinsic electrical conductivity than the carbon black used in this study, may offer a more efficient 

electron conduction with a lower percolation threshold. However, other factors must be considered 

when introducing these advanced materials to corrosion protection on Al alloys as well. For 

example, compatibility and dispersibility in the polymeric matrix, the use of surfactant, long-term 

stability, the electrical contact with the metal substrate and with the coating surface. Preliminary 

work has been done on a commercial CNT-epoxy resin (EPOCYL, NANOCYL, Belgium), which 

shows a conductivity level at least 10
4 
higher than the conductivity level of percolating CB-Epi828-

J230 samples used in this research. However, after being applied on AA2024, these two systems 

exhibit identical conductivity performance. Future investigation should be done to further 

understand this phenomenon. Figure 2 (a) and 2 (b) show the dispersion of CNT in the bulk and 

metal-coating area, respectively. Figure 2 (c) displays the conductivity behavior of the CB. 
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Figure 2  The cross-sectional image of percolating CNT-epoxy nanocomposite at (a) bulk region, and (b) 

coating-metal interface region. (c) the corresponding ac conductivity performance for this coating 

as compared with the CB-epoxy nanocomposite coating. 

 

ii. Metal fillers 

    Due to the electromotive force, not many metal particles can be used on the corrosion protection 

for Al and its alloys as mentioned in this study. Otherwise galvanic corrosion may take place. 

Therefore only Magnesium is an obvious candidate, known to offer sacrificing protection for Al and 

its alloys. Moreover, to reduce the weight and cost by using Mg particles, core-shell design can be 

considered.  

 

iii. Other fillers 

    Other type of particles which have been introduced to epoxy coating such as Antimony-doped 

Tin Oxide particles
5
, and polyaniline/ polypyrole particles

6-9
 might be alternative fillers for future 

investigations. 
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Surface pretreatment 

    Although the corrosion propagation and coating delamination can be greatly subdued by 

introducing conductive pathways in the coating, the pitting corrosion in the defect area may rather 

be enhanced, leading to deep structural damages. For AA2024, pitting corrosion generally develops 

at the sites of intermetallic inclusions. A way to avoid it is to metallurgically bond the Al alloy 

surface with pure Al (Alclad)
10.  Figure 1 (a) shows the conductivity results for AA2024 and pure 

Al both coated with percolating  CB-Epi828-J230 coating (1.25 vol%). Both systems reach identical 

dc conductivity level at the low frequency region, indicating that there is no influence on the charge 

transport along the metal-coating interface for the Alclad treatment. The same corrosion protection 

as investigated in this thesis can be applied.  

    However, another type of pretreatment that can inhibit pitting corrosion on AA2024 should be 

avoided. Figure 1 (b) shows the conductivity measurements on anodized AA2024 and pure Al. A 

significant decrease in the dc conductivity was observed. Aluminum anodizing that converts 

aluminum into insulating aluminum oxides or pseudoboehmite plays a role in disrupting electrical 

conduction at the metal-coating interface, through which the relocation of cathodic sites thereby is 

hindered. The corrosion protection offered by the nanocomposite coating revealed in this research 

becomes ineffective. 

 Alternative metal  

    In this research, the conductive nanocomposite coating was applied and studied mainly on the 

AA2024. However, based on the anti-corrosive mechanism offered by such a coating, the same 

protection can be expected on other Aluminum-based substrates. Moreover, the composite coating 

also plays a role in shifting the cathodic sites into the coating or coating surface, and thereby 

reduces the risk of coating delamination. In the same manner, this coating and mechanism can be 

also applied on Iron-based substrates, which corrode according to the cathodic delamination 

mechanism.   

 

 

 

 

 

 



111 
 

References 
 

1. H. Wang and R. Akid, Corrosion Science, 2007, 49, 4491-4503. 

2. M. L. Zheludkevich, I. M. Salvado and M. G. S. Ferreira, Journal of Materials Chemistry, 

2005, 15, 5099-5111. 

3. N. N. A. H. Meis, L. G. J. van der Ven, R. A. T. M. van Benthema and G. de With, Progress 

in Organic Coatings 2014, 77, 176-183. 

4. I. D. Rosca and S. V. Hoa, Carbon, 2009, 47, 1958. 

5. W. E. Kleinjan, J. C. M. Brokken-Zijp, R. van de Belt, Z. Chen and G. de With, Journal of 

Material Research, 2008, 23, 869. 

6. J. I. Iribarren, E. Armelin, F. Liesa, J. Casanovas and C. Aleman, Materials and Corrosion-

Werkstoffe Und Korrosion, 2006, 57, 683-688. 

7. J. I. I. Laco, F. C. Villota and F. L. Mestres, Progress in Organic Coatings, 2005, 52, 151-

160. 

8. F. Liesa, C. Ocampo, C. Aleman, E. Armelin, R. Oliver and F. Estrany, Journal of Applied 

Polymer Science, 2006, 102, 1592-1599. 

9. C. Ocampo, E. Armelin, F. Liesa, C. Aleman, X. Ramis and J. I. Iribarren, Progress in 

Organic Coatings, 2005, 53, 217-224. 

10. J. R. Davis, in Corrosion of Aluminum and Aluminum Alloys, ed. J. R. Davis, ASM 

International, 2000, p. 201. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



112 
 

Acknowledgements 

     “The heavens declare the glory of God; and the expanse proclaims the work of his hands. Day 

unto day pours forth speech, And night unto night tells out knowledge.”(Psalm 19:1-2) 

    The more I learn, the more I realize that the knowledge I acquired during the PhD study is only a 

drop in the bucket as compared with the knowledge in the universe. God is the only creator and the 

greatest designer. Therefore firstly I would like to honor God as the origin of science, in Whom all 

the treasures of wisdom and knowledge are hidden (Cor 4;3).   

    I also thank God for bringing me to the Netherlands to pursue my PhD, for His preparing the best 

environments for me to grow. Whenever I encountered frustrations, God is always there, supplying 

me with abundant Grace, Mercy, and timely help. He is the source of joy, strengthening me not by 

doctrine teaching, or any religious regulations, but by living in me. 

    I also feel grateful that I can be under the guidance of prof. dr. R.A.T.M. van Benthem, prof. 

dr. G. de With, and Mr. L.G.J. van der Ven over these years. I still remember that in the first year 

evaluation, you encouraged me to take initiative in finding solutions instead of mainly waiting for 

people’s instructions. This changed my mindset toward doing research dramatically. Moreover, in 

the beginning I was rather shy, being not easy to express my opinion, so whenever I tried to speak, 

you all slowed down and paid attention on my words. This helped me to build up my confidence. In 

the end of this PhD study, you led me to look out of this research, based on the knowledge I 

acquired, thinking of new possibilities. My horizon was broadened. Moreover, many times you are 

not merely my supervisors, but also mentors, giving valuable advices in the turning points of my 

life.  

    I feel very lucky to have A. Kodentsov (Sasha) as my daily coach. You helped me handle 

practical issues in the lab, connecting people and resource for me. Without you, I could not carry 

out my work at many critical points. To Catarina, you are the best pattern of a female scientist for 

me. A big thanks to Jos, for many helpful discussions. Also I would like to thank Paul Bomans for 

teaching me to use microtoming and transmission electron microscopes. Huub and Marco, thank 

you for the kind help to facilitate this research work. Of course, dear Imanda, thank you for being 

always so helpful, available, kind, sweet, smiling…etc. to me. Thank you for helping me 

countlessly with my questions and problems. 



113 
 

    To Adolphe, Claudia, and Niels, I do appreciate the time when we worked together on this 

project. We went to DPI meeting, giving presentations, and “work” in Cosi together. Particularly I 

would like to thank Adolphe for your work on laying a nice foundation in this project. I am also 

fortunate enough to be one member of SMG. I appreciate every one of you who contribute to such a 

nice atmosphere in the group which makes the labwork a joyful task than a routine. To Berix, 

Mark, Camille, Indu, Dina, Tina, Hesam, and Koen, it’s such a wonderful memory to be in the 

“red team” with you. To Judith, Ela, Cem, and Joel, I am glad to have you as my officemates. To 

Nico, it’s very nice to be your office neighbor for so many years. To Lijing, Qinglin, Maarten, 

Isabelle, Gokhan, Beulah,  Marcel, Jos, Vladimir, Delei, Yujing, Kirill, Oana and many others, 

although I am not able to spend much private time with you because of my family, but I do 

appreciate your friendliness and willingness to help. I would like to wish you all much success in 

your future work and personal lives. I also would like to thank DSM for giving me this chance to 

finish my PhD study. Thanks my colleagues in Resolve for all the encouragements and help.  

    In addition, I would like to thank all the Christians friends who I met in the Netherlands. You are 

the greatest support for us to live here. Thank you for all your petition and encouragements. Thank 

you for loving us in the Lord. Dear Rob and Jane, Ray and Leone, William and Riette, Maviz 

and Choi, Henk and Tamara, Daniel and Jade, Maggie and Klaas, Peter and Agnes, Andre 

and Marike, Colin and Wilma, Jacco and Annet,  Evert and Yvonne, Ronald and Chin-ho, 

Keenmun, Bert and Margreet, Dirk and Mary, Jaap and Miranda, Wim-henk and Jade, Lans 

and Astrid, Jaap and Erna, Piet and Lilian, Ron and Ellen, Rob and Angelina, David and 

Prisca, we appreciate your love in the Lord and the privilege we had to be able to stay in your home. 

I will never forget the sweet fellowship we had with you and the blending and building in the Lord. 

It is because of you though outwardly it seems that we are away from our mother land, but inwardly 

we are family in the house of God. 

    To those we met in the Bible study in Eindhoven, 家琦&慧慧、 Sandy, Ken&Ann, Maarten&

慶玲、張奕、向榮、冒辰&鄭強、Feye, Eldhose, ㄧ晨、謝偉&超超、思均&晶晶, Chidi, 

Evans, Blessing, it is a big blessing that I could meet you and enjoy the word of God together with 

you. It is always a refreshing to meet with you. Your experience of the Lord always supplies me. To 

Qi Wang, Kangbo & Lique, Coco & Edwin, I appreciate the Lord’s arrangement that we could 

meet you in Eindhoven. Also to those whom met in the children’s group, Elim and Sion, 貝貝、高

飛、 Doro, 天怡 and their parents, it is a blessing that Hosanna could have such companions in her 

age and grow up together with them.  



114 
 

    給在台灣扶持、照顧,並ㄧ直在愛裡紀念我們的弟兄姐妹: 因著你們的服事,我們才能一直成

長，我和世進衷心感謝。也謝謝在我回去開刀時，服事我的趙明弟兄、慈蓮姐、玉蘭姐、愛

連、英娥、麗雲、細妹阿姨，以及許許多多為我代禱的弟兄姐妹，因著你們的扶持，我們才

能繼續往前。  

  給我親愛的外婆、公公婆婆、大姐、二姐和大哥,以及哥哥、嫂嫂，謝謝你們這些年來持續

的關心，盡力幫助扶持我們。乃是因著你們默默在背後的付出，我們才能沒有後顧之憂。謝

謝我的父母，不論我們的情形是高是低，你們無條件的愛我們，無條件的把你們最好的都給

了我們，特別謝謝你們這麼多年來容忍我的脾氣和任性，堅定持續的在神前為我們代禱，我

們實在可以見證我們自己是軟弱、不配的，但是藉著你們的代求與基督耶穌之靈全備的供應，

使我們一直的從自己的光景中得著拯救。願主耶穌親自作你們的獎賞！你們如何服事主，如

何愛弟兄姐妹，都是我們這一生走主的路最好的榜樣。 

    Finally, to dear James and our sweet heart, Hosanna, your are the greatest blessing God gives to 

me. Thank you James for bearing my immaturity, selfish, and sometimes being unreasonable. I 

appreciate and treasure every moment that we walked through together. Without your support and 

sacrifice it is impossible for me to get here alone. You are the best husband and daughter I would 

ever have. God loves you, and I love you, too!  

 

 

 

 

 

 

 

 

“Love suffers long. Love is kind; … It does not rejoice because of unrighteousness, but rejoices 

with the truth; It covers all things, believes all things, hopes all things, endures all things.  

Love never falls away.”(1 Cor. 13:1-8) 



115 

 

 

 

                        

                      Curriculum Vitae    

 

 

 

Te-Hui Beryl Wu was born in Hsinchu, Taiwan on the 13
th

 November 1979. She graduated from 

National Tsing-Hua University in Hsinchu, Taiwan with the degree of Bachelor of Science in 2002. 

After she finished her undergraduate study, she furthered her study in the department Material 

Science National Tsing-Hua University in Hsinchu and got the Master degree of Science in 2002 

under the supervision of Prof. L. J. Chen. She devoted himself in a Full-time training in learning the 

truth of Bible and participating in the evangelical activities for one year from 2004 to 2005. From 

2006 to 2007, she went back to the scientific field and worked as a research assistant in the Center 

for Microscopy and Nano Analysis. In October 2007, she came to the Eindhoven University of 

Technology to commence on her PhD study under the supervision of Prof. R.A.T.M. van Benthem 

Prof. G. de With, and L. G. J. van der Ven . Since July 2013 She was employed in Resolve, DSM as 

a microscopy scientist responsible for the characterization of material micro/nanostructure. 

 

She is married to James Cheng in 2006 and they have an lovely daughter, Hosanna, who was born 

in July, 2011 in Eindhoven. 

 

 

 

 

 

 

 

 

 

 

 



116 

 

List of Publications 

Patent   R.A.T.M. van Benthem, G. de With, L.G.J. van der Ven, A. Foyet, T. Wu, 

“Anticorrosion coating for Al alloy (2011) DPI10019. 

 

Journal  T. H. Wu, Foyet, A, Kodentsov, A., Ven, L.G.J. van der, With, G. de & Benthem, 

R.A.T.M. van (2013). Anti-corrosive performance of percolating epoxy-carbon black 

nanocomposite coatings on AA2024-T3, Corrosion Science. In preperation. 

 T. H. Wu, A. Alekseev, A. Kodentsov, L. G. J. van der Ven, R. A. T. M. van Benthem, 

and G. de With, “Global and local conductivity in percolating carbon black epoxy 

composites” Advanced Functional Materials, in preparation. 

 T. H. Wu, A. Kodentsov, L. G. J. van der Ven, R. A. T. M. van Benthem, and G. 

de With, “Curing Kinetics and Dynamic Percolation of Carbon black epoxy-

(amine nanocomposites)” Journal of Physical Chemistry C, ready for submission. 

(2014) 

 T. H. Wu, A. Foyet, A. Kodentsov, L. G. J. van der Ven, R. A. T. M. van 

Benthem, and G. de With, “Wet adhesion of epoxy-amine coatings on Aluminum 

alloy 2024 T3”, Materials Chemistry and Physics 145 (2014) 342. 

 Foyet, A., Wu, T., Kodentsov, A., Ven, L.G.J. van der, With, G. de & Benthem, 

R.A.T.M. van . ECS Transactions, 25(29), 31-39 (2010) 

 Foyet, A., Wu, T., Kodentsov, A., Ven, L.G.J. van der, With, G. de & Benthem, 

R.A.T.M. van, Progress in Organic Coatings, 65(2), 257-262 (2009). 

 Foyet, A., Wu, T., Ven, L.G.J. van der, Kodentsov, A., With, G. de & Benthem, 

R.A.T.M. van, Progress in Organic Coatings, 64(2-3), 138-141(2009).  

 J.H. He, T.H. Wu, C.L. Hsin, K.M. Li, L.J. Chen, Y.L. Chueh, L.J. Chou, and 

Z.L. Wang, SMALL 2, 116-120 (2006). 

 J.H. He, T.H. Wu, C.L. Hsin, and L.J. Chen, and Z.L. Wang, Electrochemical and 

Solid State Lett. 8, G254-G257 (2005). 

 

Conferences  Oral presentation, “Conductive composite coating: an alternative for corrosion inhibition 

on Aluminum alloys, 8th Coating Science International (2012)  

 Attendant, European Coatings Congress and coating show (2011)  

 Poster presentation, 6th Coating Science International (2010)                                

 Attendant, European Coating Conference- anti-corrosive coatings II (2009)         

 Poster presentation, 5th Coating Science International (2009) 

 Poster presentation, 4th Aluminum Surface Science & Technology (2009) 

 Poster presentation, 4th Coating Science International, (2008)                               

 

 

 


	Thesis Te-Hui Wu.pdf
	final thesis-Aug 5 Tehui Wu



