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The aim of this research is to reveal and determine the sizes of plastically deformed areas in metallic non-magnetic
materials with the eddy current method. The manuscript contains computational studies to assess the feasibility of
using the eddy current method to determine the size of the plastically deformed areas in the metal. The authors de-
veloped a two-dimensional mathematical model of the interaction of the electromagnetic field with the control object.
The model included poly-harmonic field excitation in a locally deformed plate, and the deformation was modeled
in the form of plastically deformed areas under the indents obtained by the ball indentation. The developed model
helped to establish the correlation dependencies and linked the informative parameters of the eddy current method
with the size of the metal’s plastically deformed zone. The authors obtained the calibration curve for copper, the val-
ues of which allowed to determine the factual sizes of the plastically deformed area.
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INTRODUCTION

One of the main tasks of the technical diagnostics of in-
dustrial facilities is to control the stress-strain behavior
of the structural material, in particular, to identify areas
of plastically deformed with an assessment of their size.
The stress-strain behavior (SSB) can be controlled us-
ing analytical and computational-experimental methods
(see, for example, [1 - 3]). The use of computational and
experimental diagnostic methods is necessary to assess
the SSB of metal in structures since they consider the
real changes in the physicomechanical characteristics of
the test object as well as the redistribution of existing
loads between its elements over time.

Currently, tensometry is one of the most widely used
methods for assessing the SSB in metal. The problems
of technical diagnostics, as a rule, use the method of
electrotensometry based on a change in the electrical
resistance of metals and semiconductors induced by
deformations. Despite the indisputable advantages of
these methods (high resolution, control efficiency, the
ability to measure stresses inducing the object from the
inside), their practical implementation is usually difficult
due to the high complexity and (in the case of acoustic
tensometry) smallness of acoustic effects and the influ-
ence of external factors, as well as the complexity of the
mathematical description of the propagation of elastic
waves in a stressed medium.

The SSB parameters of ferromagnetic objects are as-
sessed using magnetic control methods based on the
Villari effect — the phenomenon involving changes in the
magnetization of an object induced by mechanical defor-
mations. The most widely used technologies for diagnos-
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ing plastically deformed zones include methods based
on measuring the coercive force, Barkhausen noise, and
the magnetic field in the region of local magnetized areas
[4]. Alongside this, it should be noted that the character-
istics of the material's magnetic properties depend not
only on mechanical stresses but also on chemical com-
position and structure, which, in some cases, complicate
diagnosis using the indicated methods.

A promising non-destructive method that allows for the
assessment of the SSB of metal of electrically conduc-
tive objects is eddy current structuroscopy [5]. Pulse
excitation is used to assess the structural-mechanical
state of the inner layers of the material. This excitation
includes in its spectrum an infinite set of frequencies [6]
or polyharmonic excitation [7].

One of the most informative parameters of eddy current
monitoring is the applied voltage U, , recorded by the
measuring coil of the eddy current transducer (ECT).
The applied voltage U, is used to numerically assess
the defectiveness of the controlled item. Many factors
influence the value of U_, among which there are both
technological control parameters (for example, the dis-
tance between the eddy current transducer and the sur-
face of the control object, the geometric parameters of
the windings, etc.), and the physical properties of the
controlled material (for example, a change in its electri-
cal conductivity). In this regard, when conducting eddy
current monitoring with specified parameters, the values
of the applied voltage in metal sections with and without
defects will differ due to the different conductivity of the
studied sections

Uy = U— U, (1)
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where U, is the voltage registered at the defect-free re-
gion; U is the voltage recorded during eddy current con-
trol.

Eddy currents are not induced with a sufficiently large
distance between the sensor and the surface of the con-
trol object. As the transducer approaches the surface of
the product, eddy currents occur, the circuit of which, as
a rule, repeats the shape of the exciting coil. When de-
fects arise and develop, the shape of the eddy current
circuits changes, leading to a change in the parameters
of the secondary magnetic field. The perturbations of the
electromagnetic field are recorded by a measuring coil
connected to the data acquisition and processing unit.

It should be noted that the diagnostic signal recorded by
the receiving transducer depends not only on the density
of eddy currents, the penetration depth of which depends
on the physical parameters of the controlled product, but
also on the removal of the measuring coil from the con-
trol object. The magnitude of the applied voltage can be
estimated using analytical models based on the laws of
interaction of electromagnetic fields with conductive ma-
terial and the parameters of the measuring equipment. In
the case of an overhead double-winding converter, the
value of the applied voltage is calculated according to
the formula below:

U(w =
jroWe W, wiRm _]-: @ocexp (—xh.) x

- RP . Rﬂ'l "

A (,‘t E)b (.’( g_,) dx,
where j = +/=1 the imaginary unit; y, is the vacuum per-
meability; W, W _ is the amount of turns of the excitation
and measuring windings respectively;

R = ,/R,R,, is the equivalent radii of ECT, R, R _are
the average radii of the exciting and measuring windings
respectively; is the generalized parameter defining the
distance between the centers of the ECT's windings and
the surface of the controlled object; he, hm are the dis-
tance between the centre of the corresponding ECT's
winding and the outer surface of the controlled object; J,,
J, are the Bessel's functions of the first and second kind
respectively; . is the influence function of the controlled
object, which depends on the boundary conditions.

A change in the electrical conductivity of metal during
its plastic deformation and the presence of unambiguous
dependencies between the conductivity and the degree
of its deformation allows for using the eddy current meth-
od to determine the sizes of plastically deformed areas
of metal.

This manuscript contains computational studies to eval-
uate the feasibility of using the eddy current method
to identify the sizes of plastically deformed areas in a
deformed metal. A plate of a nonmagnetic material con-
taining a plastically deformed area obtained by pressing
an indenter was the object for constructing the model.
At present, the strains distribution in a metal under an
indent during indentation is rather well studied [8-10],
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including in studies conducted by the authors [11, 12].
This allows for specifying the shape and size of the plas-
tically deformed area of the metal under the indent in the
model, as well as for simulating the change in electrical
conductivity in this area and identifying the eddy current
control parameters that are most sensitive to changes in
its size.

THE METHOD FOR CONDUCTING THE TESTS

A two-dimensional finite element model of eddy current
control was constructed to solve the problem. It is shown
in Figure 1.

The model developed in the Ansys software environment
consists of an overhead transformer transducer, which is
a coaxially arranged excitation and measurement wind-
ings with a diameter of 10 mm, and a copper plate with
a thickness of H = 10 mm with a surface defect in the
form of an indent from the ball indenter with a diameter of
D =10 mm. The values of the indents d diameters on the
surface of the plate varied from 1 to 5 mm in increments
of 0.5 mm (see Table 1). The values of the indent depths
t for a given indent diameter d and indenter diameter D
can be determined by the following formula:

t=2 0 /DT~ ) @)

For a given range of indent diameters, the indent depths
calculated by formula (2) lay in the range t = 25...670 ym.

The plastically deformed area was modeled as an ellipti-
cal region around the indentation, the size of which var-
ies depends on the indentation depth, according to the
diagram shown in Figure 2.

Based on the results of studies of the deformation fields
propagation under the indents obtained by indentation
of a ball indenter [10, 11], the depth of the plastically
deformed area propagation was taken to be equal to
T = 15+t. Thus, the size range of the plastically deformed
areas in the direction of eddy current control varied from
T = 0.38 mm (for the indent diameter d = 0.5 mm) to
T =10 mm (for the indent diameter d = 5 mm). The val-

-

Figure 1: A finite-element two-dimensional model of an
eddy current transducer mounted above an indent from a
ball indenter with a diameter of 10 mm in a copper plate:

1 - excitation winding, 2 - measuring winding, 3 - plastically
deformed area, 4 - copper plate, 5 — indent
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Figure 2: Scheme of the plastically deformed area un-
der the indent obtained by a ball indenter: t is the depth
of the indent; T is the depth of plastically deformed area
propagation; Rp, is the radius of the plastically deformed

area; H is the plate thickness

ues of all dimensional parameters of prints and zones of
plastic deformation are given in Table 1.

The distribution of deformations in the volume of the met-
al under the indent is not uniform [8—10] — the values of
the intensity of deformations gradually decrease as the
distance from the indent deep into the deformed metal.
The classical Hill-Johnson scheme [8] was adopted as a
diagram of the deformed volume of the indentation metal
(Figure 3).

Table 1: The sizes of parameters for indents and the plasti-

cally deformed areas set in the model

S/N |Indent Indent | Depth of the
diameter |depth [plastically
d, mm t, um |deformed area
propagation T, mm
1 1.0 25 0.38
2 1.5 57 0.86
3 2.0 101 1.52
4 25 159 2.39
5 3.0 230 3.45
6 3.5 316 4.74
7 4.0 417 6.26
8 4.5 535 8.03
9 5.0 670 10.00

N Y

2

3

Figure 3: The Hill-Johnson model of the plastically
deformed propagation under the indent obtained by a ball
indenter: 1 is the hydrostatic core of radius r,; 2 is
elastic-plastic strain area of radius r,,; 3 is the elastic
deformation area; 4 is ball indenter
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In the Hill-dohnson model, the stressed metal under the
indent is conventionally divided into two main areas — the
hydrostatic core area (item 1 in Figure 3) and the elas-
tic-plastic strain area (item 2 in Figure 3). It is assumed
that the main processes of stress occur in the region of
the hydrostatic core, and the maximum stress remains
constant with increasing depth of indenter penetration.
Based on [8, 13], the authors assume that for copper
the average value of the degree of deformation in the
hydrostatic core area is on average about 30%, and, in
the elastic-plastic strain area, about 8%.

The value of the electrical conductivity of undeformed
technically pure copper was taken to be equal to
o, =58 MS/m. The average value of the electrical conduc-
tivity of a plastically deformed metal with a deformation
degree of W = 8 % based on reference data for technically
pure copper was taken to be o_,, = 57.5 MS/m, for a met-
al with a degree of stress of W = 30 %, the conductivity
o, =57.2 MS/m.

In order to localize the electromagnetic field in the sim-
ulated area, boundary conditions were used, accord-
ing to which the magnetic induction vector is parallel to
the surfaces of the model sample. An electromagnetic
wave was excited using a double-winding sensor over-
head located above the surface of a conductive product.
The model used polyharmonic excitation, which allows
for layer-by-layer control of the conductivity of a de-
formed product. For a copper plate with a thickness of
10 mm, the frequencies of poly-harmonic excitation were
chosen so that the penetration depth corresponded to
0 =1, 2,... 10 mm. A sinusoidal current with a frequency
f in the range from 45 to 4500 Hz with a step of 45 Hz
and an amplitude of 1 A was supplied to the field wind-
ing. The choice of the frequency range f is due to the
calculation of the penetration depth of a plane electro-
magnetic wave into an electrically conductive medium,
which corresponds to the penetration depth of the eddy
current field & in a controlled object. The penetration
depth & is inversely proportional to the square root of the
excitation frequency f, subject to the homogeneity of the
electrophysical properties of the object — relative mag-
netic permeability and conductivity. Thus, the generation
of high-frequency currents is necessary to control the
surface layers, while the low-frequency mode ensures
the penetration of eddy currents into the inner layers of
the object. The calculated frequency range corresponds
to layer-by-layer scanning of an object by recording the
applied voltage U, at each frequency using a measuring
winding.

As a result of the study, the change in the applied voltage
U,, from the size of the plastically deformed area was
evaluated. The amplitude of (U, |) and phase (¢) define
the value of U_,. The transition to the plastically deformed
area is characterized by a change in the electrical con-
ductivity relative to the main volume of the controlled ma-
terial, which will affect both the amplitude and the phase
of the applied voltage. Therefore, the task of identifying
the plastically deformed area by the eddy current method
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|Ual, mV

f, kHz
Figure 4: Correlation of applied voltage U,, amplitude with
the excitation frequency f in the absence of the
plastically deformed area (1) and the presence of the
plastically deformed area from the imprint d = 3 mm (2)
is reduced to the selection of such control conditions that
will provide maximum sensitivity to changes in electrical
conductivity in the subsurface layer. Using a technique
based on multi-frequency excitation, it becomes possible
to obtain information about the distribution of the conduc-
tivity value over the thickness of the test object, thereby
determining the size of the plastically deformed area.

RESULTS AND DISCUSSION

The primary result of building a finite element model are
the dependencies of the applied voltage |U, | amplitudes
on the excitation frequency of the electromagnetic signal
f. Figure 4 demonstrates the influence of the stressed
area conductivity on the eddy current test results. Fig-
ure 4 shows dependencies of |U, | on f for the studied
plate under the absence of the plastically deformed area
(curve 1), as well as for the plate with the residual indent
with the diameter of d = 3 mm (curve 2).

Figure 4 shows that the change in metal conductivity
in the plastically deformed area significantly influenc-
es the results of the eddy current tests. The frequency
range of f = 0.5 kHz displays the largest difference in
the values of the applied voltage amplitude. Thus, at
f =1 kHz, the value of U, for the plate with the indent
is around 0.16 mV, while for the non-stressed metal,
it does not exceed 0.03 mV. The frequencies range of
0.2 < f< 1 kHz demonstrate a sharp increase in the ap-
plied voltage. The frequencies of f< 0.2 kHz also demon-
strate the difference in the signal of U, from stressed
and non-stressed metals.

A slight decrease in conductivity, which appears at plas-
tically deformed of the metal, results in the changes of
the parameters of the electromagnetic signals, which
were registered at eddy current test with poly-harmon-
ic excitation. The most intense change in the applied
voltage amplitude is registered at such frequencies f,
where the depth of eddy currents contours' propagation
approximately correlates with the size of the plastically
deformed area. A decrease in the excitation frequency of
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Figure 5. The results of plotting the applied voltage
amplitude |uav| on the excitation frequency of the
electromagnetic signal f with the presence of the

plastically deformed area from indent d = 1 mm (l),

d=3mm (ll) and d =5 mm (lll)

the electromagnetic wave leads to the increased depth
of propagation, ad thus to the increased sensitivity of
the eddy current test to the changes in the indent's size.
As Figure 4 shows, the graphs of |U_ |(f) have a specific
peak, registered at the propagation depth of 6, compa-
rable to the thickness of the tested object. Thus, in order
to determine the size of the plastically deformed area by
the eddy current method, it is necessary to analyze the
slope of the characteristic |U, |(f) in the frequency range
from 0.2 to 1 kHz.

A finite element model of the interaction of the eddy
current field with a stress metal at various sizes of the
indent was developed to solve this problem. According
to the results of mathematical modeling, the dependen-
cies |U, | on frequency f for different sizes of plastically
deformed areas. Figure 5 shows the appearance of the
obtained dependencies for some sizes of the plastically
deformed areas.

Figure 5 shows the dependencies of |U_ |(f), registered
at the presence of indents of various sizes from the pen-
etration of the ball indenter. The forms of the resulted
dependencies are similar to each other and correspond
to the Gauss function of the second order. The value of
the applied voltage amplitude is close to zero at high-fre-
quency excitation of the electromagnetic wave. Reduc-
ing the frequency f results in increased values of |U, |.
It should be noted that the increase rate of the applied
voltage amplitude correlates with the indent's size. In
order to calculate the factual size of the plastically de-
formed area, the following coefficients of the approxima-
tion function should be used:

(-2, () (4)
lug,l (F) = a,e - + ae s
where a,, b, c,, a,, b,, ¢, are the coefficients of the ap-
proximation function.

Processing of the dependencies shown in Figure 5 re-
sults in the findings that the most informative parameter
of the eddy current control, which is sensitive to the pres-
ence of the plastically deformed area in the metal, is the
value of the criterial parameter k =a,/a,. The graphical
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dependency of the parameter kc on the size of the plas-
tically deformed area is shown in Figure 6.

Regression analysis of the obtained dependence of the
criteria parameter k. on the size of the plastically de-
formed area, which is shown in Figure 6, demonstrated
that exponential function can display it with sufficient ac-
curacy.

k. (g) =253- (g){"37 +0.27 (5)

where T is the depth of plastically deformed area propa-
gation, H is the plate's thickness.

The calibration curve shown in Figure 6 can be divided
into two sections. The first section corresponds to the
range T/H < 0.85, which demonstrates a smooth change
in the values of the criterial parameter depending on the
size of the plastically deformed area. The subsequent in-
crease in the T/H parameter results in the sharp increase
in k_. This effect can be connected to the changes in the
metal's conductivity at the near-surface layers, which
sufficiently increases the value of |U, | for the high-fre-
quency components of the eddy current signal.

Thus, the criterial parameter kc is highly sensitive to the
changes of the relative depth of the plastically deformed
area propagation T/H. This means that the mentioned
parameter can be used to characterize the presence of
the plastically deformed areas in the non-magnetic metal
objects with the specified thickness.

CONCLUSION

The manuscript considers the problem of assessing the
sizes of the plastically deformed areas on metals by
the eddy currents method. The authors developed the
two-dimension model of the eddy current transducer,
which includes poly-harmonic electromagnetic field ex-
citation in the deformed copper plate.

The authors defined that in order to determine the factual
size of the plastically deformed area by the eddy cur-
rent method, the values of the applied voltage amplitude
should be registered. At that, using the multi-frequency
approach allows for the layerwise scanning of the state

ke

2,5

0,5 06 07 08 09 T/H

Figure 6: Dependence of the criteria parameter Kk
on the relative depth of the plastically deformed area
propagation T/H
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of the item exposed to the plastically deformed. The ap-
proximating Gauss function of the second-order allowed
for determining the most informative parameter , which
correlates with the values of the plastically deformed
area depth.

The authors obtained the calibration curve for copper,
the values of which allow for determining the factual siz-
es of the plastically deformed area.

The approach for the assessing the plastically deformed
area size using the eddy current method allows for ob-
taining the information on the factual state of the metal.
The method of poly-harmonic eddy currents excitation
allowed for determining the correlation dependencies
between the gradient in conductance and the strain de-
gree.

The analytical models for assessing the state of the in-
dustrial facilities can be built based on the identified reg-
ularities and calibration curves. This also includes the
possibility of determining the inner strains and forecast-
ing of the residual lifetime.
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