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A portable impedance analyzer (PIA) was developed based on a TiePie-HS3 device to provide the comparable impedance
measurement accuracy of the Agilent 4294a impedance analyzer in the frequency range of 0~250 kHz. Then the PIA was
applied to monitor the tensile stress-induced variation of the eddy current sensor’s impedance in a medium-carbon steel sample.
A model of equivalent magnetic field induced by the elastic stress and the number of pinning sites indicated that the inductance
of the eddy current loop firstly increased with the increase in the tensile stress and then decreased at the yield point of the
material. The experimental results testified that the variation of impedance amplitude, the variation of phase angle, and the shift
of two featured frequencies demonstrated opposite variation trends before and after the yield point, as predicated by the model.
A new parameter, which combined the impedance variation information of the selected two frequencies, was found to exhibit
nearly monotonous dependency on the tensile stress in elastic and plastic stages. The new parameter together with the
developed portable impedance analyzer provided the solution to identify the elastic and plastic behaviors in ferromagnetic
materials in practical applications with an eddy current technique.

1. Introduction

Eddy current techniques are typically applied for nonde-
structive evaluation of metals [1, 2]. It is well known that
microstructures and their stress states determine the electri-
cal conductivity and magnetic permeability of ferromagnetic
materials [3, 4]. Eddy current techniques have the potential
to evaluate the microstructure change [5–7], state of
applied/residual stress [8, 9], and plasticity [10, 11] in ferro-
magnetic materials. The above objective parameters can be
quantified based on eddy current sensor’s impedance which
is measured by advanced impedance analyzers such as Agi-
lent 4294a or integrated experimental system [12]. Consider-
ing practical applications, it is necessary to develop portable
impedance analyzer (PIA) with comparable accuracy and
ease in operation [13].

To investigate the effects of elastic and plastic strains on
eddy current response in metals by experimental tools, uni-
axial tensile loading is commonly applied in the tensioned

samples and the impedance variation of the eddy current
sensor (ECS), which is placed near the sample surface, is
recorded during the entire tension process [14]. A character-
ization of elastic behavior by ECS response in nonferromag-
netic metals such as aluminum alloys and austenitic stainless
steel was widely studied and discussed [15, 16]. The piezore-
sistive effect is considered as the main cause of the variation
of eddy current response. In plastic deformation stage, both
the additional microstructure change and the stress influence
the ECS response. As a result, some features of ECS response,
which are uncorrelated to elastic strain, become sensitive to
plastic strain [17].

Similarly, in ferromagnetic materials, the influences of
dominate magnetoelastic effect and plastic deformation on
the ECS impedance shift were investigated. Schoenekess
et al. [18] pointed out that under the small magnetic field
strength, the reactance of ECS impedance is more sensitive
to the elastic stress than the resistance. Dahia et al. [19]
alternatively measured the magnetic permeability of the
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ferromagnetic iron-cobalt alloy under tensile elastic stress.
Both the permeability and the ECS impedance amplitude
were found to monotonously increase with the increase in
the elastic stress. On the contrary, Cai et al. [20] reported that
the increasing residual plastic strain decreased the permeabil-
ity of carbon steels. The observed monotonous dependency
of eddy current signal features on individual elastic stress or
plastic strain may allow nondestructive evaluations. In order
to find methods for identifying the deformation stage based
on ECS response and separating the contributions of elastic
and plastic strains to ECS responses, it is necessary to explore
the eddy impedance during the entire tension process includ-
ing both the elastic and plastic stages [21].

In the study, the effects of elastic and plastic deformations
in medium carbon steel on the impedance shift of an eddy
current sensor were experimentally investigated. Firstly, a
portable impedance analyzer based on TiePie-HS3 device
was developed. Performance test results indicate that in the
concerned frequency range, the developed PIA possessed
comparable measurement accuracy with the commercial
Agilent 4294a impedance analyzer. Secondly, several featured
impedance parameters were found to be sensitive to the
applied tensile stress, and completely opposite conclusions
about the dependency of featured impedance parameters on
the tensile stress were obtained from the plastic stage against
that of the elastic stage. Finally, in order to identify the
elastic or plastic stage in the steel, the new parameter,
which combines the impedance variation information of
the two frequencies, is introduced to roughly figure out the
deformation types.

2. Elastic and Plastic Characterizations
Based on the Eddy Current Method

The piezoresistive effect describes the change in the electrical
resistance of a material caused by the applied stress, whereas
the magnetoelastic effect refers to the change in magnetiza-
tion and consequent inductance of ferromagnetic materials
caused by the applied stress. Eddy current transformer model
is usually employed to illustrate the relationships between the
ECS impedance and the parameters (resistance, inductance,
etc.) of the induced eddy current loop in the tested ferromag-
netic materials. According to the equations reported by
García-Martín et al. [22], the resistance (Re) and inductance
(Le) of ferromagnetic materials have complex influences on
both the real (Rcn) and imaginary (Xcn) parts of the imped-
ance of a search coil,

Rcn =
k2ωLeRe

Re
2 + Leω + Im

2 ,

Xcn = 1 − k2ωLe Leω + Im
Re

2 + Leω + Im
2 ,

1

where Im and ω represent the leakage inductance of the
circuit and the angular frequency, respectively. The coupling
coefficient k is related to the distance between the ECS and
the tested sample. Hence, if an ECS is mounted onto
the tested ferromagnetic sample surface without lift-off

fluctuation, the shift of the ECS impedance is mainly
induced by the changes in the resistance and inductance of
the ferromagnetic material, which may indicate the stress or
microstructure changes of the material.

The influencing mechanism of stress and microstructures
on the resistance and inductance of ferromagnetic material
cannot be yet revealed by analytical models. In order to find
the elastic coefficients (η) of the electrical resistance along the
application direction of the elastic stress (σ), the linear
assumption is expressed as follows [23]:

Re = Re σ=0 + ησ 2

When a ferromagnetic material undergoes a plastic
deformation in an applied magnetic field, the magnetization
(M) is induced by the equivalent field due to the applied mag-
netic field (Hσ=0), elastic stress (H

E
σ), and plastic deformation

(HP
σ), respectively. Consequently, for a given dynamic

magnetic field, the inductance (Le) of eddy current loop in
ferromagnetic materials is determined by the combined effect
of the abovementioned equivalent fields,

Le ∝ μtotal =
Btotal

Hσ=0 +HE
σ +HP

σ

, 3

where μtotal and Btotal are, respectively, the total equivalent
permeability and the magnetic flux density. When the
direction of the applied magnetic field is consistent with that
of the uniaxial stress in the materials, the components of the
equivalent field induced by the elastic stress can be expressed
as follows [24]:

HE
σ =

3
2
σ

μ0

dλ
dM σ

, 4

where μ0 stands for the permeability of air; the magnetostric-
tive coefficient λ represents the magnetomechanical sensitiv-
ity; (dλ/dM)σ expresses the magnetostriction variation with
magnetization under a constant stress. Experimental results
showed that in carbon steels, the value of (dλ/dM)σ in low
magnetic field slightly varies with the applied stress [25].
Therefore, the effect of this term on HE

σ is limited compared
with the elastic stress (σ).

According to the empirical formula, the increasing num-
ber of pinning sites, N, produced by the plastic deformation
process is expressed as follows [25]:

N = Kσ4, 5

where K is a material-dependent constant. According to the
previously reported model [26], the equivalent field caused
by the plastic deformation can be given by

HP
σ = −

k επ
2mμ0

σ4, 6

where m is the magnetic moment of a domain; επ denotes
the pinning energy of the site for 180° domain walls. As
indicated in (4) and (6), the stress in the elastic or plastic
stage has the completely opposite effect on the stress-
induced equivalent magnetic field. Due to the above
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mechanism of the opposite effect, the relative differential
permeability of carbon steels initially increases with the
increase in the stress and then decreased at the yield point
of the material [25].

Equations (1), (2), (3), (4), (5), and (6) link the ECS
impedance with applied stress for understanding the opera-
tion principle of eddy current-based elastic and plastic defor-
mation evaluation method. However, (1), (2), (3), (4), (5),
and (6) cannot be applied in the precise prediction of
stress-induced ECS impedance shift because it is difficult to
determine the above parameters, such as k, επ , and m.
Furthermore, many factors such as the senor configuration,
microstructure of the tested sample, and the performance
of the impedance analyzer are ignored in the above model.
Therefore, in most cases, the experimental calibration
method was employed to investigate the effects of elastic
and plastic deformations on the impedance of the ECS.

3. Portable Impedance Analyzer

Commercial impedance analyzers such as Agilent 4294a
can simultaneously measure two independent impedance
parameters of eddy current sensors, such as the real
(Rcn) and imaginary (Xcn) parts of the impedance. The
absolute impedance (Z) and phase angle (θ) can be calcu-
lated according to the impedance vector of the equivalent
series circuit, Z=Rcn + jXcn. Since the commercial imped-
ance analyzer is not convenient in practical measurements,
compact impedance measurement circuits inspired by the
small current measurement circuit proposed by Peairs
et al. [27] were developed especially for piezoelectric ele-
ments in impedance-based SHM systems [28].

A simple and portable system was proposed to mea-
sure ECS impedance based on digital spectrum analysis

method [29]. The measurement circuit is shown in
Figure 1(a), and the system is composed of a TiePie-HS3
device and a laptop equipped with LabVIEW software
(Figure 1(b)). The TiePie-HS3 device is comprised of a pro-
grammable signal generator and a two-channel acquisition
card which communicates with the laptop and LabVIEW
program through the USB interface.

A resistor with a resistance of R is serially connected
to the eddy current sensor. When the resistor together
with the ECS is driven by a sinusoidal signal Ui(t), the
alternative current, I(t), in the circuit can be calculated
as follows:

I t = Ur t
R

, 7

where Ur(t) represents the measured voltage of the resistor.
The signals of Ui(t) and Ur(t) are synchronously acquired
by the acquisition card. The voltage applied to the ECS,
Uo(t), can be expressed with the unknown impedance of
the ECS, Z, and the current, I(t),

Uo t = Z ⋅ I t

= Z ⋅
Ur t
R

8

According to the Kirchoff’s law, we can obtain

Ui t − Z ⋅
Ur t
R

−Ur t = 0 9

Thus, the impedance of the ECS is

Z = Ui t
Ur t

− 1 R 10

TiePie-HS3 device

−+

EC sensor Resistor

Laptop (LabVIEW + Matlab)

Acquisition card

CH1 CH2Ui(t)

Uo(t) Ur(t)

USB interface

Signal generator

(a)

HS3 device
Laptop

(b)

EC sensor

Tested sample

(c)

Figure 1: Impedance measurement circuit (a) and the portable impedance analyzer (b) designed for the eddy current sensor (c).
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The digital spectrum analysis technique was used to ana-
lyze the signals of Ui(t) and Ur(t) in the MATLAB environ-
ment in the LabVIEW program. The amplitude ratio and
phase difference between the signal of Ui(t) and Ur(t) at the
operating frequency were extracted and then substituted into
(10) to calculate the value of ECS impedance.

The impedance measurement accuracy of the device is
determined by the average measurement number and
especially the value of the current-sampling resistor. The
previously reported results [29] showed that the measured
voltage signal was seriously disturbed by electrical noises if
the value of the resistance was less than 20Ω. When the
resistance of R was larger than 300Ω, both the measured
amplitude and phase angle were much higher than the values
measured by the Agilent 4294a impedance analyzer due to
the nonignorable current shunt effect of the inner resistor
of the acquisition card. A relative error of ±10% between
the results measured by the developed portable and Agilent
4294a impedance analyzer could be achieved when the resis-
tance of Rwas in the range of 20~300Ω. The increase in aver-
age measurement time could enhance the measurement
accuracy at the cost of longer acquisition time. Root-mean-
square deviation (RMSD) among the impedance curves mea-
sured in different average measurement time was estimated.
An uncertainty of ±0.25% for the impedance measurement
was reported when the average time was selected to be three.

The performance comparison between the developed
portable impedance analyzer (PIA) and the Agilent 4294a
impedance analyzer in ECS impedance measurement is
shown in Figure 2. The ECS is composed of a U-shape ferrite
core whose legs are wounded with copper coils. The diameter
of the coil is around 0.13mm, and the total number of the coil
turns is about 800. In the test, the average time is fixed as
three and the resistance of the current sampling resistor is
selected as 50Ω. Minor deviations between the measured
resonant frequencies are attributed to the differences in the
electrical measurement circuit. At most of the operating fre-
quencies beyond the resonant frequency range, the relative
errors of the amplitude and phase angle measured by the
PIA are small compared to those measured by the Agilent
4294a impedance analyzer. For instance, in the ranges of
0~20 kHz and 80~100 kHz, the estimated relative errors of
amplitude and phase angle are, respectively, less than 2.3%
and 1.3% (the inserts in Figures 2(a) and 2(b)). The results
prove that the developed PIA can provide very high imped-
ance measurement accuracy for eddy current testing.

4. Experiments and Discussion

Medium carbon steel comprising, by weight, 0.48% of C,
0.18% of Si, 0.56% of Mn, 0.052% of Cr, 0.013% of Cu, and
the balance of Fe, was selected as raw materials for tension
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Figure 2: Comparison of impedance amplitude (a) and phase angle (b) measured by Agilent 4294a and the developed portable
impedance analyzer.
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sample preparation. The dimensions of the sample and the
experimentally obtained stress-strain curve are shown in
Figure 3. The estimated yield stress is around 0.47GPa.
During the tension process, the developed PIA was used to
measure the impedance of an eddy current sensor, which is
mounted onto the surface of the tensioned sample. For each
tensile stress level, three repeated measurements of ECS
impedance were performed.

The previously reported results indicated that the
inherent influencing mechanism of the variation of ECS
impedance in the plastic stage was different from that in the
elastic stage [14, 30]. Thus, the analysis of the variation of
ECS impedance was divided into two stages. The measured
impedance curves corresponding to the stress of 0GPa and
0.47GPa were selected as the baseline for calculating the
variation of ECS impedance at the elastic and plastic stages,
respectively. The calculated variations of averaged amplitude
curve for various stress levels are shown in Figure 4.

When the operational frequency is higher than 105 kHz,
the eddy current sensor becomes a capacitive element
from the initial inductive state due to the self-resonance
of the circuit. In the elastic stage, a rising trend of the
amplitude variation with the increase in the applied tensile
stress can be observed in the inductive state of the ECS,
whereas a declining trend is observed in the capacitive
state (Figure 4(a)). The observed trend of the amplitude
variation induced by the increase in tensile stress in the
plastic stage is diametrically opposed to that in the elastic
stage (Figure 4(b)). With the increase in the tensile stress,
the amplitude variation of the ECS decreases in its inductive
state and increases in its capacitive state.

When the sample is successively tensioned from the
elastic stage to the plastic stage, both the increasing tensile
stress and the decreasing thickness of sample can result in
the changes of the measured impedance curves. Xie et al.
[30] reported a numerical simulation method for predicting
pulse eddy current signal, and they found that the eddy

current signal changes due to only the thickness variety are
much smaller than the changes caused by residual plastic
strain. Hence, in the study, influence of thickness of tested
sample is ignored and the obtained results in Figure 4 are
used for conducting quantitative analysis of the dependency
of impedance parameters on the applied tensile stress. The
relationship between the variation of amplitude and the
applied tensile stress in the elastic stage depends on the oper-
ating frequencies. In the frequency range of 60~100 kHz,
linear fitting tool is applied to analyze the measured data
and the curve fitting regression coefficient is higher than
0.9, as shown in the upper insert in Figure 5. The slope of
the fitting curves can be considered as the sensitivity of ECS
impedance to the stress. Here, the measured data at the fre-
quency of 84 kHz together with the linear fitting curve are
plotted in Figure 5 and the estimated sensitivity is around
8.7% per GPa. In the frequency range of 110~150 kHz,
quadratic fitting results can better illustrate the variation of
the measured data than the linear fitting results. The curve
fitting regression coefficient in this frequency range is shown
in the right insert in Figure 5. The result obtained at the
frequency of 132 kHz shows that at the yield stress point,
the variation of impedance amplitude is around 1.3%, which
is only one-third of the value at the frequency of 84 kHz.

Similar analysis method is applied to analyze the
experimental data obtained in the plastic stage. Figure 6
shows the results obtained at the frequencies of 84 kHz and
132 kHz. Compared to the elastic stage case, in a wider
frequency range of 20~180 kHz, the relationship between
the variation of amplitude and the tensile stress can be
represented by quadratic equations with fitting regression
coefficient higher than 0.95 (Figure 6). For each case of the
investigated frequency, the variation of amplitude has an
inflection point just around the yield point of the tested steel
sample. For instance, at the frequency of 132 kHz, a net
decrease of 1.3% in the amplitude occurs when the tensile
stress increases to 0.47GPa from the free state; a net increase
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Figure 3: Sizes of the tensioned sample and the obtained stress-strain curve.
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of 7.7% in the amplitude is achieved as the stress climbs from
the yield point to around 0.7GPa. The change in the
microstructures induced by plastic deformation after the
yield point significantly contributes to the variations of
permeability and magnetostriction of the ferromagnetic
material [25] and consequently results in greater variations
of ECS impedance as compared to the case of the elastic
stage. Two mechanisms, respectively, dominated by the
microstructure change and tensile stress are involved in
the plastic deformation stage. The above two mechanisms
may have opposite effects on the variation of the magnetic
properties especially the permeability, as indicated in (4)
and (6).

Several other impedance parameters, which were also
sensitive to the elastic and plastic deformations, were
analyzed. Figure 7 shows the averaged results of phase angle
variation for all the tested stress levels, and the results are
categorized in the elastic and plastic stages to clearly show
the opposite trends. In the entire tested frequency range,
the monotonous climbing or descending trend of the imped-
ance amplitude with the increase in the tensile stress can be

inferred from the results in Figure 6. Unlike the results in
Figure 6, in the frequency range higher than 130 kHz, the
variation of phase angle induced by the increasing tensile
stress becomes complicated, demonstrating an oscillation
behavior in the plastic stage and randomly jumping behavior
in the elastic stage (Figure 7). Hence, it is better to analyze the
results in the frequency less than 130 kHz.

Here, the data obtained at the frequencies of 96 kHz and
120 kHz were selected for discussion. The measured phase
angle for free sample case is used as the baseline for all the
stress level cases to calculate the phase angle variation in
percentage. As indicated in the insert in Figure 8, similar
changing trend of the phase angle variation induced by the
tensile stress can be observed at the frequencies of 96 kHz
and 120 kHz. The applied tensile stress corresponding to
the inflection point of the phase angle variation at 96 kHz is
around 0.5GPa, which is close to that at 120 kHz, 0.47GPa.
The results in Figures 5, 6, and 8 apparently show that
the continuous variation of impedance can reflect the
elastic and plastic deformations of the material. The two
deformation stages can be simply separated by the
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inflection point of the impedance variation curves because
the inflection point just corresponds to the yield stress of
the material. The climbing or descending speed of curve
of phase angle variation depends on the frequency. For

instance, in the elastic stage, the descending speed of
phase angle variation at 120 kHz is faster than that of
96 kHz and the opposite conclusion can be found in the
plastic stage.
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The shift of the entire impedance curves was estimated
with the variation of two featured resonate frequencies,
which correspond to the peak amplitude and the phase angle
of 47°, respectively. Curve fitting tools based on six-order
Gaussian equations were applied to analyze the measured
impedance data (Figure 9(a)), and then the interpolation
method was applied in the measurement frequency range to
refine the frequency-sweeping increment. Figure 9(b) shows
the shift of the two featured frequencies when the tensile
stress continuously increases from 0GPa to 0.7GPa. Again,
an inflection point occurs in the curves when the applied
stress reaches the yield point of 0.47GPa. The trend is
consistent with the results in Figure 8. However, the shift of
the two featured frequencies caused by the tensile stress of
0.1GPa is only hundreds of hertz. If these two featured
frequencies are used as sensitive parameters for the character-
ization of the tensile stress, it is suggested that the incremen-
tal frequency during the impedance curve measurement be
less than 100Hz at the cost of the substantial increase in
measurement time.

The curves in Figures 8 and 9(b) have a similar shape
throughout the range of the applied stress. The variations of
the amplitude at the frequency of 84 kHz (Figures 5 and 6)

were selected to help analyze the effects of tensile stress on
the inductance of the eddy current loop. It is impossible to
measure the exact value of the parameters of Im and k, so only
the stress-induced inductance variation is concerned in the
study. As indicated in (2), the resistance Re is assumed to
linearly decrease with the increase in the tensile stress and
the inductance Le is proportional to the total equivalent
relative permeability. With the increase in the tensile stress,
the relative permeability is adjusted to ensure that the varia-
tions of real (Rcn) and imaginary (Xcn) parts of the impedance
predicted with (1) are consistent with the measured ones.
The results in Figures 8 and 9(b) indicate that the data scatter
of the repeated measurements is quite small. Hence, only the
averaged impedance values of three-time measurements are
used as the references in the estimation of Rcn and Xcn, and
the estimated inductance Le in percentage is shown in
Figure 10.

The applied stress changes the macromagnetic behavior
of the materials through changing the sizes, orientations of
the domains, and the number of pinning sites. In the elastic
stage, the increasing tensile stress will enhance the sam-
ple magnetization through progressively eliminating the
domains, where magnetization vectors were perpendicular
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Figure 7: Estimated variation of phase angle during the elastic stage (a) and the plastic stage (b) of the tensioned sample.
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to the applied magnetic field [25]. As a result, the permeabil-
ity of the sample is increased by reducing the total area of
domain walls and the amount of domain wall pinning.
Therefore, the inductance Le tends to increase before the
stress reaches the yield stress (Figure 10). After the stress
overcomes the yield point, the number of pinning sites
substantially increases with the increase in the dislocation
density, thus weakening the strength of the magnetic field,
as indicated in (6). Compared to the stress in the elastic
stage, the stress in the plastic stage has a fourth-power

effect on decreasing the magnetic field. Therefore, the
permeability and the value of the inductance Le decrease
faster (Figure 10) with the increase in the plastic deforma-
tion degree.

The experimental procedure mentioned above is com-
monly used to calibrate the relationship between the
impedance parameters and the applied stress. The obtained
precalibration equations can be applied for evaluating tensile
stress level based on eddy current techniques. However, the
nonmonotonous dependency of the featured parameters
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Figure 9: (a) Measured impedance curves under different tensile stress and (b) the shift of the two featured frequencies.
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(such as resonant frequencies, amplitude, or phase angle
variation) on the stress shown in Figures 6, 8, and 9 cannot
be directly applied. Therefore, new featured impedance
parameters combining the information of two frequencies
were first introduced to characterize the stress variation
during the entire elastic and plastic stages.

The two frequencies are individually selected from the
frequency ranges which, respectively, correspond to the
inductive and capacitive state of the ECS. Here, the two fre-
quency pairs are selected as follows: 96 kHz and 120 kHz;
84 kHz and 132 kHz. Based on the average results of three-
time measurements, the real part and the phase angle of the
impedance at each frequency pair are extracted. The ratios
of the extracted real parts (or the phase angles) at each

frequency pair show different variations (Figure 11). For
the frequency pair of 96 kHz and 120 kHz, with the increase
in the tensile stress, the variation of the ratio of phase angles
follows a parabola-like trajectory and the ratio of the real
parts almost monotonously decreases with the increase in
the tensile stress.

Under the tensile stress of 0.44GPa, the ratio of the
real parts slightly deviates from its descending trend due
to the yielding process of the material. For the frequency
pair of 84 kHz and 132 kHz, the variation of the ratio of
real parts follows a hill-like trajectory, whilst the ratio of
phase angles mildly trembles to descend with the increase
in the tensile stress. For the carefully selected frequency
pair, one of the two combined parameters demonstrates
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roughly monotonously dependency on the tensile stress
during the entire elastic and plastic stages. This may
provide a new solution to overcome the difficulty in
identifying the elastic or plastic deformation stage of the
material with the eddy current method.

However, there are prerequisites for applying the above-
mentioned new featured impedance parameters for practical
applications due to the nature of calibration experiment-
based method. More precisely, the material, rolling direction
even the surface roughness of the tested sample, should be
same as that of the tensioned sample in the calibration
experiments. More calibration experiments will be per-
formed in different materials in the future to explore the
applicable range of the proposed new parameters.

5. Conclusions

The effects of applied tensile stress in both elastic and plastic
deformation stages on the shift of the eddy current sensor’s
impedance were experimentally investigated with the devel-
oped portable impedance analyzer. The portable impedance
analyzer was developed based on a TiePie-HS3 device and a
connected laptop equipped with LabVIEW software. In the
frequency range of 0~250 kHz, the portable impedance ana-
lyzer could provide comparable impedance measurement
accuracy of the Agilent 4294a impedance analyzer.

The changing tendency of the impedance induced by the
tensile stress depends on the frequency. For instance, at the
frequency of 84 kHz (inductive state), the ECS impedance
amplitude variation increased with the increase in the tensile
stress and finally decreases until the tensile stress increases to
the yield point. An opposite variation behavior can be
observed at the frequency of 132 kHz (the capacitive state).
In the entire tension process, the phase angle variation and
the resonant frequencies of the ECS are sensitive to the
applied stress. The featured parameters initially experienced
a slow decreasing trend before the stress reached the yield
point, and then they increased with the increase in the tensile
stress faster than that of the elastic stage.

The estimated variations of inductance (and permeabil-
ity) based on measured impedance data of 84 kHz and an
equivalent field model could be used to explain such phe-
nomenon. The permeability of the sample firstly increased
with the increase in the applied elastic stress and then
decreased after the yield point. The trend might be inter-
preted as follows. The applied tensile stress decreased the
total area of domain walls as well as the amount of domain
wall pinning. The increasing tensile stress in the plastic stage
led to the increasing number of pinning sites, so the perme-
ability of the sample decreased faster with the increase in
the tensile stress in this stage. The tensile stress has a
fourth-power effect on the change of the strength of the
magnetic field. In order to identify the elastic or plastic stage
of the material according to measured impedance variations,
the ratio of the real part or the phase angle of the impedance
measured at two carefully selected frequencies was intro-
duced as new parameter, which may demonstrate monoto-
nous dependency on the tensile stress during the entire
elastic and plastic loading process.
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