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Identification of the metal waste using an electromagnetic sensor
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This article describes a new method for identification of non-ferrous scrap metals using an
Electromagnetic Sensor (EMS) that is based on the Eddy Current (EC) principle.
Electromagnetic sensor is a suitable tool for identifying recoverable waste products. The
identification of particles is essential to facilitate their recovery. This study deals with the
3D modelling of electromagnetic sensor located above for a representative cylindrical form
particle sample of the waste. Based on the EC, we are going to be estimating the electric
conductivity of the metal waste by using least squares methods (LSM) and the inverse
model. Results obtained by the finite element method (FEM) are compared with
experimental tests. So, the results prove the applicability of presenting the approach for the
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identification of waste metal by the eddy currents.

1. INTRODUCTION

The Waste recycling from Electrical and Electronic
Equipment (WEEE) is an important subject not only from the
waste treatment viewpoint, but from the valuable materials
recovery too [1]. WEEE typically includes a diverse range of
materials potentially harmful to humans and the environment,
but is also regarded as a resource of valuable metal [2]. Facing
these facts, it is of paramount importance that research and
development activities, focusing on the recycling of these
metals are carried out.

Practically all electronic devices contain printed circuit
boards (PCBs), which can be considered raw material for
metal recovery [3]. The biggest problem associated with PCB
recycling is related to its complex structure and material
composition. It is extremely difficult to get detailed material
composition information, as PCBs are by far the most
complicated building blocks of the electrical products. PCBs
differ widely in their composition and a comprehensive
analysis is difficult to produce with any great degree of
accuracy. The information about the PCB material
composition can give a fair idea about the cost incurred and
profit realized from the PCB recycling. From the research
point of view, this information is useful in the development of
new recycling methodology and improvement of current
processes [4].

The metal content in an electronic scrap can be as high as
40% by weight. The first stage in the recycling of metal is its
separation from other materials. The source of scrap metal is
shredded to yield a ferrous and nonferrous metal fraction [5].
Non-ferrous metals recycling refers to the separation and
identification of metal for materials recovery, which is critical
to recapturing non-renewable resources [6-7]. It is of great
importance to characterize consumer electronic equipment in
order to develop a cost-effective and environmentally friendly
recycling system [8]. The costs of sampling and analysis of
base and precious metal scrap are quite high and they are often
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higher than the economics of processing. Furthermore, the
quantity and composition of the scrap change continuously
and therefore also the market value. Large metallurgical
industries, e.g. copper or lead smelters, may be able to charge
a high amount of WEEE but due to the decreasing quality and
higher amount of plastic, it will be more difficult in the future
[9].

This paper presents a new method for the characterization
of non-ferrous scrap metals using electromagnetic sensor.
Traditionally, the EMS is used for the detection of cracks in
the metallurgy industry, transport and nuclear [10-11]. The
EMS principle, as shown in Figure 1, Often, demonstrates that
a coil is excited by an alternating electrical current when
placed over a metal plate to be inspected. Initially, the Induced
current in the test piece is generated due to the interaction of
the coil field to the metal plate. Consequently, the reverse field
created by the induced currents, with regard to Lenz’s law, the
coil impedance is modified [12-13]. The measurement of
certain physical properties of materials can also be very
informative, especially for identification. The conductivity can
be a significant parameter about information on a material [14].

Figure 1. Schematic representation of the test problem

However, our goal is to design an "inverse model" for
evaluating the electric conductivity of the metal waste from
eddy current signals. The approach we adopted requires the
preliminary knowledge of a "forward model" that estimates
the eddy current signal knowing the conductivity of the test
samples [15-16]. We proposed to build a general forward



model that is appropriate to the inversion. Based on the least
squares method [17], the model depends on the observations
resulting from the finite element code. At the end of this work,
the results obtained by simulation are compared with
experimental tests where the inversion by the least squares
method proves the efficiency of presenting an approach for the
classification of waste material by the electromagnetic sensor.

2. MATERIALS AND METHODS

Experiment device is mainly composed of the
electromagnetic sensor; the last one is composed of 580 turns
arranged in series, with a height of 13.5 mm and the inner and
outer radius of 4.65mm and 5.6mm respectively. The coil is
connected to an HP492A impedance analyzer, which provides
it with a supply current and measures impedance (figure. 2). A
crushing stage is necessary for an easier further management
of the waste. We have chosen three waste sample: copper,
aluminium, and bronze. The experiments were carried out
using particles from an industrial shredder, which cuts the
particles into irregular sizes ranging from 5 mm up to 10 mm.

Figure 2. Experimental test by impedance analyzer

3. EXPERIMENTAL RESULTS AND DISCUSSIONS

An EMS creates an alternating electromagnetic field that
interacts with the metal particles placed close to the coil. This
interaction is measured using the EMS, from which a signal is
obtained. The method is first to detect the output response of
eddy current sensor at a variable frequency between 10 KHz
and 500 kHz. Then, the eddy current testing sensitivity is
obtained under different excitation frequencies. The output
response (impedance modulus) of the three specimen is shown
in figure 3a and figure 3b under different excitation
frequencies. There was a significant positive correlation
between the excitation frequency and the impedance modulus.
This means that the sensitivity will increase along with the
increase of the excitation frequency. Therefore, the module of
impedance increases with increasing frequency and is a
function of electrical conductivity material. Copper can be
more easily distinguished from other non-ferrous metals.
Copper is highly conductive compared to aluminium and
bronze. Because of higher conductivity, the experiments
carried out with copper particles showed that impedance of
copper was less affected in amplitude than that of aluminium
and bronze. The output response (argument) of the three
specimens is shown in figure.4c under different excitation
frequencies. According to figure.3c, it can be concluded that
the impedance argument almost do not change with the electric
conductivity when the excitation frequency is higher than 200
KHz. The eddy current testing is not feasible at that frequency.
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Figure 3. Measurement variation of impedance amplitude
and phase according to the frequency (10 kHz-500 kHz) (a)
Impedance amplitude (b) Zoom of the impedance amplitude

(c) impedance phase

4. NUMERICAL SIMULATION AND DISCUSIONS

A 3D model was developed, using COMSOL Multiphysics
Version 5.2a [18]. Specification of the simulation model is as
follows: particles will have a smaller size ranging from 4 to 10
mm [19]. and induced Eddy current act on a particle during
Eddy current test, as a result of the interaction with the
magnetic field of the coil [20]. Based on the analysis of
induced Eddy current in metal flake, according to current skin
effect, the current forms yield to the shape of the maximal
cross area of the particle [21]. The principal diameters D of the
selected particles relating to the Eddy current process are
established by determining the size of the largest circle (Eddy



current). Therefore, the detailed shape of scrap particles is less
important [22]. In this study, we use cylindrical shape of 3 mm
radius and 2mm thickness. We have chosen three waste
samples: copper, aluminum, and bronze. The method is to
detect the output response of eddy current sensor at a variable
frequency between 10 Hz and 1MHz.
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Figure 4. FEM variation of impedance amplitude and phase
according to the frequency (10Hz-1MHz) (a) Impedance
amplitude (b) Zoom of the impedance amplitude (c)
impedance phase

The metal detectors are widely used in environmental
system and materials industry. In this work, the
electromagnetic sensors are used for characterization of the
conductive metal. The output response of the EMS for
different specimens of metals is shown in Figure.4 with
different excitation frequencies. There was a significant
positive correlation between the excitation frequency and the
impedance modulus. This means that the sensitivity will
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increase along with the increase of the excitation frequency.
According to Figure 4(c); of 10Hz — 100Hz, there is a small
variation of the argument, and more than the frequencies are
increased causing an increase of the impedance argument. The
intersection points between the argument curves of different
samples mean we are going to have the same impedance
values for several different materials. Improvements in
detection are possible by applying a multifrequency operation.
The results of Figure.4 (b) show that the sensitivity of copper
waste, aluminum, and bronze provide one to another curves
shifting. According to Figure.4, it can be concluded that the
response signal can be measured when the excitation
frequency is higher. One control variable of the process was
understudy: electric conductivity of the metal waste (Ms/m).
The least square method was used to evaluate the effect of the
electric conductivity.

4.1. Least squares for estimation

The method of least squares gives a way to find the best
estimate, the aim is to minimize the error of predictions. Those
errors (&;) are there for the vertical distances between the
measuring points and the regression line. The calculation of
this line takes into account the » measuring points of (X 1, Y i)
coordinates. The mean of the X, the variance of the X and the
covariance of the (X, Y), respectively, are noted.

X=13X,
N (1)
VO) == Y (X, %)’
= @
cov(X, Y) = 23" (X, - X)(Y, - V)
nia ()

In the most general case, a direct linear model can be
expressed as follows:

Y, =aX; +b+g
Y, =aX;+b

4)

The coefficients a and b shall be determined by the least
square regression that minimises the sum of the squared
distances between each data point and the regression equation:

SCE =) (&)
=L (%)

Estimate a and b such as:
The SCE is minimized, where the slope a is given by the
following formula:

_ cov(X,Y)
V(X) ©)



The regression line comes across two points m, and m, :

_ Yy
my=Y=—Z :
n
And
_ in
mX:X:
n
where
b=m,— am,

The analysis of the FEM results was carried out using the
MATLAB program, which calculates the coefficients @ and b
of the mathematical model, and identifies the best settings of
the factors to optimize the process. The program evaluates
statistical criteria: the ‘‘goodness of fit’’R2. For a good model,
the criteria R%have numerical value close to unity.

4.2. Identification of material

Sempliad e 1 b epadann b Pusl
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Figure 5. Amplitude of impedance according to the electrical
conductivities for metal waste with 100 kHz of the excitation
frequency

Wefrrplituoe of lmpedarce{Chg

. X=log(sigma)[M Sim] .

Figure 6. Nonlinear regression line of the impedance
amplitude according to the electrical conductivities

Numerical simulation, that will help us to make different
test configuration; flexibility, which do not offer the measures
is always dependent on the equipment and the available
samples.
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One control variable of the process was understudy: electric
conductivity of the metal waste O (Ms/m). The least square
method was used to evaluate the effect of the electric
conductivity. Figure 5 presents the impedance module
depending on electrical conductivities of the six metal samples
with 100kHz of the excitation frequency.

(1) Concerning impedance module curve depending on
electrical conductivities for each sampling of waste, there was
an inverse correlation.

(2)  According to figure 5, the relationship between the

impedance module (‘ Z\ ) and electrical conductivities ( G) for

samples is non-linear-type. Then, we are seeking to formalize
the mean- relationship that unites ‘Z‘ and O using the

nonlinear regression (The method of least squares) [23].

In this part, the method allows minimizing the sum of the
squared distances between both the measured and estimated
values. These are often Y measurements realized for an X
measurement parameter:

Z

(3) To have a linear relationship between‘ ‘ and O
(Figure 6), we have made a least square logarithmic fit. The
data are fitted by posting:

_ Y, =|Z
X =I(01) gng ' | ",with =1 t06.
This is; therefore, a prediction model. The objective is to

Z
predict error, the distance between the values ‘ ‘ calculated by
the finite element code ( Yi ) and estimated values by the linear

regression line (Yi ). The problem facing us is to determine
the sample electric conductivity from the coil impedance
measures for each waste metal (Copper, Aluminum, Zinc,
Bronze, Lead, and Tin.) under 100 kHz of the excitation
frequency. It is, therefore, assuming the availability of direct
model, an inverse problem can be realized.
(1) According to the least-square method, the linear
correlation coefficient between i and Yi is:
R = cor (In (0°),| Z|) = 0.999

According to the formulae (1), (2), (3), and (6), we find: a=
-3.12 and b=71.96

The linear regression by the least squares method is given
by:

|Z] () =3121n0 +71.96 7

As the sum of squares of errors SCE = 0. 0585 is low and
the coefficient = 0.9986 is close to one, we can, therefore,
conclude that the adjustment is of good quality. In summary,
we conclude that the evolution of the impedance absolute
depends on electrical conductivities of the waste metal.
Formally, this relationship can be expressed as follows by
formula (7).

The estimate of a single material can be made from one

relationship |Z|( % ), previously characterized as a working
frequency. A pre-characterization can be experimentally made
on reference particle structures, or by computer simulation.
The characteristic considered with a certain frequency f will
be:
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To estimatethe conductivity (O- ) from the calculated
impedance, it suffices to reverse the equation (8), we shall
have the following formula:

_ alZd-bya™ ()
o=¢ ©

The formula (9) designates the values estimated by the
nonlinear regression line. Then, we can deduce it from

unknown sample impedance calculated (by simulation) and
mean square errors (MSE) already calculated by LSM using
the direct model (4). The found value is proposed as the input
of the algorithm, which changes the estimation of sample
electric conductivity. At each iteration, this change aims at
identifying the sample used. Inversion is supposed to correct
the gap and the process is stopped when the calculation by the
formula (9) is equal to a set point value, for example, the
aluminum electrical conductivity.

The main goal of the current study is to verify the efficiency
of the inversion of the LSM for the conductivity calculations.
The experimental results are presented in the following table:

Table 1. Calculation of the conductivity by the inversion LSM with the frequency equal to 100 kHz

Waste sample Copper | Aluminum | Zinc Bronze | Lead Tin
FEM Impedance Module [Ohm] 59.3263 | 60.6228 63.0897 | 63.6300 | 65.0348 | 67.1966
Real Conductivity [MS/m] 59.6 37.7 16,7 13.9 9,17 4,81
Conductivity calculated by the LSM | 59.6378 | 39.2544 17.7128 | 14.8797 | 9.4578 4.7090
Errors(g) -0.0378 | -1.5544 -1.0128 | -0.9797 | -0.2878 | 0.101
The EC-NDT methods is a great way for identifying of the impedance components of copper, aluminium and

recoverable waste products. The characterization of a sample
can be made from the relationship previously characterized
with a working frequency.

5. VALIDATION MODEL

By using Finite Element Method (FEM) the simulation
results obtained can be validated by experimental results and
represented in tables 1, 2 and 3. In the experimental case of an
inspection of a waste sample, we change the excitation current’
s frequency of 10kHz — 50kHz and evaluate the impedance
components (resistance, inductance, and module). The curves

bronze wastes were plotted and given in the Figure 7.

The above results show the good suitability between
measurements and simulations, both in term phase variation
regarding the magnitude of the impedance component.
However, we also observe a slight difference between the
numerical and experimental results. This difference is mainly
due to the measurement parameters uncertainties, and their
differential gap with those used in the simulation, for example
the errors on geometric parameters and the lift-off distance
sensors-inductors. For errors on the target properties and
particle shape, they affect the phase and the amplitude of the
signal.

Table 2. Comparison of impedance calculated by finite element method (FEM) and measurement for the copper waste sample

Frequency (kHz) 10 25 50
FEM (Copper):Zg(Q) 0.27+j5.67 0.57+j13.92 1.00+ j27.76
Measurement (Copper):Zy (Q) 0.86 +j5.65 0.98 +j14.12 1.37+j28.18
Relative difference (Copper) Ry % 0.0079 0.0157 0.0156

Table 3. Comparison of impedance calculated by finite element method (FEM) and Measurement for the Aluminum waste

sample
Frequency (kHz) 10 25 50
FEM (Aluminum) Z;(() 0.27+ j5.74 0.62+ j14.05 1.1+ j27.79
Measurement (Aluminum) Z () 1.81+ j5.70 1.93+ j14.26 2.32+ j28.46
Relative difference (Aluminum)R % 0.0405 0.0229 0.0261

Table 4. Comparison of impedance calculated by finite element method (FEM) and Measurement for the Bronze waste sample

Frequency (kHz) 10 25 50
FEM(Bronze)Z () 0.18+ j5.83 1.61+ j14.23 2.33+j28.21
Measurement (Bronze)Z (1) 1.84+ j5.71 1.95+ j14.26 2.33+j28.46
Relative difference (Bronze)Ry % 0.0272 0.0103 0.0112

21



—E&— W easumement Aluminum
—®— Finite element:Aluminum

Amplitude of Impe danc e[ hr)

) Frequency[Hz] .

i\ | —B— Weasurementcopper :
+ | —®— Finite element copper

Anplitude of impadance] Ohm]

1 1.5 2 25 3 as 4 45 5
Frequency[Hz]

—8&— M easurement:Bronze :
25 —®—Finie element:Bronze H

Amplitude of Impedance[Ohm ]

Frequency[Hz]

—B— Measurement:Aluminum
—#— Finite element: Auminum |... |

phase of impedance|0hm|

E
=
2 . H
E —8— Measuremert:copper H
s T-7 | WY, /APRRRPR SRR —#— Finite element -copper n
E : : : :
83— bo e —
o e T ST SR P —
a1 i i H i
1 15 2 25 3 35 4 45 5
Frequency [Hz] x 10"
20 T

phase of impedance[Ohm]

1 15 2 25 3 a5 4 45 5
Frequency [Hz] x 10"

Figure 7. Measurement results and numerical calculations of impedance components for different excitation frequencies (10kHz-
50kHz)

6. CONCLUSION

In this paper, we are proposing an identification of waste
material by the eddy current, by calculating the impedance to
identify the conductivity of sample waste.

By using the least squares method, the results show that
there is a relationship between the impedance and electric
conductivity. The results demonstrate that there are indications
of the development of direct behavioral interactions between a
sensor CF and a waste. The models could be used to develop
a resolution of an inverse problem, which would identify the
recoverable waste products by impedance measurements.

REFERENCES

[1] Gramatyka P, Nowosielski R, Sakiewicz P. (2007).
Recycling of waste electrical and electronic equipment.
Journal of Achievements in Materials and Manufacturing
Engineering 1: 535-538.

22

Ivert LK, Hanne LR, Frane A, Ljungkvist H. (2015). The
role of the WEEE collection and recycling system setup
on environmental, economic and socio-economic
performance, Report number: B2243. Swedish
Environmental Research Institute, Sweden.

Bizzo WA, Renata FA, de Andrade VF. (2014).
Characterization of printed circuit boards for metal and
energy recovery after milling and mechanical separation.
Materials 16 7(6): 4555-4566.

Li JZ, Shrivastava P, Gao Z, Zhang HC. (2004). Printed
circuit board recycling: a state-of-the-art survey. IEEE
Transactions on Electronics Packaging Manufacturing
27:33-42.

Sobral LGS. (2012). Urban mining: the way out for
recycling non-renewable metal values. Rio de Janeiro:
CETEM/MCTI 57. (Série Tecnologia Ambiental, 62)
Williams JAS. (2006). A review of -electronics
demanufacturing processes. Resources, Conservation
and Recycling 47: 195-208.

(2]

(3]

(6]



(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

Islam AANE, Youcef AAR, Bihan YL, Krebs G,
Zouaoui D. (2014). Simulation and experiments on
electromagnetic induction separator by excitation
variation. Australian Journal of Basic and Applied
Sciences 8: 351-357.

Cui JR, Forssberg E. (2003). Mechanical recycling of
waste electric and electronic equipment. Journal of
Hazardous Materials B 99: 243-263.

Raval NK, Ozap MP. (2014). E-waste problem - present
status, challenges faced in its management and future: a
study of Gujarat region. International Journal of
Research in Humanities & Social Sciences 2.

Gabi Y. (2012). Modélisation FEM du systéme de
contréle non destructif 3MA en ligne de production des
aciers dual phase. Ph.D. diss. Grenoble University.
Hamia R. (2011). Performances et apports des capteurs
magnétiques trés haute sensibilité aux systémes de
controle non destructif par courant de foucault. Ph.D
thesis. Caen University.

Tareq B. (2014). Développement de methodes rapides
pour la resolution des problemes directes dans les
systemes de cnd par courants de foucault. Ph.D thesis.
Hadj Lakhdar Batna University.

Javier GM, Emesto VS. (2011). Non-destructive
techniques based on eddy current testing. Sensors Journal
11: 2525-2565.

Henderson M, Philip T, Nail B, Etheridge J, Puranik G.
(1997). A non-contact method for measuring thermal
conductivity and thermal diffusivity for use in a neural
network to recognize waste material diagnostic
instrumentation and analysis laboratory (DIAL).
Diagnostic Instrumentation and Analysis Laboratory
Drawer MM Mississippi State, MS 39762.

23

[15]

[16]

(18]

[19]

[20]

[21]

[22]

[23]

Trillon A. (2010). Reconstruction de défauts a partir de
données issues de capteurs a courants de Foucault avec
modele direct différentiel. Ph.D thesis. Nantes University.
Thomas V. (2010). Systéme multi-capteurs et traitement
des signaux associé pour l’imageric par courants de
Foucault de pi¢ces aéronautiques. Ph.D thesis. Cachan
University.

Santandrea L, Le Bihan Y. (2010). Using COMSOL
multiphysics in an eddy current non-destructive testing
context. Excerpt from the Proceedings of the COMSOL
Conference, Paris, France.

Berveiller M. (2005). Eléments finis stochastiques:
approches intrusive et non intrusive pour des analyses de
fiabilité. Ph.D thesis. Blaise Pascal University and
French Institute of Advanced Mechanics.

Johan S, Shantha K, Siti S. (2012). A review on printed
circuit board recycling technology. Journal of Emerging
Trends in Engineering and Applied Sciences (JETEAS)
3(1): 12-18.

Mesina MB, de Jong TPR, Dalmijn WL. (2003).
Improvements in separation of non-ferrous scrap metals
using an electromagnetic sensor. Physical Separation in
Science and Engineering 12: 87-101.

Ruan JJ, Xu ZM. (2011). A new model of repulsive force
in eddy current separation for recovering waste toner
cartridges. Journal of Hazardous Materials 192: 307-313.
Maraspina F, Bevilacquaa P, Remb P. (2004). Modelling
the throw of metals and nonmetals in eddy current
separations. Int. J. Miner. Process. 73: 1-11.

Cyril RAVAT. (2008). Conception de multicapteurs a
courants de Foucault et inversion des signaux associés
pour le contréle non destructif. Ph.D thesis. University of
Paris-Sud.





