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Abstract 
In general, the conductivity of the conductive material is homogeneous，when measuring the thickness of coating 
on it. However, the heterogeneous conductivity of the fiber carbon composite will affect the testing result with 
eddy current. In this paper, phase change of conductivity and lift-off effect, different response for different 
frequencies, are exploited to establish a solution for the measurement of coating thickness on the base material 
with heterogeneous conductivity. The measurement of coating thickness and data analysis on the fiber carbon 
composites and are further applied with swept-frequency eddy current. 
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1. Introduction 
In many industrial applications, the coverings of the various surface of the engineering material 
are usually protective and decorative for the covered substrate. If the coating is not uniform or 
unqualified, it  will have a number of negative impact on the mechanical and physical 
properties of the material. Thus, during the coating construction and quality control, the 
thickness of coating is a crucial control index. 
Depending on the substrate and coating , the selected measuring technique is not the same. 
Among these, eddy current thickness testing, which utilizes lift-off effect of eddy current, is 
suitable for electrical conducting substrate material, including weakly conducting material like 
carbon fiber, and non-conducting coating material, such as painting, anodized layer, or thinner 
plated film[1]. 
In addition to the detecting frequency, the factors that affect the thickness of the nonconductive 
covering include the conductivity and thickness of the substrate, the shape, size and roughness 
of the part being tested, the choice of the thickness of the calibration film, the rigidity of the 
cover layer, the operation consistency and so on. With different conductivity of the substrate 
for the same instrument and detection coil, the inducing eddy current is different for the same 
distance and the electromagnetic field for the detecting coil is different too. As the thickness of 
coating increases or decreases, the influence of the conductivity of substrate will decreases or 
increases. Therefore, when the thickness of the cover layer is measured by the eddy current 
method, the conductivity of substrate must be known. It is preferable to select a material with 
the same conductivity as the calibration substrate.. 
In the production, during smelting or casting, heterogeneous crystal structure is inevitable, 
which affects the uniformity of substrate conductivity. The thinner the coating is, the greater 
the difference in conductivity, the greater the effect on the induced eddy current. This is 
undesirable for the measurement of thickness because the deviation increases and the thickness 
of coating can not be measured within the error range. For example, the conductivity of carbon 
fiber is non-uniform, the measurement of its coating is difficult. New eddy current testing 
method is needed for such purpose. 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rt

ic
le

: 
ht

tp
://

w
w

w
.n

dt
.n

et
/?

id
=

21
98

5



 

2 
 

The 9th International Symposium on NDT in Aerospace 

8-10 November, 2017, Xiamen, China 

2. Eeffect of the conductivity and thickness of substrate on the eddy current 
signals 
10 samples of the same material with varying conductivity are used to compare the effect of 
substrate  material of different conductivity on the eddy current signal  shown in Fig. 1. 

 
Fig. 1 the lift-off with different substrate conductivity  

In Fig. 1, A0 is the point when probe is far away from testing material. Then, probe is pressed 
against sample 1 to 10, while the ten signals were collected. It is shown that the points fall in a 
long, narrow region.  
When analyzing discrete data which normally are a series of data in the form of coordinates 
A(x1, y1),A(x2, y2).. A(xm , ym), we can plot them in x-y axis. If you find these points fall 
around a straight line, you can make s a linear equation as: 

Y= a + b X                            (1-1) 
Applying least square method, finds its optimum when the sum, ∑(Ym - Y计)²〕is a minimum. 

Set:  φ = ∑(Ym - Y计)²                    (1-2) 
Substitute (1-1) into (1-2) 

φ = ∑(Ym - a - b Xi)2                      (1-3) 
When ∑(Ym-Y计)² is minimized, take the derivative of φ in terms of a and b, and set to 
zero. 

m a + (∑Xm ) b = ∑Ym                       (1-4) 
(∑Xi ) a + (∑Xi2 ) b = ∑(Xi, Yi)                   (1-5) 

Two equations with a and b as unknown result: 
a = (∑Ym) / m - b(∑Xm) / m                    (1-6) 

b = [∑Xm Ym - (∑Xm ∑Ym)/ m] / [∑Xm2 - (∑Xm)2 / m)]     (1-7) 
Substitute a and b back into (1-1). Now (1-1) is the linear equation, which is the straight line. 
(the red dot line in Fig. 2-a) 
The red dot line shows the effect of different substrate conductivity on eddy current signal. 
After phase rotation, the red line is adjusted to the horizontal direction (x axis), as in Fig. 2-b. 
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Fig. 2-a Before phase rotation               Fig. 2-b After phase rotation 

Coatings of different thickness are added on the substrate to simulate the lift-off effect. (PMMA 
sheets, thickness of 5/10/15/20/25/30/35/40mm, respectively.) Shown in Fig. 3. 

 
Fig. 3 Signal for test piece of various thickness  
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From Fig. 3, It can be seen that the influence of lift-off effect on eddy current signal can be 
displayed in vertical direction(Y component). Y component can “purely” reflect the change in 
thickness of coating to some extent, as shown in Table. 1 

Table. 1 Y value vs Thickness of Coating (mm) 
 Y-A1 Y-A2 Y-A3 Y-A4 Y-A5 Y-A6 Y-A7 Y-A8 Y-A9 Y-A10 

0 235 238 237 237 233 236 237 236 237 235 
5 173 175 174 174 172 173 174 173 175 172 

10 142 143 142 142 141 142 142 142 143 141 
15 114 115 114 114 113 114 114 114 115 114 
20 91 92 91 91 90 91 91 91 92 90 
25 69 70 69 69 69 69 70 69 69 69 
30 50 50 50 50 50 51 50 50 50 50 
35 34 34 34 34 34 34 34 34 34 34 
40 24 24 24 24 24 24 24 24 24 24 

away 0 0 0 0 0 0 0 0 0 0 
According to the above tests, the calibration curve to remove effect of changing substrate 
conductivity is plotted as shown in Fig. 4. 

 
Fig. 4 The Calibration Curve 

In the calibration curve, the calibration parameter is Y, and the fitting method is quadratic. 
The Y component values of Y-A1 - Y-A10 obtained from the same coating thickness in Table 1 
are averaged as the Y amplitude values of the calibration curve. Input Y ampltitude into Ampl 
list and the corresponding coating thickness into the Value list; 
The calibration curve from average value is shown in Fig. 4. 
According to the calibration curve, a simulated testing of the other group of samples (5) is 
performed,. It is shown that the maximum deviation of the coating thickness was not more than 
3%,  as shown in Table. 2 . 
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Table 2  Deviation of Gauged Thickness ( mm) 
Reference 

value 
Gauged value 
of sample 1 

Gauged value 
of sample 2 

Gauged value 
of sample 3 

Gauged value 
of sample 4 

Gauged value 
of sample 5 

5 5.07 5.04 5.05 4.94 5.10 
10 9.92 9.90 9.92 9.93 10.11 
15 14.86 14.89 14.80 15.03 14.90 
20 19.72 19.79 19.82 19.96 19.84 
25 24.94 24.84 24.77 24.87 24.95 
30 30.47 30.37 29.77 29.88 30.22 
35 35.21 35.32 35.05 34.79 35.11 
40 40.46 40.56 40.26 39.76 40.32 

Maximum 
Deviation 

1.6% 1.4% 1.2% 1.2% 2% 

Based on the above experiment, an eddy current thickness measurement method which utilizes 
phase to distinguish heterogeneous conductivity of substrate is established. 
In the impedance plane of eddy current equipment, the signal point where probe is far away 
from test piece is regarded as zero point (balance point). 
Adjust phase by rotation so that signals from different conductivity lies on the horizontal 
direction. 
Y component of the value is used to calculate thickness of coating. 

3. Investigation of multi-frequency and swept frequency testing on the 
thickness measurement of non-uniform coating conductivity  

3.1 Selection of the optimal test frequency 

As we all know, the selection of suitable test frequency has significant impact on eddy current 
testing result. For a specific sample, the appropriate eddy current test frequency depends on the 
sensitivity of surface testing and the effective testing depth. In the experiment described in 
Section 2, where thickness measurement of coating on substrate with non-uniform conductivity, 
the optimal frequency is defined as 500 kHz after many tests. This process is complicated and 
time-consuming. While the optimal frequency can easily be found, when the multi-frequency 
and swept function eddy current instrument is used. The operation is described as follows: 
When the swept frequency test is performed on the standard sample without coating (10KHz ～ 
1000KHz), the signal is shown as shown as amplitude/frequency on A-scan in the screen, 
frequency is shown horizontally from low to high, as shown in Fig. 5, this signal is saved. 
Repeat the process on a standard sample with 40 mm coating, as shown in Fig. 5B, the signal 
is saved. 
Compare two curves, find the frequency with the largest difference in terms of amplitude, this 
is the optimal frequency. As shown in Fig. 5C, it is the different of 5A and 5B. 
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Fig. 5A Frequency Swept Signal on Standard Substrate without Coating 

 
Fig. 5A Frequency Swept Signal on Standard Substrate with 45 mm Coating 
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Fig. 5C signal of 5A-5B 

After found the optimal frequency, this frequency could be applied for measuring the thickness 
of coating on substrate of non-uniform conductivity. 

3.2 Thickness measurement of coating on the substrate of non-uniform conductivity 

The system utilizes eddy current frequency swept technology to establish the interaction model 
between the eddy current and the conductivity and thickness of substrate based on the small 
conductivity and coating thickness differences on the phase difference. The data was collected 
and processed by specified software and the substrate conductivity and coating thickness are 
obtained. The coating  thickness variation of the non-uniform substrate conductivity is 
visually displayed graphically.  
3.2.1 Plot Calibration Curve 
Multi-frequency is applied to calibrate different input frequency, shown in Fig. 3. 
 

Table 3 Calibration with Frequency Swept 
Sample Eddy Current Signal 

Samp
le 

code 

Amplitude 
of 

conductivit
y signal 

Thickne
ss 

Freq. 1 Freq. 2 Freq. 3 Freq. 4 Freq. 5 Freq. 6 Freq. … 

1 

80 5 

50 60 70 65 63 61 …… 90 5 

...... 5 

2 

80 10 

55 63 75 73 73 70 …… 90 10 

...... 10 

3 

80 15 

70 80 90 90 85 80 …… 90 15 

...... 15 
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4 

80 20 

75 73 65 60 65 70 …… 90 20 

...... 20 

…

… 

80 …… 

…… …… …… …… …… …… …… 90 …… 

...... …… 

 
The horizontal axis is the testing point, while y axis is the calibration parameter. For samples 
of the same specification, calibration parameter of different samples could be input and 
calibration curve are distinguished calibration curve with different colors, as shown in Fig. 6. 

 
Fig. 6 Calibration Curve of Eddy Current Frequency Swept 

3.2.2 Testing and Analysis 
In field testing, probe is perpendicular to testing surface, keep the probe stable and press “start”. 
Pick up signal and display it as curve. After the testing data of eddy current frequency swept is 
saved, move the probe to next testing position and start new testing. 

 
Fig. 7 Testing Signal is displayed on the same graph as calibration curve 
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In field application, signal is affected by defect, impurity, etc. which distorts the signal. (such 
as the third point in Fig. 7) Operator can modify it based on experience. 

 
Fig. 8  Corrected curve 

Calculation: take Fig. 8 as an example, testing signal is between sample 2 and sample 3., the 
corresponding thickness of the signal is calculated from that of sample 2 and 3. 

4. Conclusion 
With the wide application of carbon fiber composite material in modern aerospace industry, 
non-destructive testing of carbon fiber composite material becomes a crucial field. Carbon fiber 
composite material is a typical material with non-uniform conductivity. The measurement of its 
coating thickness becomes a new topic. The author explores the measurement of its coating 
thickness of carbon fiber composite material with multi-frequency eddy current tester whose 
software and hardware have been improved and expanded. A full set of feasible testing solution 
is summarized with potential application. 
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