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Abstract: Due to the electrical anisotropy of carbon fiber reinforced polymer（CFRP），this paper presents a method
to inverse the anisotropic conductivity of unidirectional CFRP laminate using eddy current testing（ECT）. The
relationship between the conductivity and probe signal of ECT is studied by means of numerical simulation. Finally，
the accuracy of inversion result is improved by optimizing the initial conductivity by use of experimental data.
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0 Introduction

As a perfect combination of carbon fiber and
resin，carbon fiber reinforced polymer（CFRP）has
excellent properties such as high strength， light
weight，high temperature and high pressure resis⁃
tance［1-2］. Due to these excellent properties，CFRPs
have been widely used in aerospace，military and
civil industries［3-4］. Unlike isotropic materials，
CFRP is heterogeneous multiphase material，whose
electrical conductivity is mainly determined by car⁃
bon fibers. Therefore，the conductivity of CFRPs
depends on the distribution of carbon fibers and the
formation of fiber conduction paths，thus the overall
performance is anisotropy［5］.

Knowing the conductivity of CFRPs，as well
as the other electromagnetic properties，is of great
importance for various applications. However，
these properties are not known in advance， and
need to be determined by either contact or non-con⁃
tact method. The contact measurement is mainly
based on the probe method，which uses the imped⁃
ance analyzer to measure the resistance between the
two stages，and the conductivity can be calculat⁃

ed［6］. Although this method has higher accuracy，
the whole process is cumbersome. Non-contact
methods，based on resonant circuits and the physics
of the eddy current，have been proposed to deter⁃
mine the whole conductivity of CFRP［7］，but the an⁃
isotropy has been weakly treated.

In this paper，unidirectional CFRP laminate is
taken as an example to study the electrical anisotro⁃
py of this new materials using eddy current testing
（ECT） method［8］. Firstly， the forward model is
constructed by ANSYS software to calculate the ed⁃
dy current field，and then，the influence of electrical
anisotropy of unidirectional CFRP laminate on the
output signal is studied. Then，the ECT system and
experimental method adopted in this paper is briefly
introduced. Finally，the initial value of the conduc⁃
tivity is estimated based on the experimental data
and brought into the model for calculation. Based on
the comparison between the theoretical results and
the experimental ones，the initial value is corrected.
According to the iterative algorithm，the anisotropic
conductivity is finally obtained by minimizing the er⁃
ror between the calculated simulation results and the
measured ECT signal.
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1 Principle of Conductivity Inver⁃

sion

1. 1 Construction of the forward model

Conductivity inversion is a typical inverse prob⁃
lem，which requires a fast and accurate solution
from the positive problem. In general，two ways
can be used to build the ECT forward model：the
integral method using theoretical formula and the
analysis method using experimental signal. For inte⁃
gral method，it needs to divide the entire eddy cur⁃
rent field and calculate each field by“Maxwell”
equations. Then，linking the fields together accord⁃
ing to boundary conditions. Although the way has
high precision，the derivation is complicated. The
analysis method needs to preprocess the detected
signals，and then constructs the mapping relation⁃
ship by neural network or fuzzy inference，which re⁃
quires a large amount of data to maintain the robust⁃
ness.

To this end，this paper uses ANSYS software
with built-in integral formula to construct the for⁃
ward model. The whole model can be regarded as
an electromagnetic field solving domain. The solu⁃
tion domain contains the exciting source，the con⁃
ductor region and the air region，as shown in Fig.1.
The different regions are connected by boundary
conditions.

The corresponding three-dimensional eddy
current field model used in this paper is shown in
Fig.2.

In Fig.2，the fibers direction parallels to the x-

axis of the cartesian coordinate system. To analyze
the sensitivity，a probe angle θ，which is between
the line connecting the transmitter-receiver（T-R）
probe and the fiber direction，is defined. The param⁃

eters of each model are tabulated in Table 1， in
which the lift_off refers to the distance from the bot⁃
tom of the ECT probe to the surface of the sample.

1. 2 Validation of the forward problem

Assuming the fibers direction of unidirectional
CFRP laminate parallels to the x-axis of the carte⁃
sian coordinate system firstly，then the conductivity
of the laminate can be represented by a diagonal ma⁃
trix［10］.
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where σx and σy denote the conductivity in the direc⁃
tions along and transverse to the fibers，respective⁃
ly；σz denotes the conductivity in the thickness direc⁃
tion. Thus， the conductivity inversion becomes a
multi-parameter optimization problem. To improve
the accuracy of the inversion，this paper involves
two parts：the influence of conductivity in the three
directions on output signal and the probe angle θ，
which is the most sensitive to the change of each
conductivity. Since the sample is centrally symmet⁃
ric，the probe angle θ used in this paper is 0°，30°，
45°，60°，and 90°，respectively. At the above sever⁃
al angles，the probe voltages on different frequen⁃
cies of different conductivities are simulated sepa⁃

Fig.1 Electromagnetic field solving domain

Fig.2 Three-dimensional eddy current field model

Table 1 Parameters of each model

Model

Probe

CFRP

Air

Inner diameter
Outer diameter

Height
Lift_off

Length and width
Thickness

Length and width
Thickness

Parameter/mm
1.2
3.2
0.8
0.5
40
1
80
20
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rately. The obtained results in the case of θ=0° are
selected to analyze the relationship between the
probe voltage and the frequency，which is shown in
Fig.3.

In Fig. 3，the initial conductivity σ means（σx，
σy，σz）=（30 000，4.8，1.2）S/m. Then conductiv⁃
ity in the three directions are reduced by one-third
respectively which mean the conductivity after the
change are：（20 000，4.8，1.2） S/m，（30 000，
3.2，1.2）S/m and（30 000，4.8，0.8）S/m. As can
be seen from Fig. 3，a linear relationship between
the voltage signal and the frequency is obtained，
and can be fitted by the relationship of

V= a× f + b (2)
where V represents probe voltage and f excitation
frequency. The coefficient a under different conduc⁃
tivities are shown in Table 2.

It can be seen from Table 2 that there is a cer⁃
tain relationship between the coefficient and the con⁃
ductivity. Also，even the conductivity in the three
directions are all reduced by one-third，and the val⁃
ue of the coefficient varies differently， indicating
that different conductivity parameters have different
influences on the probe voltage. According to the
change of the coefficient，it’s clearly that transverse

conductivity σy has the greatest influence on the
probe voltage.

To find the most sensitive probe angle for con⁃
ductivity changes in three directions，a parameter α
is defined to represent the rate of change.

α= || a c - a i
a i

(3)

where ac represents the coefficient a obtained in a
changed conductivity under a certain direction，and
ai the coefficient a obtained in the initial conductivity
under the same certain direction. The rate of change
α at different probe angles can be calculated by using
Eq.（3），and the corresponding results are shown in
Fig.4.

As shown in Fig.4，for the conductivity in dif⁃
ferent directions， the largest value of α was ob⁃
tained at different angle θ. Since a higher α means a
higher sensitivity，it’s clearly that the most accu⁃
rate probe angle for σx，σy and σz are 45°，30° and
90°，respectively.

To construct the relationship between the con⁃
ductivity and the probe signal，the change trend of
the coefficient with the conductivity at the corre⁃
sponding probe angle is analyzed. It should be noted
that when the coefficient is studied as a function of a
certain conductivity，the other two conductivities re⁃
main unchanged. The obtained results are shown in
Fig.5.

As plotted in Fig.5，it is clear that the change
trend of the coefficient a with conductivity in the
three directions and the initial value of conductivi⁃
ty could be estimated according to the experimen⁃
tal data.

Fig.3 Relationship between voltage and frequency in the
case of θ=0°

Table 2 Coefficient a of fitting curves

Conductivity / (S·m-1)
Initial σ
Change σx
Change σy
Change σz

Coefficient
7.17
7.04
5.27
6.75

Fig.4 Relationship between the coefficient a and the probe
angle
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2 Experiment SetuExperiment Setup

The ECT system for CFRP scanning and im⁃
aging developed by our lab is presented in Fig.6. It
consists of a signal generator，a T-R probe，a lock-

in amplifier，a DAQ card and a PC processing.

The detection principle of the whole system can
be concluded as：The signal generator produces a si⁃
nusoidal harmonic signal that is fed into the transmit⁃
ter probe and the lock-in amplifier. The signal enter⁃
ing the transmitter probe will generate an electro⁃
magnetic field，so that the corresponding eddy cur⁃
rent is induced in the CFRP specimen，and the sig⁃
nal of corresponding information in the specimen can
be obtained by the receiving coil and then imported
into the lock-in amplifier. The imported signal is de⁃
modulated and noise-processed by the phase sensi⁃
tive detector and the filtered in lock-in amplifier，
which allows extracting a weak useful signal buried
in background noise. The experiment results are col⁃
lected by the data acquisition card and stored in PC.

The tested unidirectional CFRP laminate is
shown in Fig.7. The plate is made up of 8 layers of
unidirectional prepreg， and the thickness of each
prepreg is about 0.125 mm.

3 Results and Analysis

In the experimental process，the output signal
of the pickup coil is obtained by single point acquisi⁃
tion instead of continuous scanning. To correspond
with the simulation results，the probe voltages at
different frequencies are measured during experi⁃
ment process，and the coefficients are obtained by
the linear relationship fitting. In addition，for im⁃
proving the sensitivity of conductivity inversion in
the three directions，the T-R probe and the fibers di⁃
rection are at the angle of 30°，45° and 90°，respec⁃
tively. Experimental results are shown in Table 3.Fig.6 ECT system

Fig.7 Unidirectional CFRP laminate

Fig.5 Relationship between the coefficient a and conductivity
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In Table 3，the coefficient a is fitted by using
Eq.（2）. According to the coefficients in Table 3，to⁃
gether with the curve trend in Fig.5，the conductivi⁃
ty of the unidirectional CFRP plate in the three di⁃
rections can be estimated. Substituting the estimat⁃
ed value into the simulation model，the obtained re⁃
sults is shown in Table 4.

The conductivity parameters are revised by
comparing the coefficient between the simulation
and experiment at different angles. Increase the val⁃
ue of conductivity if the coefficient of simulation is
less than that of experiment，otherwise decrease it if
larger. Repeating the above iterative process until
the difference between the calculated and experimen⁃
tal values satisfies the convergence goal of 0.01.
The final result is shown in Table 5.

According to Table 5，the conductivity of the
unidirectional CFRP laminate obtained in the final

inversion is（15 034，3.78，0.66）S/m.

4 Conclusions

The eddy current method is used to study the
conductivity inversion of unidirectional CFRP lami⁃
nate. Firstly， the three-dimensional eddy current
electromagnetic model of unidirectional CFRP com⁃
posites is constructed by using ANSYS software，
and the influence of the electrical conductivity of this
material in the longitudinal，transverse and thick⁃
ness directions on the output signal of the probe is
studied. Secondly，the relationship between the con⁃
ductivity and the output signal is constructed，and
the initial values of conductivity in the three direc⁃
tions are estimated based on experimental data ob⁃
tained by the eddy current testing. The initial value
of the conductivity is revised according to the com⁃
parison between the theoretical calculation results
and the experimental ones. Finally，through the con⁃
tinuous correction of the conductivity，the error be⁃
tween the theoretical and experimental results is
within 0.01，and the final inversion result is ob⁃
tained. Compared with the previous inversion meth⁃
od，the proposed method in this paper does not re⁃
quire a large amount of experimental data，while
has high operability and fast speed.

References

［1］ HUANG X. Fabrication and properties of carbon fi⁃
bers［J］. Materials，2009，2（4）：2369-2403.

［2］ LIU Yaodong，KUMAR Satish. Recent progress in
fabrication，structure，and properties of carbon fibers
［J］. Polymer Reviews，2012，52（3）：234-258.

［3］ ROBERTS T. Rapid growth forecast for carbon fibre
market［J］. Reinforced Plastics，2007，51：10-13.

［4］ MANGALGIRI P D. Composite materials for aero⁃
space applications［J］. Bulletin of Materials Science，
1999，22（3）：657-664.

［5］ MENANA H，FELIACHI M. Electromagnetic char⁃
acterization of the CFRPs anisotropic conductivity：
Modeling and measurements［J］. The European Physi⁃
cal Journal Applied Physics，2011，53（2）：21101.

［6］ TODOROKI A. Electrical resistance change of unidi⁃
rectional CFRP due to applied load［J］. JSME Interna⁃
tional Journal，2004，47（3）：357-364.

［7］ KOYAMA K，HOSHIKAWA H，KOJIMA G. Eddy
current nondestructive testing for carbon fiber-rein⁃

Table 3 Experimental results

f /kHz
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250
300
a

Probe voltage V/μV
30°
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2.8
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Table 4 Calculation results of initial conductivity

Conductivity/
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σy=15 000
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45

90

Coefficient a
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Experiment
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2.26
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Conductivity/
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45
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Coefficient a
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Experiment
2.33

2.26

2.762
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基于涡流检测的碳纤维复合材料层合板的电导率反演

沈 威，季宏丽，裘进浩，徐笑娟
（南京航空航天大学航空学院，南京 210016，中国）

摘要：由于碳纤维增强复合材料（Carbon fiber reinforced polymer，CFRP）的电各向异性，提出了一种利用涡流检

测（Eddy current testing，ECT）来反演单向 CFRP层合板电导率的方法。 通过数值仿真研究了电导率与 ECT探

头信号之间的关系。最后，通过实验数据不断对电导率进行优化迭代，提高了反演结果的精度。

关键词：碳纤维增强复合材料；涡流检测；电导率反演；正向模型
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