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ABSTRACT The widespread promotion of the concept of circular economy has placed higher demands on
the sorting and recycling of metals. Eddy current testing as a non-contact, economical and fast response non-
destructive testing technology provides a new development direction for the laborious task of classifying non-
magnetic metal. The inevitable inclined surfaces in the metal classification process increase the difficulty
of classification. In this paper, we present a novel conductivity classification technique for nonmagnetic
metal, which uses the method of minimum error of characteristic slope to identify the metal property. The
characteristic slope is extracted by fitting the line obtained from the endpoint of the maximum magnitude of
mutual inductance trajectory under different tilt angles. The characteristic slope exists due to the consistency
of the phase of the magnitude peak endpoints The test results show that the technique performs accurately in
classifying five non-magnetic metals, copper, aluminum, zinc, tin, and titanium, within the tilt angle of 16.7◦,
and the technique still has good classification performancewhen the tilt angle is extended to 45◦. Thismethod
benefits to achieve real-time metal classification.

INDEX TERMS Conductivity classification, characteristic slope, eddy current testing, nonmagnetic
metal, tilt.

I. INTRODUCTION
In recent years, the circular economy (CE) requires to
improve the utilization efficiency of resources and reduce
environmental costs while pursuing the maximum economic
and social benefits. The concept aims to optimize material
use by reusing, remanufacturing and recycling products to
solve the problem of resource shortage [1]. The automobile
manufacturing industry is one of the industries that consume
a large amount of metal resources [2], thus the end-of-life
vehicles (ELVs) contain a large amount of metal resources.
End-of-life vehicle recycling processes is a combination of
the removal of pollutants, automotive shredding and the clas-
sification of residue [3], [4]. The recovery of valuable metal
materials from automotive shredder residues (ASR) is one of
the key steps in ELV recycling, whichmainly includes ferrous
metal and non-ferrous metal sorting [5]. The efficiencies
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for ELV recycling processes are based on the processing
efficiencies of magnetic separation, eddy current separation,
heavy media separation, and other relevant processes used to
retrieve valuable materials [1].

A crucial step towards metal classification for recycling
is the development of real-time, non-contact classification
methods to enable identification of category differences in
metals on the conveyor belt. In this respect, nonmagnetic
metals cannot be classified during the recovery process using
magnetic deflection forces like ferromagnetic metals [6], but
different types of nonmagnetic metals have different con-
ductive properties. Therefore, eddy current testing is very
suitable for detecting the electromagnetic properties of met-
als due to the advantages of non-contact, non-destructive,
high adaptability, and fast detection speed [7]–[9]. Currently,
there are three main techniques for eddy current testing:
single-frequency eddy current (SEC) testing, multifrequency
eddy current (MEC) testing, and pulsed eddy current (PEC)
testing [10]–[15]. Among them, SEC and PEC have a fast
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response compared to MEC and can be used for online
measurements [16], [17]. Recently, eddy current testing
is widely used in metal electromagnetic property inspec-
tion [18]–[22]. Cuiping Wang et al. obtained a log-linear
relationship between impedance phase and conductivity by
measuring the variation of impedance values at a point above
the center of copper, brass and four alloys of aluminum sam-
ples [23]. However, this method only measured the variation
above the center of the sample and did not take into account
the randomness of metal placement such as tilting angle.
Yue Du et al. proposed a method to classify five nonferrous
metal samples with a tilt angle no greater than 9◦ using the
characteristic phase of the mutual inductance trajectory com-
bined with a photoelectric sensor [24], but the introduction of
the photoelectric sensor also introduced fitting errors.

In this paper, we propose a new method based on the
characteristic slope of the peak endpoint of the magni-
tude of the mutual inductance trajectory. The method using
single-frequency eddy current testing at an excitation fre-
quency of 60KHz achieves the classification of five nonmag-
netic metal samples within a tilt angle of 16.93◦ using only
an eddy current sensor without auxiliary settings, which is
larger than the previous 9◦ in [24]. The analytical solution
of the mutual inductance for the eddy current sensor above
metal plate is given in Section II. In Section III, we present the
experimental setup by which we can obtain the mutual induc-
tance trajectory of the dynamic scanning process of the eddy
current probe with respect to the metal sample. In Section IV,
we find the characteristic slopes of five metals with different
conductivities extracted from the mutual inductance trajecto-
ries of metals with different tilt angles. Based on the above
characteristic slopes, we propose a minimum error-based
classification technique and test it in Section V. We discuss
the explanation for the existence of the characteristic slope
in Section VI. The experimental results demonstrate that the
novel technique can successfully classify five nonmagnetic
metals within a tilt angle of 16.93◦.

II. THEORETICAL FOUNDATION
Since Dodd and Deeds in [25] obtained analytical solutions
to eddy current probe coil problems given in the following
equations, analytical solutions have been widely used in eddy
current problems.

1L(ω) = K
∫
∞

0

P2(α)
α6

A(α)φ(α)dα (1)

K =
πµ0N 2

(l1 − l2)2 (r1 − r2)2
(2)

P(α) =
∫ αr2

αr1
xJ1(x)dx (3)

A(α) =
(
e−αl1 − e−αl2

)2
(4)

φ(α) =
(α1 + α) (α1 − α)− (α1 + α) (α1 − α) e2α1c

− (α1 − α) (α1 − α)+ (α1 + α) (α1 + α) e2α1c

(5)

α1 =

√
α2 + jωσµ0 (6)

where µ0 denotes the permeability of free space, N is the
number of coil turns, r1 and r2 is the inner and outer radius of
the coil, l1 is the lift-off, l2− l1 is the coil height, c is the plate
thickness, σ is the conductivity, ω is the excitation angular
frequency, α is the spatial frequency.

The mutual inductance1L can be expressed in the form of
magnitude and phase, as in (7)-(9).

1Lr + i1Li = |1L|ejθ (7)

|1L| =
√
1L2r +1L

2
i (8)

θ = arctan

∣∣∣∣1Li1Lr

∣∣∣∣ (9)

where 1Lr is the real part of 1L, 1Li is the imaginary part
of 1L, |1L| is the magnitude of 1L, θ is the phase of 1L.

Based on the fact that φ(α) changes slowly with α [26], (1)
can be approximated as

1L(ω) = φ (α0)1L0 (10)

where

φ (α0)

=
(α1+µα0) (α1−µα0)−(α1+µα0) (α1−µα0) e2α1c

−(α1−µα0) (α1−µα0)+(α1+µα0) (α1+µα0) e2α1c

(11)

1L0 = K
∫

P2(α)
α6

A(α)dα (12)

According to (10), the phase of the eddy current sensor
is related to the conductivity, and plate thickness, and are
approximately independent of the lift-off height. L is the
magnitude of the sensor signal, which is very dependent
on the lifting distance. The magnitude decreases with the
increase of lifting height.

III. EXPERIMENTAL SET-UP
We select five non-magnetic metal samples with different
conductivity of copper, aluminum, zinc, tin, and titanium as
shown in Table 1. The sample size is 1cm× 1cm× 1cm in the
experiment. The sensor consists of two coils of the same size,
one as excitation and the other as receiver. As shown in Fig. 1,
the excitation and receiver coils are placed parallel to each
other above the sample, and the geometric dimensions of the
sensor are shown in Table 2. The experimental setup is shown
in Fig. 2. The Zurich impedance analyzer is used to measure
the mutual impedance change between the excitation coil and
the receiving coil of the eddy current sensor, and the PC is
connected to the impedance analyzer for setting the exci-
tation signal parameters and receiving the data. We change
the tilt angle by placing spacers on the bottom side of the
sample in Fig. 2. The transformation of mutual inductance
and impedance is given by

Re(1L) = Re
(
Zs − Za
jω

)
(13)

Im(1L) = Im
(
Zs − Za
jω

)
(14)
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TABLE 1. Conductivity of the metals.

FIGURE 1. Schematic diagram of eddy current testing principle.

FIGURE 2. Experimental setup (a) schematic diagram (b) actual setup.

where Zs is the impedance of the coil above the sample, Za
is the impedance of the coil in free space ω is the angu-
lar frequency of the excitation signal, 1L is the change of
mutual inductance. By using the inductance variation equa-
tion in (13) and (14), the ambient noise signal is excluded
from the experimental inductance variation to obtain the value
of the mutual inductance variation from the sample.

The experimental procedure consists mainly of non-tilted
as well as tilted metal samples of different angles moving
along the Y-axis with the eddy current probe fixed. The tilt
angle is changed by adding spacer to the side under the
sample. The PC records themutual impedance changes of this
dynamic process by means of the impedance analyzer.

IV. EXTRACTION OF FEATURE
Fig. 3 and Fig. 4 show the mutual inductance trajectories
obtained from the above experimental setup in the form of
real and imaginary parts at 60KHz excitation frequencywhen

TABLE 2. Sensor parameters.

FIGURE 3. Mutual inductance trajectory at 60KHz excitation frequency of
five metals at an inclination angle of 0◦.

the eddy current probe scans the non-tilted and tilted samples
according to a certain path. The mutual inductance trajectory
is a petal-shaped multi-valued curve, which is because the
sample is an away-near-away process relative to the eddy
current probe during the scanning process.When the tilt angle
is 0, the lift-off is 5 mm, and the subsequent tilt samples
remain unchanged. The trajectories of the mutual inductance
values of the different types of samples are distinguished from
each other and rotate clockwise from titanium to copper with
increasing conductivity. With the gradual increase of the tilt
angle from 0, we can observe that the magnitude of mutual
inductance increases, which is because the increase of the tilt
angle causes the highest point of the sample from the lower
edge of the sensor to reduce the lift-off, which causes the eddy
current strength to increase, resulting in the increase of the
probe mutual inductance.

Although the mutual inductance trajectories of the five
samples were separated from each other at the determined
angles, we did not find the characteristic quantities that
could characterize the metal properties at different tilt angles.
To solve the tilt angle problem, we first combined the tra-
jectories of the same sample at different tilt angles in one
plot, as shown in Fig. 5. The length and width of the petal
shape curve increase with increasing tilt angle, which is due
to the increased asymmetry of the scan plane below the eddy
current probe. We find that for the same sample, the mutual
inductance trajectories with different tilt angles are roughly
on the same straight line at the endpoint of the maximum
magnitude. Denote these endpoints as (xij, yij)i = 1 − 5,
successively denoting five metals of copper, aluminum,
zinc, tin and titanium, j =1-7, respectively denoting tilt
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FIGURE 4. Mutual inductance trajectory at 60KHz excitation frequency of five metals in the tilt angle of (a) 3.8◦ (b) 5.7◦ (c) 7.6◦ (d)11.3◦ (e) 14.9◦

(f) 16.7◦.

TABLE 3. Characteristic slope extracted from mutual inductance
trajectory of the five metals.

angles 0◦, 3.8◦, 5.7◦, 7.6◦, 11.3◦, 14.9◦ and 16.7◦. By fitting
these endpoints with the least square method, a straight line
with a determined slope and intercept is obtained. The least
squares fitting method is given by

yij = kixij + bi (15)

ki =
xijyij − xijyij

x2ij − xij
2

(16)

bi = yij − kixij (17)

where ki and bi is slope and intercept of the fitting line.
Fig. 6 shows that the slope of the fitting line decreases with

the increase of conductivity, which is consistent with the fact
that the mutual inductance trajectory rotates clockwise with
increasing conductivity in the first quadrant of the Cartesian
coordinate system. For each metal sample, we obtain a point
set as well as a slope set as shown in Tables 3 and Table 4.

According to Table 3, the slopes of the fitted straight lines
obtained for different samples can be used as feature quanti-
ties to distinguish nonmagnetic metal samples with different
conductivities. To investigate the reason for the existence

of the characteristic slope, we calculated the phase of the
magnitude peak endpoints listed in Table 4 according to (14)
in Section III. The results are shown in Fig. 7. We found that
the phase of the peak magnitude endpoints of the same metal
is almost independent of the tilt angle. This agrees with the
conclusion of (8) in Section II, because the sample thickness
is much larger than the skinning depth, and we consider that
the tilt can be approximated as an increase in the lift-off.

V. CONDUCTIVITY CLASSIFICATION TECHNIQUE AND
TEST
Based on the slope set and point set of the above five metal
samples, this paper proposes a novel technique for classify-
ing the conductivity of tilted nonmagnetic metal samples in
accordance with the minimum error of characteristic slope.
The steps are as follows.

1) Slide the metal sample of unknown angle and type and
measure the raw data of mutual inductance change L
by the experimental system

2) Find the point (x0, y0) of the maximum magnitude of
the mutual inductance complex plane.

3) The point (x0, y0) is respectively fitted with the pre-
ceding 5 point sets by least squares to obtain 5 straight
lines. si denotes the slope of the line.

4) The slope si of five straight lines is compared with
the characteristic slope ki of five metals, and the metal
corresponding to the line with the smallest difference
is the classification result.

[i, δ] = min |si − ki| (18)
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FIGURE 5. Mutual inductance trajectory under different tilt angles of (a) copper (b) aluminum (c) zinc (d) tin (e) titanium,
the endpoints of the magnitude peaks marked by circles are approximately distributed on a straight line.

TABLE 4. The peak magnitude endpoint of the mutual inductance trajectory of the five metals.
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FIGURE 6. Fitting line of five metals extracted from the mutual
inductance trajectory, the circles mark the peak magnitude endpoints.

FIGURE 7. The phase corresponding to the peak magnitude endpoint of
five metals.

where i still denotes to the metal type, and δ is the minimum
error.

To verify the feasibility of the method, we collected data
from 55 groups of samples at different tilt angles as a test set
for validation. Thirty-five of these data sets were within the
tilt angle of 16.7◦, and 20 data sets had an angle greater than
16.7◦. The maximum value of the selected tilt angle is 45◦.
The tilt angle of the test data taken was greater than the tilt
angle of the data we sampled for extracting the feature slope.
The test results show in Fig. 8. This technique we proposed
can successfully classify five metals when the tilt angle is less
than 16.7◦, andwhen the angle is increased to 45◦, themethod
is still reliable with a classification rate of 96.4%. At an angle
of 21.8◦, titanium was incorrectly classified as tin. Titanium
was incorrectly classified as aluminum at an angle of 45◦. The
test results performwell at large tilt angles, demonstrating the
robustness of our technique to changes in tilt angle.

We selected five sets of test data in Table 5 to present
the fitted slope, the minimum error of the fitted slope and
the characteristic slope, and the classification result and the
minimum error in the classification process. We can discover

FIGURE 8. Test results of the technique, titanium misclassified as tin at
an inclination angle of 21.8◦ as aluminum at an inclination angle of 21.8◦.

FIGURE 9. Minimum error corresponding to 55 sets of test data for
5 metals, in order of increasing tilt angle.

that for each metal, there is always one error value that is
significantly smaller than the remaining four values in the
minimum error of fitted slope and characteristic slope, and
this minimum error corresponds to the characteristic slope,
which is the type of metal corresponding to the classification
result. We indicate the minimum error for each metal in
order of angular scale in Fig. 9. We find that most of the
minimum error values are below 0.004, and most of the
minimum errors greater than 0.004 correspond to data with
a tilt angle greater than 16.7◦. Those marked with a cross are
misclassification results. This indicates that the classification
effect is weakened and the gap between the fitted slope and
the characteristic slope is increased in the case of increasing
degree.

VI. DISCUSSION
To further investigate the existence of the characteristic slope,
we tested the five metals in the non-tilt case at different lift-
off, and the results are shown in Fig. 10. We found that the
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TABLE 5. Fitting slope, error, and minimum error for 5 sets of test data in the classification process.

FIGURE 10. Mutual inductance trajectory under different lift-off of (a) copper (b) aluminum (c) zinc (d) tin (e) titanium, the circles mark the peak
magnitude endpoints.

TABLE 6. Slopes extracted from the mutual inductance trajectories of the
different lift-off of the five metals.

magnitude is increasing as the lift-off decreases, which is
consistent with the increasing tilt angle, but the petals have
an overall curvature and are narrower in the non-tilt case.
We also select the endpoints of the magnitude maximum to fit
them as a straight line and calculate the phase values of these
points in Fig. 11 and Fig. 12. The slopes of the fitted straight
lines are shown in Table 6.

Comparing the data in Table 6 with those in Table 3,
we find that the slope values of the fitted lines obtained from
the lift-off variation decrease compared to the tilt variation,
which is consistent with the fact that the lift-off fitted lines
are rotated clockwise with respect to the tilt fitted lines found

FIGURE 11. Fitting line of five metals extracted from the mutual
inductance trajectory under different lift-off, the circles mark the peak
magnitude endpoints.

in Fig. 11 compared with Fig. 6. The phase of the endpoints
of the magnitude maxima of the mutual inductance trajec-
tory obtained from the lift-off variation is also consistent
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FIGURE 12. The phase corresponding to the peak magnitude endpoint of
five metals under different lift-off.

in Fig. 12 corresponding to Fig. 7. Although the phase values
change, i.e., they all decrease to some extent. This is attributed
to the fact that the tilt, while reducing the lift-off height,
also creates an asymmetric scan plane. However, the above
analysis still demonstrates that the characteristic slope exists
to a large extent due to the approximate independence of the
phase from the lift-off height.

Although there have been studies of non-ferrous metal
classification of tilted samples, one uses photoelectric sensors
to compensate for errors caused by tilt angle [24], and the
other uses the path of lift-off changes as the scan path of the
eddy current probe [21]. However, the former one has a lim-
ited application of angle, achieving better classification only
up to 9◦. The latter one extends the inclination angle to 11.3◦

but brings inconvenience to the practical application. In this
paper, we take the same experimental approach as in [24],
without using photoelectric sensors, and select the slope as
the classification feature value. The selection of robust feature
values is significant to improve the classification accuracy.
The test results in Section V. verify the reliability of the
proposed classification technique. It is noteworthy that 36%
of the data we tested had a tilt angle greater than 16.7◦

and still achieved a classification rate of 96.4%. In addition,
the tilt angle of the data selected for our extracted features
is less than 16.7◦, which shows the stability of the slope of
our extracted features. In the process of metal classification,
there are still many problems to be solved, such as more
types including alloys, and the lift-off effect prevalent in eddy
current detection. In the next step of our research, we will
work on solving the problem of both lift-off and angle change

VII. CONCLUSION
In this paper, five kinds of non-magnetic metals are classified
according to the minimum error of characteristic slope of
mutual inductance. The characteristic slope is obtained by
fitting a straight line from the peak points of themutual induc-
tance trajectory magnitude at different tilt angles. We found
that the mutual inductance trajectories of the five metals
scanned by path at 60 KHz excitation frequency rotate

clockwise with increasing conductivity from titanium to cop-
per in the first quadrant of the Cartesian coordinate system,
and the magnitude of the trajectories increases with increas-
ing tilt angle. In order to find the characteristic quantity that
indicates the metal property at different tilt angles, we fit the
peak points of the mutual inductance trajectory magnitude of
the same metal at different tilt angles to a straight line based
on the least square method, and on this basis, we propose a
method to classify metals based on the minimum error of the
characteristic slope. The test results exhibit that the technique
can accurately classify five non-magnetic metals with tilt
angles within 16.7◦, and the accuracy can reach 96.4% when
the tilt angle is extended to 45◦. To explore the reason for
the existence of the characteristic slope, we found that the
phases of the selected magnitude peak points are consistent.
The characteristic slope found in this paper may benefit to
resolve the effect of the lift-off in the classification process.
This classification system uses only eddy current sensors and
single-frequency eddy current detection has a fast response
time, which will help to realize an industrial system for real-
time metal classification in the future.
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