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Abstract 
A High-Frequency Eddy Current testing system for analysis of conductive coatings was developed and 
experimentally proofed. Using the system allows characterization of wet conductive coatings on insulation, poor 
conductive and conductive substrates. An adapted sensor for non-contact coupling to wet coatings, and software 
based on multi-frequency algorithms for analyzing coating parameters for curing monitoring were developed. 

During the curing of the particle based coatings, the electrical and dielectric properties change by percolation of 
the particles and thickness reduction. The analysis of wet conductive coatings on anisotropic carbon fiber 
reinforced plastics (CFRP) and other isolating substrates is reported. An algorithm for analyzing silver coated 
copper-based conductive coatings, which were deposited on ceramic and CFRP substrates and have different 
thicknesses, is described in detail in this paper. 

Keywords: nondestructive testing (NDT) on conductive coatings, High-Frequency Eddy Current testing system, 
multi-frequency algorithm. 
 
1. Introduction 
 
Eddy Current testing currently is one of the most commonly used methods for nondestructive 
testing in many branches of industry, such as automotive, wind power, aircraft industry, etc., 
and is particularly important for special issues of surface analysis, such as characterization of 
the drying behavior of wet conductive coatings based on paint containing conductive particles 
used for protection against lightning strike. The thickness, as well as the conductivity of these 
coatings, should be homogenous along the coated area in order to avoid a critical local current 
density. However, controlling the parameters of such conductive coatings is complicated by 
the facts; they are liquid and non-conductive upon depositing and strongly hardened following 
curing. Thus, the controlling of the coating parameters should be performed in a wet state, 
which becomes possible by using the proposed High-Frequency Eddy Current testing system. 
The system comprises a sensor for non-contact coupling to wet coatings, a separate unit for 
reference measurements that are required by the Eddy Current testing and software based on 
multi-frequency algorithms to analyze coating parameters. This work shows a first prototype 
system including detailed description of each phase. It will also show the principle of the 
multi-frequency algorithm on silver coated copper-based conductive coatings deposited with 
different thicknesses on two types of substrate: ceramic Al 2O3 and carbon fiber reinforced 
polymer (CFRP). 
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2. Theoretical Background 
 
2.1 High-Frequency Eddy Current Principle 
 
The lower the conductivity of the object being tested, the higher the measurement frequency 
should be selected for an optimal trade-off between sensitivity and penetration depth. 

When using Eddy Current testing, a primary electromagnetic field is induced around the 
induction coil. By reacting with a conductive sample, this field excites Eddy Currents in the 
sample, which cause a secondary field in opposition to the primary field. Impedance changes 
are recorded in the pickup coil. The higher the conductivity of the sample, the lower the Eddy 
Current penetrates into a specimen: 

  √                                               (1) 

where   is the angular frequency    , µ is the permeability and   is the electrical 
conductivity. 

The density of the Eddy Current is strongly affected by the frequency of the exciting field as 
given by Faraday’s law                                                 (2) 

where      is the induced voltage and 
     is the rate of change of magnetic flux. 

Both, equation (1) and (2) state that the lower the conductivity of the specimen the higher the 
frequencies required for higher sensitivity [1]. But not only conductivity should be considered 
for the choice of an optimal frequency. The higher the frequency, the lower is the penetration 
depth of the Eddy Current. Therefore, by the choice of the optimal frequency for Eddy 
Current testing of the conductivity, thickness and measuring depth of the target sample have 
to be taken into account. 
 
2.2 Wet Conductive Coatings 
 
Wet conductive coatings are mostly polymer based lacquers, containing conductive particles 
as filler. They are liquid after depositing and solid after curing [2-5,7]. The conductivity of the 
wet coatings increases during the drying time while the thickness decreases, which causes a 
percolation of the particles. At the end of the drying, the conductivity reaches its maximum 
whereas the thickness its minimum. Changes of both parameters during the drying time 
strongly influence the Eddy Current measurements. Combining low and high frequencies 
provides an opportunity for controlling the conductivity and the thickness of the coatings 
throughout the drying process starting from depositing where the layers are liquid and non-
conductive until they are completely cured having a maximum conductivity and minimum 
thickness [2,5,7]. 
  



3. Experimental Setup 
 
3.1 Equipment 
 
Based on the EddyCus® High-Frequency Eddy Current testing systems designed and 
manufactured by Fraunhofer IKTS, a special system for wet coating characterization was 
developed that operates in a frequency range of 100kHz up to 20MHz. Figure 1 below 
illustrates how EddyCus® works in the Radio Wave range. This allows recording of smallest 
changes in the specimen conductivity. Moreover, the High-Frequency Eddy Current system 
allows automatic data acquisition over more than 24 hours at 30 second intervals [3-5]. 
 

 
Figure 1. Drawing of the High Frequency Eddy Current based testing system 

 
It is known that lift-off strongly influences the Eddy Current measurements, which means, the 
lift-off should be as small as possible or should stay constant for each sample [2]. Therefore, 
the High-Frequency Eddy Current sensor is integrated into a precision positioning table that 
provides an exact adjustment of the lift-off of 10µm. 
 
3.2 Sample Preparation 
 
Conductive coatings used for evaluating the High-Frequency Eddy Current testing system, are 
polymer lacquers, reinforced by silver coated copper particles. The curing time is 24 hours at 
room temperature under normal conditions. They were deposited on two types of substrate – 
ceramic and CFRP, using the screen printing method. The initial thickness of the conductive 
coatings is 80µm, 160µm and 240µm, depending on the thickness of a stencil used for 
depositing. The coated area is 4×4cm. 

After depositing on a substrate, each wet conductive coating is placed under the High-
Frequency Eddy Current sensor and the measurements start immediately over 24 hours at 30 
second intervals and a lift-off of 80µm. To prevent a drift of the measurement system over 
time, the EddyCus® has a self-referencing option that allows switching of the sensor with a 
bypass circle for reference measurements. Drifts caused by a shift of the room temperature or 
other environmental influences can be compensated for this way. The self-referencing 
procedure is carried out before each measurement. 
 
3.3 Reference Measurements 
 
Final sheet resistivity and thickness of the coatings were measured after curing. The thickness 
was measured using the Laser Profilometer and the conductivity was measured using the four-
point probe method [6]. These values are used as a reference for High-Frequency Eddy 
Current measurements. 

3.4 Data Analysis 
 
The data obtained by High-Frequency Eddy Current measurements are represented as real 
Re(U) and imaginary Im(U) part of the complex voltage over the drying. For offset 
compensation the Eddy Current drying curves were normalized to a value which was 



measured in the first seconds of the drying period. The Eddy Current Signal changes with 
changing of the conductivity of the wet conductive coatings while drying. By matching the 
Eddy Current signal in different times of drying with the final parameters of coatings called 
references, a characterization of the long time drying behavior becomes possible, which is 
described in detail below. 

There are different measurement frequencies, which give an optimized possibility to 
characterize the drying behavior of the coatings deposited on ceramic and CFRP. Each 
frequency, ranging from 100 kHz to 20MHz, was analyzed and only those that provide 
correlations to the final parameters of coatings are selected. 
 
4. Multi-Frequency Algorithm for Analyzing Coating Parameters 
 
The electrical properties of the used wet conductive coatings change over the entire drying 
time. A time resolved monitoring of the curing provides an opportunity for a prognosis of 
final coating properties based on early measurements in the wet state of the coatings. 
Therefore, a multi-frequency algorithm for analyzing coatings behavior during the drying is 
developed. 
 
4.1 Wet Conductive Coatings on a Ceramic Substrate 
 
First, the results of Eddy Current measurements on the coatings deposited on a ceramic Al 2O3 

substrate were analyzed. These substrates have an advantage as they have very good adhesion 
properties to the conductive inks. Ceramic does not have its own electrical conductivity and 
therefore, the behavior of the Eddy Current signal is influenced only by the conductive 
coating. 

Figure 2 below illustrates, as an example, the drying behaviors of the wet coating deposited 
on ceramic substrate at a frequency of 10MHz, and is presented as imaginary (left) and real 
(right) parts of the complex voltage over the drying time in a logarithmic scale. Curves having 
the same color represent wet coatings that were produced with the same parameters. It was 
found, that the thinner the layer, the earlier change in the Eddy Current signal is observed. 
Due to the manual application process, the same thickness for coatings deposited using the 
same screen printing frame is not reached. Therefore, Eddy Current measurement results were 
correlated to the reference measurements and not to the desired thicknesses. Final parameters 
of the conductive coatings are shown in Table 1. 

Figure 2 shows that there are three dominating states during drying. State 1 occurs when the 
coatings are liquid and the chemicals used as a thinner evaporate and particle percolation 
starts. At this time the Eddy Current signal slightly increases until a “characteristic point” has 
reached, where the percolation threshold starts. State 2 occurs while the coatings are still wet, 
the added chemicals are evaporated and polymerization is in progress. State 3 characterizes 
the end of the polymerization processes of the coatings. 
  



Table 1. Final parameters of the conductive coatings deposited on ceramic substrate 

Screen printing frame thickness Final thickness of the 
conductive coatings 

Final sheet resistivity of the 
conductive coatings 

Thin d=80µm d1=56-61µm RF1=71.67–138mΩ/□ 
Middle d=160µm d2=97-117µm RF2=28.05-43.18mΩ/□ 
Thick d=240µm d3=138-160µm RF3=22.7-27.16mΩ/□ 
 

 

Figure 2. Imaginary (left) and real (right) parts of the complex voltage over the drying time in a logarithmic scale 
at a frequency of 10MHz for wet conductive coatings on ceramic substrate 

 
Consequently, there are three opportunities for coatings characterization. First of all, 
correlations of the time and amplitude of the characteristic point of the real part complex of 
the voltage at a frequency of 10MHz to the final thickness and sheet resistivity respectively 
provide coatings characterization a couple of minutes after deposition. In characterizing 
coatings in State 1, it is important to start the Eddy Current measurements immediately after 
depositing and continuing until the characteristic point has appeared. Figure 3 and Figure 4 
show these correlations. 
 

 

Figure 3. Final thickness as a function of the time of the characteristic point at a frequency of 10MHz for 
coatings on ceramic substrate 

The final thickness and sheet resistivity can be characterized separately only in State 1. 
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Figure 4. Final sheet resistivity as a function of the amplitude Re(U) of the complex voltage at the characteristic 
point at a frequency of 10MHz for coatings on ceramic substrate 

In the case, State 2 is being analyzed, another a slightly higher frequency of 13MHz is the 
optimal frequency. The time when State 2 occurs, depends on the type of coatings. For 
coatings used in this project, measurements can be performed 70 minutes after depositing and 
without performing the measurements during the first hour. In Figure 5, the correlations 
between the final sheet resistivity and the amplitude of the Eddy Current, namely real part of 
the complex voltage, are shown. 
 

 

Figure 5. Final sheet resistivity as a function of the amplitude Re(U) of the complex voltage at the characteristic 
point at a frequency of 10MHz for coatings on ceramic substrate 

 
At the end of the drying, State 3 occurs. For coatings used in this task, this area appears after 
24 hours. Conductive layers are completely dried and hardened. For characterization of 
conductive layers in this state, the same frequency of 10MHz has to be used, but in contrast to 
State 1, the Amplitude of the imaginary part of the complex voltage has to be correlated to the 
final sheet resistivity. There is also another opportunity for characterizing coatings on ceramic 
substrate at the end of the drying as well as after 70 minutes: the phase of the complex voltage 
over the final sheet resistivity and the absolute value of the complex voltage over the final 
sheet resistivity at a frequency of 13MHz can be used for a prognosis of final coatings 
parameters. The choice of the frequency for coatings characterization depends on the task. 
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4.2 Wet Conductive Coatings on a CFRP Substrate 
 
Substrates from carbon fiber composites (CFRP) have a very rough surface and a small but 
significant measurable electrical conductivity that is not homogeneous due to the fiber 
orientation inside the substrate. However, results of the High-Frequency Eddy Current 
measurements on coatings on CFRP substrate show similar drying curves as for coatings on 
ceramic substrate.  

In the case of coatings on CFRP substrate, the characteristic point is shifted in both x- and y-
direction so that their amplitude or the time of the characteristic point cannot be correlated to 
the final thickness or sheet resistivity of the for layers with different thicknesses or sheet 
resistivity because CFRP substrates have their own conductivity and the conductivity of wet 
coatings in the beginning of drying is very low. High-Frequency impedance measurements are 
influenced by the CFRP’s conductivity in the initial moments of drying (before chemicals are 
evaporated). Moreover, the frequency of 10MHz is low for separating coatings with different 
sheet resistivity on CFRP substrate even at the end of drying. But a slightly higher frequency 
of 13MHz provides good correlations of the Eddy Current signal to the final parameters of the 
coatings and is optimal for characterization. 

The final parameters of the conductive coatings deposited on CFRP substrate used for 
references are given in Table 2. 
 

Table 2. Final parameters of the conductive coatings deposited on CFRP substrate 

Screen printing frame 
thickness 

Final thickness of the 
conductive coatings 

Final sheet resistivity of the conductive 
coatings 

Thin d=80µm d1=47-59.6µm RF1=67.7-89mΩ/□ 
Middle d=160µm d2=95-120µm RF2=40.1-54.8mΩ/□ 
Thick d=240µm d3=140-175µm RF3=26.7-44.5mΩ/□ 

 

 

Figure 6. Real part of the complex voltage over the drying time in a logarithmic scale at a frequency of 13MHz 
for wet conductive coatings on CFRP substrate 

There is no increase of the amplitude at the characteristic point at this frequency and due to 
CFRP substrates having their own conductivity, only State 2 and State 3 can be characterized. 
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Figure 7. Final thickness as a function of the amplitude of the real Part of the complex voltage at a frequency of 
13MHz for coatings on CFRP substrate 

 
Figure 7 shows correlations between the real part of the complex voltage and final thickness 
at a frequency of 13MHz at the end of the drying (State 3). Correlations for State 2 are staying 
in principle the same as for area 3. There are also correlations between the final sheet 
resistivity and the absolute value complex voltage at this frequency for State 2 and State 3. 
 
4.3 Characterizing of the Coatings on Ceramic and CFRP Substrate 
 
The High-Frequency Eddy Current method proposed in this work allows determination of the 
final sheet resistivity for the above described conductive coatings deposited on ceramic and 
CFRP substrates in the same plane. Knowing the sheet resistivity, a thickness can be 
calculated. For example, Figure 8 illustrates a correlation between the final sheet resistivity 
and the absolute value complex voltage at the end of the drying at a frequency of 13MHz. 
 

 

Figure 8. Final sheet resistivity as a function of the absolute value of the complex voltage at the end of the drying 
at a frequency of 13MHz for coatings on ceramic and CFRP substrates 

 
Thereafter, a trend line was determined and deviations were calculated. The coatings on both 
substrates were divided in three areas depending on the layer thickness: thin, medium and 
thick. Accordingly, the absolute and relative deviations were calculated and are shown in 
Table 3. 
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Table 3. Absolute and relative deviations by prognosis final parameters for coatings on ceramic 
and CFRP substrates 

Thickness d Sheet Resistivity RF Absolute Deviation Relative Deviation 
47 – 71 µm 67,7 – 138 mΩ/□ Δ = 7,54 mΩ/□ δ = 11,76% 
95 – 117 µm 28,05 – 54,8 mΩ/□ Δ = 5,69 mΩ/□ δ = 10,23% 
138 – 175 µm 22,7 – 38,3 mΩ/□ Δ = 3,19 mΩ/□ δ = 9% 

 
4.4 Multi Frequency Algorithm 
 
The correlations, described and shown above, are used as calibration curves for a multi-
frequency algorithm. Based on these calibrations, a final sheet resistivity as well as the 
thickness of silver coated copper-based conductive coatings on ceramic and CFRP substrates 
can be predicted a couple of minutes after deposition. After 70 minutes and at the end of the 
drying time, prognosis of the final parameters for these coatings also becomes possible using 
the Eddy Current based multi-frequency algorithm. 

In order to characterize other coatings and coatings on other substrates, new calibration curves 
should be taken by the same principle as described for silver coated copper-based conductive 
coatings on ceramic and CFRP substrates 
 
5. High-Frequency Eddy Current Testing System 
 
A first prototype of High-Frequency Eddy Current for mobile application is shown in 
Figure 9. 

 

Figure 9: Drawing of the High-Frequency Eddy Current based testing system 

The PC is located in a rack enclosure (4) and can be pulled out. The system includes two 
types of sensors. One of the two sensor systems for laboratory long time measurements is 
located at the top of the box. Figure 9 shows an Eddy-Current sensor (2), a rotatable sample 
holder (3) and a movable z-axis for varying the distance between sensor and sample (1). 
This sensor can be used for measurements of wet coatings on flat samples under lab 
conditions; for example, to record data for calibration curves. The sample holder is easily 
changeable for different samples. 

Another sensor, including a similar coil, is located in a handheld sensor (5), which can be 
manually applied. Figure 10 shows the drawing of the handheld-sensor. 
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Figure 10: Drawing of the concept of the handheld-sensor 
 

This sensor consists of the same coil, and has 3 needles (stand-off) that contact the 
structure to achieve a constant distance between the coil and the sample. The length of the 
needles can be adjusted using a precision positioning plate, which is integrated in the 
sensor; the setup button is located on the bottom of the sensor. In addition, the sensor has a 
release on the handheld sensor. 
 
6. Conclusions 
 
High-Frequency Eddy Current testing system for special issues in surface analysis is 
developed. The system comprises two special Eddy Current sensors, PC, all electronics and 
software based on multi-frequency algorithm. High-Frequency Eddy Current testing provides 
an opportunity for characterizing wet conductive coatings deposited on different substrates 
throughout the drying process. The final properties of coatings having different thicknesses 
and deposited on different substrates can be predicted a couple of minutes after depositing, as 
well as after 70 minutes and at the end of the drying using the Eddy Current based multi-
frequency algorithm. An absolute deviation factor after curing for final sheet resistivity of 
conductive coatings on CFRP and ceramic substrates does not exceed 8mΩ/□. 
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